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Introduction

There have been many recent advances in the diagnosis and treatment of eye diseases.
The aim of this Special Issue is to publish new evidence and to review the current state-of-
the-art developments in the diagnosis and treatment of vision-threatening diseases. This
Special Issue features nine original contributions, including basic science investigations,
clinical studies, and review articles.

Ichikawa and colleagues [1] investigated fibronectin adhesion to three types of in-
traocular lenses (IOLs): collamer-based EVO + Visian implantable contact lenses (ICLs);
hydrophilic acrylic implantable phakic contact lens (IPCLs); and hydrophilic acrylic phakic-
IOLs (LENTIS) used as controls. Under the experimental conditions studied, minimal
fibronectin deposition and cellular adhesion was noted in the central optical zone of all
three IOLs. However, the haptics of the collamer IOLs developed a thin fibronectin film.
The investigators concluded that the collamer IOLs may promote fibronectin film formation,
which may affect long-term transparency and biocompatibility.

Bartusis and colleagues [2] conducted a cross-sectional observational study compar-
ing intracranial pulse wave signals in patients with normal-tension glaucoma (NTG) and
age-matched controls. The investigators reported that median intracranial pulse wave
amplitude was significantly higher in patients with NTG, which suggests that this nonin-
vasive screening device may serve as a potential biomarker for this difficult-to-diagnose
condition.

Sicks and colleagues [3] irradiated porcine and human corneas using 222 nm Far-UVC
and reported that treatment with up to 60 mJ/cm? did not significantly affect corneal cell
integrity and caused only a 3.7% reduction in cell density. The investigators proposed that
irradiation under these conditions may be effective in decontaminating donor corneas, thus
increasing the available supply of tissue for surgical patients.

Otake and colleagues [4] studied the effects of increasing ambient temperature on
human lens epithelial cells. Using shotgun liquid chromatography with tandem mass
spectrometry-based global proteomics, they reported differences in proteins digested
from the immortalized human lens epithelial cell line iHLEC-NY2 at normal (35 de-
grees C) and warming (37.5 degrees C) temperatures. They proposed that differences
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in protein expression under warming conditions may contribute to the pathogenesis of
cataract development.

Chen and colleagues [5] applied Shapley additive explanation (SHAP) techniques
with machine learning to review intraocular pressure changes among pediatric patients
treated with atropine to slow myopia progression. The investigators proposed that this
approach may improve our ability to make more personalized treatment decisions for
these patients.

Murati Calderén and colleagues [6] reviewed emerging therapies for retinitis pig-
mentosa. Voretigene neparvovec is approved for the treatment of patients with RPE65-
associated disease. Gene-based therapeutic strategies currently being investigated include
gene replacement therapies, gene editing using CRISPR-Cas9, RNA-based therapies, and
optogenetic therapies.

Ruiz-Justiz and colleagues [7] presented current practices for the surgical care of
pediatric patients requiring combined cataract surgery and pars plana vitrectomy. This
approach is generally used for patients with congenital cataracts, ectopia lentis, retinopathy
of prematurity, retinal detachment, and persistent fetal vasculature. The advantages and
disadvantages of lens-sparing vitrectomy versus combined surgery are discussed.

Rosado and colleagues [8] surveyed the pathogenesis and management of Bardet-Bied!
syndrome. Clinical manifestations include retinal degeneration, corneal abnormalities,
strabismus, nystagmus, cataracts, and optic nerve abnormalities. Investigational ther-
apies include gene replacement therapies, gene-editing using CRISPR-Cas9, nonsense
suppression (readthrough) therapy, and neuroprotective therapies.

Olawade and colleagues [9] reviewed applications of artificial intelligence to ophthal-
mology, including machine learning and deep learning techniques. The investigators report
that artificial intelligence may improve diagnostic accuracy and personalized treatment
plans for patients with ophthalmic diseases.

We believe that these nine contributions improve our current understanding of oph-
thalmology and have the potential to stimulate further research.
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I N B O S

Abstract: Background and Objectives: The rising prevalence of myopia is a significant global
health concern. Atropine eye drops are commonly used to slow myopia progression in
children, but their long-term use raises concern about intraocular pressure (IOP). This study
uses SHapley Additive exPlanations (SHAP) to improve the interpretability of machine
learning (ML) model predicting end IOP, offering clinicians explainable insights for person-
alized patient management. Materials and Methods: This retrospective study analyzed data
from 1191 individual eyes of 639 boys and 552 girls with myopia treated with atropine. The
average age of the whole group was 10.6 &= 2.5 years old. The refractive error of spherical
equivalent (SE) in myopia degree was base SE at 2.63D and end SE at 3.12D. Data were
collected from clinical records, including demographic information, IOP measurements,
and atropine treatment details. The patients were divided into two subgroups based on
a baseline IOP of 14 mmHg. ML models, including Lasso, CART, XGB, and RF, were
developed to predict the end IOP value. Then, the best-performing model was further
interpreted using SHAP values. The SHAP module created a personalized and dynamic
graphic to illustrate how various factors (e.g., age, sex, cumulative duration, and dosage
of atropine treatment) affect the end IOP. Results: RF showed the best performance, with
superior error metrics in both subgroups. The interpretation of RF with SHAP revealed
that age and the recruitment duration of atropine consistently influenced IOP across sub-
groups, while other variables had varying effects. SHAP values also offer insights, helping
clinicians understand how different factors contribute to predicted IOP value in individual
children. Conclusions: SHAP provides an alternative approach to understand the factors
affecting IOP in children with myopia treated with atropine. Its enhanced interpretability
helps clinicians make informed decisions, improving the safety and efficacy of myopia
management. This study demonstrates the potential of combining SHAP with ML models
for personalized care in ophthalmology.

Keywords: myopia; atropine; intraocular pressure; machine learning; SHAP value

1. Introduction

Myopia severity has increased globally, becoming a major concern for ophthalmolo-
gists. Currently, it affects 1.4 billion people (22.9% of the population) and is expected to
affect 4.8 billion people (49.8%) by 2050 [1]. Studies link myopia incidence to race and other

Medicina 2025, 61, 16 https://doi.org/10.3390/medicina61010016
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risk factors, with rates rising in both Western and Asian countries [2,3], especially among
younger Asian women, according to some studies [4].

Clinicians are focused on controlling myopia progression, with three main treat-
ments for adolescents, namely atropine eye drops, orthokeratology (OK) lenses, and
peripheral defocus spectacle lenses [5,6]. These interventions aim to decelerate myopia
progression and reduce the risk of associated complications, such as cataracts, retinal
detachment, optic atrophy, glaucoma, retinal detachment, chorioretinal atrophy, and
lacquer cracks. These conditions can lead to irreversible visual impairment and severe
sequelae, leading to blindness.

Atropine effectively controls myopia progression and prevents high myopia [7,8].
However, concerns about the side effects of long-term usage have grown among parents
and clinicians [9]. Atropine, a non-selective antimuscarinic agent with high affinity for
M1-M5 receptors, causes mydriasis and cycloplegia in the pupillary sphincter ciliary
muscle. Common reported side effects of topical atropine include light sensitivity, blurred
near vision due to pupil dilation, and temporary accommodation [10,11]. Additionally,
atropine may increase resistance through the trabecular meshwork, potentially impeding
aqueous humor flow into the Schlemm’s canal [12]. Pupillary dilation has been identified
as a predisposing factor for glaucoma [13]. Atropine and other anticholinergic agents
may elevate intraocular pressure (IOP), making them contraindicated in patients with
glaucoma [14]. In normal children, IOP gradually increases with age, stabilizing at adult
levels around age 12 [15]. The safety of this treatment remains a subject of ongoing
debate, particularly regarding its potential to elevate intraocular pressure (IOP). It is well
established that individuals with myopia are at a higher risk of developing glaucoma,
including normotensive glaucoma. Consequently, there is significant clinical interest in
establishing reliable prognostic factors to identify contraindications or limitations for
atropine use in patients at risk of increased IOP.

Previous studies employing biostatistical methods have conducted retrospective or
prospective studies on children with myopia treated with atropine, indicating that atropine
treatment does not pose a high risk of IOP exceeding safety thresholds that could lead
to glaucoma [16]. Furthermore, machine learning (ML) analyzed the data by extreme
gradient boosting (XGB) and found that base IOP was the most influential factor affecting
the final IOP [17]. Moreover, our multivariate adaptive regression splines (MARS) study
showed that there is a positive correlation in the final IOP when the patients” base IOP
is >14 mmHg [18]. Therefore, in this study, we categorized patients into two subgroups
based on a base IOP cutoff of 14 mmHg. This article is based on a previous study [18],
which identified the key factors influencing end intraocular pressure (IOP) in children
receiving atropine treatment. The prior study highlighted the following variables in
order of their impact on end IOP: baseline IOP (base IOP), recruitment duration, age, and
previous treatment duration, with base IOP being the most significant factor. Additionally,
it suggested that atropine may elevate end IOP in children with a baseline IOP greater than
14 mmHg. We incorporated the more prominent influencing factors from the previous
analysis as variables (X1-X8) for further examination of their effects on IOP in myopic
children undergoing atropine treatment.

We employed ML and SHapley Additive exPlanations (SHAP) to analyze confounders
within these IOP subgroups and evaluate their impact on predicting final IOP. This study, to
the best of our knowledge, is the first attempt to implement the SHAP module in adolescent
patients with myopia treated with atropine. The SHAP module created a personalized and
dynamic graphic to illustrate how various factors (e.g., age, sex, cumulative duration, and
dosage of atropine treatment) affect the end IOP. This study aimed to predict the end IOP
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in myopic patients treated with atropine, providing physicians with more individualized
insights to enhance patient management and medication safety.

2. Materials and Methods
2.1. Study Design and Protocol

This study, conducted at Shin-Kong Wu Ho-Su Memorial Hospital in Taipei, Taiwan,
analyzed data from 2342 eyes of 1171 children diagnosed with myopia and a refractive error
of spherical equivalent (SE) less than —10.0D. Data were collected from 1 January 2008 to
31 December 2008, in accordance with the Declaration of Helsinki and approved by the
hospital’s Institutional Review Board (IRB 20220706R). Exclusions included 324 eyes from
participants aged <3 or >18 years; 447 eyes due to loss of follow-up, use of cycloplegics
without atropine or presence of ocular diseases including corneal opacity, traumatic injury,
uveitis, congenital cataract, congenital glaucoma, optic nerve atrophy, ocular tumor, or prior
surgery; and 26 eyes due to use of steroids or anti-glaucoma medications. After exclusions,
1545 eyes from myopic children with regular nightly atropine use remained; 354 eyes were
further excluded for irregular drug usage, leaving 1191 individual eyes from 639 boys and
552 girls for analysis. The average age of the whole group was 10.6 & 2.5 years old. The
refractive error of spherical equivalent (SE) in myopia degree was base SE at 2.63D and end
SE at 3.12D. The change in myopia degree was —0.48D. Since this article is an extended study
based on the order of variables in the previous article, the most important factor affecting
end IOP by atropine is base IOP [17]. A previous study suggested that atropine may increase
the end IOP in children with a base IOP greater than 14 mmHg [18]. Therefore, base IOP
14 mmHg was used as the basis for grouping, and then the other significant influencing
factors in the previous article were further defined as variables (X1-X8) affecting IOP in
myopic children undergoing atropine treatment in this article [17,18]. As for the initial
myopic degree, since the importance of base SE was less obvious in the previous articles, it
was not included in the variable discussion this time. However, atropine is clinically used
to treat myopia and is administered according to myopic refraction; children with higher
myopia will need more frequent and higher dosages of atropine. Even when myopia occurs
earlier, the treatment period will be longer. Therefore, this article currently takes the total
cumulative dosage and total medication period into consideration to reflect the relative
initial degree of myopia. Patients were divided into two subgroups based on a base IOP
cutoff of 14 mmHg, with 619 eyes with a base IOP < 14 mmHg and 572 eyes with a base
IOP > 14 mmHg. Base IOP was measured using a noncontact tension test (Xpert NCT
plus, Reichert, Inc., Depew, NY, USA) and refractive error was assessed using a Canon RK5
autorefractor auto keratometer (Canon Co., Ltd., Tochigi, Japan). The visualization process
for preparing the data is shown in Figure 1.

Data collection
(2342 eyes)

v

Exclude (324) eyes that
are not within the Age —>  Preprocessed data (1545 eyes)
range 3 to 18 years old

! )

Exclude (44 es that N : - ;
are beyénd7)theeyscope Extraction of nightly topical atropine

of this study usage (11|91 eyes)
N { }
Exdnde/(@o) syssil [ Base IOP < 14 J ( Base IOP > 14 J

antiglaucoma or
steroids usage (619 eyes) (572 eyes)

Figure 1. Data preprocessing workflow.
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2.2. Variable Definition and Data Description

The study evaluates eight variables (X1-X8) that might affect the end IOP (Y), including
sex (X1); age (X2); total follow-up duration (X3); the total cumulative dose of atropine (X4);
previous duration (X5); the previous cumulative dose (X6) of atropine use before 1 January
2008; the recruit duration (X7); and the recruit cumulative dose (X8) of atropine use during
the study period. This retrospective analysis reviewed patient records from their first visit
after 1 January 2005 to their last visit by 30 December 2008, which is represented by X3.
Atropine doses were calculated by multiplying the prescribed vial dose (5, 12.5, 25, or
50 mg) by the number of vials and summing these to determine the total cumulative dose
(X4). Atropine use after 1 January 2005 but before 1 January 2008 is defined as “previous
data”, which are also represented by X5 and X6. The recruit atropine treatment was from
1 January 2008 to the last visit on 30 December 2008, which is the period of X7 and X8 being
collected. The end IOP (target Y) was recorded as the value from the last visit before the
termination of data collection. The descriptive statistics in each subgroup are presented in
Table 1.

Table 1. Descriptive statistics of data subgroups.

Data Subgroups

Variable Base IOP < 14 Base IOP> 14
N (%)
X1: Sex
1: Male 329 (53%) 310 (54%)
2: Female 290 (47%) 262 (46%)
Mean (SD)
X2: Age 10.28 (2.46) 10.96 (2.50)
X3: Total Duration (Months) 19.10 (12.25) 20.31 (12.33)
X4: Total Cumulative Dosage (mg) 116.47 (135.37) 117.62 (137.40)
X5: Previous Duration (Months) 13.54 (12.46) 14.61 (12.37)
X6: Previous Cumulative Dosage (mg) 78.17 (107.27) 77.30 (112.09)
X7: Recruit Duration (Months) 5.53 (3.78) 5.70 (3.72)
X8: Recruit Cumulative Dosage (mg) 38.30 (59.80) 40.32 (63.54)
Y: End IOP (mmHg) 13.83 (2.49) 16.41 (2.44)

2.3. SHapley Additive exPlanations (SHAP)

The interpretability of an ML model may be limited when it comes to explaining
individual cases, as ML typically provides a macro/general perspective on the overall data
structure. Moreover, the mechanisms could be too complex for clinicians for a straightfor-
ward understanding, particularly when trying to discern how specific features influence
a target outcome. To address these challenges and improve interpretability, SHAP was
utilized in this study. SHAP is a method designed to explain individual predicted outcomes
from an ML model by extending the concept of Shapley values from cooperative game
theory [19]. SHAP assigns a contribution value to each feature by comparing predictions
with and without the feature. This approach considers all possible combinations of features
and shows how each feature impacts the predicted outcome, either positively or negatively.
Overall, SHAP provides detailed insights into how features influence predictions and has
become increasingly popular in clinical studies for explaining feature effects [20,21].
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2.4. ML Methods

To examine how features affect end IOP predictions in myopic patients treated with
atropine, ML methods were applied for their effectiveness in handling complex feature
interactions and common usage in clinical studies [22]. Four ML methods included least
absolute shrinkage and selection operator regression (Lasso), classification and regression
tree (CART), extreme gradient boosting (XGB), and random forest (RF), which are utilized
in this study [23-26]. Each of the utilized ML methods in this study employs distinct
strategies to enhance predictive accuracy and feature selection.

Lasso is an extended linear regression method that employs the L1 regularization
technique, penalizing the absolute value of coefficients. This penalty encourages sparsity
in the model by shrinking less influential coefficients toward zero, effectively selecting
only the most impactful features. Lasso’s inherent feature selection mechanism makes
it particularly effective in reducing overfitting and improving interpretability in high-
dimensional datasets.

CART constructs a single regression tree by recursively splitting the data based on
variable cutoff points that minimize the prediction error at each step. This approach results
in an interpretable decision tree structure, where each split represents a condition on the
input variables, ultimately predicting the outcome at the terminal nodes. Furthermore,
when constructing the decision tree, the splitting process inherently prioritizes variables
that contribute the most to reducing prediction errors, often leaving less relevant features
being ignored into the final tree structure.

XGB takes an iterative approach to improving model performance, also known as
a boosting approach. By iteratively correcting the residual errors of the previous model
under the structure of boosting, XGB enhances accuracy while maintaining computational
efficiency. It integrates advanced techniques such as Taylor binomial expansion to speed
up convergence, regularization to prevent overfitting, and parallel processing to optimize
resource utilization. When constructing XGB, it identifies features that contribute most to
reducing the overall error, assigning higher importance to these features through weighted
updates. Additionally, XGB includes built-in feature importance metrics, such as gain and
cover, to quantify each variable’s contribution to the model’s performance.

RF is a robust ensemble method that extends the CART approach by building multiple
regression trees using randomly selected subsets of the training data and variables. The final
prediction from RF is obtained by averaging the predictions from all the individual trees
in the forest, reducing variance and improving generalization. This ensemble technique
increases robustness and minimizes the likelihood of overfitting compared to a single
decision tree. In addition, RF evaluates feature importance based on how much each
feature reduces the prediction error across all trees in the forest, with less significant
features being ignored or less impactful among the overall RF model.

2.5. Modeling Scheme

Figure 2 illustrates the modeling scheme of this study, which consists of two parts
for each base IOP subgroup. The first part involved training the model for 100 rounds to
identify the best-performing model; the second part used SHAP to interpret the identified
model. As shown in Figure 2, after preparing the base IOP subgroups (as in Figure 1), ML
models were repeatedly built. When building models in each round, each ML method
required hyper-parameters to be tuned, which is achieved through five-fold cross-validation
(6£-CV). 5-CV randomly divided the training data into five equal folds, with four used
for training and one for validation, rotating until all folds were validated. The best hyper-
parameter set was chosen based on average validation results, and the model was then
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tested. Finally, SHAP explained the model with the best testing performance by providing

the overall feature rankings and individual case explanations.

Nightly topical atropine
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v 7
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The root mean squared error (RMSE), mean absolute percentage error (MAPE), sym-
metric mean absolute percentage error (SMAPE), relative absolute error (RAE), and root
relative squared error (RRSE) were considered for performance evaluation. Additionally,
the experiments in this study were implemented using Python software (version 3.8.8) and
related packages.

3. Results
3.1. ML Model Results

To validate the use of ML methods, a multiple linear regression (MLR) model,
a standard in clinical studies, was also developed for comparison. Table 2 presents
the mean and standard deviation (SD) of 100-round model errors for both base IOP
subgroups. In the base IOP < 14 subgroup, RF outperformed MLR and all other models
across all five error metrics. In the base IOP > 14 subgroup, Lasso performed similarly to
MLR, while all the other ML models outperformed MLR. XGB and RF had a comparable
MAPE, SMAPE, and RAE, but RF showed the best RMSE (2.37) and RRSE (0.97). Given
RF’s superior performance in the base IOP < 14 subgroup and its better RMSE and RRSE
in the base IOP > 14 subgroup, RF was determined to be the best model for further
explanation with SHAP.

Table 2. Results of ML models with different subgroup data.

RMSE MAPE% SMAPE% RAE RRSE
Subgroup Model
Mean (SD)
MLR 2.45 (0.16) 14.18 (1.00) 13.64 (0.85) 1.00 (0.02) 1.00 (0.02)
Base [OP Lasso 2.44 (0.16) 14.12 (1.00) 13.59 (0.86) 0.99 (0.02) 1.00 (0.01)
< 14 CART 2.47 (0.16) 14.29 (0.98) 13.76 (0.84) 1.01 (0.03) 1.01 (0.03)
XGB 2.36 (0.15) 13.36 (0.94) 13.02 (0.81) 0.96 (0.05) 0.96 (0.04)
RF 2.30 (0.15) 13.14 (0.95) 12.74 (0.81) 0.93 (0.05) 0.94 (0.04)
MLR 2.45 (0.20) 12.00 (0.92) 11.69 (0.86) 1.01 (0.02) 1.01 (0.02)
Base IOP Lasso 2.45 (0.20) 12.02 (0.91) 11.70 (0.84) 1.01 (0.02) 1.01 (0.01)
> 14 CART 2.43(0.19) 11.92 (0.91) 11.60 (0.85) 1.00 (0.03) 1.00 (0.03)
XGB 2.39 (0.19) 11.42 (0.79) 11.27 (0.77) 0.97 (0.04) 0.98 (0.04)
RF 2.37 (0.19) 11.58 (0.89) 11.30 (0.82) 0.97 (0.05) 0.97 (0.04)

3.2. Feature Importance from SHAP in Each Subgroup

Using SHAP to interpret the best RF model, the overall impact of each feature on end
IOP in different base IOP subgroups was visualized, as shown in Figure 3. Panels (a) and (b)
correspond to the base IOP < 14 subgroup, while panels (c) and (d) correspond to the base
IOP > 14 subgroup. Panel (a) shows a SHAP summary plot, where each dot represents
the SHAP value for a feature affecting an individual case, with an increasing or decreasing
impact on end IOP. The SHAP value of zero serves as a datum point (DP). Dots to the right
of DP suggest an increased impact, while those to the left suggest a decreased impact. The
color bar on the right displays the actual high/low feature values of an individual case,
with higher values appearing in red and lower values in blue.
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Figure 3. SHAP summary and feature importance plot of each base IOP subgroup. (a) SHAP
summary plot of base IOP < 14 subgroup. (b) SHAP feature importance plot of base IOP < 14
subgroup. (c¢) SHAP summary plot of base IOP > 14 subgroup. (d) SHAP feature importance plot of
base IOP > 14 subgroup.

The SHAP summary plot provides clinicians an overview of how high/low values of
features are likely to affect the end IOP outcome for an individual case. Panel (a) shows that
cases with higher values of X7 and X3 are more likely to cause increased end IOP outcomes,
as indicated by the concentration of red dots to the right of DP. Moreover, X5 has a mixed
influence, varying between cases. To determine the overall impact of a feature, panel (b)
averages the absolute SHAP values from panel (a), helping clinicians prioritize the features
to be focused. The same concept is followed for panels (c) and (d). In panel (c), it can be
found that a lower value of X8 is likely to have increased impact on end IOP, while other
medication-related features show mixed effects. Comparing panels (b) and (d), the features
have various impacts on the end IOP in different base IOP subgroups. For example, X8
has a greater impact on end IOP in the base IOP > 14 subgroup than in the base IOP < 14
subgroup. Overall, with the aid of SHAP, helpful insights can be generated to learn more
about the relationship between atropine use and end IOP.

3.3. Demonstrations of Individual Case Explanation with SHAP for Each Subgroup

Understanding how feature values affect end IOP at the individual level is vital for
clinicians when planning treatment and determining medication dosages. SHAP aids this
process by showing how each feature value influences end IOP outcomes in individual cases
using waterfall plots (Figures 4 and 5). Figure 4 presents the example cases in the base IOP

< 14 subgroup, while Figure 5 presents the example cases in the base IOP > 14 subgroup.
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Consider panel (a) of Figure 4 as an example for demonstrating how to interpret
the waterfall plots. The horizontal axis represents the end IOP value, while the red and
blue bars display the increasing and decreasing SHAP values, respectively, representing
the contribution of each feature to the final model predicted outcome (f(x), located at
the top of the plot). The expected value (E[f(x)], located at the bottom of the plot) is the
average end IOP from the data used to train the model, which represents the prediction
made without using any features. The final predicted outcome is obtained by adding
the expected value and each feature’s SHAP value. The vertical axis lists the features
and their actual values for each case. Hence, in panel (a), X8 and X4 cause the largest
decrease in end IOP for this case.

SHAP helps visualize how feature influences vary between individuals. For example,
in panels (e) and (f) of Figure 4, the predicted outcomes are similar (end IOP = 13), but
the key features differ. For the case in panel (a), X8 and X4 contributed the most; in panel
(b), the largest contributions were from X2 and X7. Moreover, panels (b) and (c) show that
even when the same feature (X2) is most influential, impact can vary with different feature
values. X2 causes a decreasing impact on end IOP in panel (b) but causes an increasing
impact in panel (c).

The same concept applies to Figure 5 for the base IOP > 14 subgroup. For instance,
panels (a) and (b) show similar prediction outcomes resulting from different feature con-
tributions. Notably, in panel (c), X2 and X8 offset each other, with X3 being the largest
increasing impact contributor. In summary, SHAP illustrates how features and their values
influence end IOP outcomes from RF, providing clinicians with detailed insights to better
anticipate a patient’s potential end IOP with prescribed medications.

4. Discussion

ML models combined with SHAP can rank risk factors and interpret model
results [20,21,27]. This study is the first to use ML algorithms with SHAP to analyze
confounders across two baseline IOP groups and assess each factor’s impact on predicting
final IOP in children with myopia treated with atropine. While the average IOP in both
groups remained within the normal range, the base IOP was slightly higher in the older
group (Table 1) and the end IOP was higher in the base IOP > 14 subgroup. The RF
analysis model showed that age (X2) was the most important factor, followed by the
cumulative dose (X8) and duration (X7) of atropine (Figure 3, panel [d]). Therefore, older
children within base IOP >14 mmHg, their cumulative dosage, and duration of atropine
treatment should be closely monitored [28].

The group with a base IOP < 14 mmHg is slightly younger, which may contribute
to the lower base IOP (Table 1). RF analysis shows that recruit duration (X7) and to-
tal duration (X3) are the most important factors influencing end IOP after atropine use
(Figure 3, panel [b]). This suggests that even with a lower base IOP in younger patients,
a longer history of atropine use could increase the overall treatment duration. There-
fore, close monitoring of IOP is essential in long-term atropine therapy, emphasizing the
importance of using low-dose atropine to minimize cumulative side effects [7,29].

In panels (b) and (d) of Figure 3, the two groups of children with myopia with different
base IOPs, the confounding factors of final IOP, age (X2), and recruit duration (X7) appear
among the first three main effects. When using atropine, the longer the medication is taken,
the more closely changes in children’s IOP need to be monitored. Li et al. [11] conducted a
follow-up for the ATOM1 study (atropine 1% vs. placebo; 1999-2003) and the ATOM2 study
(atropine 0.01% vs. 0.1% vs. 0.5%; 2006-2012). They compared the 1% atropine-treated
group versus the placebo group for the 20-year incidence of cataract/lens opacities, myopic
macular degeneration, or parapapillary atrophy (f3/v zone). For children with myopia on
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long-term atropine, potential sequelae should be monitored and long-term safety tracking
is necessary [11].

Our team’s previous study, “Identifying and Exploring the Impact Factors for Intraoc-
ular Pressure Prediction in Myopic Children with Atropine Control Utilizing Multivariate
Adaptive Regression Splines”, demonstrated through the MARS model, showed that a
baseline intraocular pressure (IOP) exceeding 14 mmHg is associated with an increased
risk of elevated end IOP [18]. Building on this finding, the present study provides a more
in-depth analysis and extended discussion. In the current study, the average intraocular
pressure for the entire cohort changed from an initial 14.5 mmHg to a final 15.07 mmHg,
with an average difference of 0.53 mmHg, consistent with our previous findings. Prior bio-
statistical studies, including both retrospective and prospective analyses, on children with
myopia treated with atropine have consistently shown that atropine treatment does not
significantly increase the risk of IOP exceeding safety thresholds associated with glaucoma
development [16-18].

Given that the significance of baseline spherical equivalent (base SE) was less promi-
nent in earlier studies [17,18], it was not addressed in the current discussion. However, it
is well established that the incidence of glaucoma, including normotensive glaucoma, is
higher in individuals with myopia [11,28]. Clinically, changes in refraction may influence
both treatment regimens and their impact on final intraocular pressure. Future research
should focus on a more detailed investigation of refractive changes in relation to myopic
progression and their implications for treatment outcomes.

SHAP provided a dynamic RF analysis explanation module, including variables like
age, sex, and the duration and dosage of atropine treatment. This study aimed to avoid
the risk of a possible increase in IOP when using atropine to treat children with myopia,
enabling individualized monitoring of medication safety. In the future, this module could
potentially help preset clinical treatment plans based on patient characteristics, whereas
the treatment effects can also be monitored as well as the adjustment of therapies if needed.
Hence, the module offers clinicians a more precise information policy that would enable
more customized and safer treatment. Overall, we hope the SHAP module will help
physicians develop more customized and precise atropine treatment plans for myopia
control. After treatment, physicians could adjust factors to better meet individual needs,
balancing efficacy and safety.

Previously, we used biometric and MARS methods to study the impact of atropine
on IOP in children with myopia, finding that the long-term use of atropine alone does not
significantly increase IOP [16-18]. However, in recent years, low concentrations of atropine
(0.01%) have been combined with corneal reshaping to treat myopia [30]. This combined
treatment method has a case report stating that there is a risk of increased IOP [31]. Studies
suggest that IOP measurements after removing OK lenses may be falsely lowered due
to corneal flattening [32,33]. Therefore, if clinicians encounter atropine and OK lenses
combined to treat children with myopia in the future, they must pay more attention to
the prediction and tracking of IOP. This article focuses on children with myopia who use
atropine alone and reveals the treatment duration and dosage, as well as the patient’s
personal conditions, such as age, as important variables for the final end IOP. In the future,
if myopic treatment becomes more complicated, such as a combination of atropine and
OK lenses, more variables can be added to the SHAP module to predict and monitor
IOP [5,6,31].

Some limitations of this study need to be addressed. This study’s data were hospital-
based, with only 1191 eyes analyzed. The predictive accuracy of the SHAP module could
further be verified with larger datasets if available. Moreover, atropine is commonly
used for treating myopia in children due to the increasing incidence of myopia, which
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can persist into adolescence. However, the study’s treatment duration was only 4 years.
Future research should investigate the model’s predictive value for IOP over a longer
treatment period.

5. Conclusions

This study is the first, to our knowledge, to use the SHAP module to analyze children
with myopia treated with topical atropine. SHAP created a personalized graphic illustrating
how various factors such as age, sex, and both the previous and cumulative duration and
dosage of atropine affect end IOP. In different base IOP subgroups, age (X2) was the most
important factor in the base IOP > 14 subgroup, whereas recruit duration (X7) was the one
in the base IOP < 14 subgroup. This approach offers clinicians individualized insights to
enhance medication safety and patient management.
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Abstract: Background and Objectives: In previous studies, we reported that the assessment
of the cumulative thermal dose in the crystalline lens, conducted through computational
modeling utilizing a supercomputer and the biothermal transport equation, exhibited
a significant association with the incidence of nuclear cataracts. In this study, we have
investigated the types of proteins that expressed underlying 35.0 °C (normal-temp) and
37.5 °C (warming-temp) by using the shotgun liquid chromatography (LC) with tandem
mass spectrometry (MS/MS)-based global proteomic approach. Materials and Methods: We
have discussed the changes in protein expression in warmed iHLEC-NY?2 cells using Gene
Ontology analysis and a label-free semiquantitative method based on spectral counting.
Results: In iHLEC-NY2, 615 proteins were detected, including 307 (49.9%) present in
both lenses cultured at normal-temp and warming-temp, 130 (21.1%) unique to the lens
cultured at normal-temp, and 178 (29.0%) unique to the lens cultured at warming-temp.
Furthermore, LC-MS/MS analysis showed that warming decreased the expression of actin,
alpha cardiac muscle 1, actin-related protein 2, putative tubulin-like protein alpha-4B,
ubiquitin carboxyl-terminal hydrolase 17-like protein 1, ubiquitin-ribosomal protein eL.40
fusion protein, ribosome biogenesis protein BMS1 homolog, histone H2B type 1-M, and
histone H2A J. in iHLEC-NY2. Conclusions: The decreases in the specific protein levels of
actin, tubulin, ubiquitin, ribosomes, and histones may be related to cataract development
under warming conditions. This investigation could provide a critical framework for
understanding the correlation between temperature dynamics and the development of
nuclear cataracts.

Keywords: shotgun proteomics; lens; temperature; cataract; iHLEC-NY2

1. Introduction

Cataracts are a leading cause of blindness worldwide. With the increasing lifespan
worldwide, the number of individuals whose sight is threatened by this disease is expected
to increase. There are four major types of cataracts: cortical, nuclear, posterior subcapsular,
and mixed. Different risk factors were associated with each risk type. Epidemiological
research has identified multiple factors that are linked to an elevated risk of developing
nuclear cataracts (NUCs), including greater sunlight exposure, lower socioeconomic status,
poorer nutrition, smoking, cortical cataracts due to diabetes, greater sunlight exposure, and

Medicina 2025, 61, 286 https://doi.org/10.3390/medicina61020286
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female sex [1-4]. NUCs have the greatest clinical significance because they are the most
common type of cataracts and occur along the visual axis. Treatments that prevent the
appearance or delay the progression of NUCs have significant therapeutic value. Previous
research has shown that the prevalence of NUCs, graded at level >1 according to the World
Health Organization (WHO) cataract grading system, was notably higher in tropical and
subtropical regions than in temperate and subarctic regions, regardless of racial factors [5-7].
Therefore, elevated lens temperatures resulting from higher environmental temperatures
may contribute to an increased risk of NUC formation.

Thus, we hypothesized that the occurrence of cataracts is associated with environmen-
tal temperature. The supporting evidence includes a study on ambient temperature effects,
where the lens temperature of monkeys exposed to direct sunlight at 49 °C increased to
41 °C within 10 min [8]. Similarly, in rabbits, the lens temperature decreased by 7 °C when
maintained in an environment at 4 °C [9]. Another rabbit-based experiment demonstrated
significant correlations between ambient temperature under sunlight and the temperatures
of the lens and posterior chamber aqueous humor [8].

In this study, we investigated the relationship between environmental temperature
and lens temperature through an in silico computer simulation. The lens temperature was
estimated to range between 35 °C and 37.5 °C depending on the ambient temperature
surrounding the eyeball. However, when the ambient temperature exceeded 30 °C, the
estimated lens temperature varied with age, showing an increase in older individuals [10].
Our study showed that, as environmental temperatures rise, the temperature of the eye
lens increases to 35-37.5 °C or higher, which correlates with the development of NUCs.
The temperature increase, particularly in the lens nucleus, coincides with the opacity area
of the cataract. When the lens temperature exceeds 37.5 °C, cumulative heat exposure is
positively correlated with NUC incidence [5,10]. This suggests that prolonged exposure
to elevated temperatures, especially with aging, may increase the risk of developing
NUCs. In addition, we previously investigated the relationship between temperature
and NUC incidence in the rat whole lens (including the epithelium, cortex, and nucleus)
using a shotgun proteomic analysis approach and showed that the levels of actin, tubulin,
vimentin, filensin, and fatty acid-binding protein 5 decreased under warming-temperatures
(37.5 °C) [11]. However, it remains unclear whether similar results can be obtained in
the human lens, and the detailed mechanisms underlying these findings have yet to
be elucidated.

Based on this background, identifying the expression of proteins that fluctuate under
warming conditions in human lens cells and discussing preventive measures could con-
tribute to the clinical prevention of NUCs. In this study, we employed a shotgun proteomic
analysis approach [12,13] in iHLEC-NY2 (human lens epithelial cells) to investigate the
cataractous factors that are relevant to normal and warming conditions.

2. Materials and Methods
2.1. Culture Cells

The immortalized human lens epithelial cell line iHLEC-NY2 was used as described
by Yamamoto et al. [14]. Briefly, the iHLEC-NY2 cell line (source of the cell line “Fujita
Health University, Research Promotion Headquarters”), derived from human lens epithelial
cells and transfected with modified SV40 large T antigen [15,16], was cultured in medium
containing FBS, bFGF, GlutaMAXTM I, DMEM/F12, and penicillin-streptomycin. Cells
were cultured at 35.0 °C (normal-temp) and 37.5 °C (warming-temp) in a 5% CO, incubator.
The experiment using iHLEC-NY2 was approved by the Ethic Review Committee of Fujita
Health University (No. 004, approval date 1 April 2021) and Kanazawa Medical University
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Biosafety Committee for Recombinant DNA Research (Approval No. 2020-18, approval
date 11 November 2020).

2.2. Tryptic Digestion of Proteins Extracted from iHLEC-NY2

iHLEC-NY?2 cells were homogenized using at the Minute™ total protein extraction
kit for mass spectrometry (Invent Biotechnologies, Inc., Plymouth, MN, USA). Protein
concentrations were determined using the Bio-Rad Protein Assay Kit (Bio-Rad Labora-
tories, Inc., Hercules, CA, USA). Gel-free trypsin digestion was performed as previously
described [17]. Briefly, 10 ug of protein extract from each sample was reduced at 37.5 °C
for 30 min using 20 mM Tris(2-carboxyethyl)phosphine in 50 mM ammonium bicarbonate
buffer and 45 mM dithiothreitol. Subsequently, the proteins were alkylated with 100 mM
iodoacetamide in 50 mM ammonium bicarbonate buffer at 37.5 °C for 30 min. Following
this alkylation, the samples were digested at 37.5 °C for 24 h using MS-grade trypsin gold
(Promega Corp., Madison, WI, USA) at a trypsin-to-protein ratio of 1:100 (w:w). Finally,
the digested peptides were purified using PepClean C-18 Spin Columns (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer’s instructions.

2.3. Identification of Proteins

The analysis was performed following our previous study [12,13]. Briefly, peptide
samples (2 ug) were injected using a peptide L-trap column (Chemicals Evaluation and
Research Institute, Tokyo, Japan) and HTC PAL autosampler (CTC Analytics, Zwingen,
Switzerland). Peptide separation occurred on a Paradigm MS4 system (AMR Inc., Tokyo,
Japan) with a reverse-phase C18 column (L-column, 3-um gel particles, 120 A pore size,
and 0.2 mm X 150 mm) at a flow rate of 1 uL/min. The mobile phase consisted of 0.1%
formic acid in water (solution A) and acetonitrile (solution B), with gradient elution from
5% to 40% solution B over 120 min. Peptides were analyzed using an LTQ ion-trap mass
spectrometer (Thermo Fisher Scientific, Inc.) without sheath or auxiliary gas. MS scan
sequences included full-scan MS followed by MS/MS of the two most intense peaks, with
parameters optimized for fragmentation. MS/MS data were searched against the SwissProt
database using Mascot version 2.4.01, enabling trypsin digestion, missed cleavages, and
modifications such as cysteine carbamidomethylation and methionine oxidation. In this
study, the fold change in expression was determined as the log2-transformed ratio of
protein abundance (Rsc) and assessed via spectral counting [18]. Rsc was calculated by
Equation (1) as follows:

n5+f+log th+ny+ f

Rsc =lo
gzn,ﬁ—f zts—i-ns—f

@
In addition, the normalized spectral abundance factor (NSAF) [19] was computed by
Equation (2) as follows:
SpC, /Ly
SUM(SpC,,/ Ly)

NSAF = 2)

Here, n, and ns represent the spectral counts for proteins in rat retinas, whereas t,
and t; indicate the total spectral counts for all proteins in each sample. The correction
factor, denoted as f, was 1.25. SpC,, refers to the spectral count of the protein in rat lenses
incubated at normal-temp and warming-temp, while L,, denotes the protein length in these
conditions. Proteins were considered differentially expressed when the Rsc value was
greater than 2 or less than —2, which corresponded to fold changes greater than 2 or less
than 0.5, respectively.
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2.4. Bioinformatics

This study explored the roles of proteins that exhibited notable changes under normal
and warming conditions. The sequences were annotated by assigning Gene Ontology
(GO) terms corresponding to molecular functions, cellular components, and biological pro-
cesses, along with Kyoto Encyclopedia of Genes and Genomes (KEGG) signaling pathways,
utilizing the Database for Annotation, Visualization, and Integrated Discovery (DAVID,
https://davidbioinformatics.nih.gov/tools.jsp, accessed on 3 February 2025) [20-22]. Ad-
ditionally, p-values for the GO analysis were computed through this database tool.

3. Results
Protein Expression in iHLEC-NY2 With or Without Warming

Amounts of 437 and 485 proteins were identified in iHLEC-NY2 cultured at normal-
temp and warming-temp, respectively (Figure 1A). Moreover, 615 proteins were detected
in iHLEC-NY2, including 307 (49.9%) present in both lenses cultured at normal-temp
and warming-temp, 130 (21.1%) unique to the lens cultured at normal-temp, and 178
(29.0%) unique to the lens cultured at warming-temp (Figure 1A). Next, we investigated
the proteins expressed in the iHLEC-NY2 cells. Figure 1B shows the Rsc values for the
proteins identified in the lenses cultured at normal-temp and warming-temp. A positive
Rsc value indicated enhanced expression of proteins in the iHLEC-NY2 cells cultured at
elevated temperatures, while a negative value signified reduced expression. Additionally,
the NSAF value was computed for each protein identified in iHLEC-NY2 cells cultured at
both normal- and warming-temp. Proteins with Rsc values greater than 2 or less than —2
were identified as candidate proteins exhibiting differential regulation in response to the
different culture conditions. At different culture temperatures, the housekeeping protein
levels (GAPDH, glyceraldehyde-3-phosphate dehydrogenase) did not change.

Figure 1. Identification and semiquantitative comparison of the differentially expressed proteins in
iHLEC-NY2 cells cultured at normal-temp and warming-temp. (A) Venn diagram depicting proteins
identified in iHLEC-NY2 cells grown at normal-temp and warming-temp. (B) Semiquantitative
analysis of proteins differentially expressed in iHLEC-NY2 cells cultured at warming-temp. To
compare the expression levels of identified proteins between cells cultured at normal-temp and
warming-temp, Rsc and NSAF values were calculated. The blue peak represents Rsc, while the green
and red peaks correspond to the NSAF values at normal-temp (lower peak) and warming-temp
(upper peak), respectively. Rsc is plotted such that its expression increases from left to right under
warming-temp, providing a visual representation of the detected protein behavior. When focusing on
GAPDH as a housekeeping protein, it is detected at the approximate center of the x-axis, with NSAF
values at normal- (lower peak) and warming-temp (upper peak) showing similar intensities. This
consistency suggests that the semiquantitative analysis of proteins was conducted appropriately.
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We performed a GO analysis on the candidate proteins regulated in the iHLEC-NY2
cells cultured at elevated temperatures. For this analysis, we queried GO terms using the
DAVID database, and the results of “molecular function”, “cellular component”, “biological
processes”, and “KEGG pathway” are shown in Tables 14, respectively. In the categories of
“molecular function”, “cellular component”, “biological processes”, and “KEGG pathway”,
the detected counts were 29, 44, 43, and 16, respectively. Among these, the most abundant

terms in each category were “protein binding”, “extracellular exosome”, “nucleosome
assembly”, and “neutrophil extracellular trap formation”, respectively.

Table 1. GO analysis of identified proteins in molecular function category.

Molecular Function Category Relative Abundance (%) Molecular Function Category Relative Abundance (%)
Protein binding 77.1 Unfolded protein binding 6.37
RNA binding 32.5 Structural molecule activity 5.73
DNA binding 29.3 Structural constituent of muscle 4.46
Protein heterodimerization activity 28.0 Double-stranded DNA binding 3.18
Structural constituent of chromatin 27.4 Protein binding involved in 3.18

protein folding

ATP binding 15.9 Collagen binding 2.55
Protein domain specific binding 12.1 Heat shock protein binding 2.55
Cadherin binding 11.5 Microfilament motor activity 2.55
GTP binding 8.28 Misfolded protein binding 2.55
Structural constituent of cytoskeleton 8.28 Motor activity 2.55
ATPase activity 7.64 Structural constituent of epidermis 2.55
GTPase activity 7.64 mRNA 5-UTR binding 1.91
Structural constituent of ribosome 7.64 Protein disulfide isomerase activity 1.91
Actin binding 6.37 Large ribosomal subunit rRNA binding 1.27
Actin filament binding 6.37

Table 2. GO analysis of identified proteins in cellular component category.

Cellular Component Category Relative Abundance (%) Cellular Component Category Relative Abundance (%)
Extracellular exosome 63.7 Cytosolic large ribosomal subunit 4.46
Nucleus 58.6 Ribonucleoprotein complex 4.46
Cytosol 53.5 Cytosolic small ribosomal subunit 3.82
Cytoplasm 414 Ficolin-1-rich granule lumen 3.82
Nucleoplasm 39.5 Actin filament 3.18
Membrane 36.9 Meiotic spindle 3.18
Nucleosome 28.0 Small-subunit processome 3.18
Extracellular region 229 Vesicle 3.18
Macromolecular complex 21.7 Z disc 3.18
Focal adhesion 15.3 Intercellular bridge 2.55
Nuclear chromosome 153 Myosin complex 2.55
Extracellular space 14.7 Myosin II complex 2.55
Endoplasmic reticulum 12.7 Ruffle membrane 2.55
CENP-A-containing nucleosome 10.2 Sarcomere 2.55
Chromosome, telomeric region 10.2 Small ribosomal subunit 2.55
Perinuclear region of cytoplasm 8.28 Smooth endoplasmic reticulum 2.55
Ribosome 8.28 Endoplasmic reticulum 191

chaperone complex
Cytosolic ribosome 7.01 Myosin filament 191
Melanosome 5.73 Polysome 191
Endoplasmic reticulum lumen 5.10 CRD-mediated mRNA stability complex 1.27
Intermediate filament 5.10 Muscle thin filament tropomyosin 1.27
Microtubule 5.10 Myosin II filament 1.27
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Table 3. GO analysis of identified proteins in biological process category.

Cellular Component Category Relative Abundance (%) Cellular Component Category Relative Abundance (%)
Nucleosome assembly 23.6 Cytoskeleton organization 3.82
Chromatin organization 17.2 Microtubule-based process 3.82

DNA replication-dependent
nucleosome assembly
Telomere organization 15.3 Muscle contraction 3.18

Protein localization to CENP-A
containing chromatin

DNA-templated transcription, initiation 9.55 Osteoblast differentiation 3.18

DNA replication-independent
nucleosome assembly

Negative regulation of megakaryocyte Spindle assembly involved in
differentiation female meiosis

Cytoplasmic translation 7.64 Cellular response to unfolded protein 2.55
Chaperone mediated protein folding

15.3 Actomyosin structure organization 3.18

10.2 Oocyte maturation 3.18

8.92 Ribosomal small subunit biogenesis 3.18

8.92 3.18

Negative regulation of apoptotic process 7.64 requiring cofactor 2.55
Translation 7.64 Protein folding in endoplasmic reticulum 2.55
Gene expression 7.01 Protein refolding 2.55
Regulation of gene expression, 6.37 Actin filament-based movement 2.55
epigenetic

Protein folding 5.73 Cellular copper ion homeostasis 1.91
Antibacterial humoral response 5.10 Cellular response to interleukin-7 191
Antimicrobial humoral immune

response mediated by 5.10 Dendritic spine organization 1.91
antimicrobial peptide

Defense response to 5.10 Long-term synaptic depression 1.91

Gram-positive bacterium
Heterochromatin assembly 5.10 Mitotic cleavage furrow ingression 1.91

Regulation of Arp2/3 complex-mediated 191
actin nucleation )

Mitotic cell cycle 5.10 Regulation of receptor internalization 191
Skeletal muscle myosin thick

Innate immune response in mucosa 5.10

Intermediate filament organization 4.46 fi 1.27
ilament assembly

Microtubule cytoskeleton organization 4.46

Table 4. GO analysis of identified proteins in pathway category.
Molecular Function Category Relative Abundance (%) Molecular Function Category Relative Abundance (%)

Neutrophil extracellular trap formation 26.7 Pr(?teln processing in endoplasmic 6.37
reticulum

Alcoholism 25.5 Motor proteins 5.73

Systemic lupus erythematosus 25.5 Parkinson disease 5.73

Viral carcinogenesis 17.2 Prion disease 5.73

Shigellosis 9.55 Pathogenic Escherichia coli infection 5.10

Coronavirus disease—COVID-19 7.01 Necroptosis 4.46

Ribosome 7.01 Estrogen signaling pathway 3.82

Transcriptional misregulation in cancer 7.01 Antigen processing and presentation 3.18

In addition, we listed proteins with expression changes at warming-temp that showed
Rsc > 2 or <—2 via the label-free semiquantitative method based on spectral counting
(Tables 5 and 6). The proteins demonstrating Rsc > 2 or <—2 were detected to be 30
in total, and, at warming-temp, the expression levels of 19 proteins were upregulated,
while the expression levels of another 11 proteins were downregulated. In this study, our
focus was on the downregulated proteins at warming-temp since they are more prone
to being influenced than overexpressed proteins. The factors in this study were actin,
alpha cardiac muscle 1, actin-related protein 2, putative tubulin-like protein alpha-4B,
ubiquitin carboxyl-terminal hydrolase 17-like protein 1, ubiquitin-ribosomal protein e[.40
fusion protein, ribosome biogenesis protein BMS1 homolog, histone H2B type 1-M, and
histone H2A.]. Keratin was also detected via proteomic analysis. However, because keratin
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is not present in the lens, the possibility of contamination during lens extraction has

been suggested.

Table 5. Semiquantitative comparison of proteins with increased expression in iHLEC-NY2 cultured

under warming-temp conditions.

Number of

Spectral Counting

ID Accession Number and Description Amino Acids Warming-Temp Normal-Temp Fold I({:sllanger
TBA1C_HUMAN Q9BQE3  Tubulin alpha-1C chain 449 89 0 6.156903
HS902_HUMAN Q14568 Heat shock protein HSP 90-alpha 343 21 0 4.122102
H2B1C_HUMAN P62807 Histone H2B type 1-C/E/F/G/1 126 18 0 3.912511
H2BFS_HUMAN P57053 Histone H2B type F-S 126 17 0 3.834335
H2B1D_HUMAN P58876 Histone H2B type 1-D 126 17 0 3.834335
H2A1TH_HUMAN Q96KK5 Histone H2A type 1-H 128 16 0 3.753820
H31_HUMAN P68431 Histone H3.1 136 7 0 2.687759
RS3A_HUMAN P61247 Small ribosomal subunit protein eS1 264 6 0 2.501132
PGAM2_HUMAN P15259 Phosphoglycerate mutase 2 253 5 0 2.286793
RLAOL_HUMAN Q8NHWS5  Putative ribosomal protein uL10-like 317 5 0 2.286793
TGM2_HUMAN P21980 Protein-glutamine gamma-glutamyltransferase 2 687 19 3 2.219596
HS71L_HUMAN P34931 Heat shock 70 kDa protein 1-like 641 14 2 2.196653
HSP76_HUMAN P17066 Heat shock 70 kDa protein 6 643 18 3 2.146318
CNGB1_HUMAN Q14028 Cyclic nucleotide-gated cation channel beta-1 1251 4 0 2.035040
RPN1_HUMAN P04843 g;gg?ﬁ:;ﬂgffiﬁﬁiﬁcfhar‘de"PrOtem 607 4 0 2.035040
RL15_HUMAN P61313 Large ribosomal subunit protein eL.15 204 4 0 2.035040
MYH14_HUMAN Q77406 Myosin-14 1995 4 0 2.035040
TAF9B_HUMAN QI9HBM6  Transcription initiation factor TFIID subunit 9B 251 4 0 2.035040
PDIA4_HUMAN P13667 Protein disulfide-isomerase A4 645 8 1 2.004817

Table 6. Semiquantitative comparison of proteins with decreased expression in iHLEC-NY2 cultured
under warming-temp conditions.
Spectral Counting
. L Number of

ID Accession Number and Description Amino Acids Warming-Temp Normal-Temp Fold I({:Shca“ge'
ACTC_HUMAN P68032 Actin, alpha cardiac muscle 1 377 0 81 6.094116
H2BIM_HUMAN Q99879 Histone H2B type 1-M 126 0 34 4.861313
K2C75_HUMAN 095678 Keratin, type II cytoskeletal 75 551 0 16 3.826320
H2A]_HUMAN Q9BTM1  Histone H2A.J 129 0 10 3.208328
TBA4B_HUMAN Q9HB853  Putative tubulin-like protein alpha-4B 241 0 9 3.073807
K1C26_HUMAN Q773Y9  Keratin, type I cytoskeletal 26 468 0 2.925489
U17L1_HUMAN Q7RTZ2 %‘fﬁ(‘g;;‘Oizirg‘i"yl'term‘“al hydrolase 530 0 7 2.760210
K2C79_HUMAN Q5XKE5  Keratin, type II cytoskeletal 79 535 0 5 2.359232
RL40_HUMAN P62987 Ubiquitin-ribosomal protein eL40 fusion protein 128 0 4 2.107474
ARP2_HUMAN P61160 Actin-related protein 2 394 0 4 2.107474
BMS1_HUMAN Q14692 Ribosome biogenesis protein BMS1 homolog 1282 0 4 2.107474

4. Discussion

Previous research has shown that the prevalence of NUCs, graded at level >1 accord-

ing to the WHO cataract grading system, was notably higher in tropical and subtropical

regions than in temperate and subarctic regions regardless of racial factors [5-7]. In ad-

dition, it was reported that cumulative heat exposure is positively corelated with NUC

incidence when the lens temperature exceeds 37.5 °C [5,10]. Thus, elevated lens tempera-

tures resulting from higher environmental temperatures may contribute to an increased

risk of NUC formation. However, the exact connection between NUCs and temperature is

yet to be fully understood. We demonstrated the types of proteins expressed under normal

and warming conditions by using shotgun proteomic analysis and found a decrease in
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the specific proteins involved in actin, tubulin, ubiquitin, ribosome, and histone under
warming conditions in this study.

First, we determined the incubation temperature at normal-temp and warming-temp
following a previous computer simulation in silico study [14] and identified 30 proteins
exhibiting > 2-fold changes in expression between iHLEC-NY2 under normal-temp and
warming-temp. Furthermore, the effect on the expression system is typically more signifi-
cant when a protein is underexpressed compared to when it is overexpressed. Therefore, we
have focused on variations in the expression of 11 factors (the specific proteins concerned
were actin, tubulin, ubiquitin, ribosome, and histone), as described in Table 6. Decreased
actin and tubulin expression was observed under warming conditions (Table 1). The
cytoskeleton of the human eye, comprising actin microfilaments, intermediate filaments,
microtubules, and their associated proteins, is essential for cellular growth, maturation,
differentiation, integrity, and function. Actin microfilaments are composed of F-actin he-
lices, which are built from G-actin subunits (47 kD) [23,24]. These filaments are distributed
throughout the cytoplasm, form a fine mesh under the plasma membrane, or organize into
stress fibers. The processes of actin polymerization and depolymerization are modulated
by actin-regulatory proteins such as gelsolin. Additionally, various associated proteins
bind actin filaments to the plasma membrane, supporting the cellular architecture [23,24].
Therefore, a decrease in actin levels may weaken cell membrane protein binding, resulting
in lens opacity.

The putative tubulin-like protein alpha-4B is a cytoskeletal protein that constitutes a
part of a structure known as microtubules. Microtubules play a crucial role in maintain-
ing cell shape, cell division, and intracellular transport. Tubulin forms microtubules by
dimerizing «-tubulin and -tubulin, thereby providing structural stability within cells. The
lens cells rely on microtubules to maintain their morphology [25]. Tubulin dysfunction can
compromise microtubule stability, thus leading to alterations in cell shape and function,
which may result in the loss of lens transparency. Furthermore, microtubules are essential
for the proper transport of proteins within cells, including lens cells, where their functions
are critical [26]. Abnormalities in putative tubulin-like protein alpha-4B may disrupt pro-
tein transport, potentially causing protein aggregation within the lens. This aggregation
contributes to lens opacification. Additionally, because microtubules are involved in the
proliferation and maintenance of lens cells, tubulin defects can lead to cellular dysfunction,
which may contribute to lens opacity. Therefore, the putative tubulin-like protein alpha-4B
plays a vital role in maintaining the structural integrity of lens cells and protein transport.
A reduction in putative tubulin-like protein alpha-4B under high-temperature conditions
may be one of the factors that contribute to lens opacification.

In addition, the expression of the proteins related to ubiquitin and ribosome in
warming-temp-incubated iHLEC-NY2 was also lower than that in normal-temp-incubated
iHLEC-NY2. Many of the signals that maintain lens epithelia appear to be substrates of
the ubiquitin-proteasome pathway [27]. Ubiquitin C-terminal hydrolase L17-like protein
1is an enzyme that is responsible for protein degradation and is particularly involved in
the ubiquitin-proteasome system, a key protein quality control mechanism [28,29]. This
system is essential for preserving cellular homeostasis by facilitating the elimination of
damaged or misfolded proteins.

The eL40 fusion protein consists of ubiquitin, which tags damaged or unnecessary
proteins for degradation, and the ribosomal protein eL40, which is involved in protein
synthesis [30]. The BMS1 homolog is crucial for ribosome assembly, particularly ribosomal
RNA (rRNA) processing and ribosomal subunit assembly [31]. Ribosomes are essential for
protein synthesis within cells, and proteins such as BMS1 are indispensable for the proper
formation of functional ribosomes [32]. Impairment of ribosome biogenesis can lead to
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increased production of misfolded proteins, especially in long-lived cells such as lens cells,
which can contribute to cataract formation. Therefore, dysfunctions or mutations in BMS1
may increase the risk of cataract development.

Histones are key proteins involved in DNA packaging within the nuclei of eukaryotic
cells. They wrap DNA to form chromatin, thus enabling it to be compactly stored and to
regulate gene expression [33]. If histone modifications or structural changes adversely affect
the expression of genes that are critical for maintaining lens transparency, improper protein
folding and aggregation within the lens may occur, leading to loss of lens transparency.

Moreover, we examined their functions by analyzing the four GO terms (Tables 1-4).
The GO analysis indicated that the most common factors identified in the molecular func-
tion, cellular component, biological processes, and KEGG pathway categories were “protein
binding”, “extracellular exosome”, “nucleosome assembly”, and “neutrophil extracellular
trap formation”, respectively (Tables 1-4). The proteins involved in protein binding were
actin and alpha cardiac muscle 1. The proteins associated with extracellular exosomes
included actin, alpha cardiac muscle 1, actin-related protein 2, ribosome biogenesis protein
BMS1 homolog, histone H2B type 1-M, and histone H2B type 1-M. Additionally, the protein
involved in nucleosome assembly was histone H2B type 1-M. Taken together, it is possible
that factors associated with actin, ribosomes, and histones are specifically involved in the
onset of cataracts due to temperature changes. However, the present results also show that
the expression of other proteins related to tubulin and histones, such as tubulin alpha-1C
chain and histone-H2B type 1-C/E/F/G/I, -H2B type F-S, -H2B type 1-D, -H2A type 1-H,
and -H3.1, increases at warming-temp (Table 5). Therefore, changes in the tubulin and
histone levels may be associated with homeostatic maintenance. Further investigations are
required in order to determine whether the decrease or increase in these proteins at higher
ambient temperatures plays a dominant role.

It is crucial to explore whether the overexpression of certain proteins and the reduction
in others at elevated temperatures are associated with lens dysfunction. In our previous
study utilizing a similar shotgun proteomic analysis, we demonstrated that heating the
rat whole lens (including the epithelium, cortex, and nucleus) at warming-temp resulted
in reductions in actin, tubulin, vimentin, filensin, and fatty acid-binding protein 5 [11].
Among these, both actin and tubulin were found to decrease upon heating in both the rat
lens and iHLEC-NY2. These findings suggest that the observed reductions in actin and
tubulin may at least be attributable to epithelial cells. Thus, this study has successfully
screened lens proteins that change in response to elevated temperature, which were previ-
ously unidentified as potential causes of NUCs. As a result, it is now possible to consider
temperature-related factors in NUC development, contributing to future research advance-
ments. However, this study does not fully reflect the changes occurring in the nuclear or
cortical regions of the lens since human epithelial cells were used. Moreover, additional
research is required to assess the relationship between the onset of NUCs and changes in
the proteins involved in actin, tubulin, ubiquitin, ribosomes, and histones. Therefore, we
are planning to measure the localization and expression of the specific proteins concerning
actin, tubulin, ubiquitin, ribosomes, and histones under warming-temp by using Western
blotting and an immunostaining method.

5. Conclusions

The conducted shotgun proteomic analysis revealed that warming decreased the
expression of specific proteins involved in actin, tubulin, ubiquitin, ribosomes, and histones
in iHLEC-NY2. This study could provide a valuable framework for understanding the
relationship between temperature and the onset of NUCs. However, additional research
is necessary to fully comprehend the mechanisms that link these factors. In addition,
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regarding the clinical correlation of shotgun proteomics and future directions, it is desirable
to investigate whether similar protein fluctuations occur using postoperative samples from
human NUC patients. Furthermore, establishing prevention or treatment strategies for
nuclear cataracts by suppressing these protein fluctuations is anticipated.

Author Contributions: Conceptualization, H.O. and N.N.; methodology, H.O., A.T., H.S. and N.N.;
formal analysis, H.O., T.Y., N.Y,, Y.N., YM. and A.T; investigation, H.O., T.Y.,, N.Y,, YN., YM. and H.S,;
data curation, H.O., T.Y., A.T. and H.S.; writing—original draft preparation, H.O. and N.N.; writing—
review and editing, H.O. and N.N.; visualization, N.N.; supervision, N.N.; funding acquisition, N.N.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Takeda Science Foundation Pharmaceutical Research Grants
(grant number: 2024068087).

Institutional Review Board Statement: This study was approved by the Ethics Review Committee
of Fujita Health University (No. 004, approval date 1 April 2021) and was conducted in accordance
with the provisions of the Declaration of Helsinki for research involving human tissue. This gene-
recombination experiment was approved by the Kanazawa Medical University Biosafety Committee
for Recombinant DNA Research (Approval No. 2020-18, approval date 11 November 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw MS data files were deposited in the ProteomeXchange Con-
sortium via the jPOST partner repository (http:/ /jpostdb.org, accessed on 18 January 2025) under
the dataset identifier PXD059029/JPST003507. Publicly available datasets, such as the UniProt
dataset (https:/ /www.uniprot.org/help/downloads, accessed on 18 January 2025) utilized in this
study, can also be accessed through their respective repositories following the guidelines pro-
vided by the data-sharing platforms. The data generated in this study can be requested from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.
Abbreviations

DAVID Database for Annotation, Visualization, and Integrated Discovery
GO Gene Ontology

KEGG Kyoto Encyclopedia of Genes and Genomes

LC-MS/MS  Liquid chromatography with tandem mass spectrometry

NSAF Normalized spectral abundance factor

NSI Nanoelectrospray ionization

NUC Nuclear cataract

Rsc log2-transformed ratio of protein abundances

References

1.

Robman, L.; Taylor, H. External factors in the development of cataract. Eye 2005, 19, 1074-1082. [CrossRef] [PubMed]

Chua, J.; Koh, J.Y;; Tan, A.G.; Zhao, W.; Lamoureux, E.; Mitchell, P.; Wang, ].].; Wong, T.Y.; Cheng, C.-Y. Ancestry, Socioeconomic
Status, and Age-Related Cataract in Asians: The Singapore Epidemiology of Eye Diseases Study. Ophthalmology 2015, 122,
2169-2178. [CrossRef] [PubMed]

Kai, J.-Y;; Zhou, M.; Li, D.-L.; Zhu, K.-Y,; Wu, Q.; Zhang, X.-F,; Pan, C.-W. Smoking, dietary factors and major age-related eye
disorders: An umbrella review of systematic reviews and meta-analyses. Br. ]. Ophthalmol. 2023, 108, 51-57. [CrossRef] [PubMed]
Xu, Y,; Liang, A.; Zheng, X.; Huang, Z.; Li, Q.; Su, T.; Wu, Q.; Fang, Y,; Hu, Y.; Sun, W,; et al. Sex-specific social, lifestyle, and
physical health risk factors in cataracts development. Eye 2024, 38, 2939-2946. [CrossRef]

Sasaki, K.; Sasaki, H.; Jonasson, F.; Kojima, M.; Cheng, H.M. Racial differences of lens transparency properties with aging and
prevalence of age related cataract applying a WHO classification system. Ophthalmic. Res. 2004, 36, 332-340. [CrossRef] [PubMed]

27



Medicina 2025, 61, 286

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Miyashita, H.; Hatsusaka, N.; Shibuya, E.; Mita, N.; Yamazaki, M.; Shibata, T.; Ishida, H.; Ukai, Y.; Kubo, E.; Sasaki, H. Association
between ultraviolet radiation exposure dose and cataract in Han people living in China and Taiwan: A cross sectional study.
PLoS ONE 2019, 14, e0215338.

Sasaki, H.; Jonasson, F; Shui, Y.B.; Kojima, M.; Ono, M.; Katoh, N.; Cheng, H.-M.; Takahashi, N.; Sasaki, K. High prevalence of
nuclear cataract in the population of tropical and subtropical areas. Dev. Ophthalmol. 2002, 35, 60—-69. [PubMed]

Al-Ghadyan, A.A; Cotlier, E. Rise in lens temperature on exposure to sunlight or high ambient temperature. Br. J. Ophthalmol.
1986, 70, 421-426. [CrossRef] [PubMed]

Schwartz, B. Environmental temperature and the ocular temperature gradient. Arch. Ophthalmol. 1965, 74, 237-243. [CrossRef]
Kodera, S.; Hirata, A.; Miura, F,; Rashed, E.A.; Hatsusaka, N.; Yamamoto, N.; Kudo, E.; Sasaki, H. Model-based approach for
analyzing prevalence of nuclear cataracts in elderly residents. Comput. Biol. Med. 2020, 126, 104009. [CrossRef] [PubMed]
Otake, H.; Masuda, S.; Yamamoto, T.; Miyata, Y.; Nakazawa, Y.; Yamamoto, N.; Taga, A.; Sasaki, H.; Nagai, N. Semiquantitative
analysis of protein expression in heated rat lens using shotgun proteomics. Mol. Med. Rep. 2025, 31, 26. [CrossRef]

Joseph, R.; Srivastava, O.P; Pfister, R.R. Differential epithelial and stromal protein profiles in keratoconus and normal human
corneas. Exp. Eye Res. 2011, 92, 282-298. [CrossRef] [PubMed]

Meade, M.L.; Shiyanov, P.; Schlager, J.J. Nhanced detection ethod for corneal protein identification using shotgun roteomics.
Proteome Sci. 2009, 7, 23. [CrossRef] [PubMed]

Takeda, S.; Yamamoto, N.; Nagai, N.; Hiramatsu, N.; Deguchi, S.; Hatsusaka, N.; Kubo, E.; Sasaki, H. Function of mitochondrial
cytochrome c oxidase is enhanced in human lens epithelial cells at high temperatures. Mol. Med. Rep. 2023, 27, 19. [CrossRef]
[PubMed]

Yamasaki, K.; Kawasaki, S.; Young, R.D.; Fukuoka, H.; Tanioka, H.; Nakatsukasa, M.; Quantock, A.].; Kinoshita, S. Genomic
aberrations and cellular heterogeneity in SV40-immortalized human corneal epithelial cells. Investig. Ophthalmol. Vis. Sci. 2009,
50, 604-613. [CrossRef]

Kim, C.W.; Go, R.E,; Lee, G.A.; Kim, C.D.; Chun, Y.].; Choi, K.C. Immortalization of human corneal epithelial cells using simian
virus 40 large T antigen and cell characterization. J. Pharmacol. Toxicol. Methods 2016, 78, 52-57. [CrossRef]

Bluemlein, K.; Ralser, M. Monitoring protein expression in whole cell extracts by targeted label- and standard-free LC-MS/MS.
Nat. Protoc. 2011, 6, 859-869. [CrossRef] [PubMed]

Old, WM.; Meyer-Arendt, K.; Aveline-Wolf, L.; Pierce, K.G.; Mendoza, A.; Sevinsky, ].R.; Resing, K.A.; Ahn, N.G. Comparison of
label free methods for quantifying human proteins by shotgun proteomics. Mol. Cell. Proteom. 2005, 4, 1487-1502. [CrossRef]
[PubMed]

Zybailov, B.; Coleman, M.K; Florens, L.; Washburn, M.P. Correlation of relative adundance ratios derived from peptide ion
chromatograms and spectrum counting for quantitative proteomic analysis using stable isotope labeling. Anal. Chem. 2005, 77,
6218-6224. [CrossRef]

Dennis, G., Jr.; Sherman, B.T.; Hosack, D.A.; Yang, J.; Gao, W.; Lane, H.C.; Lempicki, R.A. DAVID: Database for annotation,
visualization, and integrated discovery. Genome Biol. 2003, 4, R60. [CrossRef]

Huang, D.W.; Sherman, B.T.; Lempicki, R.A. Systematic and integrative analysis of large gene lists using DAVID bioinformatics
resources. Nat. Protoc. 2009, 4, 44-57. [CrossRef] [PubMed ]

Huang, D.W.; Sherman, B.T.; Zheng, X.; Yang, J.; Inamichi, T.; Stephens, R.; Lempicki, R.A. Extracting biological meaning from
large gene lists with DAVID. Curr. Protoc. Bioinform. 2009, 27,13.11.1-13.11.13. [CrossRef]

Weeds, A.G.; Gooch, J.; Hawkins, M.; Pops, B.; Way, M. Role of actin-binding proteins in cytoskeletal dynamics. Biochem. Soc.
Trans. 1991, 19, 1016-1020. [CrossRef] [PubMed]

Kiveld, T.; Tarkkanen, A.; Frangione, B.; Ghiso, J.; Haltia, M. Ocular amyloid deposition in familial amyloidosis, Finnish: An
analysis of native and variant gelsolin in Meretoja’s syndrome. Investig. Ophthalmol. Vis. Sci. 1994, 35, 3759-3769.

Farnsworth, PN.; Shybe, S.E.; Caputo, S.J.; Fasano, A.V.; Spector, A. Microtubules: A major cytoskeletal component of the human
lens. Exp. Eye Res. 1980, 30, 611-615. [CrossRef] [PubMed]

Audette, D.S.; Scheiblin, D.A.; Duncan, M.K. The molecular mechanisms underlying lens fiber elongation. Exp. Eye Res. 2017, 156,
41-49. [CrossRef] [PubMed]

Roberts, A.B.; Derynck, R. Meeting report: Signaling schemes for TGF-beta. Sci. STKE 2001, 113, pe43.

Nagasaka, M.; Inoue, Y.; Yoshida, M.; Miyajima, C.; Morishita, D.; Tokugawa, M.; Nakamoto, H.; Sugano, M.; Ohoka, N.; Hayashi,
H. The deubiquitinating enzyme USP17 regulates c-Myc levels and controls cell proliferation and glycolysis. FEBS Lett. 2022, 596,
465-478. [CrossRef]| [PubMed]

Ramakrishna, S.; Suresh, B.; Baek, K.-H. Biological functions of hyaluronan and cytokine-inducible deubiquitinating enzymes.
Biochim. Biophys. Acta 2015, 1855, 83-91. [CrossRef] [PubMed]

Tong, L.; Zheng, X.; Wang, T.; Gu, W.; Shen, T.; Yuan, W.; Wang, S.; Xing, S.; Liu, X.; Zhang, C.; et al. Inhibition of UBA52 induces
autophagy via EMC6 to suppress hepatocellular carcinoma tumorigenesis and progression. . Cell. Mol. Med. 2024, 28, e18164.
[CrossRef]

28



Medicina 2025, 61, 286

31. Singh, S.; Broeck, A.V.; Miller, L.; Chaker-Margot, M.; Klinge, S. Nucleolar maturation of the human small subunit processome.
Science 2021, 373, eabj5338. [CrossRef]

32. Karbstein, K.; Jonas, S.; Doudna, J.A. An essential GTPase promotes assembly of preribosomal RNA processing complexes. Mol.
Cell 2005, 20, 633-643. [CrossRef]

33. Andley, U.P; Naumann, B.N.; Hamilton, P.D.; Bozeman, S.L. Changes in relative histone abundance and heterochromatin in
aA-crystallin and «B-crystallin knock-in mutant mouse lenses. BMC Res. Notes 2020, 13, 315. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

29



medicina ﬁw\p\py

Article
Disinfection of Human and Porcine Corneal Endothelial Cells by
Far-UVC Irradiation

Ben Sicks '*, Martin Hessling !, Kathrin Stucke-Straub !, Sebastian Kupferschmid > and Ramin Lotfi 3

Institute of Medical Engineering and Mechatronics, Ulm University of Applied Sciences, Albert-Einstein-Allee
55, 89081 Ulm, Germany; martin.hessling@thu.de (M.H.); kathrin.stucke-straub@thu.de (K.S.-S.)

2 Clinic of Ophthalmology, Bundeswehrkrankenhaus Ulm, Oberer Eselsberg 40, 89081 Ulm, Germany;
sebastiankupferschmid@bundeswehr.org

Institute for Clinical Transfusion Medicine and Immunogenetics Ulm, German Red Cross Blood Donation
Service Baden-Wiirttemberg-Hessen, Institute for Transfusion Medicine, University Hospital Ulm,
Helmbholtzstrafie 10, 89081 Ulm, Germany; r.lotfi@blutspende.de

*  Correspondence: ben.sicks@thu.de

Abstract: Background and Objectives: The cornea protects the eye from external influences
and contributes to its refractive power. Corneas belong to the most frequently transplanted
tissues, providing a last resort for preserving the patient’s vision. There is a high demand
for donor corneas worldwide, but almost 4% of these transplants are not eligible due
to microbial contamination. The objective of this study is to ascertain the suitability of
222 nm Far-UVC irradiation for the decontamination of corneas without damaging corneal
endothelial cells. Materials and Methods: To assess the destructive effect of irradiation and,
thus, identify the applicable dose needed to decontaminate the cornea without interfering
with its integrity, 141 porcine corneas were irradiated with 0, 60 or 150 mJ/cm? at 222 nm.
In the second step, a series of 13 human corneas were subjected to half-sided irradiation
using 15 or 60 mJ/cm? at 222 nm. After five days of in vitro culturing, the endothelial cell
density of the non-irradiated area of each human cornea was compared to the irradiated
area. Results: Irradiation with up to 60 mJ/cm? had no detectably significant effect on the
cell integrity of human corneas (p = 0.764), with only a minimal reduction in cell density
of 3.7% observed. These findings were partially corroborated by tests on porcine corneas,
wherein the variability between test groups was consistent, even at increased irradiation
doses of up to 150 mJ/cm?, and no notable effects on the irradiated porcine endothelium
were monitored. The efficacy of the antimicrobial treatment was evident in the disinfection
tests conducted on corneas. Conclusions: These initial irradiation experiments demonstrated
that 222 nm Far-UVC radiation has the potential to decontaminate the cornea without
compromising sensitive endothelial cell viability.

Keywords: cornea irradiation; donor; transplant; human eye; 222 nm Far-UVC

1. Introduction

Corneas are commonly known as the visual gateway to the world due to their optical
properties [1,2]. Various serious diseases or injuries, which impact corneal integrity, can lead
to vision loss [3-7]. In such cases, keratoplasty is often considered as the last option to save
eyesight. Annually, over 200,000 corneas are transplanted worldwide [8]. For a keratoplasty,
donor corneas are needed, which must fulfil various quality criteria [9]. Corneal transplants
need to be free of pathogens and to have a sufficient density of endothelial cells [10].
Corneal endothelial cells (CECs) are in charge of maintaining corneal clarity by preventing
the cornea from becoming edematous [11,12]. Unfortunately, CECs are very sensitive to
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chemical and physical stress and do not have regenerative capacities, which leads to the
continuous loss of their number during life span [1,11,13,14]. This results in the exclusion of
a considerable proportion of tissue donations not fulfilling minimal criteria for endothelial
cell density. In addition, bacterial contamination occurs in some donations, which, in turn,
leads to further exclusion of donor tissues. About 9% of all cultured corneas in Germany
have to be discharged due to contamination [15].

Far-UVC, with a spectral range of 200-230 nm [16], exhibits strong antimicrobial prop-
erties similar to the antimicrobial properties at 254 nm UVC radiation, based on DNA and
RNA absorption [17]. Far-UVC is also absorbed by proteins, which largely shield the nu-
cleus in irradiated mammalian cells [18,19]. Studies have shown that Far-UVC doses up to
600 mJ /cm? are harmless to the outer corneal layers, while a dose of 15 m]/ cm? is sufficient
for a 3 log reduction in methicillin-resistant Staphylococcus aureus (S. aureus) (MRSA) [20-23].
The American Conference of Governmental Industrial Hygienists (ACGIH) sets the safe
exposure limit for eyes to 222 nm Far-UVC irradiation at 167.6 m]J/cm? [24].

The hCorneas are retrieved from deceased donors in a sterile environment, following
strict eye bank protocols to preserve sterility and tissue viability while minimizing damage
during dissection [25]. After extraction, corneas are disinfected to eliminate pathogens,
typically by immersion in 3% povidone-iodine, followed by saline rinsing [26]. In addition,
atmospheric-pressure cold plasma (APCP) has been explored as an alternative disinfection
method, effectively inactivating pathogens without compromising tissue integrity [27]. For
xenotransplantation, the extraction of porcine corneas typically begins with anesthesia to
ensure the animal remains still and pain-free [28]. The eyes are then enucleated in a sterile
environment to prevent contamination, followed by precise dissection of the cornea to
minimize tissue damage [29]. Once extracted, the corneas are preserved in an appropriate
medium to maintain viability for research or transplantation purposes [30].

The objective of this study is to determine the appropriate disinfecting dose of 222 nm
Far-UVC radiation that can be tolerated by CECs while being sufficient to induce decon-
tamination. For this purpose, the human corneal endothelial cells (hCECs) of cultured
human corneas (hCorneas) are irradiated with up to 60 mJ/ cm?, cultured again, and the
cell density is recorded at regular intervals. A set of cultured corneas is used to compare
the behavior during recultivation after irradiation. Furthermore, pairs of eyes from the
same donor are subjected to an investigation to ascertain the existence of any potential
correlations. Experiments on porcine corneas (pCorneas) at irradiation doses of up to
150 mJ /cm? on porcine corneal endothelial cells (pCECs) provide supplementary evidence.
The results are subjected to statistical evaluation.

2. Materials and Methods

The pCorneas used in this study were obtained from freshly slaughtered pigs. The
corneas were extracted from the bulbi in a sterile laboratory environment. Prior to ex-
traction, the bulbi were disinfected in a 2% iodine solution for three to five minutes and
subsequently washed in sterile balanced salt solution (BSS). Extraction was performed by
cutting along the scleral rim. The extracted corneal disc was temporarily stored in sterile
phosphate-buffered saline (PBS).

The hCorneas were provided by the tissue bank IKT (Institute for Clinical Transfusion
Medicine and Immunogenetics) Ulm, Germany. The cell densities at the beginning and end
of the cultivation process were recorded. A set comprising corneas routinely cultivated
in the tissue bank was employed to assess the normal performance of the corneas during
cultivation and to ascertain the independence of two corneas from the same donor.

The corneas of humans and pigs are structurally similar in diameter (10-12 mm vs.
12-14 mm) and thickness (550-700 pm vs. 666-1013 um). There is a similarity in the density
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of CECs (2500-4000 cells/mm? in the hCorneas and 32504411 cells/mm? in the pCorneas)
and in the layers (epithelium, Bowman’s membrane, stroma, Descement’s membrane and
endothelium) [13,29,31]. The mechanical properties are comparable in tensile strength and
stress—strain relationships under uniaxial testing, but there are significant differences in
stress relaxation [30]. The pCECs recover or regenerate more than hCECs, which mostly do
not. This characteristic contributes to the resilience of pCECs for transplantation, making
it more likely that, with appropriate therapy, porcine tissues can be applied in medical
treatments [29]. The probability of an immune response arising from Far-UVC exposure
to the endothelium is negligible because the primary objective is to avert any potential
damage to the CECs.

The irradiation setup used a krypton chloride excimer lamp (Care222®, Ushio, Tokyo,
Japan), and an X1 optometer (Gigahertz-Optik, Tiirkenfeld, Germany) was used to set
an irradiance of 1 mW/cm?. The cornea was fixed in a Bohnke holder within an empty
modified cell culture flask with a window for the irradiated area (Figure 1). The concave
side of the cornea with the CECs was irradiated, in comparison to other tests (given that
the cornea is not transparent at 222 nm [32-34]). In hCornea experiments, one half was
irradiated, and the other served as control. To distinguish between sides, an incision was
made at the scleral edge on each sample. The non-irradiation area was adequately covered.
The pCECs were fully irradiated at doses of 60 and 150 m]/cm? while hCECs received
half-sided irradiation of 15 and 60 m]J/cm?.

aperture

/<

cornea

non-irradiated area

dwe| wu zzez

irradiated area

marker

top view front view cornea

Figure 1. Schematic representation of the irradiation setup for hCornea with the partially blocked
radiation pathway (top view) and the irradiation areas of a cornea (front view).

To examine the pCornea microscopically, an irradiated sample was trephined after a
latency period of up to two hours. This corneal section was then stained. Viable CECs were
evaluated and compared through staining in accordance with the instructions provided in
the Viability /Cell toxicity Assay Kit for Animal Live & Dead cells (Biotium, Fremont, CA,
USA) or with DAPI (4/ ,6-diamidino-2-phenylindole, dilactate) (Invitrogen, Carlsbad, CA,
USA). An Eclipse TE2000-U (Nikon, Gyoda, Japan) fluorescence microscope was used to
obtain multiple images of each cornea.

The integrity and density of the hCECs were determined via cell imaging prior to
and immediately following irradiation, as well as at regular intervals up to the fifth day.
Therefore, hCorneas were placed in a chamber of a 6-well plate, which was filled with 10 mL
sterile PBS. At least five images of the hCECs per corneal half (irradiated /non-irradiated)
were taken at each time of measurement with a phase contrast microscope (Primovert,
Zeiss, Oberkochen, Germany) with 40 x magnification.
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The evaluation of pCECs and hCEC densities was carried out with Image] 1.530 [35]
by creating a grid with a size of 0.1 x 0.1 mm? over the images to be analyzed. By using
the CellCounter plugin [36], the cells of 4 fields were counted and averaged. This average
was multiplied by one hundred to obtain cells/mm?.

A disinfection test was conducted using Staphylococcus carnosus (DSM 20501) as a
surrogate for S. aureus, given its comparable sensitivity to 222 nm UVC radiation [37]. A
colony of S. carnosus was inoculated into 3 mL M92 medium and incubated at 37 °C for
16 h. Then, 200 pL of the preculture was transferred to 30 mL of fresh M92 medium and
incubated at 37 °C until an optical density at 600 nm (ODggg) of 0.33 was reached. The
culture was centrifuged and the supernatant replaced with PBS. This was repeated twice.
The suspension was diluted to 107 colony-forming units (CFU) per milliliter. Disinfection
tests were conducted on the concave side of pCorneas using two different thicknesses of
bacterial suspension (1 mm and 3 mm) and three different Far-UVC doses (15, 60, and
150 m]J /cm?). Following this, 33 uL. samples were plated on M92 agar and incubated at
37 °C for 24 h to determine bacterial survival.

To analyze changes in cell density of hCECs over a five-day period, the cell density
ratios (CDRs) were calculated by dividing the value of the last cell count by the value
of the first cell count (Equation (1)) for each sample. It was assumed that a five-day
observation period would be sufficient for the human corneas to show an effect on the
sensitive endothelium.

2
cells /mm= g of cultivation

cell density ratio (CDR) = ,
Y ( ) Cells/mmzstart of cultivation

)

The relative change of cell counts (RCCC) was calculated by dividing CDR of irradiated
side by CDR of non-irradiated side (Equation (2)).

CDR;r days;,./dayl

RCCC=1—-——F7""—=1-— 1w
CDRyon—irr day5

irr
/dayl ’ @

non—irr non—irr

Initial data analysis involved assessing normality using the Shapiro-Wilk test. To
evaluate the homogeneity of variances, the Levene test was conducted. When variance
homogeneity was confirmed, analysis of variance (ANOVA) with the F-test for multiple
samples was performed. In the case of significant ANOVA results, the Bonferroni correction
was applied to adjust the significance levels. If the data were not normally distributed, the
Kruskal-Wallis test (H-test) was employed. For significant results from the Kruskal-Wallis
test, Dunn’s post hoc test was subsequently performed. A p-value of < 0.05 was considered
statistically significant. A Student’s t-test for unpaired samples was conducted to ascertain
the statistical significance of the observed differences. Analyses were performed using the
statistical software R 4.2.1 [38].

Based on an assumed effect 6 and standard deviation (SD), the sample size was deter-
mined in order to have 80% power (1-8 = 80% with a corresponding z; g-quantile of 0.84)
for a significance level of 5% (corresponding zl_%—quantile of 1.96) using Equation (3) [39].

2 2
SD
n—= (lex/z“l“Zl_lB) * (572, (3)

SD was calculated according to Equation (4). In order to calculate 6 according to
Equation (5), the initial test results were employed to derive the mean values.

(x —%)°

Sb = n—1

(4)
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5= (m — o) ®)

A reference group (RG) was established for the purpose of determining normal behav-
ior and for test size analysis. The reference data were based on 168 transplantable corneas
from the tissue bank IKT Ulm.

The study size was calculated using the SD of the RG, as this group had sufficient
values and represents normal behavior. The § between the irradiated and non-irradiated
corneal sides of initially irradiated hCornea samples was calculated and used.

—\2
SDrc = (| EX =" _ 5081 ©)
n—1
ShC—sample = (0.964 — 0.916) = 0.048 @)
2
n = (1.96 4 0.84)% x 0081 _ 235 1 =23 8)

0.0482

The RG has an average hCEC density of 2510 cells/mm?, with an SD of 244 cells/mm?.
By using a b of 5% of the mean, a comparable sample size can be obtained:

2442

. 2
n=(196+084)"x o

=29.6; n =30 )

3. Results

This study evaluated the applicability of an effective disinfection dose without com-
promising endothelial integrity.

The irradiation of the hCECs was conducted within a room exclusively designated
for laboratory examinations. The removal times of the cornea from the culture medium or
buffer were maintained as short as possible to ensure the preservation of tissue integrity,
with only minor extensions being made to extend the removal times for the irradiation
process. The porcine corneas were processed in a laboratory and subsequently handled
with minimal exposure outside of the buffer. All experiments were conducted at room
temperature and under aseptic conditions.

Irradiation was applied to the concave corneal side, the critical surface for donation,
due to the endothelium’s sensitivity and lack of regenerative capacity. The cornea’s concave—
convex shape led to slight inhomogeneity in surface irradiation; however, with central
alignment, intensity variation remained within 0.08 mW/cm?. At a lamp-sample distance
of ~9 cm, no heating occurred.

3.1. pCornea Results

Staining results demonstrated accurate and clear cell nuclei in both DAPI and live—
dead staining using fluorescence microscopy. There was no noticeable density thinning
or consistent decrease in density. However, in DAPI detection, there were areas where no
CECs were present, as shown in Figure 2a. The staining for live and dead CECs revealed
damaged or dead CECs in these areas (Figure 2b). A comparison of the two staining
methods revealed no significant deviation in either variance (p = 0.135) or mean (p = 0.115).
These findings support the applicability of DAPI staining for determining cell density.
Structured damage caused by processing during trephination and dying, such as furrows,
tweezer marks, and other pressure points, was not included in the count (Figure 2e).
Additionally, irregular accumulations of damaged CECs were occasionally observed, as
illustrated in Figure 2b. The cell shapes and spacing of the stained CECs showed an equal
and regular distribution (Figure 2a—d). The staining of pCECs after 222 nm irradiation up
to 150 mJ/cm? did not lead to a loss of structural integrity.
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a) DAPI

¢) 0 mJ/cm? d) 60 mJ/cm?

(c) (d)

(e)

Figure 2. Comparison between a DAPI stain (a) and a live-dead stain (b); comparison between a
non-irradiated (c) and 60 mJ/cm? irradiated endothelial layer after 2 days of cultivation. Images
taken with a fluorescence microscope at 40x magnification (d). A disc of cornea was cut from a
pCornea and stained with a live-dead dye. The two stains, live (left, green) and dead (right, red),
are recorded separately from the same cornea. Images taken with a fluorescence microscope at 10
magnification and stitched together (e).

The irradiation tests revealed that the mean CEC densities of the irradiation groups
listed in Table 1 are distributed from 3873 to 3414 cells/mm?2. The SDs are around 9%, with
only a few outliers. None of the outliers are below 3000 cells/ mm?Z, but some are above
4500 cells/mm?. These outliers were included due to their high CEC densities, which are
still within the characteristic range [29].
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Table 1. The pCEC densities after irradiation at 222 nm, divided into the applied irradiation dose.

Irradiation Dose [m]/cm?] 0 60 150

Mean CECs [cells/mm?] 3798 3572 3601
SD [cells/mm?] 337 320 335
Number of corneas 57 39 45

cells/mm?

Fig

The box plots representing the groups are presented in Figure 3.
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ure 3. Dose-dependent grouping of pCEC densities from 222 nm irradiation.

In order to compare the three irradiation doses regarding the CEC densities, the

Kruskal-Wallis test was applied since normality could not be assumed (demonstrated with
Shapiro-Wilk test) and outliers are present in the sample. This Kruskal-Wallis test is more
robust compared to a conventional ANOVA.

The Kruskal-Wallis test (x?(2) = 14.87, p < 0.001) and post hoc tests demonstrated

significant differences between the 0 mJ/cm? and 60 mJ/cm? groups and between the
0 mJ/cm? and 150 mJ/cm? groups.

The results of the microbiological (Figure 4) tests demonstrated that irradiation doses

of 15 mJ/cm? achieved up to a 3-log reduction in microbial load within 1 mm thick liquid
films. Furthermore, reductions of up to and over 5 log levels were achieved in 1 and 3 mm
liquid layers with 60 m]/cm?.
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Figure 4. 222 nm disinfection of a one- and three-millimeter-thick layer of an S. carnosus bacterial
suspension in a log-reduction graph (a) and a picture of contamination samples before and after
irradiation plated on a tryptone soy agar plate to demonstrate the efficacy of the process (b).

3.2. hCornea Results

The mean hCEC density of the RG on the first day of culture was 2509 cells/mm?
(SD = 243 cells/mm?). On the last day (3 to 28 days later), the mean was 2338 cells/ mm?
(SD = 283 cells/mm?). The mean CDR between the first and last day was 0.93 (SD = 0.081).
Figure 5 presents all CDRs of the referenced data as a function of cultivation time, with
a slightly decreasing straight line fit (CDR = —0.0047x + 1) (approx. 0.5% loss per day)
for cultivation durations of 3 to 28 days (n = 168). The Shapiro-Wilk test was p < 0.001,
indicating non-normal distribution of the CDRs, but the large sample size mitigates this
issue for the regression model.
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Figure 5. CDR values of the referenced group of the set of cultured corneas from the IKT
Ulm, Germany.

Verification of the correlation between two corneas from the same donor: A total of
26 corneal pairs from the RG were analyzed, exhibiting a linear regression for the right/left
ratio with a low coefficient of determination (R? = 0.0232) and no consistent or trend-like
distribution of residuals. The regression lines for both corneal sides were parallel with a
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slight CDR offset of 0.025, indicating no significant difference in hCEC density behavior. A
t-test confirmed this (p = 0.491).

Results of the irradiation tests: The normal incubation period of the corneas was
five days, but one cornea was only incubated for three days as the quality of the hCECs
deteriorated rapidly and could not be counted later. The hCEC densities from day five and
the outlier from day three were used for statistical analysis. There was no visible change in
the culture medium in any of the tests.

The CDR differences between the irradiation groups in Table 2, comprising irradiated
vs. non-irradiated samples at each dose, resulted in a deviation of approximately 4.5% at
15 mJ/cm? and 5% at 60 mJ/cm?. A two-sample t-test was conducted on the irradiation
groups 15 (p = 0.667) and 60 m]/cm? (p = 0.582), in which the CDR values of the non-
irradiated corneal halves were compared against the corneal halves within the group.
Nevertheless, no evidence of significance could be provided.

Table 2. The mean values & SD of the results of the experiments with and without irradiation of
hCECs, along with their CDRs (cell density ratios) of the cell densities from the day of irradiation
and five days later, as well as the resulting RCCCs (relative change of cell counts).

15 mJ/cm? 60 mJ/cm? 2Ly
n 5 8 13
Mean CEC counts for irradiated day1l 2405 + 593 2028 + 351 2173 + 494
corneas + standard deviation and cell day5 2205 + 626 188 £+ 521 2008 + 585
density ratio (CDR) CDR 0913 0918 0916
Mean CEC counts for non-irradiated day1l 2270 + 450 1991 = 350 2098 + 414
corneas =+ standard deviation and cell day5 2180 + 539 1931 £ 511 2027 + 535
density ratio (CDR) CDR 0.958 0.968 0.964
RCCC 0.042 0.035 0.037

A comparison of the CDRs of the non-irradiated samples, designated “non-irradiated
15” and “non-irradiated 60”, revealed no evidence for a statistically significant difference
(t(9) = —0.101, p = 0.922). A corresponding calculation of the Cohen’s d with the CDRs of
the irradiation results indicated a tendency towards a small effect, with d = 0.308.

An ANOVA was conducted with the CDRs for each dose (0, 15, and 60 mJ/cm?2),
revealing that the difference between the sample means of all groups in the comparison of
irradiation application was not statistically significant (F(2,23) = 0.273, p = 0.764, n? =0.02)
(Figure 6, boxes on the right side). To assess the equality of variances, the Levene test was
performed, which confirmed the assumption of equal variances (p = 0.919).

A further summary was conducted for the irradiated samples labelled ‘irradiated
15" (n = 5) and ‘irradiated 60" (n = 8), for which no statistically significant result could
be demonstrated (p = 0.954). The data from the irradiated and non-irradiated samples
were, therefore, summarized as 13 values each. A two-sample t-test of all irradiated and
non-irradiated sample sides yielded a p-value of 0.462. These results suggest that the
different doses did not have a measurable effect on the CDRs, indicating a lack of efficacy
in this context.

Calculation of the RCCC, shown in Figure 7, and the cell count decrease between
the first and the last day: The mean RCCC values were 0.042 for the 15 mJ/cm? group
and 0.035 for the 60 mJ/cm? group, with an overall mean of 0.037. A t-test revealed no
significant difference between the groups (t(11) = 0.091, p = 0.929, n? = 0.056, d = 0.051).
Both groups were normally distributed (15 mJ/cm?: p = 0.531, 60 mJ/cm?: p = 0.844).
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Figure 6. A grouped boxplot of the cell density depending on the irradiation dose.
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Figure 7. Boxplot of the RCCC values (dots) with the division into the irradiation groups 15 mJ/cm?
(orange) and 60 m]/ cm? (blue).

4. Discussion
4.1. pCorneas

The CEC staining procedures did not yield any discernible alterations to the endothe-
lium as a consequence of the radiation treatment. Consequently, any potential impairment
in structural integrity can be ruled out.

The SD for the three test samples (0, 60 and 150 m]/cm?) was approximately 9%,
indicating a similar degree of variability amongst the data points. The results of the Shapiro-
Wilk test indicated that the 60 mJ/cm? and 150 mJ/cm? samples deviated from a normal
distribution. Additionally, the groups exhibited outliers, making ANOVA insufficiently
robust despite sufficient sample sizes of 57, 39, and 45. Therefore, the Kruskal-Wallis test
was applied instead. The 60 and 150 mJ/cm? groups exhibited left skewness, likely due
to outliers at high CEC densities, and resulted in a significant difference among the three
samples. Nonetheless, the samples generally showed similar ranges, with means differing
by less than 10%. Additionally, the evaluation did not indicate a significant difference in
the applied exposures, suggesting a lack of effect rather than an actinic effect. However,
further investigation is required into the impact of the effects on the subjects, as additional
factors such as the animals’ origins, handling of the subjects, and the processing of the
subjects may also be contributing to the results.
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Given the natural variability in CEC density among corneas, using a ratio metric
such as the CDR or RCCC would have been more appropriate for analyzing and assessing
the resulting cell densities post-irradiation with Far-UVC. This approach would have
allowed for tracking changes in CEC density over time for each sample, facilitating better
comparisons with other samples. Comparisons between hCECs and pCECs showed similar
dispersion patterns and standard deviations.

The irradiation of the bacterial suspension on the endothelium was a relatively simple
experimental setup, but it was quantitatively suboptimal. The high bacterial concentration
on the endothelial surface represented an extreme case of microbial contamination, far from
typical initial contamination levels. Nonetheless, the disinfection test clearly demonstrated
the potential efficacy and application scope of this method.

4.2. hCorneas

The results of the paired comparisons suggest that a correlation between the CEC
densities in the right and left corneas of a donor can be excluded and that all usable samples,
including both corneas from the same donor, can be considered independent.

The CDR values of the entire reference group exhibit a regression pattern similar to that
of the non-irradiated CECs in the test group during extended cultivation. The comparable
slopes of the linear regressions in both groups suggest that their temporal behavior is nearly
identical. The model indicates that while irradiation affects CEC density, this effect should
be considered in the context of the normal cellular loss associated with cultivation.

The absence of a notable CDR test difference with the ANOVA test (p = 0.767) and
the small effect size (12 = 0.02) lead to the conclusion that the irradiation is applicable.
However, a significant alteration in CEC density could not be substantiated.

The relative difference in RCCC values between the two radiation doses of 0.007
is small compared to the mean value (0.037), as confirmed by a t-test (p = 0.923). The
mean RCCC value of 0.037 corresponds to a 3.7% reduction in cell density in irradiated
CECs compared to non-irradiated cells. This small effect size supports the hypothesis of a
minimal radiation impact. It is important to note that the sample sizes for the RCCC groups
(n =5 and n = 8) are insufficient for precise study dimensioning but may be adequate for
indicating trends.

4.3. Overall

Far-UVC at 222 nm has been shown to inactivate a wide range of bacteria, including
those that are resistant to conventional antibiotics. This efficacy has also been demonstrated
through the microbial test with S. carnosus as a surrogate for MRSA (see Figure 4) [37]. In
contrast to conventional UVC, Far-UVC does not cause damage to cell nuclei or DNA due
to its high protein absorption [40], making it a suitable method for surface disinfection and
contamination control in clinical settings [41] on biological tissues and inorganic surfaces.
However, certain limitations must be considered. Due to the shallow penetration depth
of the radiation, its effectiveness is primarily restricted to surface disinfection or areas in
close proximity to the exposure source. As a result, Far-UVC lacks the ability to penetrate
deeper into tissues or complex structures, limiting its applicability in certain scenarios.
These characteristics should be carefully evaluated when implementing this technology in
clinical or industrial environments.

Due to the limited availability of hCorneas used in this study, the findings were sup-
plemented by comparative investigations on porcine corneas. Although the initial results
did not indicate any fundamental actinic changes in the CEC, it would be advisable to
extend the studies on human corneas to the required sample size. Furthermore, additional
studies should be conducted to obtain reliable conclusions. In particular, these should
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include investigations on the effects of increased radiation doses, assessments of cellular
damage, and analyses of cellular changes following long-term incubation for up to 30 days.

On a structural level, there is similarity between human and porcine corneas. Com-
bined with the apparent translatability, a similar response to environmental insults could be
expected [29,30]. However, immunological disparities may influence responses to radiation,
necessitating further investigation to assess their stability and suitability for exposure to
radiation [29]. However, it is worth noting that the application of Far-UVC irradiation was
limited to the CECs, because deeper tissue layers were not penetrated as the penetration
depth was simply too low due to the high absorption [40].

5. Conclusions

Overall, no definitive conclusions could be drawn regarding the different test groups
for porcine corneas due to excessive variance. The comparison based on cell densities
without adjusting for individual variances proved problematic.

In contrast, when using CDR values and the resulting normalized values for human
corneas, no significant effects from exposure to 222 nm radiation at doses up to 60 mJ/cm?
were observed. This suggests that using 222 nm radiation for disinfection does not compro-
mise the integrity of the endothelium, although it should be noted that the sample size was
not sufficient for definitive conclusions. Further investigation into the threshold at which
222 nm radiation causes damage would be valuable. However, longer exposure times
outside of a fluid buffer are unsuitable for the cornea. Irradiation within a non-absorbing
buffer, such as PBS or BSS, could be considered.
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Abstract: The integration of artificial intelligence (AI) in ophthalmology is transforming
the field, offering new opportunities to enhance diagnostic accuracy, personalize treatment
plans, and improve service delivery. This review provides a comprehensive overview of
the current applications and future potential of Al in ophthalmology. Al algorithms, partic-
ularly those utilizing machine learning (ML) and deep learning (DL), have demonstrated
remarkable success in diagnosing conditions such as diabetic retinopathy (DR), age-related
macular degeneration, and glaucoma with precision comparable to, or exceeding, human
experts. Furthermore, Al is being utilized to develop personalized treatment plans by
analyzing large datasets to predict individual responses to therapies, thus optimizing
patient outcomes and reducing healthcare costs. In surgical applications, Al-driven tools
are enhancing the precision of procedures like cataract surgery, contributing to better re-
covery times and reduced complications. Additionally, Al-powered teleophthalmology
services are expanding access to eye care in underserved and remote areas, addressing
global disparities in healthcare availability. Despite these advancements, challenges remain,
particularly concerning data privacy, security, and algorithmic bias. Ensuring robust data
governance and ethical practices is crucial for the continued success of Al integration in
ophthalmology. In conclusion, future research should focus on developing sophisticated
Al models capable of handling multimodal data, including genetic information and patient
histories, to provide deeper insights into disease mechanisms and treatment responses.
Also, collaborative efforts among governments, non-governmental organizations (NGOs),
and technology companies are essential to deploy Al solutions effectively, especially in
low-resource settings.

Keywords: artificial intelligence; ophthalmology; machine learning; diabetic retinopathy;
age-related macular degeneration; glaucoma
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1. Introduction

Ophthalmology, the branch of medicine dedicated to studying and treating disorders
and diseases of the eye and visual system, stands at the forefront of medical innovation.
Over the past few decades, technological advancements have significantly transformed the
field, enhancing diagnostic accuracy, therapeutic outcomes, and overall patient care [1-3].
One of the most impactful technological advancements in recent years is artificial intelli-
gence (Al), which encompasses both machine learning (ML) and deep learning (DL). Al
involves the simulation of human intelligence processes by machines, particularly computer
systems. These processes include learning (the acquisition of information and rules for
using the information), reasoning (using rules to reach approximate or definite conclusions),
and self-correction [4,5]. ML, a subset of Al, enables systems to learn and improve from
experience without being explicitly programmed [6]. DL, a further subset of ML, utilizes
neural networks with multiple layers to analyze various factors of data [7]. In ophthalmol-
ogy, Al technologies have shown significant promise in transforming traditional practices.
This transformation is driven by the field’s heavy reliance on imaging and diagnostic data,
which are well suited for Al applications [4,8]. The ability of Al to process and analyze vast
amounts of data rapidly and accurately positions it as a revolutionary tool in eye care. For
example, a deep learning algorithm has been successfully used to analyze retinal images
from a fundus camera to detect early signs of diabetic retinopathy in clinical settings, while
machine learning models applied to OCT images have identified subtle retinal changes in
patients with AMD [9,10]. These Al applications are highly dependent on the quality and
consistency of imaging devices, such as fundus cameras and OCT devices, though they are
increasingly integrated with surgical systems like phaco machines to enhance procedural
safety [9,11].

One of the most profound impacts of Alin ophthalmology is in the realm of diagnostics.
Al systems, particularly those leveraging DL techniques such as convolutional neural
networks (CNNs), are adept at recognizing complex patterns in imaging data, which
is crucial for diagnosing various eye conditions [7,12]. Diabetic retinopathy (DR) is a
significant cause of blindness among working-age adults worldwide [13]. Traditional
diagnostic methods rely on the manual examination of retinal images, which can be time-
consuming and subject to human error. Al algorithms, however, have demonstrated the
ability to detect DR with high sensitivity and specificity [9,10]. Notably, the study by
Gulshan et al. highlighted an Al system capable of identifying DR in retinal images with
performance comparable to that of experienced ophthalmologists [10]. Such advancements
ensure that patients at risk of vision loss are identified and treated promptly, thus preventing
disease progression. Age-related macular degeneration (AMD) is another major cause of
vision loss, particularly among the elderly. Early detection and monitoring are critical in
managing AMD, and Al has proven to be a valuable tool in this regard [11]. AI models have
been developed to analyze optical coherence tomography (OCT) images, differentiating
between normal and pathological features with remarkable accuracy. For instance, research
has shown that Al algorithms can classify AMD stages from OCT scans, providing crucial
support for early intervention and personalized treatment strategies [11,14].

Glaucoma, often referred to as the “silent thief of sight”, is characterized by optic
nerve damage and is a leading cause of irreversible blindness [15,16]. Early detection and
continuous monitoring are essential for managing glaucoma. Al applications, particularly
those involving the automated analysis of OCT images and visual field tests, have shown
significant promise [17,18]. In the context of glaucoma, while traditional trend analysis
of visual field parameters relies on observing longitudinal changes, Al-based prediction
leverages complex patterns from multimodal data to forecast progression with greater sensi-
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tivity and specificity [17]. These Al tools assist ophthalmologists in detecting early signs of
glaucoma and tracking disease progression, facilitating timely and effective interventions.

In addition to its diagnostic capabilities, Al is revolutionizing the treatment and
management of ophthalmic diseases. Personalized medicine, which tailors treatment plans
to individual patient profiles, is significantly enhanced by Al’s ability to analyze extensive
datasets and predict treatment outcomes [19,20]. Al can analyze data from diverse sources,
including patient demographics, medical history, genetic information, and imaging data, to
develop personalized treatment plans [19]. In the context of ophthalmology, this capability
is particularly valuable. For example, Al-driven models can predict which patients with
DR are likely to respond to specific treatments, enabling more targeted and effective
interventions [9]. Moreover, advancements in Al-guided surgical tools—such as those that
stabilize the anterior chamber during cataract surgery or automate instrument calibration
in vitreoretinal procedures—have already been incorporated into routine practice, subtly
enhancing the ease and safety of surgical procedures [21].

Al is not only transforming clinical practice but also enhancing service delivery in oph-
thalmology. By automating routine tasks and optimizing workflows, Al can significantly
improve efficiency and patient care [21,22]. Al-powered screening programs are being
implemented to improve access to eye care [23,24], especially in remote and underserved
areas [25]. Mobile applications and teleophthalmology services utilize Al to screen for com-
mon eye diseases, such as DR and glaucoma [26,27], facilitating early detection and timely
referral to specialists. These programs are particularly beneficial in addressing disparities
in eye care access, ensuring that more people receive the necessary care. In clinical settings,
Al can streamline workflows by automating routine tasks, such as image analysis and
patient triage [9,22]. This not only enhances efficiency but also allows ophthalmologists
to focus on more complex cases, thereby improving the overall quality of care. Al-driven
systems can prioritize patients based on the severity of their conditions, ensuring that those
in urgent need receive prompt attention [20].

The rationale for this study is grounded in the transformative potential of Al to
revolutionize ophthalmic practices. Traditional diagnostic methods in ophthalmology,
often reliant on subjective interpretation and manual analysis, face limitations in terms of
efficiency and accuracy [9]. With the rising prevalence of eye diseases like DR, AMD, and
glaucoma, there is an urgent need for advanced diagnostic and treatment tools. Al-powered
screening programs and teleophthalmology services present significant opportunities to
address the global burden of eye diseases [26].

The objectives of this study are multifaceted, aiming to provide a comprehensive
overview of Al applications in ophthalmology, assess the benefits and challenges of inte-
grating Al into clinical practice, and explore future directions for Al-driven advancements
in the field. The main objective of this narrative review is to systematically evaluate the
current landscape of Al technologies in ophthalmology by addressing the following re-
search questions: (1) What are the specific Al tools and techniques currently employed in
ophthalmic diagnosis, treatment, and service delivery? (2) What benefits and challenges
are associated with their integration into clinical practice? (3) What future trends and
directions can be anticipated for Al-driven innovations in this field?

The novelty of this review lies in its holistic approach, examining not only individual
Al tools and techniques but also their integration across various data modalities to offer
more comprehensive insights into eye diseases and treatments. Furthermore, the study
emphasizes the role of Al in personalizing treatment plans, improving service delivery
through teleophthalmology, and addressing ethical and practical challenges associated
with Al implementation. By highlighting emerging trends and potential advancements,
this study aims to provide a forward-looking perspective that can inform both clinical
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practice and future research, ultimately contributing to the responsible and effective use
of Al in ophthalmology. Figure 1 below shows various applications of Al in ophthalmol-
ogy domains.
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Figure 1. Al applications in various ophthalmology domains.

2. Methodology

This narrative review employs a comprehensive literature review methodology to
gather, analyze, and synthesize existing research on the applications of Alin ophthalmology.
The methodology includes several key steps: defining the research scope, selecting relevant
databases, establishing inclusion and exclusion criteria, conducting a systematic search,
and analyzing and synthesizing the collected data.

2.1. Database Selection and Search Strategy

Relevant peer-reviewed articles, conference papers, and review articles were identified
using multiple scientific databases, including PubMed, Google Scholar, IEEE Xplore, and
ScienceDirect. The search strategy involved the use of keywords and phrases such as “Al in
ophthalmology”, “machine learning in eye care”, “deep learning in ophthalmic diagnosis”,
“Al in diabetic retinopathy”, “Al in glaucoma detection”, “teleophthalmology”, and “Al in
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personalized medicine for eye diseases”. Boolean operators (AND, OR) were employed to
refine and expand the search to capture a comprehensive set of relevant studies.

2.2. Inclusion and Exclusion Criteria

To ensure the relevance and quality of the reviewed literature, specific inclusion
and exclusion criteria were established. The included studies were those that met the
following criteria:

e  Focus on the application of Al in ophthalmology.

e  Are peer-reviewed and published within the last ten years (2013-2023) to ensure
contemporary relevance.

e Provide empirical data, case studies, systematic reviews, or meta-analyses on the use
of Al in diagnosing, treating, or managing eye diseases.

e  Discuss ethical, practical, or future-oriented aspects of Al in ophthalmology.

Studies were excluded if they met the following criteria:

e Do not specifically address Al applications in ophthalmology.
e  Are opinion pieces, editorials, or anecdotal reports without empirical data.
e  Are published in non-English languages, due to language constraints.

2.3. Systematic Search and Data Extraction

A systematic search of the selected databases was conducted using predefined key-
words and criteria. Titles and abstracts of the retrieved articles were screened for relevance,
and full-text versions of potentially relevant articles were obtained for detailed review. A
data extraction form was used to systematically collect information from each included
study, including study objectives, methods, Al techniques used, findings, benefits, chal-
lenges, and future recommendations.

2.4. Data Analysis and Synthesis

The extracted data were analyzed using qualitative synthesis methods. The studies
were categorized based on their primary focus: diagnostic applications, therapeutic appli-
cations, service delivery improvements, and ethical considerations. Within each category,
thematic analysis was conducted to identify common themes, trends, and gaps in the
literature. The findings were then synthesized to provide a comprehensive overview of the
current state of Al in ophthalmology, highlighting key advancements, benefits, challenges,
and future directions.

3. Al in Ophthalmic Diagnosis

Table 1 below highlights the diverse applications of Al in ophthalmic diagnosis,
emphasizing the technology, key systems, accuracy, clinical applications, advantages,
and challenges for various eye conditions. Al algorithms for glaucoma predict disease
progression and assist in timely intervention [28]. ML models streamline cataract diagnosis
by automating assessment and grading from slit-lamp images [29,30]. DL models for retinal
vein occlusion (RVO) enhance diagnostic precision, reducing manual analysis [31,32]. Al
integration of genetic data with imaging for retinitis pigmentosa offers comprehensive
disease insights [33,34]. Al-powered corneal topography for keratoconus ensures early
detection and better treatment outcomes [35]. Al applications in ocular surface diseases
improve patient management and reduce workload [36]. For uveitis, Al combines imaging
and clinical data for early detection and tailored treatment plans [37,38]. Despite these
advancements, challenges like data privacy, algorithmic bias, workflow integration, and
model generalizability persist across applications [39].
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Table 1. Al in ophthalmic diagnosis.

Condition Al Technology Clinical Application Advantages Challenges
. High diagnostic Data privacy,
DR CNNs é?;;rriifgaiciﬁim;g accuracy, reduced algorithmic bias,
& screening time integration with EHR
Classification of AMD . Early detectlgn, Training in diverse
AMD DL . improved patient datasets, regulatory
stages from OCT images .
outcomes compliance
Al algorithms for Early dl?lgIlOSlS and . . . Data accuracy,
. . monitoring through Timely intervention, .
Glaucoma OCT and visual field . .. handling large
analysis automated analysis of reduced vision loss datasets
OCT and visual fields
Diagnosis and grading of Automated Integration into
Cataract ML models cataracts from slit-lamp assessment, clinical workflows,
images standardized grading user training
Detection and Accurate diagnosis, Ensuring model
RVO DL models classification of RVO from reduced need for generalizability, data
OCT images manual analysis sharing
o Genetic data Combined genetic and Comprehensive Ethical
Retinitis . . . . . . o . . . .
Piomentosa integration with imaging analysis for early ~ insights into disease considerations, data
& imaging Al diagnosis mechanisms privacy
Early detection from Early intervention, Ensuring algorithm
Al for corneal . . .
Keratoconus corneal topography improved treatment fairness, handling
topography .
images outcomes complex data
. Detection and monitoring Improved patient Data integration,
Ocular Surface ML and image of ocular surface R
. . o . management, reduced maintaining data
Diseases analysis conditions from slit-lamp .
. workload privacy
and tear film images
N Al for imaging and Diagnosis .and mo'rutor}ng Early detection, Data. comple.x1ty,
Uveitis from multimodal imaging tailored treatment ensuring unbiased

clinical data

and clinical data

plans

algorithms

Abbreviations—ALl: artificial intelligence; DR: diabetic retinopathy; CNNs: convolutional neural networks; EHR:
electronic health records; AMD: age-related macular degeneration; DL: deep learning; OCT: optical coherence

tomography; ML: machine learning; and RVO: retinal vein occlusion.

3.1. Diabetic Retinopathy

DR is a leading cause of blindness worldwide, primarily affecting individuals with

diabetes [40,41]. It is characterized by damage to the blood vessels of the retina, which can

lead to vision impairment and, ultimately, blindness if left untreated. Early detection and

timely intervention are crucial to preventing vision loss [40]. However, traditional methods

for diagnosing DR rely on manual examination of retinal images by ophthalmologists,

which can be time-consuming and prone to variability [33,40].

Al algorithms, especially CNNs, have demonstrated remarkable accuracy in detecting

DR from retinal images. CNNs are well suited for image analysis tasks due to their ability

to automatically learn and extract features from raw image data, enabling them to identify

patterns and anomalies indicative of DR [42,43]. Numerous studies have shown that Al

can achieve sensitivity and specificity comparable to, or even surpass, human experts
in detecting DR [10,42-45]. One of the most notable Al systems for DR detection is the
EyeArt Al system. EyeArt has been extensively validated in clinical settings and has shown

over 90% sensitivity in detecting referable DR, which refers to cases that require further

evaluation by an ophthalmologist [42,46]. A pivotal study involving EyeArt demonstrated
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its ability to accurately identify DR in a diverse patient population, highlighting its potential
as a reliable screening tool [46]. However, it is important to note that according to WHO
criteria for a valid screening program, a system must achieve at least >80% sensitivity
and >95% specificity; while EyeArt demonstrates sensitivity over 90%, its specificity has
been reported in some studies to fall below the 95% threshold [42,46]. The system’s high
sensitivity ensures that most cases of referable DR are detected, thereby reducing the risk
of missed diagnoses and facilitating early intervention.

Another prominent Al model is the system developed by Google Health, which utilizes
DL techniques to analyze retinal photographs [10,12]. This Al model has been trained on
a large dataset of retinal images labeled by expert ophthalmologists. In a recent study,
the Google Health model achieved sensitivity and specificity rates comparable to those of
board-certified ophthalmologists [10,47]. The model’s ability to accurately identify both
referable and non-referable DR underscores its potential to enhance screening programs
and improve access to eye care, particularly in resource-limited settings.

Comparative studies have further underscored the efficacy of Al'in DR detection. For
example, a study comparing the performance of several Al models, including EyeArt and
Google Health’s system, found that these Al tools consistently outperformed traditional
manual grading by ophthalmologists in terms of both speed and accuracy [12,42,45]. These
findings suggest that Al can serve as a valuable adjunct to human expertise, enabling more
efficient and reliable screening processes. In real-world applications, Al systems for DR de-
tection have been deployed in various settings, from urban hospitals to rural clinics [12,46].
The scalability and accessibility of Al technologies make them particularly advantageous
for large-scale screening programs. For instance, in India, where the prevalence of diabetes
is high and access to specialized eye care is limited, Al-based screening initiatives have
been implemented to identify patients at risk of DR [47]. These programs leverage Al to
analyze retinal images captured by mobile screening units, providing immediate feedback
and referral recommendations [10,43]. The integration of Al in such programs has demon-
strated significant improvements in screening coverage and diagnostic accuracy, ultimately
contributing to better patient outcomes.

3.2. Age-Related Macular Degeneration

AMD is a leading cause of vision loss, particularly among older adults. It affects the
macula, the part of the retina responsible for central vision, leading to progressive vision
impairment and, in severe cases, blindness [48]. Early and accurate diagnosis is crucial for
managing AMD and preventing severe visual deterioration. Traditional diagnostic methods
include clinical examination and imaging techniques, such as OCT [49,50]. However, these
methods can be time-consuming and require significant expertise.

Al systems have been developed to classify AMD stages from OCT images with re-
markable accuracy. These systems utilize DL algorithms, such as CNNs, to analyze the
intricate details of retinal images and distinguish between normal and pathological fea-
tures [45,51]. By processing large volumes of data, Al models can learn to identify the subtle
signs of early AMD, intermediate stages, and advanced forms of the disease, including both
dry and wet AMD [11,52]. In clinical validation studies, the DL system achieved diagnostic
accuracy comparable to that of experienced retinal specialists [12,53]. This level of precision
highlights the potential of Al to assist in early detection and monitoring, enabling timely
interventions that can slow disease progression and preserve vision.

The integration of Al into AMD diagnosis provides substantial support to ophthal-
mologists. Al models can rapidly analyze OCT scans and flag images that exhibit signs of
AMD, prioritizing patients who need immediate attention [44,50]. This triage capability
reduces the diagnostic burden on ophthalmologists, allowing them to focus on patients
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with more complex cases [11,52]. For instance, studies have shown that Al-driven analysis
of OCT images can significantly decrease the time required for initial screenings, freeing up
resources and improving the efficiency of eye care services [12,54]. Additionally, Al systems
can provide continuous monitoring for patients with AMD. By comparing sequential OCT
images, Al can detect subtle changes that may indicate disease progression or response to
treatment [52,55].

In real-world clinical settings, Al systems for AMD detection and classification have
shown promising results. For example, the Moorfields-DeepMind collaboration developed
an Al system capable of diagnosing a wide range of retinal diseases, including AMD, from
OCT scans [12,56]. The system was tested in clinical practice and demonstrated high accu-
racy, often exceeding that of human experts. This collaboration highlighted the potential
for Al to be integrated into routine clinical workflows, providing reliable and scalable
diagnostic support. Another significant application is the use of Al in large-scale screening
programs. In regions with limited access to specialized eye care, Al-powered screening
tools can facilitate early detection of AMD and other retinal diseases [11,57]. Mobile screen-
ing units equipped with OCT devices and Al analysis capabilities can reach underserved
populations, providing immediate feedback and referral recommendations [58,59]. These
programs have shown success in identifying individuals at risk and ensuring they receive
timely and appropriate care.

3.3. Glaucoma

Glaucoma is a group of eye conditions characterized by damage to the optic nerve,
often associated with elevated intraocular pressure [16,60]. It is one of the leading causes
of irreversible blindness worldwide [60,61]. Early detection and continuous monitoring are
crucial to prevent significant vision loss, as the damage caused by glaucoma is typically
asymptomatic in the early stages. Al applications have shown great promise in improving
the diagnosis and management of glaucoma through the automated analysis of OCT
images and visual field tests [62,63]. Studies have demonstrated that Al systems can
reliably identify glaucomatous changes in the optic nerve head and retinal nerve fiber
layer [28,64]. For instance, an Al model developed by researchers at Moorfields Eye
Hospital and DeepMind was trained on a large dataset of OCT images and demonstrated
performance comparable to that of expert ophthalmologists in diagnosing glaucoma [12,55].
This model could detect structural abnormalities associated with glaucoma and provide
diagnostic suggestions with high sensitivity and specificity. By automating the detection of
glaucoma-related changes, Al systems can assist ophthalmologists in identifying patients
at risk of glaucoma earlier than conventional methods [28,63].

Visual field testing is another essential component in diagnosing and monitoring glau-
coma. It measures a patient’s peripheral vision and helps identify functional loss caused by
optic nerve damage [65,66]. Traditional visual field tests often rely on trend analysis—using
statistical methods such as linear regression to evaluate changes in visual field parameters
over time—which can be subjective and influenced by patient performance, leading to
variability in results. In contrast, Al-based prediction leverages complex pattern recognition
from the entire dataset, including nonlinear trends, to forecast disease progression with
greater sensitivity and specificity [63,67]. ML algorithms can analyze patterns in visual
field data to detect early glaucomatous changes and predict disease progression [68]. One
significant study by Medeiros et al. demonstrated that an Al algorithm could predict the
future progression of visual field loss in glaucoma patients with high accuracy [69]. The
algorithm analyzed longitudinal visual field data, identifying patterns that indicated the
likelihood of disease progression. This predictive capability allows for more proactive
management of glaucoma, enabling timely interventions to prevent further vision loss.
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Al tools for glaucoma diagnosis and monitoring have been validated in clinical settings,
showing substantial benefits in improving patient care [12,17]. For example, Al-powered
platforms that integrate OCT analysis and visual field data have been implemented in
ophthalmology clinics to assist clinicians in making more informed decisions [69]. These
platforms provide a comprehensive assessment of glaucoma, combining structural and
functional data to offer a holistic view of the disease [18,61]. In community screening pro-
grams, Al systems have been used to identify individuals at risk of glaucoma, particularly
in underserved areas where access to specialist eye care is limited [25,70]. This approach
has been shown to increase the detection rates of glaucoma and facilitate earlier treatment.

4. Al in Treatment and Management
4.1. Personalized Treatment Plans

Al models, particularly those based on ML and DL techniques, have shown remark-
able ability in predicting disease progression and treatment outcomes. By analyzing diverse
data sources such as patient demographics, genetic information, imaging data, and treat-
ment histories, Al can generate precise predictions tailored to individual patients [22,71].
Researchers have developed models that analyze retinal images and other relevant data to
forecast the likelihood of disease worsening [9,10,45]. These predictions enable ophthal-
mologists to tailor treatment plans according to the specific needs of each patient, such as
adjusting the frequency of monitoring visits or the type of interventions.

Similarly, in AMD management, Al-driven models can analyze OCT images along
with clinical data to predict how patients will respond to various treatments, such as
anti-vascular endothelial growth factor (anti-VEGF) injections [11,51,72]. Studies have
shown that Al can identify patients who are likely to benefit from specific therapies and
those who may require alternative treatment strategies [1,22,57]. This capability allows
for more targeted and effective interventions, improving patient outcomes and reducing
unnecessary treatments.

Al’s ability to analyze complex datasets and recognize patterns that may not be
apparent to human clinicians plays a crucial role in optimizing therapeutic strategies.
By continuously learning from new data, AI models can refine their predictions and
recommendations, ensuring that treatment plans remain up to date with the latest clinical
insights and patient responses [12,22,71]. Al models can predict which patients are at higher
risk of rapid disease progression and require more aggressive treatment, such as early
surgical intervention, versus those who can be managed with less intensive therapies [58,73].
This individualized approach helps in allocating resources more efficiently and improving
the quality of care.

The application of Al in personalizing treatment plans has shown promising results in
improving patient outcomes and reducing treatment costs. By accurately predicting disease
progression and tailoring interventions, Al helps in achieving better clinical outcomes
with fewer complications [45]. Early and precise interventions can prevent the progression
of eye diseases, reducing the need for more extensive and costly treatments later on. In
addition to clinical benefits, Al-driven personalized treatment plans can lead to significant
cost savings for healthcare systems [45,74]. By optimizing the use of resources and mini-
mizing unnecessary treatments, Al contributes to more efficient healthcare delivery. For
instance, Al models can help determine the optimal frequency of anti-VEGF injections for
AMD patients, reducing the number of injections needed while maintaining therapeutic
efficacy [52,72]. This not only lowers treatment costs but also improves patient compliance
and satisfaction.
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4.2. Surgical Applications

Al is transforming ophthalmic surgery by enhancing precision, reducing complica-
tions, and improving patient outcomes through robotic-assisted surgery and Al-guided
instruments [75-77]. These advanced technologies provide real-time feedback, assist in
making accurate incisions, and optimize various surgical procedures, such as cataract
surgery [77,78]. Traditional cataract surgery involves manually removing the cloudy lens
and replacing it with an artificial lens. This procedure requires steady hands and precise
movements, as even minor deviations can lead to complications [78]. Robotic-assisted
surgery is revolutionizing the field of ophthalmology by providing surgeons with enhanced
control and precision. Al-powered robotic systems can assist in performing intricate sur-
gical tasks that require a high degree of accuracy [79,80]. One of the key advantages
of robotic-assisted surgery is its ability to reduce human error [76,81]. Robotic systems
equipped with Al algorithms can stabilize the surgical instruments and perform precise
maneuvers, minimizing the risk of errors. In addition, modern phaco devices are designed
to automatically regulate fluidics to maintain a stable anterior chamber during cataract
surgery, which reduces intraoperative fluctuations and protects the corneal endothelium.
Furthermore, features such as real-time intraoperative imaging overlays and automated
fluid management systems have been seamlessly integrated into everyday surgical prac-
tice, providing subtle yet significant improvements that enhance surgical safety and ease
without drawing undue attention from the surgeon.

Al-guided instruments are another significant innovation in ophthalmic surgery. For
example, in retinal surgery, Al-guided instruments can assist surgeons in making precise
incisions and accurately positioning implants [75,82]. Al algorithms can analyze intraop-
erative data, such as imaging and sensor information, to provide surgeons with critical
insights [77,80]. This real-time analysis helps in identifying optimal incision sites, avoiding
critical structures, and ensuring proper alignment of surgical instruments.

Cataract surgery is one of the most common ophthalmic procedures, and Al is playing
a crucial role in enhancing its precision and outcomes. Al-powered robotic systems can
assist in various stages of cataract surgery, from preoperative planning to intraoperative
execution [77,82]. Preoperative planning involves creating a detailed map of the patient’s
eye to guide the surgical procedure [75]. Al algorithms can analyze diagnostic images and
generate a precise surgical plan, including the optimal size and location of the incisions
and the appropriate power and position of the intraocular lens [83,84]. This personalized
approach ensures that the surgery is tailored to the individual patient’s anatomy, leading
to better visual outcomes. During the surgery, Al-guided instruments provide real-time
feedback to the surgeon, helping them make accurate incisions and perform delicate
maneuvers [85]. For instance, femtosecond laser-assisted cataract surgery utilizes Al to
control the laser, making precise corneal incisions and fragmenting the cataract with high
accuracy [82,85]. This technology reduces the risk of complications, such as capsular tears
and corneal astigmatism, and shortens the recovery time for patients.

Al-assisted ophthalmic surgery offers several benefits in terms of reducing complica-
tions and improving recovery times. By enhancing surgical precision and minimizing hu-
man error, Al technologies help lower the incidence of postoperative complications [81,84].
Moreover, Al can contribute to faster recovery times by ensuring that surgical procedures
are performed with minimal trauma to the surrounding tissues [75]. Precise incisions
and optimized surgical techniques reduce inflammation and promote quicker healing [85].
Patients undergoing Al-assisted cataract surgery often experience faster visual recovery
and improved overall satisfaction.
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5. Al in Ophthalmology Service Delivery

Al is revolutionizing service delivery in ophthalmology by automating routine tasks,

optimizing workflows, and enhancing efficiency in patient care [86]. These advancements

are particularly impactful in screening programs, where Al-powered solutions improve

access to eye care, especially in remote and underserved areas [8,87]. Table 2 below outlines

various Al applications in ophthalmology service delivery, detailing the technologies, key

systems, clinical applications, advantages, and challenges associated with each area, includ-

ing screening programs, teleophthalmology, workflow optimization, patient monitoring,

decision support systems, resource allocation, and patient engagement.

Table 2. Al in ophthalmology service delivery.

. K linical
Service Area Al Technology ey Systems/ c mea Advantages Challenges
Programs Application
Early detection Data privacy,
. . Increased access, .
Screening Al-powered EyeArt, IDx-DR,  of eye diseases, ) ensuring
. . early detection, )
Programs screening tools ~ mobile Al apps such as DR and accuracy in
reduced workload . .
glaucoma diverse settings
Alin Retina-Al, diaRr?i)I;(i)sth d Access to care in Te;}g:lgslsgy
Teleophthalmology telemedicine telehealth ghost remote areas, o
I monitoring of . maintaining data
platforms initiatives e timely referrals .
eye conditions security
Automating Improved Interoperability
Workflow Al for task Al-driven triage ~ image analysis, efficiency, with existing
Optimization automation and scheduling patient triage, allowing for focus systems, user
and scheduling  on complex cases acceptance
. . Continuous Real-time data, Data
Patient Al in wearable Smart contact N . management,
- . monitoring of proactive .
Monitoring devices lenses, Al apps L patient
eye conditions management
adherence
.. Clinical IBM Watson, Asmstlr}g mn Enhanced Trust in AI. rec
Decision Support L diagnosis and . . ommendations,
decision Google Health decision-making, . .
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5.1. Screening Programs

Al-powered screening programs are transforming the landscape of ophthalmic care

by enabling large-scale, efficient, and accurate screening processes. These programs utilize

advanced algorithms to analyze retinal images and other relevant data, identifying signs of

eye diseases with high accuracy [8,87]. The implementation of Al in screening programs

offers several benefits, including improved access to care, early detection, and reduced

healthcare costs [88,89]. Mobile applications and teleophthalmology services are at the

forefront of Al-driven screening programs. These platforms allow for remote screening
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of eye diseases, making it possible to reach populations that lack access to traditional
eye care services [26,90]. Al algorithms integrated into mobile apps can analyze images
captured by smartphone cameras or portable retinal imaging devices, providing immediate
diagnostic feedback.

Teleophthalmology services extend the reach of Al-powered screening by connecting
patients in remote areas with specialists in urban centers [26,91]. Retinal images and other
relevant data are transmitted to centralized Al systems for analysis. The results are then
reviewed by ophthalmologists who can provide detailed assessments and recommenda-
tions [8,90]. This model has been successfully implemented in various regions, significantly
reducing the barriers to accessing specialized eye care.

In many parts of the world, there is a shortage of trained ophthalmologists, and
patients in rural or underserved areas often face long travel distances to receive care. Al-
driven screening tools can bridge this gap by providing accurate and timely diagnoses at the
point of care [84,87]. One notable example is the implementation of Al screening programs
in India, where DR is a major public health concern [45,47,92]. Al-powered systems have
been integrated into primary care settings, allowing healthcare workers to screen patients
and refer those with positive findings to specialized eye care centers [22,84,91]. This
approach has significantly increased the detection rates of DR and reduced the burden on
tertiary care centers.

The automation of routine screening tasks through Al not only improves efficiency but
also reduces healthcare costs by reducing the need for unnecessary referrals and follow-up
visits [21,71,89]. By accurately identifying patients who need further evaluation, Al systems
help ensure that healthcare resources are used more effectively. This targeted approach
minimizes the financial burden on both healthcare systems and patients. Furthermore,
Al-powered screening programs can integrate with electronic health records (EHR) systems,
streamlining the documentation and management of patient data [22,71]. Automated data
entry and analysis reduce administrative workloads, allowing healthcare providers to
allocate more time to patient care.

The real-world application of Al in ophthalmology service delivery has yielded nu-
merous success stories. For example, the EyePACS program in the United States uses Al to
screen for DR in underserved populations [26,93]. This program has successfully screened
millions of patients, identifying those at risk and facilitating timely treatment. The Al
system used in EyePACS has demonstrated high accuracy, comparable to that of human
graders, highlighting the potential of Al to enhance screening programs on a large scale [42].
Another success story comes from the United Kingdom, where the National Health Service
(NHS) has implemented Al-powered screening for DR [8,23]. The Al system analyzes
retinal images and flags those that require further review by an ophthalmologist. This
approach has improved the efficiency of the screening process and ensured that patients
with sight-threatening retinopathy receive prompt care.

5.2. Workflow Optimization

Al is significantly enhancing workflow optimization in ophthalmology by automating
routine tasks, such as image analysis and patient triage [9,84,94]. This not only improves
efficiency but also allows ophthalmologists to focus on more complex cases, ultimately
enhancing overall service delivery. One of the key areas where Al is making a substan-
tial impact is in the automation of routine tasks. Image analysis, a critical component
of ophthalmic diagnostics, can be time-consuming and labor-intensive. Al algorithms,
particularly those based on deep learning, can analyze large volumes of imaging data
quickly and accurately [4,73].
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By automating image analysis, Al significantly reduces the workload of ophthalmolo-
gists and technicians [1,84]. This not only speeds up the diagnostic process but also ensures
a high level of consistency and accuracy in the interpretation of imaging data. Studies have
shown that Al algorithms can match or even exceed the diagnostic accuracy of human
experts in detecting various eye conditions [3,12,84,90]. This allows for a more efficient
allocation of human resources, enabling clinicians to dedicate their time and expertise to
more complex and critical cases.

Patient triage is another area where Al is optimizing clinical workflows. Efficient
triage systems are essential for prioritizing patients based on the urgency and severity of
their conditions. Al-driven triage systems use advanced algorithms to analyze patient data,
including medical histories, symptoms, and imaging results, to determine the urgency of
each case [22,71]. This prioritization ensures that patients with severe conditions receive
timely care, reducing the risk of complications and improving overall outcomes. Al-based
triage systems can also provide decision support to clinicians, offering recommendations
on the appropriate course of action for each patient [95].

Al’s ability to streamline clinical workflows extends beyond image analysis and triage.
By integrating with EHR systems, Al can automate various administrative tasks, such as
data entry, documentation, and appointment scheduling [2,21]. This integration enhances
the overall efficiency of clinical operations and reduces the administrative burden on
healthcare providers. For instance, Al algorithms can extract relevant information from
EHRs and populate patient records automatically, ensuring that the data are accurately
recorded and readily available for clinical decision-making. Additionally, Al can optimize
appointment scheduling by predicting no-show rates and adjusting schedules, accordingly,
maximizing the utilization of clinical resources [21].

A notable example of Al optimizing workflow in ophthalmology is its application in
glaucoma management. Glaucoma requires regular monitoring of intraocular pressure,
visual fields, and optic nerve health [16]. Al-driven platforms can automate the analysis
of visual field tests and OCT images, providing consistent and objective assessments [63].
These platforms can detect subtle changes in the optic nerve head and retinal nerve fiber
layer, which are critical for early diagnosis and monitoring of glaucoma [17,64]. Moreover,
Al systems can integrate data from multiple sources to provide a comprehensive risk
assessment for each patient [22,73]. For example, combining IOP measurements, visual
field data, and OCT results, Al can predict the risk of glaucoma progression and recom-
mend personalized monitoring and treatment plans. This approach not only enhances the
efficiency of clinical workflows but also improves patient outcomes by enabling early and
targeted interventions.

6. Challenges and Ethical Considerations
6.1. Data Privacy and Security

The integration of Al in ophthalmology brings significant benefits but also raises criti-
cal concerns about data privacy and security. The confidentiality and integrity of patient
data must be maintained to ensure trust and compliance with regulatory standards. This
section explores the challenges associated with data privacy and security in Al-driven
ophthalmology and the measures needed to address these issues. One of the primary
concerns in Al-driven ophthalmology is ensuring that patient data remain confidential and
secure [96,97]. Al systems often require access to large datasets, including retinal images,
medical histories, and demographic information, to train algorithms and improve diagnos-
tic accuracy [21]. The collection, storage, and processing of this sensitive information pose
significant privacy risks. To ensure data confidentiality, robust encryption methods must
be employed both in transit and at rest [97]. This means that data should be encrypted
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when they are being transmitted over networks and when they are stored in databases. En-
cryption ensures that unauthorized parties cannot access or tamper with the data, thereby
maintaining its integrity [98]. Additionally, access controls must be strictly enforced to
ensure that only authorized personnel can access sensitive patient data. This includes
implementing multi-factor authentication (MFA) and role-based access control (RBAC) to
limit access based on the user’s role and necessity. Regular audits and monitoring of access
logs are also essential to detect and respond to unauthorized access attempts promptly [99].

Robust data governance frameworks are crucial for protecting sensitive information
and ensuring compliance with regulatory standards, such as the General Data Protection
Regulation (GDPR) in Europe, the Health Insurance Portability and Accountability Act
(HIPAA) in the United States, and other national data protection laws [100,101]. These
frameworks provide guidelines and policies for data collection, storage, processing, and
sharing, ensuring that patient data are handled ethically and legally. Key components of an
effective data governance framework include data minimization, data anonymization, data
retention policies, consent management, and transparency and accountability [102,103].
Data minimization involves collecting only the data necessary for specific Al applications
to reduce the risk of exposure [104]. Data anonymization involves removing or masking
personally identifiable information (PII) to protect patient privacy while allowing for data
analysis [105,106]. Data retention policies establish clear guidelines on how long data
should be retained and ensure their secure disposal when no longer needed [107]. Consent
management ensures that patients provide informed consent for the use of their data, with
clear explanations of how it will be used and the benefits and risks involved [108].

Compliance with regulatory standards is essential for maintaining trust and ensuring
that Al applications in ophthalmology adhere to legal and ethical guidelines. Regulations
such as GDPR and HIPAA set stringent requirements for data protection, including the
rights of individuals to access, correct, and delete their data, and the obligation of orga-
nizations to report data breaches promptly [100,101]. To comply with these standards,
organizations must implement comprehensive data protection measures. These measures
include conducting Data Protection Impact Assessments (DPIAs) to identify and mitigate
potential privacy risks associated with Al applications; establishing breach notification pro-
cedures to detect, report, and respond to data breaches in a timely manner [109]; ensuring
staff training and awareness in data protection principles and practices; and managing
vendors to ensure that third-party vendors and partners comply with data protection
standards and contractual obligations to safeguard patient data [110].

6.2. Bias and Fairness

Al algorithms, despite their transformative potential in ophthalmology, can inadver-
tently introduce biases that lead to disparities in patient care [111]. The primary sources
of bias in Al systems include the training data, algorithm design, and operational imple-
mentation. Training data bias occurs when the datasets used are not representative of the
broader population, such as a retinal image dataset dominated by images from a single
demographic group, which may result in algorithms that perform inadequately on other
demographic groups [111,112]. Algorithm design bias can stem from developer decisions
regarding feature selection, model architecture, and hyperparameter tuning. Operational
bias arises during the deployment and use of Al systems, where the interaction with clinical
workflows and the interpretation of Al outputs by healthcare providers may introduce
unintended biases [113].

To ensure fairness and generalizability in Al models, it is imperative to develop and
validate these models using diverse and representative datasets. In ophthalmology, this
means including retinal images from patients with diverse skin tones, ages, and underlying
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health conditions [114]. Bias detection and mitigation techniques should be employed
during the training process to identify and address biases [112,114]. Fairness metrics can
be used to assess the performance of Al models across different subgroups, and techniques
such as reweighting or resampling data, adversarial debiasing methods, and incorporating
fairness constraints in training can help reduce bias [112,115].

Robust validation of AI models on independent and diverse datasets not used during
training is essential to ensure these models generalize well to new, unseen data. This
involves using cross-validation techniques and conducting external validation studies
to test the model’s performance across various population groups [116]. Continuous
monitoring and updating of Al systems are necessary to maintain their fairness and
reliability over time [117]. This ongoing process helps to identify new biases as they emerge
and adjust the models accordingly.

6.3. Integration into Clinical Practice

Integrating Al into existing clinical workflows in ophthalmology poses several chal-
lenges, particularly concerning interoperability and user acceptance. For Al tools to be
effectively utilized, they must seamlessly integrate with the current healthcare infrastruc-
ture, including EHRs and other clinical systems [22,71]. This requires robust interoperability
standards to ensure that Al systems can communicate and exchange data with these existing
platforms without disruption.

One of the primary hurdles in integrating Al into clinical practice is ensuring that
healthcare professionals are adequately trained to use these tools. This involves not
only technical training but also educating clinicians on the benefits and limitations of
Al systems [71,74,118,119]. By providing comprehensive training programs, healthcare
organizations can help clinicians become proficient in using Al tools, thereby improving
user acceptance and confidence in these technologies [71,118]. Addressing concerns about
job displacement is also critical. Al should be positioned as a tool that enhances the
capabilities of healthcare professionals rather than replacing them [71]. By automating
routine tasks and providing decision support, Al can free up clinicians to focus on more
complex and patient-centric activities, ultimately improving patient care.

Successful implementation of Al in ophthalmology requires collaborative efforts
between technologists and clinicians [84]. This collaboration is essential for designing Al
solutions that are both user-friendly and clinically relevant. Clinicians can provide valuable
insights into the practical challenges and needs of clinical practice, while technologists can
offer expertise in developing sophisticated Al algorithms and systems [84,120]. Together,
they can create Al tools that fit seamlessly into clinical workflows and address real-world
clinical problems. For example, incorporating feedback from ophthalmologists during the
development phase can lead to the creation of Al tools that are intuitive and tailored to the
specific needs of eye care.

Furthermore, it is important to engage in continuous dialogue with all stakeholders,
including patients, to ensure that Al systems meet their needs and expectations [22,121,122].
Patient education and transparency about how Al is used in their care can enhance trust
and acceptance [123]. By fostering a culture of collaboration and open communication,
healthcare organizations can facilitate the integration of Al into clinical practice, ensuring
that these technologies are embraced and effectively utilized to enhance patient outcomes.

7. Future Directions
7.1. Enhanced Al Models

The future of Al in ophthalmology lies in the development of more sophisticated
models capable of handling multimodal data, which include not only imaging data but also
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genetic information, patient histories, and other relevant clinical data. Such comprehensive
models have the potential to revolutionize our understanding of disease mechanisms and
enhance the precision of treatment responses. One promising direction for future research is
the integration of genetic data with traditional imaging and clinical data [124]. By combin-
ing these diverse data types, Al models can offer a more holistic view of a patient’s health,
potentially identifying genetic predispositions to certain eye diseases and predicting how
these conditions might progress over time. For instance, incorporating genetic information
could help identify patients at higher risk for conditions like AMD or DR long before
clinical symptoms appear, allowing for earlier and more targeted interventions [42,52].
Additionally, leveraging patient history data, including previous treatments, outcomes, and
other health conditions, can further refine AI models. This approach enables the creation
of personalized treatment plans that account for a patient’s unique medical background,
improving the accuracy and effectiveness of care. For example, in managing glaucoma, an
Al system that considers a patient’s comprehensive medical history could better predict
disease progression and suggest personalized treatment adjustments, enhancing overall
patient outcomes [64].

Developing advanced Al models will require collaboration across multiple disci-
plines [125], including ophthalmology, genetics, bioinformatics, and computer science.
Researchers will need to address several technical challenges, such as ensuring data in-
teroperability, managing large and complex datasets, and developing algorithms that
can seamlessly integrate and analyze multimodal data. Moreover, ethical considerations,
such as patient consent for the use of genetic data and the potential for genetic discrim-
ination, must be carefully managed to ensure patient trust and regulatory compliance.
By focusing on these future directions, the field of ophthalmology can harness Al’s full
potential, leading to more precise diagnoses, personalized treatments, and, ultimately,
better patient outcomes. As Al models become increasingly sophisticated and capable of
integrating diverse data sources, they will play a crucial role in advancing ophthalmic care
and research.

7.2. Global Health Initiatives

Al-driven teleophthalmology services hold immense potential for addressing global
eye health challenges, particularly in low-resource settings. These services leverage Al tech-
nologies to screen for and diagnose eye diseases remotely, thereby overcoming geographical
and infrastructural barriers that often limit access to quality eye care. By expanding the
reach of teleophthalmology, Al can play a pivotal role in improving eye health outcomes
on a global scale. In low-resource settings, the scarcity of trained ophthalmologists and
advanced medical facilities significantly hampers the delivery of eye care. Al-driven
teleophthalmology can mitigate these issues by providing accurate, real-time screening
and diagnostic capabilities via mobile devices and internet platforms. For instance, Al
algorithms can analyze retinal images taken with portable fundus cameras and identify
signs of DR, glaucoma, or other eye conditions with high accuracy. Patients in remote areas
can then receive timely referrals and follow-up care, which is critical for preventing vision
loss and managing chronic eye diseases.

To effectively deploy Al solutions in low-resource settings, collaborative efforts be-
tween governments, NGOs, and technology companies are essential. Governments can
play a crucial role by creating supportive policies and frameworks that facilitate the inte-
gration of Al in healthcare systems [126]. This includes investing in digital infrastructure,
ensuring data privacy and security, and providing funding for Al-based health initiatives.
NGOs, which often work on the ground in underserved communities, can help implement
and scale Al-driven teleophthalmology programs. Their deep understanding of local health
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challenges and trust within the communities they serve make them valuable partners in
these initiatives. NGOs can assist in training local healthcare workers to use Al tools, raising
awareness about the importance of eye health, and facilitating the logistics of teleophthal-
mology services. Technology companies bring the necessary expertise in Al development
and deployment. By collaborating with healthcare providers and NGOs, they can tailor
Al solutions to meet the specific needs of different populations. For example, companies
can develop user-friendly Al applications that are accessible to healthcare workers with
varying levels of technical expertise. Moreover, these companies can provide ongoing
technical support and updates to ensure that Al systems remain effective and up to date
with the latest medical standards and practices.

The expansion of Al-driven teleophthalmology services can significantly improve
access to quality eye care worldwide. In regions where traditional healthcare infrastructure
is lacking, these services offer a practical and scalable solution to bridge the gap. For
example, in rural and underserved urban areas, Al-powered mobile clinics can provide
essential eye care services, reducing the burden of travel for patients and making it easier
for them to receive timely and effective treatment. Furthermore, by enabling early de-
tection and intervention, Al-driven teleophthalmology can help reduce the prevalence of
preventable blindness and vision impairment. Early diagnosis of conditions such as DR or
glaucoma can lead to better management and treatment outcomes, ultimately preserving
vision and enhancing the quality of life for patients. This proactive approach not only
benefits individual patients but also alleviates the broader economic and social burden
associated with vision loss.

8. Limitations of the Review

While this narrative review provides a comprehensive overview of current Al appli-
cations in ophthalmology, it has several limitations. First, due to language constraints,
only articles published in English were included, which may have led to the exclusion of
relevant studies from key regions such as Europe, China, and India where Al research is
rapidly emerging. Although modern translation tools (e.g., Google Translate) are available,
their use was not employed in this review, potentially limiting the scope of the evidence
considered. Second, as a narrative review, the quality of the included articles was not
formally evaluated using systematic criteria such as a PICO strategy, which is essential
for assessing the strength of evidence in systematic reviews. Consequently, the conclu-
sions drawn from this review may lack the rigorous quality appraisal that is necessary for
evidence-based practice. Future work should consider incorporating non-English literature
and employing systematic quality assessment methods to further enhance the robustness
and generalizability of the findings.

9. Conclusions

Al is poised to revolutionize ophthalmology by enhancing diagnostic accuracy, person-
alizing treatment, and improving service delivery. The application of Al in ophthalmology
encompasses a wide range of innovations, from advanced diagnostic tools that can detect
conditions like DR, age-related macular degeneration, and glaucoma with remarkable
precision to personalized treatment plans that optimize therapeutic outcomes and reduce
costs. Additionally, Al-driven surgical tools and teleophthalmology services are mak-
ing high-quality eye care more accessible, particularly in underserved and remote areas.
Despite these promising advancements, several challenges need to be addressed to fully in-
tegrate Al into ophthalmic practice. Data privacy and security remain paramount concerns,
necessitating robust encryption methods, stringent access controls, and comprehensive
data governance frameworks. Addressing algorithmic biases is also crucial to ensure that
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Al systems provide equitable care across diverse patient populations. Furthermore, inter-
operability issues and the need for user acceptance highlight the importance of training
healthcare professionals and designing user-friendly Al solutions.

The potential benefits of Al in ophthalmology are immense. By continuing to invest
in research and development, fostering ethical practices, and encouraging collaborative
efforts between technologists, clinicians, and policymakers, the ophthalmic community can
overcome these challenges. Such collaborative efforts are essential to develop and deploy
Al systems that are both effective and ethically sound. As Al technology evolves, it holds
the promise of transforming ophthalmic care, leading to better patient outcomes, more
efficient clinical workflows, and broader access to high-quality eye care services globally.
By harnessing the power of Al, we can make significant strides toward improving vision
health and preventing blindness on a global scale.
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Abstract: Background and Objectives: Normal-tension glaucoma (NTG) is a subtype of
primary open-angle glaucoma characterized by progressive optic nerve damage despite
intraocular pressure (IOP) remaining within the normal range. The underlying patho-
physiology of NTG remains incompletely understood, and its diagnosis is often delayed
due to the lack of a definitive screening tool. This study aimed to evaluate differences in
intracranial pressure pulse wave amplitude recorded from closed eyelids between NTG
patients and control subjects using a novel non-invasive monitoring technology. Materials
and Methods: A cross-sectional observational study was conducted, enrolling NTG patients
and age-matched controls. Intracranial pressure pulse wave signals were recorded from
closed eyelids using the "Archimedes’ 02 device, which employs a highly sensitive digital
pressure sensor and hydromechanical coupling for signal transmission. The amplitude of
recorded intracranial pressure pulse waves was analyzed and compared between groups.
Statistical analyses were performed using IBM SPSS Statistics 30.0, with significance set
at p < 0.05. Results: A total of 140 participants were enrolled, including 68 NTG patients
and 72 controls. After applying exclusion criteria, 63 NTG patients and 68 controls were
included in the final analysis. The median intracranial pressure pulse wave amplitude
was significantly higher in NTG patients (0.1326 a.u.) than in controls (0.0889 a.u.), with
p = 0.01. Conclusions: These findings suggest that intracranial pressure pulse wave monitor-
ing may serve as a potential biomarker for NTG. Further studies are needed to determine
the diagnostic accuracy, sensitivity, and specificity of this technology for NTG detection.

Keywords: normal-tension glaucoma; non-invasive monitoring; intracranial pressure pulse
waves; glaucoma screening

1. Introduction

Glaucoma is a progressive optic neuropathy involving the degeneration of retinal
ganglion cells and damage to the optic nerve head, leading to visual field deterioration
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and, if left untreated, irreversible blindness [1-3]. Glaucoma is categorized based on its
anatomical and pathophysiological characteristics, with open-angle and angle-closure
representing the two main subtypes [4]. Differentiating between open-angle and angle-
closure glaucoma relies on a thorough evaluation of the anterior chamber angle using
gonioscopy [4,5]. Open-angle glaucoma is characterized by a wide angle between the iris
and the cornea; however, aqueous humour drainage is impaired, leading to a gradual
increase in intraocular pressure (IOP) and the progression of the disease, often without
noticeable symptoms [6-8]. In closed-angle glaucoma, the drainage angle between the iris
and the cornea becomes closed, commonly due to the iris pushing forward. This usually
leads to a rapid increase in IOP and the development of symptoms such as ocular pain,
redness, decreased vision, and headaches [6,9]. Glaucoma is also classified as primary
or secondary [4,10]. When the disease occurs without an identifiable cause, both open-
angle and closed-angle glaucoma are termed primary glaucoma [4]. Secondary glaucoma
describes any type of glaucoma caused by an identifiable factor leading to increased IOP
and subsequent optic nerve damage [4].

Primary open-angle glaucoma (POAG) is the most common form of glaucoma, with
an estimated 52.68 million cases among the adult population aged 40-80 years in 2020 [11].
It is projected that the global prevalence of glaucoma will reach 111.8 million cases by 2040,
driven by factors such as population ageing and growth [12].

Normal-tension glaucoma (NTG) is a subtype of primary open-angle glaucoma charac-
terized by glaucomatous optic nerve damage occurring in patients whose IOP consistently
remains below 21 mmHg [4,13,14]. The pathogenesis of NTG is poorly understood and
remains under investigation. Recent findings suggest that impaired ocular blood flow, an
increased translaminar pressure gradient, disrupted cerebrospinal fluid circulation, neurode-
generative disorders, oxidative stress, genetic factors, and abnormal biomechanics of the
lamina cribrosa contribute to the etiology of the condition [15-18]. The proportion of NTG
among primary open-angle glaucoma cases varies widely, ranging from 30% in an Italian
study to as high as 92% in a Japanese investigation, and is influenced by ethnicity [19-21].
However, the proportion of NTG among patients with POAG in glaucoma clinics worldwide
is generally less than 30% [21]. These figures highlight global underdiagnosis, letting NTG
progress go unchecked and potentially causing blindness [21].

There is a growing demand for innovative screening techniques to enable early glau-
coma diagnosis. A group of researchers from Canada has developed a sophisticated
Fourier-domain optical coherence tomography system to measure subtle pulsations in
ocular structures [22]. In a study with glaucoma patients, they found that the amplitude of
pulsatility in ocular elements, such as the axial distance between the retina and the optic
disc cup, is significantly greater in glaucoma patients compared to controls [23].

We recently developed a novel, non-invasive method and system for monitoring
intracranial pressure waves [24]. This technology captures pulsations as pressure signals
through the closed eyelid using a highly sensitive pressure sensor and hydromechanical
coupling. To ensure efficient signal transmission from the pulsating outer ocular structures
to the digital pressure sensor, two chambers filled with a non-compressible liquid were
designed—one for each eye. A thin elastic film acts as a sealing layer to prevent direct
contact between the closed eyelid and the fluid. In this study, we aimed to evaluate
differences in the amplitude of pressure pulse waves recorded with this technology between
patients with normal-tension glaucoma and control subjects.
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2. Materials and Methods
2.1. Study Design and Participants

We conducted a cross-sectional observational study in accordance with the STROBE
recommendations [25]. The Kaunas Regional Biomedical Research Ethics Committee
approved the study (Approval No. BE-2-15, dated 2024-02-10), and it was conducted in
compliance with the ethical principles outlined in the Declaration of Helsinki [26]. The
study was also registered on ClinicalTrials.gov (Registration No.: NCT06443411).

Normal-tension glaucoma patients and control group subjects were recruited from the
Hospital of the Lithuanian University of Health Sciences Kaunas Clinics between 22 April
2024 and 3 February 2025.

Participants in the study group were patients diagnosed with NTG before our study,
confirmed by an ophthalmologist based on characteristic glaucomatous changes in the
optic nerve head, visual field defects, an open anterior chamber angle, and an intraocular
pressure of IOP < 21 mmHg on the daily curve at the time of diagnosis, without the
use of antiglaucoma medications. At the time of our study, some NTG patients were not
receiving antiglaucoma medication, while others had initiated treatment following the
confirmation of their diagnosis by an ophthalmologist. Additionally, the IOP on the day of
the study examination was <21 mmHg in all participants, regardless of their antiglaucoma
treatment status.

The control group consisted of subjects without glaucoma (i.e., those with normal-
appearing optic nerve heads, no retinal nerve fibre layer [RNFL] thinning, and normal
visual fields). Participants in the control group also had no acute or chronic uncompensated
conditions that could influence study outcomes. Matching between the NTG and control
groups was performed based on age and anthropometric parameters.

Exclusion criteria for both groups were as follows:

Refusal to participate;

Age under 25 or over 85 years;

Pregnancy or breastfeeding;

Allergy or sensitivity to local anesthetics;

Eye diseases that could distort study results;

History of orbital or ocular trauma;

Previous ocular surgery;

Acute or chronic, currently exacerbated respiratory diseases;

0 X NG N

Decompensated cardiovascular diseases (e.g., a second- or third-degree atrioventricu-
lar block or cardiogenic shock);

10. Decompensated diabetes mellitus;

11. History of neurological disorders or mental illnesses.

2.2. Data Collection

Non-invasive monitoring of pressure pulse waves from closed eyelids was conducted
using a recently developed technology called ‘Archimedes 02’, designed to monitor in-
tracranial pressure waves [24]. The device is gently attached to both closed eyelids and
secured with a band around the back of the head. The component in contact with the
eyelids consists of a thin (50 pm) non-allergenic elastic film, which transmits pulsations
from the closed eyelids to a non-compressible liquid. These pulsations are captured by
a highly sensitive digital pressure sensor, which is in direct contact with the liquid. The
baseline pressure of the liquid was set to 2.5 mmHg in both eyes of each subject before the
monitoring session. Figure 1 shows the device placed on both closed eyelids of a control
subject, prepared for intracranial pressure pulse wave monitoring. Pressure pulse wave
monitoring was conducted for up to 5 min for each participant. The recorded signals were

69



Medicina 2025, 61, 566

subsequently processed and analyzed using MATLAB (R2024a, MathWorks, Natick, MA,
USA) to calculate the amplitude of the pressure pulse waves.

Figure 1. An image of an ‘Archimedes 02" monitor placed on both closed eyelids of a control
subject. 1—Chamber filled with a non-compressible liquid, 2—sensor assembly containing electronic
components and a highly sensitive pressure transducer, 3—headband securing the device to the head,
4—valve for connecting a tube to fill the chamber with liquid and remove air.

On the day of the examination, the study objectives, methods, and procedures were
explained to all participants, who then provided written informed consent. All participants
were in a supine position during the procedure, and all examinations were conducted
during the daytime, between 8:00 a.m. and 7:00 p.m.

2.3. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics software (version 30.0;
IBM Corporation, Armonk, NY, USA). Two parameters—intraocular pressure and the
amplitude of pressure pulse waves—were compared between the normal-tension glaucoma
and control groups. The comparisons were conducted first by analyzing the right and left
eyes separately, and then by including measurements from both eyes together. For the
analysis of data from both eyes, a mixed ANOVA using the General Linear Model (GLM)
procedure was applied to assess the effects of both between-group factors (control and
NTG) and within-subject factors (left and right eyes). The Kolmogorov-Smirnov test was
used to examine the data distribution normality. The analysis of the quantitative variables
involved calculating the mean and standard deviation (SD), as well as the median and
interquartile range (IQR). To compare the groups, Student’s t-test was used when the data
were normally distributed, and the non-parametric Mann-Whitney U test was applied
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when the data did not follow a normal distribution. The significance level was set at
p <0.05.

3. Results

A total of 140 participants were enrolled in the study, comprising 68 NTG patients and
72 control subjects. A complete flow chart of the study is presented in Figure 2.

Assessed for eligibility (n=140)

I
v v

NTG patients (n=68) Control subjects (n=72)

Excluded (n=5) Excluded (n=4)
e Did not meet IC (4) e Refused to participate (3)
> e  Pulse wave signal not > e  Pulse wave signal not
detected (1) detected (1)

A 4 A 4

Included in the final analysis Included in the final analysis
(n=63, e=126) (n=68, e=136)

Figure 2. Flow chart of the study. Abbreviations: NTG, normal-tension glaucoma; IC, inclusion
criteria; n, number of participants; e, number of eyes.

Following the exclusion, 63 NTG patients and 68 control subjects were included in the
statistical analysis. The demographic characteristics of the participants are presented in
Table 1, while the medical data are provided in Table 2.

Table 1. Demographic data of the included participants in this comparative study.

Age, Years Gender
Group
Mean +SD Min Max Male, n Female,n Male, % Female, %
Control 58.91 +12.76 25 84 17 51 25.0 75.0
NTG 66.63 +9.86 43 85 13 50 20.6 79.4

Abbreviations: NTG, normal-tension glaucoma; SD, standard deviation; n, number of participants.

Table 2. Medical data of the participants included in this comparative study.

Group Control NTG
No medication, 6
Pg analogues, 47
NTG medication, n No medication, 68 CAlIs, 19
[ blockers, 30

a2 agonists, 2
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Table 2. Cont.

Group Control NTG

No comorbidities, 23
Arterial hypertension, 33
Heart failure, 4
Hypercholesterolemia, 4
Parkinson’s disease, 1

No comorbidities, 38
Arterial hypertension, 27
Diabetes mellitus, 4

Hypothyro.ldlsm, 3 Autoimmune thyroiditis, 1
Depression, 2 Diabetes mellitus, 3
Comorbidity, n Gout (podagra), 3 !

Depression, 1
Gout (podagra), 2
Osteoporosis, 1
Angina pectoris, 2
Chronic atrial fibrillation, 3
BPH, 1
Hyperlipidemia, 1

Rheumatoid arthritis, 1
Psoriasis, 1
Asthma, 1

Ischemic heart disease, 3
Gastritis, 1

No systemic medication, 22

No systemic medication, 41 . .ARB.’ 6 .
CCB. 9 Thiazide diuretic, 2
ACE inhibitor, 11 B_Slta“l?'r“ ”
Thyroid hormone, 2 DTS,
Statin. 10 ACE inhibitor, 13
[-blockers, 13 Nii%ll):i 6
Systemic medication, n SSRI, 2 SIRA ’2
XDH inhibitor, 2 o vt
Thiazide-like diuretic, 2 | Jeragonish, £
Biouanide. 2 Thiazide-like diuretic, 2
gARB 3e' XDH inhibitor, 2
T4 horm,one, 2 Biguanide, 2
Other, 11 CCB, 6
Xa inhibitor, 3
Other, 14

Abbreviations: NTG, normal-tension glaucoma; CS, control subjects; n, number of participants; Pg analogues,
prostaglandin analogues; CAls, carbonic anhydrase inhibitors; BPH, benign prostatic hyperplasia; ARB, an-
giotensin receptor blocker; ACE inhibitor, angiotensin-converting enzyme inhibitor; BDZ, benzodiazepine;
NSAID, non-steroidal anti-inflammatory drug; SIRAs, selective imidazoline receptor agonists; XDH inhibitor,
xanthine dehydrogenase inhibitor; CCB, calcium channel blocker; Xa inhibitor, factor Xa inhibitor; SSRI, selective
serotonin reuptake inhibitor.

The intraocular pressure data met the assumption of normality, according to the
Kolmogorov-Smirnov test, for both groups in each case, with the right and left eyes
analyzed separately and then together. The results of Student’s t-test showed no sig-
nificant difference in IOP between the groups when comparing the right and left eyes
separately. Analysis of IOP data showed no significant interaction between groups and
eyes (F(1, 129) = 2.214, p = 0.139), no significant within-subject effect (left and right eyes;
F(1, 129) = 2.311, p = 0.133), and no significant between-subjects effect (NTG and control
groups; F(1, 129) = 2.242, p = 0.137). The results of the statistical analysis are presented in
Table 3, and the boxplots of the IOP measurements are shown in Figure 3.
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Table 3. Results of statistical tests for IOP measurements.

Analyzed Eyes Left Right Both
Group Control NTG Control NTG Control NTG
Mean (£SD) 15.39 (£3.20) 14.80 (£2.78) 15.39 (£3.15) 1443 (£2.93) 1539 (£3.16) 14.62 (£2.85)
Median (IQR) 15.15 14.50 15.30 14.70 15.30 14.60
(13.00-17.22)  (12.70-17.00)  (12.70-17.65) (12.30-16.70)  (12.78-17.30)  (12.70-16.70)
K-S test p-value 0.200 0.200 0.200 0.200 0.052 0.200
Significance

between groups

t=1.112,df =129, p = 0.268 t=1.795,df =129, p = 0.075 F(1,129) =2.242, p = 0.137

26

24

22

12

10

Abbreviations: IOP, intraocular pressure; NTG, normal-tension glaucoma; SD, standard deviation; IQR, interquar-
tile range; K-S test, Kolmogorov-Smirnov test; t, Student’s t-test statistic; df, degrees of freedom; F, F-statistic from
the mixed ANOVA test, used to assess between-subjects effects.
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Figure 3. Boxplots of intraocular pressure (IOP) measurements comparing normal-tension glaucoma
(NTG) patients and control subjects: (a) measurements from the left eye only; (b) measurements from
the right eye only; (c¢) measurements from both eyes. The red lines represent the medians, while the
red crosses (%) indicate statistical outliers.

The registered intracranial pressure pulse wave amplitude data did not meet the
assumption of normality, as confirmed by the Kolmogorov—-Smirnov test, for both groups
in each case, with the right and left eyes were analyzed separately and then combined.
A non-parametric Mann-Whitney U test was used to compare the groups and revealed
statistically significant differences in amplitude between the NTG and control groups, both
when the right and left eyes were compared separately and when both eyes were analyzed
together. Analysis of amplitude data showed no significant interaction between groups and
eyes (F(1, 129) = 1.196, p = 0.276), no significant within-subject effect (left and right eyes;
F(1,129) = 0.001, p = 0.978), but a significant main effect between subjects (NTG and control
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groups; F(1, 129) = 6.901, p = 0.01). The results of the statistical analysis are presented in
Table 4, and the boxplots of the amplitude measurements are shown in Figure 4.

Table 4. Results of statistical tests for pulse wave amplitude measurements.

Analyzed Eyes Left Right Both
Group Control NTG Control NTG Control NTG
Mean (+SD) 0.1106 0.1539 0.1176 0.1466 0.1141 0.1503
(£0.0746) (£0.1068) (£0.0771) (£0.0875) (£0.0757) (£0.0973)
0.0869 0.1347 0.0921 0.1315 0.0889 0.1326
Median (IQR) (0.0664— (0.0798- (0.0659- (0.0769- (0.0663- (0.0769-
0.1433) 0.1967) 0.1447) 0.1775) 0.1434) 0.0185)
K-S test p-value <0.001 0.007 <0.001 0.006 <0.001 <0.001
Significance U =1501.0,Z=—-2953, U=16204,7Z=—2.402, F(1,129) = 6.901,
between groups p =0.003 p=0.016 p=0.01

0.35

0.3

0.25

[a.u]

o
[N

AMPLITUDE
o
o

0.1

0.05

Abbreviations: NTG, normal-tension glaucoma; SD, standard deviation; IQR, interquartile range; K-S test,
Kolmogorov-Smirnov test; U, Mann-Whitney test U statistic; Z, Mann-Whitney statistics Z score; F, F-statistic
from the mixed ANOVA test, used to assess between-subjects effects.
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Figure 4. Boxplots of pressure pulse wave amplitude measurements comparing normal-tension glau-
coma (NTG) patients and control subjects: (a) measurements from the left eye only; (b) measurements
from the right eye only; (c) measurements from both eyes. Abbreviation: a.u., arbitrary units. The red
lines represent the medians, while the red crosses (<) indicate statistical outliers.

4. Discussion

Although the condition now termed normal-tension glaucoma was first described
in the mid-19th century and its underlying mechanisms have been extensively explored
in recent decades, they remain incompletely understood, and the disease continues to be
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significantly underdiagnosed [15,21,27]. A simple screening tool for evaluating normal-
tension glaucoma would be valuable for ophthalmologists.

Researchers led by Singh et al. conducted a study measuring the pulsatile movement
of the optic nerve head and the peripapillary retina using a novel Fourier-domain optical
coherence tomography system [23]. They found that the mean fundus pulsation amplitude
on the nasal side of the optic disc was significantly greater in glaucoma patients compared
to normal subjects.

We recently developed non-invasive intracranial pressure wave monitoring technol-
ogy [24]. This technology is based on the hypothesis that cerebrospinal fluid pulsations
in the retrolaminar space along the optic nerve are transmitted to the outer ocular struc-
tures, where they can be detected through the closed eyelid as subtle pressure changes. In
this paper, we investigated the amplitude of pressure pulse waves recorded from closed
eyelids using the ‘Archimedes 02’ device in patients with normal-tension glaucoma and
control subjects.

Subjects diagnosed with NTG by an ophthalmologist prior to our study were recruited
for the study group, while the control group consisted of subjects with no history or
diagnosis of glaucoma. We found that the mean intraocular pressure, measured in both
eyes on the day of the examination, was 14.62 mmHg (SD = +2.85 mmHg) for the NTG
group and 15.39 mmHg (SD = £3.16 mmHg) for the control group. The observed mean
IOP for both groups fell within the normal range of 10-21 mmHg, which is considered
typical for healthy subjects and NTG patients with glaucomatous damage [4,28].

This observational study showed a statistically significant difference (p = 0.01) in
the amplitude of intracranial pressure pulse waves recorded from both closed eyelids,
comparing the NTG group (median amplitude: 0.1326 a.u.) and the control group (median
amplitude: 0.0889 a.u.). A statistically significant difference between groups was also
observed when the recorded amplitude was analyzed separately, first for the left eye
(p = 0.003) and then for the right eye (p = 0.016).

Several limitations of our study are worth mentioning. The gender ratio was skewed,
with females comprising 75% of the control group and 79.4% of the NTG group. A larger
sample size of male participants is needed to investigate potential differences in pressure
pulse wave amplitude between genders. The greater proportion of female subjects enrolled
in this study might be explained by findings from other studies indicating that normal-
tension glaucoma is more common in women, or by the fact that females tend to live
longer than males [14]. Age is epidemiologically considered to be a risk factor for NTG,
and the likelihood of developing the disease increases with age [14,29]. The mean age of
normal-tension glaucoma patients reported in many studies is in the 60s, which is consistent
with the mean age of NTG patients (66 years) observed in this study [14,29]. However,
at this age, individuals are often affected by many other health conditions. In this study,
both the patients with normal-tension glaucoma and the control group had additional
health conditions, such as high blood pressure, diabetes, heart disease, high cholesterol,
and others. These conditions were treated with medications that affect the whole body
(systemic medications). The influence of specific diseases or medications on the pressure
pulse waves recorded using the technology in this study is not yet known.

While the results of this study demonstrate a significant difference in intracranial
pressure pulse wave amplitude between NTG patients and controls, it is important to
acknowledge that these findings do not yet establish the new measurement method as a
replacement for existing clinical practices, such as slit-lamp examinations and tonometry.
The “Archimedes 02’ technology shows promise as a potential supplementary tool, but
further research and validation are necessary to confirm its clinical utility and diagnostic
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accuracy. Consequently, its role in routine ophthalmological practice remains exploratory
at this stage.

In addition to its potential as a supplementary diagnostic tool, the ‘Archimedes 02
technology may offer a foundation for individualized diagnostic support in the future.
Although the current experimental results do not allow for its immediate application at
the individual level, the ability to reflect personal physiological characteristics presents an
intriguing avenue for further investigation. Additional studies involving diverse patient
groups are essential to better understand individual differences in measurement results.

The findings of this observational study highlight the need for a prospective clinical
investigation into the potential of “Archimedes 02’ as a screening tool for normal-tension
glaucoma. Future research should focus on establishing a threshold for pulse wave am-
plitude to distinguish between healthy individuals and those with NTG. Subsequently, a
randomized, double-blinded study involving both controls and NTG patients diagnosed
by an ophthalmologist will be essential to assess the diagnostic accuracy, sensitivity, and
specificity of ‘Archimedes 02’. Such studies will be crucial for determining whether this
technology can evolve from a promising concept to a reliable tool of clinical practice.

5. Conclusions

In this study, we demonstrated that non-invasive technology designed to monitor
intracranial pressure waves can detect pressure pulse waves through the closed eyelid
in normal-tension glaucoma patients, and that these waves have a significantly greater
amplitude in NTG patients compared to control subjects. The role of this technology in
screening for normal-tension glaucoma needs to be further investigated.
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Abstract: Bardet-Biedl syndrome (BBS) is a rare multisystem ciliopathy characterized by
early-onset retinal degeneration and other vision-threatening ophthalmologic manifes-
tations. This review synthesizes current knowledge on the ocular phenotype of BBS as
well as emerging therapeutic approaches aimed at preserving visual function. Retinal
degeneration, particularly early macular involvement and rod—cone dystrophy, remains
the hallmark of BBS-related vision loss. Additional ocular manifestations, such as refractive
errors, nystagmus, optic nerve abnormalities, and cataracts further contribute to visual
morbidity. Experimental therapies—including gene-based interventions and pharmaco-
logic strategies such as nonsense suppression and antioxidant approaches—have shown
promise in preclinical models but require further validation. Early ophthalmologic care,
including routine visual assessments, refractive correction, and low-vision rehabilitation,
remains the standard of management. However, there are currently no effective therapies
to halt or reverse retinal degeneration, which underscores the importance of emerging
molecular and genetic interventions. Timely recognition and comprehensive ophthal-
mologic evaluation are essential to mitigate visual decline in BBS. Future efforts should
focus on translating these approaches into clinical practice, enhancing early diagnosis, and
promoting multidisciplinary collaboration to improve long-term outcomes for patients
with BBS.

Keywords: Bardet-Biedl syndrome; retinal degeneration; rod—cone dystrophy; ciliopathy;
photoreceptor degeneration; gene therapy

1. Introduction

Ciliopathies are a group of disorders caused by impaired function of the primary
cilium, resulting in a wide spectrum of clinical manifestations. Cilia are broadly classified
into two types: motile and non-motile (primary). Motile cilia are mainly involved in fluid
transport, cell motility, and clearing particles across epithelial surfaces. In contrast, primary
cilia function as sensory organelles that mediate intracellular signaling essential for normal
tissue development and homeostasis [1,2]. These cilia regulate key signaling pathways such
as Hedgehog, Wnt, Notch, and mTOR, which are critical for cell polarity, differentiation,
and proliferation [3,4]. Dysfunction of primary cilia can lead to isolated organ disease or
complex multisystem syndromes, such as BBS, which may include retinal degeneration,
renal anomalies, polydactyly, and obesity [5].

BBS is a rare inherited disorder classified as a primary ciliopathy. It is caused by
autosomal recessive mutations in genes critical for ciliary structure and function. To date,
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27 genes have been identified as causative, most of which encode components of the
BBSome complex, chaperonin-like proteins, or elements involved in intraflagellar transport
(IFT) [6,7]. The most frequently implicated genes are BBS1 and BBS10, accounting for the
majority of molecularly confirmed cases [8,9].

The incidence of BBS is estimated to be between 1 in 120,000 and 160,000 in the
United States and Europe, with significantly higher rates reported in genetically isolated
populations [8,9]. Due to its genetic pleiotropy and high heterogeneity, BBS presents with
a wide range of phenotypic features. Diagnosis is typically based on the presence of either
four major features or three major plus two minor features [10]. Major manifestations
include rod—cone dystrophy, truncal obesity, postaxial polydactyly, cognitive impairment,
learning difficulties, hypogonadism, renal anomalies, and genitourinary abnormalities. Mi-
nor features consist of diabetes mellitus, ataxia, hypertonia, oral and dental abnormalities,
congenital heart defects, hepatic fibrosis, facial dysmorphism, digital anomalies such as
syndactyly, and impaired olfaction [6].

As with other syndromic ciliopathies, the most common and consistent feature in
BBS is retinal rod—cone dystrophy, which affects both peripheral and central vision [11,12].
Despite its early onset, the diagnosis of BBS is frequently delayed and often made only
after ophthalmologic evaluation [6]. In many cases, symptoms of retinal dystrophy, such as
night blindness (nyctalopia), hyperopic astigmatism, ptosis, or mild blepharospasm during
early childhood are the initial reasons for seeking medical care [8,13,14]. The condition
progresses slowly but often worsens substantially by the second and third decades of life,
leading to severe visual impairment or legal blindness [6,13]. Currently, there is no effective
therapy to prevent or reverse the retinal degeneration associated with BBS [4,8].

Despite increasing recognition of BBS as a syndromic ciliopathy, the full oph-
thalmologic spectrum remains insufficiently defined. Most clinical reports focus nar-
rowly on rod—cone dystrophy, often neglecting the broader constellation of ocular
abnormalities—including refractive errors, strabismus, nystagmus, optic disc pallor, early
cataracts, glaucoma, and macular edema—that significantly impact long-term visual
outcomes [8,13,15].

This review addresses these gaps by providing an updated and integrative synthesis
of both major and minor ophthalmologic manifestations, while also highlighting recent
advances in experimental therapies that may inform future clinical translation. By integrat-
ing molecular mechanisms, clinical phenotypes, and translational innovations, we aim to
support precision medicine approaches and guide future research priorities in syndromic
retinal disease.

2. Methodology

This review followed a structured literature search to synthesize current knowledge
on the ophthalmologic manifestations of BBS and emerging therapeutic approaches. The
process involved defining the research scope, performing database searches, applying
inclusion/exclusion criteria, and organizing the findings thematically. Al-powered tools in-
cluding EndNote, Grammarly, ChatGPT, Open Evidence, and Perplexity were used to assist
with the literature management, thematic synthesis, citation tracking, and language editing.

2.1. Database Selection and Search Strategy

Peer-reviewed articles and publicly available clinical trial records were identified using
PubMed, Scopus, Web of Science, Google Scholar, and official clinical trial registries (e.g.,
ClinicalTrials.gov). The literature search was limited to studies published between January
1995 and May 2024, and only English-language articles were included in the final synthesis.
The literature search was conducted using Boolean operators (AND, OR) and included
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combinations of terms such as “Bardet-Biedl Syndrome,” “retinal degeneration,” “rod-

s a

cone dystrophy,” “ocular manifestations,” “gene therapy,” “ciliopathy,” “CRISPR”, and
“neuroprotective treatment.” Relevant studies describing ophthalmologic manifestations or

therapeutic strategies for BBS were prioritized.

2.2. Inclusion and Exclusion Criteria

Inclusion criteria were defined to ensure that selected studies were relevant and of
high academic quality. Articles were included if they met the criteria below:

e  Focused on ophthalmologic findings in patients with molecularly or clinically con-
firmed BBS;

e  Addressed genotype-phenotype correlations or underlying genetic mechanisms rele-
vant to ocular pathology in BBS;

e  Described therapeutic interventions targeting visual outcomes in BBS.

Studies were excluded if they met the criteria below:

e  Did not specifically address ophthalmologic manifestations or therapeutic approaches
related to visual outcomes in BBS;

e Lacked clinical applicability or focused exclusively on non-ocular systemic features
of BBS.

2.3. Data Extraction and Thematic Synthesis

Eligible articles were reviewed for relevant information on ocular phenotypes, disease
progression, genotype associations, and therapeutic interventions. To minimize bias, two
independent reviewers conducted the screening and data extraction process in duplicate,
with discrepancies resolved through discussion and consensus. Findings were grouped into
thematic categories: (1) retinal pathology and photoreceptor dysfunction; (2) additional
ocular features; (3) emerging therapies targeting visual outcomes; and (4) current standards
for ophthalmologic evaluation and management in BBS. Al tools were used to facilitate
reference management and synthesis. The final manuscript integrates both molecular
and clinical perspectives to provide a comprehensive overview of visual pathology and
treatment advances in BBS.

3. Pathogenesis, Pathophysiology, and Genetics of Bardet-
Biedl Syndrome

Retinal dystrophy is the most consistent and vision-limiting manifestation of BBS,
arising from fundamental defects in ciliary structure and function that disrupt photorecep-
tor maintenance and survival [8,16,17]. In photoreceptor cells, the primary cilium forms
the connecting bridge between the inner segment (IS) and outer segment (OS), acting as a
specialized conduit for the bidirectional transport of phototransduction proteins from their
site of synthesis in the IS to their functional location in the OS [8,16].

BBS genes are directly involved in cilium biogenesis and function, with BBS1 and
BBS10 being the most frequently mutated in affected patients [17]. Seven core BBS proteins
(BBS1,2,4,5,7,8,and 9) form the BBSome complex, which mediates vesicular trafficking to
the ciliary membrane, while a chaperonin-like complex composed of BBS6 (MKKS), BBS10,
and BBS12 facilitates its assembly [18]. The BBSome cooperates with the IFT system to
ensure proper delivery and turnover of phototransduction proteins within the cilium [19,20].
Mutations in these genes disrupt trafficking, leading to protein mislocalization, ciliary
congestion, oxidative stress, and ultimately, apoptotic photoreceptor death [21]. In addition
to impairing protein trafficking, BBS-related ciliary dysfunction also disrupts major cellular
signaling pathways regulated by the primary cilium, such as Hedgehog, Wnt, Notch,
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and mTOR, which may contribute to photoreceptor degeneration and broader ocular
abnormalities [3,4,16,21].

Histopathologic and ultrastructural studies confirm that the connecting cilium func-
tions as a selective gate, and its disruption results in the accumulation of phototransduction
proteins or exclusion of non-resident proteins, culminating in OS disorganization and
retinal degeneration [16,20]. Clinically, this manifests as a rod—cone dystrophy, where rod
photoreceptors are affected early, followed by progressive cone loss affecting central acuity
and color discrimination [17].

While the exact roles of BBS proteins in photoreceptor cells are still not completely
understood, several studies have started to shed light on how different gene mutations
may lead to retinal degeneration. Mutations in BBSome components (e.g., BBS1 and BBS4)
impair the directional transport of key ciliary membrane proteins such as rhodopsin and
syntaxin-3, resulting in their abnormal accumulation in the IS and a reduced number in the
OS [22]. This disrupts protein polarity and contributes to photoreceptor instability.

A study conducted in BBS1-deficient zebrafish revealed that BBS1 loss destabilizes the
BBSome and leads to accumulation of membrane-associated proteins in the OS, particularly
those involved in lipid homeostasis [22]. These alterations are accompanied by elevated
unesterified cholesterol levels in the OS and precede morphological abnormalities and func-
tional visual deficits, suggesting a role for BBS1 in maintaining OS membrane integrity [22].
Further, knock-out studies in BBS5—/ — mice showed a complete loss of cone function and
mislocalization of cone-specific proteins such as M- and S-opsins, arrestin-4, CNGA3, and
GNAT?2, highlighting that BBS5 is essential for subtype-specific protein trafficking and cone
photoreceptor survival [23,24].

The severity and timing of degeneration also vary by genotype: patients with the
BBS10 mutation typically develop earlier-onset and more rapid decline compared to those
with the BBS1 mutation, as shown in both clinical and experimental models [25,26]. In
BBS10 knock-out mice, cone electroretinography (ERG) responses are absent by postnatal
day 30, and rod responses decline rapidly, resulting in near-complete visual loss by nine
months [26]. Structural studies in these mice have demonstrated early OS disorganization
and mislocalization of cone proteins such as GNAT2 and OPN1IMW by postnatal day 15 [26].
These genotype—phenotype correlations have important clinical implications as patients
with BBS10 mutations tend to experience more rapid visual decline, whereas those with
BBS1 mutations often exhibit milder and later-onset disease, supporting the utility of genetic
stratification in prognostic counseling and individualized ophthalmologic surveillance.

Genotype-phenotype correlations also suggest that mutations affecting the chaperonin
complex (e.g., BBS10 and BBS12) result in more severe retinal phenotypes due to failure to
form the BBSome complex altogether [18]. For instance, experimental models of BBS10 and
BBS12 loss demonstrate upregulation of endoplasmic reticulum stress markers, sustained
activation of the unfolded protein response, and early apoptosis of photoreceptors mediated
by caspase-12 [18]. In contrast, mutations in BBSome components (e.g., BBS1, BBS4, and
BBS5) allow for partial BBSome complex formation but impair its function. Notably, some
BBSome components may have disproportionately critical roles, with mutations in BBS3
and BBS§ leading to more severe degeneration than BBS2 or BBS5 in murine models [21].
Although rod—cone dystrophy remains the hallmark of BBS-related retinal disease, these
findings underscore that other ocular features—such as optic nerve pallor, strabismus,
nystagmus, and high refractive errors—likely arise from broader defects in ciliary signaling
during eye development and neuro-ocular integration [17,20].

82



Medicina 2025, 61, 1135

4. Ophthalmologic Manifestations
4.1. Retinal Degeneration

Retinal degeneration is the earliest and most consistent feature of patients with BBS,
affecting nearly all individuals diagnosed with the condition [17]. BBS is recognized as
the second most common syndromic inherited retinal disease after Usher syndrome [17].
The characteristic degeneration closely resembles a rod—-cone pattern as seen in retinitis
pigmentosa (RP), where rod photoreceptors degenerate first, followed by cone loss [27,28].
Patients typically present in childhood with nyctalopia and progressive peripheral visual
field constriction [29,30]. However, unlike many isolated RP cases, early involvement
of the macula is common in BBS, leading to concurrent central vision loss and reduced
visual acuity at a young age [11,28]. This early cone-rich macular involvement significantly
impairs central vision early in the disease course [12,28]. This characteristic macular
involvement has important clinical implications as it supports the need for routine macular
assessment in pediatric BBS patients and the early initiation of low-vision rehabilitation to
preserve functional vision and optimize developmental outcomes [11,28,29].

Ophthalmoscopic findings in the early stages often reveal a salt-and-pepper pigmen-
tary retinopathy. As the disease progresses, optic disc pallor, attenuation of the retinal
vessels, and pigment clumping with bone-spicule pigmentation develop [11,12]. Notably,
the macula is affected early in BBS: subtle foveal retinal pigment epithelium mottling or a
bull’s-eye maculopathy may be evident [31,32]. One retrospective study that investigated
the retinal features of 46 patients with BBS revealed that 95% exhibit markedly attenuated
arterioles, 84% show diffuse pigmentary retinal alterations, and 55% display bone spicule
pigmentation in the mid-periphery [32]. Electroretinography (ERG) in patients with this
syndrome typically demonstrates markedly reduced or extinguished rod responses in early
childhood, with progressive cone dysfunction, resulting in a flat ERG by the second decade
of life [30,33]. These changes correlate clinically with profound visual impairment; the
majority of patients with BBS are legally blind by adulthood [29,30].

Although retinal degeneration is a hallmark across all genotypes of BBS, several
studies have described genotype-phenotype correlations that may help clinicians predict
prognosis. For instance, patients with mutations in BBS1, the most common genotype,
have a milder disease course, with a later onset of symptoms and slower decline in visual
acuity compared to other subtypes [11,12]. By contrast, patients with mutations in BBS10
have an earlier onset of nyctalopia, more severe reductions in the visual field, and an
earlier loss of ERG responses—often by mid-childhood [11,12]. A comparative study of
patients with mutations in BBS1 and BBS10 confirmed that ERG abnormalities and a loss
of measurable retinal function occur significantly earlier in patients with the mutation in
BBS10 [12], supporting a genotype-specific pattern of progression.

Nonetheless, there is considerable clinical heterogeneity, even among individuals
carrying identical pathogenic variants. Patients with the same BBS gene mutation may
display divergent patterns of central and peripheral vision loss, suggesting the influence of
modifier genes, environmental exposures, or epigenetic factors [28,34]. This heterogeneity
may also be influenced by triallelic inheritance patterns, where mutations at a second
BBS locus can modify the phenotypic expression of a primary biallelic mutation [35]. For
example, studies have shown that the presence of a third mutant allele in BBS6 or BBS2 may
worsen the clinical phenotype in patients with primary BBS1 mutations, supporting an
oligogenic model of inheritance in BBS [35]. Emerging research suggests that environmental
exposures, epigenetic modifications, and the presence of modifier genes may partially
explain the heterogeneity in visual outcomes observed among patients with identical
BBS mutations, highlighting the need for personalized ophthalmologic surveillance and
prognostic counseling [28,34]. In other words, although genotype may provide insight into
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disease severity, it is not a definitive predictor of visual prognosis, and close, individualized
ophthalmologic surveillance remains essential regardless of genetic background [11,28].

4.2. Refractive Errors and Corneal Abnormalities

Accumulating evidence supports that the primary cilium plays a critical role in corneal
development and maintenance. It regulates signaling pathways essential for epithelial
stratification, stromal organization, and corneal transparency during morphogenesis [36].
Moreover, ciliary dysfunction has been implicated in the pathogenesis of corneal dis-
ease, including curvature abnormalities and altered corneal homeostasis findings that are
particularly relevant in ciliopathies such as BBS [36].

A cross-sectional, retrospective study involving 45 patients with genetically con-
firmed BBS (mean age 16 years) measured spherical and cylindrical refractive errors and
corneal curvature [37]. The study demonstrated a strong association between the syndrome
and high corneal astigmatism, with a mean astigmatism of 3.7 &+ 1.0 diopters (D) and
over half of the cohort exhibiting > 3 D, exceeding the threshold for clinically significant
astigmatism [37].

In addition to astigmatism, myopia, hyperopia, and even emmetropia have all been
reported among patients with BBS, underscoring the spectrum of refractive profiles. Im-
portantly, several studies have identified genotype—phenotype correlations in refractive
outcomes. For example, individuals with BBS1 mutations exhibited a mix of myopia and
hyperopia, while those with BBS10 mutations were predominantly myopic with signifi-
cantly higher rates of myopia compared to BBS1 [38]. Genotypic influences have also been
noted in patients with mutations in BBS3 and BBS4, further supporting the role of genetic
variation in shaping ocular phenotypes in patients with BBS [39].

Astigmatism was frequently observed across genotypic subgroups and often ex-
ceeded 2.0 D, reinforcing its role as a clinically relevant feature of BBS-associated ocular
pathology [38]. Given the underlying retinal dysfunction that characterizes BBS, most
notably rod—cone dystrophy, early correction of refractive errors is essential. Spectacles or
contact lenses should be prescribed promptly to maximize residual visual acuity, partic-
ularly in pediatric patients at risk for amblyopia or irreversible visual decline. Although
randomized trials in BBS are lacking, retrospective studies and expert consensus support
early and aggressive correction of refractive errors—particularly in children—as a strategy
to delay amblyopia and maximize visual development during the critical period of cortical
plasticity [37,40].

4.3. Strabismus (Ocular Misalignment)

Strabismus has also been described as an ophthalmic finding in patients diagnosed
with this syndrome [41,42]. One cohort study found a 26% prevalence of strabismus
and nystagmus in patients with BBS [41]. The same study reported that strabismus in
these patients manifested as an even distribution between esotropias (inward turning)
and exotropias (outward turning) [41]. Nonetheless, another study focusing on pediatric
patients with BBS found that approximately 38% had some form of strabismus present
at the initial ophthalmologic evaluation [42]—the study noted the greater prevalence of
exotropia over esotropia. Due to early vision loss, strabismus in patients with this syndrome
has been described as sensory in origin [40].

4.4. Nystagmus

Approximately 10% of patients with BBS have nystagmus, particularly those with
early, profound retinal degeneration and severe visual dysfunction [40,43]. However, recent
studies suggest a higher prevalence; Milibari and co-workers reported that 37% of patients
with BBS presented with nystagmus as an initial ophthalmologic sign [14].
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A genotype-phenotype correlation has also been described, with higher rates observed
among those carrying severe variants. In a German cohort, 70% of patients with mutations
in BBS10 have nystagmus compared to 27% of those with mutations in BBS1 [44]. Clinically,
nystagmus often appears in early childhood and is typically accompanied by other visual
disturbances such as night blindness, photophobia, and peripheral visual field loss [45].
Thus, the presence of early-onset nystagmus in a child with syndromic features should
prompt evaluation for BBS as it may reflect significant retinal dysfunction requiring genetic
and ophthalmologic assessment [40].

4.5. Cataracts

Cataracts are another ocular complication that have been well described in the liter-
ature in patients with BBS [46,47]. It has been described that cataracts tend to develop
in patients with BBS during early adulthood [46,47]. Additionally, one study showed
that genetic variability may influence the age at which cataracts appear, with a mean age
of presentation of 18 years in patients with mutations in BBS10 compared to 27 years in
patients with mutations in BBS1 [46]. Nasser and co-workers reported that 52% of patients
with BBS had cataracts, and many required cataract surgeries to improve visual acuity [44].
In contrast, one pediatric-centered case series described cataracts in only a minority of pa-
tients, suggesting that cataract development in BBS may correlate with age and progression
of retinal degeneration [48].

4.6. Optic Nerve Abnormalities

Optic nerve abnormalities are a frequently reported ophthalmologic feature in BBS,
often characterized by optic disc pallor, atrophy, and narrowing of the retinal arterioles,
particularly as the retinal degeneration progresses. These changes are frequently observed
during ophthalmoscopic evaluation and are associated with significant visual impairment.
These have been consistently reported in patients with the syndrome having advanced
stages of retinal disease [17].

A recent German cohort study described that most patients with mutations in BBS1
and BBS10 had pale optic discs and macular atrophy [44]. Traditionally, these optic nerve
findings have been considered secondary to the outer retinal degeneration; however, some
evidence suggests that primary optic neuropathy may also occur. In a study by lannaccone
and co-workers, patients with BBS had early optic disc pallor in the presence of structurally
preserved maculae, indicating that optic nerve atrophy may, in certain cases, represent a
primary manifestation rather than a downstream consequence of photoreceptor degen-
eration [49]. Supporting this, advanced spectral-domain optical coherence tomography
(SD-OCT) has demonstrated retinal nerve fiber layer (RNFL) thinning, while corneal confo-
cal microscopy has revealed a loss of corneal nerve fibers in patients with BBS—findings
that extend beyond photoreceptor involvement and suggest broader neuro-ophthalmologic
compromise [50]. Advanced imaging modalities—particularly spectral-domain optical
coherence tomography (SD-OCT) and retinal nerve fiber layer (RNFL) analysis—are in-
creasingly recommended in clinical practice to detect early neuro-ophthalmic compromise
and to guide longitudinal monitoring in patients with BBS [49,50]. Additionally, although
uncommon, structural anomalies such as optic disc drusen and chorioretinal colobomas
have been reported in the literature [51,52].
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5. Emerging Therapeutic Approaches for Ophthalmologic Complications
of BBS

5.1. Gene Therapy

As stated by the American Society of Gene and Cell Therapy, gene therapy is an
excellent method to treat and prevent diseases [53]. This therapy targets the underlying
genetic cause of a disease through the delivery of genetic material, in the form of DNA
or RNA, to alter how a protein is produced by a cell [53]. This new genetic material that
is incorporated into the cell can be delivered through a vector, often viruses, that can be
administered either ex vivo or in vivo [53]. Ex vivo gene therapy involves removing cells
from the patient, modifying them outside the body, and then reintroducing them into
the patient [53]. In contrast, in vivo gene therapy involves directly delivering the genetic
material into the patient’s body, often through injection [53].

Gene therapy offers a promising approach to addressing the genetic defects causing
photoreceptor dysfunction and degeneration in the retina of patients with this syndrome.
Early proof-of-concept studies have demonstrated that gene augmentation could effectively
target retinal degeneration in BBS animal models. A 2011 study showed that subretinal
delivery of the BBS4 gene via an adeno-associated virus (AAV) in BBS4-null mice corrected
rhodopsin mislocalization, improved photoreceptor outer segment structure, and preserved
rod function as confirmed by electroretinogram analysis [54]. Another impactful study was
published in 2013, using a knock-in mouse model carrying the common M390R mutation
in the BBS1 gene [55]. Researchers delivered the wild-type BBS1 gene via an AAV vector
through subretinal injection. This intervention partially restored BBS1 protein expression,
corrected mislocalized phototransduction proteins, and preserved retinal architecture,
resulting in modest but meaningful functional improvements [55].

This 2013 study also revealed a key challenge of gene therapy in patients with
BBS—the potential dose-dependent toxicity that the BBS1 protein may cause. Wild-type
mice (with no BBS1 deficiency) treated with the wild-type BBS1 gene developed retinal
degeneration [55]. These findings highlight the need to control transgene expression levels
to avoid potential overexpression toxicity. In addition to dose-dependent toxicity, trans-
lational barriers include immune responses to AAV capsid proteins and the potential for
intraocular inflammation following subretinal delivery, which could limit treatment effi-
cacy or preclude redosing [16]. Furthermore, long-term safety remains a critical concern as
persistent expression of the transgene may lead to delayed adverse effects, necessitating
extended follow-up periods in future clinical trials [16,55,56]. A recent review from the
Strasbourg IGMA /CIMERA group, led by H. Dollfus, elaborates on this dose-optimization
challenge and details their translational AAV-BBS1 process aimed at mitigating overexpres-
sion risks [16].

More recently, a preclinical study focused on BBS10, a gene responsible for approx-
imately 21% of cases, has further advanced the field of gene therapy in BBS [57]. In this
study, a viral construct carrying the wild-type BBS10 sequence was delivered subretinally
in mouse models to treat retinal degeneration. Results showed that the therapy slowed pho-
toreceptor cell death, preserved retinal structure, and delayed vision loss in the treated eyes.
Importantly, cone photoreceptors, which are typically non-functional early in BBS10-related
disease, regained measurable electrical function following treatment [57]. These findings
are particularly encouraging as they suggest gene therapy could not only halt but also
partially reverse cone dysfunction if administered early. The study also reported improve-
ments in visually guided behavior, indicating that gene therapy preserved meaningful
visual capacity over time.

Recently, a naturally-occurring BBS7 mutation was identified in a colony of rhesus
macaques, making it the first non-human primate model of BBS [58]. These monkeys exhib-
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ited classical BBS features, including progressive retinal degeneration, which Dr. Martha
Neuringer and co-workers are currently testing with a subretinal gene therapy [59]. Treated
eyes showed slowed degeneration and improved cone-mediated function compared to
untreated eyes [59]. Building upon these preclinical successes, the first human clinical
trial targeting retinal degeneration in BBS is currently in development; AXV-101 is an
investigational gene therapy designed specifically for patients with the missense BBS1
M390R mutation, the most common genetic cause of BBS [60]. This therapy uses an AAV9
vector to deliver a codon-optimized BBS1 gene directly to the subretinal space, aiming
to preserve photoreceptor cells and slow retinal degeneration. Preclinical studies have
demonstrated that AXV-101 halts photoreceptor and outer nuclear retinal layer degenera-
tion in a dose-dependent manner in BBSIM390R animal models. This therapy has shown
efficacy and safety; therefore, it is expected to enter clinical trials in 2025 [60]. In addition
to AXV-101, preclinical efforts are underway to develop gene therapy vectors for other
common subtypes, such as BBS10 and BBS4, although clinical trials have not yet been
initiated [52]. Furthermore, alternative delivery approaches, including intravitreal injection,
are being explored in other inherited retinal diseases and may offer less invasive options
for broader patient access in the future, although subretinal injection remains the preferred
route for photoreceptor targeting in BBS at present [56,57,61].

5.2. Gene-Editing Therapies

CRISPR-Cas9 is a powerful gene-editing technology derived from a bacterial immune
system that enables targeted modifications to DNA with high precision [62]. It uses a guide
RNA to direct the Cas9 nuclease to a specific sequence in the genome, where it creates
a double-strand break, allowing the DNA to be disrupted, deleted, or corrected through
cellular repair mechanisms [63]. This method has revolutionized molecular biology by
enabling researchers to edit genes in living organisms with relative ease, and it holds great
promise for treating genetic diseases, including inherited retinal disorders like BBS [64].

Gene-editing therapies such as CRISPR/Cas9 are, therefore, being actively studied
to correct the diverse pathogenic variants identified across more than 21 BBS genes [56].
Molinari, Ahmad, and co-workers state that the eye is an ideal organ for in vivo edit-
ing because of its surgical accessibility and compartmentalized immune system [61,65].
Further, Kenny and co-workers further emphasize subretinal delivery as a practical first
target by keeping the gene-editing machinery confined to the eye and limiting unwanted
editing elsewhere in the body [56]. Additionally, this therapy’s effect is easy to measure
because any benefit or harm can be tracked with standard vision tests [56]. They also
stress that successful translation will require rigorous off-target profiling, careful timing
relative to disease progression, and deep-phenotyping pipelines to stratify candidates for
personalized intervention [56]. Preclinical evidence supports these findings by showing
how CRISPR/Cas9 disruption of the BBS modifier gene Ccdc28b in mice prevented retinal
degeneration and obesity but unexpectedly produced autism-like behaviors, emphasizing
the complexity of gene—gene interactions in ciliopathies and the value of genome editing
for uncovering subtle phenotypic effects [66].

BBS-specific CRISPR therapies remain in the preclinical stage of research. On the other
hand, patients with Leber congenital amaurosis due to the CEP290 mutation (LCA10) have
been well studied in the clinical trial EDIT-101, where the first in vivo CRISPR therapy
has been successfully conducted [67]. This clinical trial is extremely important because
it demonstrated a favorable safety profile and visual improvement in early assessments,
validating CRISPR as an alternative for subretinal delivery in humans. Sundaresan and
co-workers further emphasized how the eye’s unique anatomy, accessibility, and immune
privilege work as ideal conditions for safe and effective gene editing [68]. They reviewed
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CRISPR applications for ocular diseases, noting its precision and potential durability when
correcting causal mutations in photoreceptors or retinal pigment epithelial cells. Altay
and co-workers highlight that CRISPR derivatives such as base and prime editors provide
greater specificity and fewer off-target effects for retinal gene editing in BBS [69]. The review
by Jo and co-workers reinforces this by showing in-animal models of retinitis pigmentosa
and Leber congenital amaurosis that these editors can repair mutations without double-
strand breaks, improve vision, and be delivered successfully via split-AAV or non-viral
vectors, a possible approach that could likewise correct many single mutations in BBS
genes [69,70].

Currently, no clinical trials of gene editing have been initiated for BBS or other reti-
nal ciliopathies; all available data are derived from preclinical animal models or in vitro
systems, with the notable exception of EDIT-101 that serves as an important precedent for
in vivo retinal gene editing in humans [67]. While gene editing offers considerable potential
for mutation-specific correction, all current CRISPR-based therapies for BBS remain in the
preclinical stage, and rigorous off-target profiling, as well as long-term safety assessments,
will be essential prerequisites before initiating human trials.

5.3. Pharmacologic Approach—Nonsense Suppression Therapy

One targeted approach currently under investigation is nonsense suppression therapy,
also known as readthrough therapy. This strategy aims to treat genetic mutations that
introduce premature stop codons by enabling the cellular translation machinery to bypass
the stop signal and produce a full-length, functional protein [71]. Nonsense mutations
account for approximately 11% of disease-causing variants in BBS, leading to truncated
and non-functional ciliary proteins that contribute to retinal degeneration [72,73]. Sev-
eral pharmacologic agents have demonstrated readthrough activity in cell and animal
models of other genetic disorders, including cystic fibrosis and Duchenne’s muscular
dystrophy [74-76]. Additionally, newer translational readthrough-inducing drugs (TRIDs)
have been explored in choroideremia, Usher syndrome, and retinitis pigmentosa type
2 [77-79]. In the context of BBS, Eintracht and co-workers conducted the first study using
TRIDs in patients with BBS-derived cells [73]. Fibroblasts from a patient with BBS2 non-
sense mutations treated with ataluren or amlexanox showed restored production of the
full-length BBS2 protein to approximately 35-40% of normal levels [73]. These drugs were
also able to rescue ciliogenesis and cellular function in fibroblasts, suggesting that nonsense
suppression therapy may hold promise for restoring protein expression and ciliary activity
in cells of patients with BBS [73].

5.4. Antioxidant and Neuroprotective Therapies

The retinal degeneration observed in patients with BBS has been linked to increased
oxidative stress, which is hypothesized to contribute to disease progression [80]. Elevated
levels of mitochondrial fluorescent flavoproteins have been detected in the retinas of pa-
tients with BBS. It serves as a biomarker of oxidative stress [80]. Antioxidant therapies
have therefore been investigated as a potential strategy to mitigate photoreceptor degener-
ation. In a BBS10 knock-out mouse model, oral administration of N-acetylcysteine (NAC)
preserved retinal structure and function [81]. Treated mice showed significantly thicker
outer nuclear layers, improved electroretinogram (ERG) b-wave amplitudes, enhanced
photoreceptor synaptic connectivity, and reduced oxidative stress markers compared to
untreated controls [81].

Neuroprotective therapies are interventions designed to preserve neuronal integrity,
prevent apoptosis, and maintain the functional capacity of cells under disease-related stress.
These therapies are particularly important for patients with the syndrome because they can
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potentially mitigate photoreceptor death caused by ciliary dysfunction, thereby preserving
vision [8,82]. One class of neuroprotective agents includes chemical chaperones, which
reduce endoplasmic reticulum (ER) stress and protein misfolding, two contributors to pho-
toreceptor apoptosis [83]. In BBS1"M390R/M390R" knock-in mice, the bile acid derivative
tauroursodeoxycholic acid (TUDCA) preserved photoreceptor OS and maintained ERG
responses compared to untreated controls [83]. TUDCA-treated mice also avoided obe-
sity, another phenotype of the model, highlighting both retinal and systemic benefits [83].
Notably, both the NAC and TUDCA findings are derived from murine models of BBS,
and although they demonstrate structural and functional preservation in photoreceptors,
no human clinical trials have been conducted to date, underscoring the need for further
translational validation before clinical application.

Another emerging neuroprotective treatment for patients with BBS involves the DNA
damage response (DDR). Barabino and co-workers found that retinal progenitor cells and
cone photoreceptors derived from a patient with the BBS10 mutation exhibited persistent
DDR activation through the ATM / ATR-Chk2 checkpoint pathway [84]. This stress response
contributed to early photoreceptor degeneration. Treatment with a Chk2 kinase inhibitor
significantly improved tissue lamination, cone survival, and OS maturation in patient-
derived retinal organoids, supporting the role of DDR modulation as a therapeutic avenue
in BBS-associated retinal dystrophy [84]. Despite encouraging preclinical results, no human
trials have yet been initiated for these pharmacologic or neuroprotective therapies in BBS,
and translation into clinical practice will require thorough evaluation of efficacy, optimal
dosing, safety, and long-term effects in prospective studies.

6. Current Standard Ophthalmologic Work-Up and Management in
Patients with BBS

6.1. Ophthalmologic Work-Up of Patients with BBS

Patients with BBS require age-specific and longitudinal ophthalmologic assessments
due to the progressive nature of their retinal and ocular manifestations. In infants and
young children, initial evaluation should include screening for strabismus and nystagmus,
along with an assessment of visual acuity using age-appropriate methods such as pref-
erential looking or Teller acuity cards in preverbal children, and Snellen charts in older
children [17,40]. In adults, visual acuity is evaluated using Snellen charts, and formal
cataract assessment with slit-lamp examination is recommended [17]. Visual fields are
assessed with Goldmann kinetic perimetry, tailored to the patient’s age and degree of
remaining vision [40]. Cycloplegic refraction, conducted according to age-specific guide-
lines, is essential for determining best corrected visual acuity (BCVA) [40]. Given the
high prevalence of refractive errors in patients with BBS, regular follow-up refractions are
advised, and full optical correction should be prescribed unless visual function is no longer
detectable [40]. Fundus photography is useful for evaluating retinal changes and optic
nerve appearance and is often feasible even in younger patients [40]. Advanced imaging
modalities such as optical coherence tomography (OCT) can detect outer retinal thinning
and photoreceptor loss in patients who can maintain fixation, while fundus autofluores-
cence (FAF) helps assess retinal pigment epithelium damage, often showing a peri-macular
hyper autofluorescence ring as a marker of active degeneration [40]. Follow-up care in these
patients is life-long and multidisciplinary. Expert consensus recommends that children
and adults with progressive disease undergo annual ophthalmologic evaluations, includ-
ing visual acuity, cycloplegic refraction, OCT, and where possible, Goldmann visual field
testing and FAF. In contrast, children and adults with stable visual findings may undergo
follow-up every two years, although routine monitoring in adults for cataract progression,
low-vision needs, and psychosocial adjustment should remain integral to care [17,40].
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6.2. Management of Retinal Degeneration in BBS

As there is currently no available therapy that can stop the retinal degeneration in
patients with BBS, clinical management is therefore supportive. Current treatment focuses
on low-vision rehabilitation and adaptive strategies [40]. Patients are provided with low-
vision aids (magnifiers and electronic devices) to maximize use of residual vision [40].
Orientation and mobility training are introduced early, and Braille instruction and other
adaptive living skills are encouraged early at diagnosis to prepare for eventual visual
deterioration [40]. Assistive tools such as white canes, guide dogs, large-print materials,
and voice-recognition software can further help maintain independence as vision loss
progresses [40].

Early referral to multidisciplinary support services is essential, particularly for pe-
diatric patients, to facilitate visual development, educational access, and psychosocial
adjustment [17,40]. Integration of low-vision specialists, occupational therapists, special
education professionals, and mental health providers can substantially improve quality of
life and functional outcomes [17,40]. Ongoing collaboration between ophthalmology and
other allied fields is critical in managing progressive visual decline and in tailoring care to
each patient’s evolving needs.

6.3. Management of Other Ophthalmologic Manifestations in BBS

Effective attention and care of other ocular issues in patients with BBS (strabismus, nys-
tagmus, refractive errors, and cataracts) requires a supportive, interdisciplinary approach.
While there is no specific cure for the sensory nystagmus in BBS, standard treatments
for strabismus are applied—this includes correcting any refractive error with glasses and
performing strabismus surgery when needed to improve ocular alignment and binocular
function [40]. Refractive errors are extremely common and are managed with appropriate
spectacles or contact lenses to optimize visual acuity [40]. Tinted eyeglasses with photose-
lective filters may be prescribed to reduce photophobia in these patients [40]. Additionally,
vision therapy or the use of low-vision aids may be considered to help manage nystagmus-
related visual instability and improve functional vision. When cataracts become visually
significant, lens extraction with intraocular lens implantation is performed to improve the
remaining vision [40]. However, in patients with BBS, visual outcomes following cataract
surgery are highly variable and depend largely on the degree of pre-existing retinal de-
generation. While some patients may experience improved contrast sensitivity or modest
gains in visual acuity, others may not benefit substantially due to advanced photoreceptor
loss [17,49]. Moreover, postoperative counseling should emphasize that while cataract
removal may improve clarity, it does not alter the course of retinal disease, and visual
expectations should be tailored accordingly.

7. Discussion

This review highlights that retinal degeneration is among the most consistent and
earliest clinical features in patients with BBS. Notably, the pattern of degeneration of-
ten involves early macular involvement, which distinguishes BBS from other inherited
retinal disorders such as nonsyndromic retinitis pigmentosa. As a result, central vision
tends to be compromised at an early stage, affecting functional vision and contributing
to more severe visual impairment in these patients. This hallmark macular involvement
supports the rationale for routine macular imaging in pediatric patients and underscores
the need for early initiation of low-vision rehabilitation to optimize developmental and
educational outcomes.

Another important aspect of BBS is the genotype—phenotype correlations. Studies have
shown that mutations in BBS10 are typically associated with an earlier onset and more rapid
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progression of visual impairment compared to those with a mutation in BBS1. Therefore,
identifying the specific genetic variant is crucial during diagnosis as it can offer valuable
prognostic and therapeutic information for the optimal management of these patients. In
clinical practice, these correlations support individualized prognostic counseling and guide
the frequency and intensity of ophthalmologic follow-up, with BBS10 patients requiring
closer monitoring and earlier implementation of low-vision strategies. Still, the literature
also emphasizes the marked clinical heterogeneity observed even among patients with the
same mutation, suggesting that non-genetic factors may influence phenotypic expression.
Despite this variability, there is general agreement that most patients with BBS present with
visual dysfunction in early childhood and reach legal blindness by early adulthood. Because
of this severe visual impairment during early life and the fact that visual manifestations
often precede the diagnosis of other systemic features, ophthalmologists play a key role in
early detection and timely referral for multidisciplinary assessment and genetic evaluation.

Even though much of the current literature focuses on retinal degeneration in pa-
tients with BBS, additional ophthalmologic manifestations—such as high refractive errors,
strabismus, nystagmus, optic nerve abnormalities, and early cataracts—carry significant
clinical implications. These findings can further worsen visual acuity if not identified and
managed early. For instance, high astigmatism and early-onset myopia or hyperopia, when
left uncorrected, may exacerbate visual decline, making timely refractive evaluation and
correction essential. Additionally, features such as sensory strabismus, refractive errors,
nystagmus, photophobia, and nyctalopia have been described as some of the earliest clinical
signs of BBS. This reinforces that these manifestations are not incidental but rather integral
components of the syndrome’s ophthalmologic profile, warranting early recognition and
management by ophthalmologists. Identifying and addressing these secondary findings
early is crucial because early intervention can help preserve some visual function, even
when there is ongoing progressive retinal degeneration.

From a therapeutic point of view, this review illustrates how BBS has evolved from
a condition with no treatment options to one with several promising proof-of-concept
interventions aimed at preserving vision. Gene therapy studies targeting mutations in
BBS1, BBS4, and BBS10 have shown encouraging results in animal models, demonstrating
improved photoreceptor function and preservation of retinal structures. Preclinical models
have shown that subretinal delivery of AAV vectors can restore BBS protein expression
and correct mislocalized phototransduction proteins, delaying vision loss. However, these
studies also highlight important challenges—such as vector delivery limitations and over-
expression toxicity—that emphasize the need for precise control of transgene expression
before moving on to human trials. Other key translational barriers include immune re-
sponses to AAV capsids, variability in dosing tolerability, and the limited predictive value
of animal models for human efficacy and safety. Furthermore, current gene therapy candi-
dates that are mutation-specific, such as AXV-101 for the BBS1 M390R variant, limit their
broad applicability across the genetically diverse BBS population.

Gene-editing therapies like CRISPR-Cas9 offer a complementary strategy by targeting
specific disease-causing mutations at the molecular level. Although gene editing is still
in preclinical stages for BBS and no human trials have yet been initiated, early successes
in related retinal disorders and the emergence of high-precision tools like base and prime
editors make this therapy a promising one for the near future. Despite all the challenges
faced, the recent development of a non-human primate model carrying the mutation in
BBS7 represents a critical step in the development of therapeutic approaches in a more
clinically relevant system.

Besides gene-based therapies, pharmacologic interventions—including nonsense sup-
pression therapy, antioxidant strategies, and DDR pathway modulation—provide an al-
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ternative opportunity for those patients that may not qualify for gene-based therapies.
Nonsense suppression therapy can be of particular interest for patients with premature
stop codons on the BBS protein because these therapies have shown a way to restore full-
length protein synthesis. For example, preclinical studies with therapies like ataluren and
amlexanox highlight this therapeutic potential, although clinical translation will require
validation of efficacy and durability in vivo. In addition to mutation-targeted approaches,
therapies aimed at protecting photoreceptors from secondary damage have been studied.
Rather than targeting the genetic defect, antioxidant and neuroprotective strategies work by
ameliorating cellular damage that contributes to retinal degeneration caused by oxidative
stress, protein misfolding, or DNA instability. Such therapies offer a different treatment
pathway that can be of therapeutic use across the genetically diverse mutations causing
BBS. By having a different mechanism of action, these pharmacologic interventions could
be used as adjunctive treatments to gene-based therapies. This offers a distinct path of
visual preservation even when genetic mutations cannot be corrected.

However, the systemic delivery of these agents poses important challenges for tar-
geting the retina. The blood-retinal barrier significantly limits the intraocular availability
of systemically administered compounds, potentially reducing therapeutic efficacy. In
contrast, intraocular administration—such as intravitreal or subretinal injection—may
achieve higher local concentrations but involves procedural risks and does not address
systemic BBS manifestations. Nonsense suppression agents like aminoglycosides have
shown potential for restoring protein synthesis in preclinical models but carry known risks
of retinal and cochlear toxicity when delivered systemically or locally at high doses. Simi-
larly, while antioxidants such as N-acetylcysteine have shown retinal benefits in BBS10-/-
mouse models, no clinical trials have confirmed their ocular safety or long-term tolerability
in humans. These limitations underscore the need for careful consideration of the delivery
route, dosing, and toxicity profiles when advancing systemic or intraocular therapies for
BBS-related retinal degeneration.

Despite significant advances, many therapeutic approaches for BBS remain in the
experimental or preclinical stages. Emphasizing the importance of supportive ophthal-
mologic care, such as timely refractive correction, low-vision rehabilitation, and cataract
surgery, remains the standard of clinical management. However, the field is rapidly evolv-
ing, and ophthalmologists are essential for connecting experimental therapies with clinical
care through early diagnosis, patient stratification, and involvement in ongoing therapy
trials. Such approaches represent encouraging steps toward preserving vision in this
patient population.

8. Conclusions

This review emphasizes the importance of early diagnosis and the need for a com-
prehensive ophthalmologic evaluation in patients with BBS. One of the most significant
symptoms of BBS is the early onset of retinal degeneration, which leads to vision loss and
disabilities. Other ophthalmologic complications may further compromise vision if not
properly recognized and evaluated in a timely manner. While recent advancements in
gene-based therapies and pharmacologic strategies show great potential, it is important to
note that no disease-modifying treatments for BBS are currently approved, and supportive
care remains the standard of management. By implementing genetic testing alongside
personalized ophthalmologic care, we can significantly improve patient morbidity and
health outcomes.

Recent advancements in gene-based therapies, gene editing, and pharmacologic ap-
proaches may provide various methods for preserving visual health and could become
standard care for these patients. The current understanding of the pathophysiology and
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molecular mechanisms of BBS is still evolving, effective therapeutic options remain limited,
and significant challenges persist in translating research into clinical practice. As our knowl-
edge of this syndrome continues to grow, the outlook for patients with BBS becomes increas-
ingly hopeful, bringing us closer to effective and potentially transformative treatments.

9. Future Directions

Future directions for BBS research should prioritize the translation of current preclini-
cal studies into safe and effective treatment options for patients with BBS. Gene augmenta-
tion shows promise; however, it requires safe and effective delivery methods to minimize
toxicity. Major challenges include AAV vector size limitations, achieving efficient trans-
duction of photoreceptors, and minimizing immune responses and off-target effects. The
same applies to gene editing—we need to further understand how to deliver it in vivo and
assess its long-term effects. Pharmacologic approaches still need to be adequately validated
to understand their true potential as most studies remain in the preclinical stages. Future
research should involve more patients and active collaboration with ophthalmologists to
report ocular findings. This will help build a more complete picture of the ocular manifes-
tations of BBS and ultimately allow us to better co-manage these patients. Future research
should explore alternative therapies, such as cell transplantation and retinal prosthetic
devices in patients with BBS.
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Abstract: Purpose: To review the current literature on the combined use of cataract surgery
(or lensectomy) and vitrectomy in pediatric patients, with a focus on clinical indications,
surgical techniques, outcomes, and complications across various pediatric ocular patholo-
gies. Methods: A narrative review of published studies addressing the use of combined
lensectomy and vitrectomy (LV) in pediatric patients was conducted. Conditions discussed
include congenital cataracts, ectopia lentis, retinopathy of prematurity (ROP), retinal de-
tachment (RD), and persistent fetal vasculature (PFV). Key surgical considerations, visual
and anatomical outcomes, and postoperative complications were examined. Results: The
literature search yielded a total of 160 articles, of which 43 met the inclusion criteria and
were included in this review. Although lens-sparing vitrectomy (LSV) is preferred in many
pediatric cases to preserve accommodation and reduce complications, combined LV is
often necessary in advanced or complex diseases. Studies have shown that combined
LV can achieve favorable anatomical outcomes, but functional visual recovery remains
variable and is affected by factors such as patient age, baseline ocular anatomy, and disease
severity. Postoperative complications such as glaucoma, visual axis opacification (VAO),
and intraocular lens (IOL) dislocation are more frequent with combined procedures and
require long-term follow-up and rehabilitation. Conclusions: Combined cataract surgery
(or lensectomy) and vitrectomy may represent a valuable strategy in the management
of complex pediatric ocular conditions, particularly when individualized to the clinical
context. Tailored surgical approaches are essential to optimize anatomic and functional
outcomes. Further prospective studies and harmonized multicenter registries are needed to
develop evidence-based principles that can guide individualized surgical decision-making
in this unique patient population.

Keywords: lensectomy-vitrectomy; congenital cataracts; ectopia lentis; retinopathy of
prematurity; retinal detachment; persistent fetal vasculature

1. Introduction

The use of combined cataract surgery (or lensectomy) and vitrectomy in pediatric
patients is not well-documented in the current medical literature. Although numerous
studies have evaluated pars plana vitrectomy (PPV) techniques and outcomes in children,
few have specifically addressed the combined approach of cataract extraction or lensectomy
with vitrectomy in this population.
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Cataract surgery has advanced considerably over the past few decades, particularly
with the widespread adoption of phacoemulsification in adult patients. However, pediatric
cataract surgery poses unique anatomical and physiological challenges that require differ-
ent surgical strategies [1]. Unlike adults, phacoemulsification is not the preferred technique
for pediatric patients due to the softness of the crystalline lens and the increased risk of
complications [1]. In this group, the lens can typically be removed using manual irrigation
and aspiration or vitrector-assisted lensectomy, thereby avoiding the need for ultrasonic
energy [2]. Moreover, pediatric eyes present with a smaller anterior segment, increased
zonular laxity, and a more fragile lens capsule, all of which increase surgical complexity [2].
Additional intraoperative considerations such as primary posterior capsulectomy and ante-
rior vitrectomy are often necessary to reduce the high risk of posterior capsule opacification
(PCO) [3].

In complex pediatric ocular conditions, combining cataract extraction or lensectomy
(either with or without intraocular lens (IOL) implantation) with vitrectomy is commonly
employed, as it may offer significant clinical advantages (Figure 1) [4]. Reported benefits
include enhanced visualization of the posterior segment, reduced postoperative vitreous
traction, lower rates of macular edema, and the ability to consolidate procedures, thereby
decreasing the need for multiple surgical interventions [4]. However, this combined
approach carries its own risks, including posterior capsular rupture, zonular dialysis, and
posterior dislocation of lens fragments [5].

Figure 1. Clear corneal incision in a pediatric patient undergoing combined cataract and vitrec-
tomy surgery.

Several pediatric conditions may necessitate this combined surgical approach, particu-
larly in advanced stages [4]. These include retinopathy of prematurity (ROP), ectopia lentis,
retinal detachment (RD), and persistent fetal vasculature (PFV). In such cases, PPV alone
or in combination with lensectomy may be required to manage tractional or obstructive
pathology [4]. One of the most significant postoperative complications of PPV in pediatric
patients is cataract formation, with reported rates as high as 61% [6,7]. This has prompted
debate regarding whether a combined lensectomy with IOL implantation and vitrectomy
should be preferred over lens-sparing vitrectomy (LSV), particularly in patients at high
risk for subsequent cataract development [6,7].

This review aims to summarize the existing literature on the use of combined cataract
surgery (or lensectomy) and vitrectomy in pediatric patients, highlighting its indications,
advantages, limitations, and clinical outcomes across various pediatric ocular pathologies.

2. Materials and Methods

A literature search was performed using the PubMed (https://pubmed.ncbi.nlm.nih.
gov/) and Google Scholar (https://scholar.google.com) databases for articles published
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up to May 2025. Search terms included combinations of: “pediatric cataract”, “lensec-

/7S

tomy”,
vitrectomy”, “pediatric”, “retinopathy of prematurity”, “persistent fetal vasculature”,

YT} i ZTi

vitrectomy”, “pars plana vitrectomy”, “lens-sparing vitrectomy”, “lensectomy-

“ectopia lentis”, and “retinal detachment”.

Prospective and retrospective clinical studies, case series, and relevant review articles
were considered. Inclusion criteria were studies published in English that addressed
combined lensectomy and vitrectomy (combined LV) techniques in pediatric patients for
the management of pediatric cataracts, ectopia lentis, ROP, RD, and PFV. Exclusion criteria
included studies focused solely on adult patients, animal models, or those not evaluating
lensectomy and vitrectomy procedures.

Due to the heterogeneity of study designs, surgical techniques, and outcome measures
across the included literature, a systematic review or meta-analysis was not feasible. Instead,
findings were qualitatively summarized to identify trends in surgical decision-making,
procedural approaches, and clinical outcomes. Comparative tables were constructed to
summarize surgical indications for combined LV, IOL strategies, outcomes, and associ-
ated complications.

3. Results

The initial literature search yielded a total of 160 articles. After screening titles and
abstracts and applying the inclusion and exclusion criteria, 43 articles were deemed relevant
and included in this narrative review. Among these, there were 23 retrospective studies,
10 narrative reviews, 4 prospective studies, 3 case reports, 2 systematic reviews, and 1 case
series. No randomized controlled trials were identified.

Most studies focused on surgical techniques, visual and anatomical outcomes, and
postoperative complications. The majority of clinical studies were conducted at single
institutions, with varying sample sizes and follow-up durations.

4. Discussion
4.1. Pediatric Cataract

Pediatric cataracts remain a leading cause of treatable visual impairment in children
worldwide [8]. Prevalence estimates range from 0.63 to 13.6 per 10,000 in low-income
countries and 0.42 to 2.05 per 10,000 in high-income countries [3]. They are broadly
classified into congenital and acquired types [3]. Early surgical intervention is essential
to prevent deprivation amblyopia [9]. Despite consensus on the need for early treatment,
the optimal timing and surgical approach for pediatric cataract management continue to
be debated.

The importance of technique selection and age-specific surgical planning is highlighted
in a retrospective study by Li et al. (2023), which evaluated long-term visual outcomes and
complications following lensectomy with anterior vitrectomy and primary IOL implanta-
tion in children with bilateral congenital cataracts [10]. The study analyzed 148 eyes from
74 patients who underwent surgery via a limbal approach using a 25-gauge micro-incision
vitrectomy system. Surgical steps included lensectomy, anterior vitrectomy, and in-the-bag
IOL implantation under general anesthesia. The most common postoperative complica-
tions requiring reoperation included visual axis opacification (VAO) (5.4%), IOL pupillary
capture (2.0%), iris incarceration (0.7%), and glaucoma (0.7%) [10]. Children younger than
2 years demonstrated a higher incidence of VAO and greater postoperative refractive error
compared to older age groups [10]. The mean final best-corrected visual acuity (BCVA)
was 0.24 + 0.32 logMAR, with 22 eyes (14.9%) classified as having low vision (BCVA worse
than 0.5 logMAR). These findings suggest that lensectomy with anterior vitrectomy and
IOL implantation may be effective and reasonably safe in selected pediatric cases [10].
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However, they also underscore the importance of age-specific risk stratification and the
need for long-term follow-up, particularly in children under 2 years of age and those with
dense cataracts or preexisting comorbidities [10].

VAO is the preferred term over posterior capsule opacification (PCO) in pediatric
patients, as visual obscuration can occur despite the creation of a primary posterior capsu-
lorhexis [11]. The underlying pathophysiology of VAO is believed to be either proliferative
and/or fibrotic in nature [11]. This includes excessive mitotic activity of residual equatorial
lens epithelial cells that migrate into the visual axis, or epithelial-mesenchymal transdiffer-
entiation leading to fibrotic membrane formation. Both mechanisms contribute to visual
axis obscuration [11].

Anterior vitrectomy in pediatric cataract surgery plays a pivotal role in reducing
postoperative complications, particularly VAO [12]. Kugelberg et al. (2002) demonstrated
a statistically significant reduction in reoperation rates due to VAO in children under
7 years old when anterior vitrectomy was performed at the time of cataract surgery [12].
Conversely, a more recent analysis by Yen et al. (2023) did not find age to significantly
influence the effectiveness of anterior vitrectomy in preventing VAO, suggesting that the
procedure may be beneficial across all pediatric age groups [13].

Postoperative glaucoma is another major complication following cataract surgery in
infancy and remains a leading cause of long-term vision loss in this population [14]. Yen
et al. (2023) reported that the risk of glaucoma development after anterior vitrectomy
and IOL implantation was not significantly associated with patient age [13]. This finding
underscores the importance of long-term monitoring for glaucoma in all pediatric patients
undergoing cataract surgery, regardless of age or surgical approach [13].

Surgical decision-making in pediatric cataract cases should consider patient age, lens
density, and the presence of posterior segment pathology [3,10-15]. Lensectomy with
anterior vitrectomy is typically recommended in younger children due to the higher risk of
VAO [15].

4.2. Ectopia Lentis

Ectopia lentis in pediatric patients can result from trauma or may occur secondary to
systemic conditions such as Marfan syndrome and other connective tissue disorders [16].
Surgical management of ectopia lentis is complex, and the choice of surgical technique is
highly case-dependent [16]. Typically, combined LV is performed, with or without IOL
implantation, based on patient age, visual potential, and the presence of ocular comor-
bidities [17]. Various IOL implantation modalities have been developed for these cases,
including anterior chamber IOLs, iris-claw or iris-sutured IOLs, sutured scleral-fixated
IOLs (SSFIOLs), and posterior chamber IOLs [17].

SSFIOLs have been proposed as an effective means of correcting aphakia in pediatric
patients lacking adequate capsular support [18]. In a study by Sen, P. et al. (2018), pe-
diatric patients with congenital or traumatic lens subluxation underwent PPV with lens
extraction followed by SSFIOL implantation using a four-point ab externo fixation tech-
nique [18]. The IOL implanted was a posterior chamber polymethyl methacrylate (PMMA)
lens (Hanita) with a 6.5 mm optic diameter and a 13 mm overall diameter. Postoperative
complications included choroidal detachment (2.86%), dispersed vitreous hemorrhage
(2.86%), endophthalmitis (0.72%), elevated intraocular pressure (12.54%), diplopia (0.72%),
retinal detachment (5.73%), and SSFIOL dislocation (4.6%) [18,19]. Despite these complica-
tions, best-corrected visual acuity (BCVA) was maintained or improved in 93.19% of eyes,
supporting the effectiveness of this therapeutic approach [18].

Iris-sutures intraocular lenses are another viable surgical option to ensure adequate
lens position [20]. Kopel et al. (2008) evaluated 22 eyes from 12 pediatric patients with
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ectopia lentis who underwent PPV and vitrectomy, with or without implantation of a
foldable iris-sutured IOL [20]. All procedures were performed by a single vitreoretinal
surgeon between 1998 and 2006. This study demonstrated that iris-fixated IOL implantation
yielded visual outcomes comparable to those achieved with optically corrected aphakia,
although the risk of IOL dislocation remained a significant concern [20].

In ectopia lentis, the choice of combined LV is primarily driven by the extent of
lens instability, degree of capsular support, and age-appropriate IOL considerations [16].
Children with severe subluxation and inadequate zonular support benefit most from
combined LV with scleral-fixated or iris-sutured IOLs [16-20].

4.3. Advanced Retinopathy of Prematurity (ROP)

ROP remains a leading cause of childhood blindness worldwide, especially in low-
birthweight and preterm infants [21]. Early intervention with photocoagulation or intrav-
itreal anti-VEGF therapy can prevent progression in many cases. However, advanced
stages (Stage 4A, 4B, and 5 ROP) often require surgical intervention due to tractional retinal
detachment (TRD) [21].

Surgical management in advanced cases typically involves vitrectomy or combined
LV [22]. The need for lensectomy arises when fibrovascular proliferation extends anteriorly,
obscuring the view or limiting access for membrane peeling and adequate traction release,
or in cases with significant retrolental fibrosis [22]. When posterior structures can be safely
visualized and accessed, LSV is preferred due to better visual and anatomic outcomes [22,23].

Sen et al. (2023) compared LSV and combined LV in a cohort of Stage 4 and 5 ROP
eyes, demonstrating that LSV resulted in better visual outcomes and fewer postoperative
complications [22]. Additionally, LSV has been associated with a lower incidence of
glaucoma and amblyopia [22]. The combined LV group consisted of more complex cases,
indicating that the surgical choice often reflects the underlying severity [22]. This is
corroborated by data from Chang et al. (2024), who found that anatomic success was
highest in Stage 4A (96.3%) and declined in more severe stages, with only 31.3% anatomic
success in Stage 5 ROP [24]. Notably, the need for combined LV in Stage 4 eyes was
significantly associated with poorer outcomes, suggesting that surgical complexity is a
marker of worse prognosis [24].

In particularly severe cases, such as Stage 5C ROP (total retinal detachment along with
anterior segment anomalies) with corneal opacification, a staged lensectomy and vitrectomy
approach has been proposed [25]. Fei (2022) reported that performing lensectomy first,
followed by delayed vitrectomy after corneal clearing, achieved partial retinal reattachment
in 63.6% of eyes and restored corneal clarity in the majority, offering a strategic advantage
when the posterior segment is initially inaccessible [25]. In this study, regular combined
LV was not performed due to the invisible fundus. The average interval between the two
procedures was 6.8 & 4.6 months (2.5-18.5 months).

Modified surgical techniques have also evolved to minimize complications and im-
prove access. Chandra et al. (2019) described a hybrid clear corneal micro-incision lensec-
tomy and vitrectomy approach using 25G instruments in 50 eyes with Stage 5 ROP [26].
Sutureless closure without complications such as hypotony, flat anterior chamber, hyphema,
or corneal edema was achieved [26]. This technique has been proposed as a safe and viable
surgical alternative for Stage 5 ROP based on limited case series data, decreasing the high
risk of iatrogenic breaks due to anterior retinal traction seen in traditional pars plana
approaches [26].

Despite surgical advances, long-term complications such as glaucoma remain a con-
cern [27,28]. Chandra (2019) and Nudleman (2017) both reported a higher risk of secondary
glaucoma in patients undergoing combined LV, likely due to anterior segment disruption
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and increased inflammation [27,28]. Even LSV carries a risk, particularly in severe ROP
stages [28].

Anatomic reattachment does not always correlate with functional vision [29,30].
Chehaibou et al. (2024) reported macular reattachment in 57.8% of eyes undergoing
modified limbal LV, but only 64.1% achieved light perception or better [29]. Similarly, Rishi
etal. (2019) presented a long-term follow-up of a patient with excellent anatomical outcome
after combined LV who later developed Descemet’s membrane detachment 15 years post-
operatively, illustrating that late sequelae can still compromise visual rehabilitation [30].

Collectively, the literature emphasizes that the surgical approach should be indi-
vidualized based on disease stage, anterior segment clarity, and extent of fibrovascular
proliferation [21-30]. While LSV remains the preferred option for less advanced disease,
combined LV is indispensable in eyes with anterior TRD, retrolental fibrosis, or media
opacities [22,23]. However, it must be approached cautiously given its association with
poorer visual outcomes and higher postoperative morbidity.

4.4. Retinal Detachment (RD)

Rhegmatogenous retinal detachment (RRD) is a major vision-threatening condi-
tion [31]. RRD can result from retinal tears caused by trauma, structural retinal anomalies,
pathological myopia, complicated cataract surgery, or posterior vitreous detachment [31].
Although RRD is more common in adults, retinal tears may also occur in younger patients,
particularly after trauma or in association with hereditary collagen disorders [32].

Surgical repair of RRD using PPV has an anatomic success rate of approximately
80% [33]. A major complication of PPV in phakic eyes is the progressive development of
cataracts, often necessitating cataract surgery, which may be technically more challenging
in such cases [31].

LSV is preferred in pediatric patients, especially for cases involving TRD or opaque
media [34]. Preserving the natural lens is critical in children to maintain accommodation.
Therefore, LSV is often the procedure of choice when possible [31]. A retrospective analysis
by Ferrone et al. (1997), which evaluated 85 eyes of 77 pediatric patients, found that 67%
of lenses remained clear after LSV, while 15% developed cataracts and 18% required lens
removal during subsequent surgery [34]. These findings suggest that LSV is effective in
preserving lens clarity in the pediatric population [34].

Despite the advantages of LSV, complex retinal detachment cases in children may require
combined LV [35,36]. Mendoza et al. (2025) reported a case of exudative RD in a 15-year-old
female with Rubinstein-Taybi Syndrome (RTS) caused by a frameshift mutation in the cyclic
AMP response element binding protein (CREBBP), who required combined LV [35]. In
addition to classic RTS features (developmental delay, microcephaly, and broad thumbs and
toes), the patient exhibited several ophthalmic manifestations, including left temporal retinal
exudation, exudative RD, and inferotemporal hemorrhage. Despite initial improvement
with multiple sessions of photocoagulation, focal TRD developed, necessitating combined
LV. Similarly, Kawaguchi et al. (2025) reported two pediatric cases of RTS who developed
TRD, both of whom underwent combined LV with IOL implantation [36]. In one case, retinal
reattachment was achieved after three vitrectomies; in the other, reattachment could not
be accomplished. Both patients developed poorly controlled glaucoma requiring surgical
intervention. These cases highlight the complexity of RD management in RTS patients and
suggest that treatment often requires multiple surgical interventions and carries an elevated
risk of postoperative refractory glaucoma [35,36].

In pediatric RD, LSV is favored when visualization is adequate [34]. However, com-
bined LV is required in cases with TRD or exudative RD where the lens obstructs access to
the vitreous base or posterior pathology [34-36].

102



Medicina 2025, 61,1176

4.5. Persistent Fetal Vasculature (PFV)

PFV, previously called persistent hyperplastic primary vitreous (PHPV)), is a rare but
significant developmental anomaly arising from the failure of regression of the hyaloid
vasculature, often leading to a spectrum of anterior and posterior ocular pathologies,
including cataract, retrolental fibrovascular membranes, and RD [37]. Surgical intervention
is frequently indicated in severe cases, particularly in combined PFV, where both anterior
and posterior segments are affected [37]. In such situations, combined LV is often necessary
to relieve the traction, clear the visual axis, and prevent further anatomic disruption [37].

Several studies have evaluated the safety and efficacy of combined LV for PFV, high-
lighting both the technical challenges and the potential for functional rehabilitation [38].
In a case series by Lyu et al. (2020) involving 19 eyes with unilateral combined PFV, pa-
tients underwent limbal lensectomy, capsulotomy, anterior vitrectomy, dissection of the
retrolental membrane and stalk, and in-the-bag IOL implantation [38]. In this study, 95%
of IOLs remained well positioned, and retinal dragging was reversed in all 8 eyes with
preoperative peripapillary traction. While 47% of eyes achieved BCVA better than 20/200,
poorer outcomes were associated with baseline peripapillary retinopathy, emphasizing the
prognostic importance of initial retinal health [38]. These findings underscore the feasibility
of combined LV with IOL implantation as an alternative to treat eyes with combined PFV,
with long-term refractive monitoring required due to postoperative myopic shift [38].

Similarly, Khurana et al. (2021) reported favorable outcomes in a prospective cohort of
20 children undergoing phacoaspiration with or without IOL implantation, combined with
dissection and cauterization of the PFV stalk [39]. Good visual fixation (central, steady,
maintained) was achieved in 80% of patients, and no cases of intraoperative bleeding,
glaucoma, or retinal detachment occurred [39]. The major complication was VAQO, requiring
membranectomy in 8 children. Visual outcomes were more guarded in children with
microphthalmia, aphakia, or combined PFV, reinforcing the importance of early surgical
timing and aggressive amblyopia therapy [39].

Even though anatomic restoration is vital, it does not always lead to visual improve-
ment [37]. Loukovaara et al. (2024) found that despite combined LV surgery to address
both anterior and posterior PFV components in pediatric patients with unilateral congenital
cataract and PFV, visual outcomes were modest [37]. The best result was a visual acuity of
0.5 (20/40 on the Snellen chart) in one child, while others ranged from finger counting to
light perception. Contributing factors included amblyopia, microphthalmia, and macular
involvement. Postoperative complications such as secondary cataracts and esotropia were
also reported, underscoring the need for careful preoperative evaluation and long-term
visual rehabilitation strategies [37].

Age and lens status are pivotal in surgical decision-making [40]. In Huang, H.C.
et al. (2023), patients with posterior or combined PFV underwent either LSV or combined
LV depending on the extent of anterior segment involvement, such as the presence of
cataract or lens opacification that obstructed the visual axis or hindered safe access to the
PFV stalk [40]. IOL implantation was avoided in children under 2 years due to higher
complication risk and concern for ocular growth interference [40]. Only 26.3% of eyes
achieved vision better than counting fingers, while 29% suffered poor outcomes including
no light perception. However, a significant benefit of surgery was greater axial elongation
in operated eyes, suggesting improved cosmetic outcomes through enhanced ocular growth
even when visual rehabilitation was limited [40].

Surgical approach also influences outcomes. In a 20-year retrospective study, Bata et al.
(2019) found that a limbal approach resulted in better visual acuity and lower complication
rates compared to the pars plana approach [41]. Among 58 infants undergoing early
combined LV before 7 months of age, 43% of eyes treated via limbal access achieved BCVA
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better than 1.0 logMAR, compared to only 11% via pars plana access [41]. Importantly, RD
occurred significantly more in the latter group, highlighting the potential safety advantages
of anterior access in specific cases [41].

Innovative surgical tools, such as endoscopic-assisted vitrectomy, are expanding the
therapeutic armamentarium [42]. Otsubo et al. (2024) reported the utility of 23-gauge
rigid endoscopes in enhancing posterior segment visualization in eyes with media opacity,
enabling safer and more effective PFV stalk dissection [42]. No significant complications
occurred in their series, suggesting endoscopic techniques may be particularly valuable in
challenging PFV presentations [42].

Although visual prognosis in PFV is variable and often guarded, especially in eyes
with posterior involvement or structural anomalies, surgical intervention can still yield
meaningful functional and anatomical benefits in select cases [43]. As Soheilian M., et al.
(2002) emphasized in their review of 54 eyes, visual improvement was possible in patients
with anterior or combined PFV and a relatively preserved retina [43]. Surgical therapy
should thus be individualized. The extent of fibrovascular proliferation, ocular morphology,
patient age, and potential for amblyopia should guide decision-making [43].

Combined LV is frequently used in the surgical management of PFV, especially in
cases involving both anterior and posterior segments, or when significant lens opacity or
retrolental traction is present [37—-43]. However, high-level comparative data are limited.
While long-term visual outcomes vary, early and appropriately tailored intervention of-
fers the best opportunity for anatomical success, cosmetic improvement, and functional
vision [40].

A comparative overview of the clinical indications, anatomical and visual outcomes,
and complications of combined LV across common pediatric pathologies is provided in
Table 1.

Table 1. Summary of indications and outcomes for combined lensectomy and vitrectomy (LV) in

pediatric pathologies.

Pediatric Indication for iig?;t;;ic Reported Visual Common Key Refer-
Condition Combined LV Outcome Outcome Complications ences

1. Bilateral dense

cataracts with High rate of IOL VAQ, IOL

. s Mean BCVA 0.24 .
. posterior segment stability; i . pupillary
Congenital involvement. successful visual logMAR, poorerin capture, iris [10,13]
cataracts 2. VAO prevention axis clearing in children < 2 years; incarceration
' P Lo & 14.9% with low vision !
3. Better posterior most cases and glaucoma
access
Variable based on N

1. Lens subluxation IOL type and ?IE\ZAOJZ?EZI; ig; '

Ectonia due to trauma or fixation technique of ep os. Good \;isuai)l IOL dislocation,
P systemic conditions Higher rate of IOL yes. elevated IOP, RD, [18-20]

lentis 2. Inadequate dislocation in outcome if no endophthalmitis

c'apsularqsupport iris-fixation vs amblyopia or retinal ;

scleral fixation pathology

Advanced stages o .

(4/5) with anterior ?jﬁilﬁf;/z;ftmal Light perception or Glaucoma, VAO,

fibrovascular . better in 64.1%; BCVA  intraopera-
ROP . . depending on . . . [22,24,25]

proliferation, . correlated poorly with  tive/postoperative

. . stage. Better in .
retrolental fibrosis, or Stage 4A than 5 anatomical outcome  hemorrhage

poor media clarity
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Table 1. Cont.

g N R .
Pediatric Indication for eportefi Reported Visual Common Key Refer-
o . Anatomic A
Condition Combined LV Outcome Complications ences
Outcome
Complex RD.S with Variable. In some
TRD, exudative .
changes, or opaque cases, anatomical Generally poor Glaucoma,
RD o reattachment retinal [35,36]
media requiring lens . . outcomes
required multiple re-detachment
removal for adequate .
surgeries
access
1. Significant Variable, depending
anterior/posterior on pathology extent.
patholog yp Retinal traction  ~47% achieved BCVA o oa o
PFV 2. Cataract with relief in majority;  better than 20/200; 0 5 opigy [38,39,41]
greater axial best outcomes when
retrolental . VAO, RD
elongation macula spared, and
membranes and stalk
. early surgery
traction
performed
Given the variety of IOL implantation techniques available for pediatric patients
undergoing combined LV surgery, Table 2 summarizes these strategies, including their
surgical contexts, associated outcomes, and common complications.
Table 2. Comparison of intraocular lens (IOL) implantation strategies in pediatric combined surgery.
. Surgical Patient Age Visual o
IOL Technique Indication Group Outcomes Complications  Advantages Key References
Congemtal. Mean BCVA VAO, pupillary Preferred when
cataracts with Typically > 2 ~0.24 logMAR;  capture capsular
In-the-bag IOL  adequate ypicaly N & ’ prure, support intact;  [10,12]
years 85% achieved glaucoma, 1
capsular . . facilitates
stable VA refractive shift -
support central fixation
Secure fixation
Inadequate 93% maintained IOL dislocation, without iris
Scleral-fixated a su(llar Often > 5 vears improved elevated IOP, manipulation; [18]
IOL sup ort y BCVA RD, endoph- avoids anterior
PP postoperatively  thalmitis chamber
crowding
Compgrable o IOL . Avoids scleral
d t aphakic decentration, turing:
Iris-sutured Inadequate correction; pigment Suturneg,
capsular Often > 5 years ’ . . suitable when [20]
IOL acceptable dispersion, -
support . . scleral fixation
BCVA in most glaucoma risk, .
. . . not possible
patients chronic uveitis
Infants <2 Limited in VAOQO; glaucoma;
years old, or <2 years or ANy cases need for Avoids IOL
Aphakia (no eyes with mi- cases with y cases, secondary IOL  complications;
. . depending on . [39,40]
IOL implanted)  crophthalmia, ocular growth 2. later; allows ocular
comorbidities; s
severe PFV, or concerns .. rehabilitation growth
. amblyopia risk
poor prognosis burden

Limitations of this review include the low frequency and clinical complexity of the

ocular conditions discussed, which limit the availability of robust data on this topic. Most

of the included studies are retrospective and show variability in patient populations,

surgical techniques, outcome measures, and follow-up durations. Additionally, many
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are single-center studies with small sample sizes, which may affect the generalizability
of findings. Despite these limitations, this review provides a structured summary of the
current literature on combined LV in pediatric patients, organized by clinical indication. It
offers practical insight into when and why combined LV may be appropriate in children
and highlights areas where future research is needed.

5. Conclusions

This review underscores the importance of a tailored, case-by-case surgical approach
when managing pediatric patients requiring cataract extraction, lensectomy, and/or vitrec-
tomy. While LSV is often preferred to preserve accommodation, combined LV procedures
are frequently necessary in the presence of complex anterior-posterior segment pathology.

Outcomes following combined LV in children remain highly variable and are influ-
enced by multiple factors, including patient age, underlying ocular anatomy, disease sever-
ity, and surgical technique. Although anatomic success is commonly achievable, functional
visual outcomes are often limited. Moreover, combined LV is associated with a higher risk
of postoperative complications such as glaucoma, VAO, and IOL dislocation, underscoring
the need for long-term follow-up and comprehensive visual rehabilitation strategies.

Future studies and harmonized multicenter registries are essential to refine surgi-
cal indications and improve outcomes in this complex pediatric population. Although
randomized clinical trials provide the highest level of evidence, their design and imple-
mentation in this context are challenging due to the rarity of combined LV procedures in
children, the heterogeneity of underlying conditions, and the need for long-term follow-up
to assess visual outcomes. However, we believe that outcome variability can be partially
addressed through collaborative, prospective data collection. Rather than advocating for a
universal protocol, future efforts should focus on establishing clinical principles based on
shared outcome predictors such as patient age, ocular anatomy, and surgical indication.
We propose the implementation of retrospective analyses using large databases such as the
IRIS Registry or the Vestrum Health database. These resources could enable meaningful
evaluations of surgical outcomes and complications in pediatric patients, supporting more
consistent and informed decision-making while preserving individualized patient care.
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Abstract: Retinitis pigmentosa (RP) is a heterogeneous group of inherited retinal dystro-
phies characterized by progressive photoreceptor degeneration and vision loss. While
current management is largely supportive—relying on visual aids, orientation training,
and nutritional supplementation—these interventions offer only symptomatic relief and do
not halt disease progression. Advances in molecular genetics have led to the development
of targeted treatments, including gene replacement therapy, RNA-based therapies, and
CRISPR/Cas9 gene editing, offering promising strategies for disease modification. The
approval of voretigene neparvovec for RPE65-associated RP marked a milestone in gene
therapy, while ongoing trials targeting mutations in RPGR, USH2A, and CEP290 are ex-
panding therapeutic options. Optogenetic therapy and stem cell transplantation represent
additional strategies, particularly for patients with advanced disease. Challenges persist in
delivery efficiency, immune responses, and treating large or dominant-negative mutations.
Non-viral vectors, nanoparticle systems, and artificial intelligence-guided diagnostics are
being explored to address these limitations and support personalized care. This review
summarizes the current and emerging therapeutic landscape for RP, highlighting the shift
toward precision medicine and the need for continued innovation to overcome genetic and
phenotypic variability.

Keywords: retinitis pigmentosa; genetics; inherited retinal disease; gene therapy;
optogenetics; cell-based therapy; retinal prosthetics; multidisciplinary approach

1. Introduction
1.1. Overview

Retinitis pigmentosa (RP) is a group of inherited retinal dystrophies characterized
by the progressive degeneration of photoreceptor cells, ultimately leading to vision loss.
Patients typically experience nyctalopia initially, followed by gradual peripheral vision
constriction, and in advanced stages, progress to central vision loss [1]. The prevalence of
RP is estimated at approximately 1 in 4000 individuals globally [2]. Most cases are classified
as non-syndromic, where retinal degeneration occurs in isolation. However, approximately
30% of RP cases are syndromic, which means that they occur in conjunction with systemic
features as part of broader genetic disorders such as the Usher syndrome and Bardet-Biedl
syndrome [3].

Genetically, RP is highly heterogeneous, with mutations identified in over 80 genes
inherited in autosomal dominant, autosomal recessive, or X-linked patterns [1]. Mutations
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in genes such as RHO (Rhodopsin), RP1, and RPGR (retinitis pigmentosa GTPase regulator)
have been among the most described, leading to a disruption in key photoreceptor functions
with subsequent retinal degeneration [4,5]. RHO mutations are a leading cause of autosomal
dominant RP (adRP), whereas USH2A (Usher Syndrome Type 2A) is the most frequently
mutated gene in autosomal recessive RP (arRP) [6]. In contrast, mutations in RPGR account
for most X-linked RP cases [7]. Due to the irreversible nature of photoreceptor loss, early
diagnosis is crucial for optimizing disease management, allowing genetic counseling,
lifestyle modifications, and the consideration of emerging therapeutic interventions to
preserve vision [8]. Early disease identification is critical as many experimental therapies
are mutation-specific and most effective when initiated before significant retinal damage
has occurred.

1.2. Current Treatment Landscape

However, current treatment options for RP remain limited and are primarily sup-
portive. These include low vision aids, orientation and mobility training, and nutritional
supplements [9,10]. Low vision aids and orientation and mobility training help maximize
residual vision and improve quality of life in patients with RP [11]. Nutritional supple-
ments, particularly vitamin A palmitate, have been studied for their potential to slow
disease progression, although the evidence remains mixed [12]. Device-based approaches,
such as retinal prostheses, have also been developed to partially restore visual perception in
patients with advanced RP, though accessibility and functional outcomes remain variable.
Despite these interventions, existing therapies primarily address symptoms rather than the
underlying genetic causes of RP. This limitation highlights the need for advanced therapeu-
tic approaches, such as gene- and cell-based therapies, which target disease mechanisms
and offer long-term solutions [13].

Recent years have witnessed transformative progress in RP therapeutics. The approval
of voretigene neparvovec-rzyl (Luxturna®) for RPE65-associated retinal dystrophy marked
a milestone in gene therapy, while ongoing clinical trials now explore gene editing (CRISPR),
RNA-based correction strategies, optogenetics, and stem cell transplantation. Furthermore,
the integration of artificial intelligence into molecular diagnostics and genotype-phenotype
prediction is rapidly enhancing personalized care.

This review aims to synthesize the current understanding of retinitis pigmentosa
from a genetic and molecular perspective while outlining the latest advancements in gene
therapy, RNA-based interventions, optogenetics, and regenerative medicine. By examining
the strengths and limitations of emerging therapeutic strategies, this work highlights the
growing role of personalized, mutation-specific approaches in reshaping the management
of RP.

2. Pathophysiology
2.1. Genetic Mutations

RP is caused by pathogenic mutations that impair critical photoreceptor cell functions.
To date, more than 80 causative genes have been identified, many of which encode pro-
teins involved in phototransduction, ciliary transport, protein folding, and visual cycle
metabolism [8,14]. These include RHO, RPGR, USH2A, RPE65, and PRPF31, among others.
Recent genotype—-phenotype correlation studies emphasize that different mutations, even
within the same gene, can result in distinct clinical trajectories [8].

Mutations in key genes disrupt essential photoreceptor functions, triggering a cas-
cade of degenerative processes. For example, RPE65 mutations impair the visual cycle by
disrupting the conversion of all-trans-retinol to 11-cis-retinal, a critical process for pho-
totransduction [15]. Similarly, RPGR mutations, which primarily affect ciliary transport
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mechanisms in photoreceptors, contribute to the progressive degeneration of both rods and
cones [16]. USH2A mutations disrupt the structural organization of retinal photoreceptors,
leading to compromised cellular integrity with progressive cell loss [17]. Mutations in RHO,
which encode the light-sensitive rhodopsin protein in rod cells, lead to protein misfold-
ing, endoplasmic reticulum stress, and finally to increased susceptibility to photoreceptor
apoptosis [18].

Collectively, these mutations impair essential photoreceptor functions, leading to
metabolic imbalance, oxidative stress, and the activation of proinflammatory and apoptotic
pathways, ultimately culminating in photoreceptor cell death.

2.2. Mechanisms of Retinal Degeneration

The effects of mutations initiate a cascade of degenerative processes in the retina,
which follows a series of interrelated mechanisms primarily driven by photoreceptor
cell apoptosis. Rod cells, with their high metabolic demands and oxygen consumption,
are especially susceptible to the oxidative stress caused by the production of reactive
oxygen species (ROS)—a byproduct of their intense aerobic metabolism [19]. As rod cells
degenerate, the oxygen demand in the retina decreases, leading to increased levels of local
oxygen, a condition known as retinal hyperoxia. This excess oxygen in the retina promotes
the production of ROS, which increases oxidative damage to the remaining photoreceptors
and retinal pigment epithelial (RPE) cells [20]. This secondary degeneration of retinal
photoreceptors caused by the excessive oxidative stress from initial rod cell death, despite
direct genetic defects, has been described as the bystander effect and is a hallmark of RP
progression [21].

Inflammatory responses also play a key role in the pathogenesis of RP. The degen-
eration of photoreceptors triggers microglial activation--the primary immune cells of the
retina—which release proinflammatory cytokines, leading to chronic inflammation and
exacerbating retinal damage [22]. In addition, dysregulated microglial phagocytic activity
has been described, contributing to the excessive clearance of stressed photoreceptors and
promoting further neuronal loss. Worsening the degenerative cascade, the accumulation of
misfolded proteins due to genetic mutations activates intracellular stress pathways, notably
the unfolded protein response (UPR), which further drives photoreceptor apoptosis [18].

2.3. Genetic Heterogeneity

The clinical presentation of RP varies significantly based on the underlying genetic
mutation and inheritance pattern. Autosomal dominant RP (AdRP), typically associated
with RHO mutations, generally progresses more slowly than autosomal recessive RP (arRP).
The latter results from loss-of-function gene mutations such as USH2A and RPE65 [4].
X-linked RP, often linked to RPGR mutations, is one of the most severe forms, with the
early onset and rapid progression of the disease [23]. The identification of the gene and its
inheritance pattern helps predict the phenotypic expression and prognosis of the disease.
Furthermore, it underscores the clinical heterogeneity in patients with RP due to various
gene mutations.

Recent studies suggest that modifier genes, epigenetic factors, and environmental
influences can further modulate disease severity. For example, patients with identical mu-
tations may have varying degrees of photoreceptor dysfunction, suggesting that additional
genetic and non-genetic factors contribute to disease progression [24-26].

3. Genetic Therapy Strategies

Understanding the complex genetic framework is essential for developing targeted
and personalized treatment strategies. In recent decades, advancements in molecular
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genetics and retinal biology have transformed the therapeutic view for retinitis pigmentosa.
As traditional interventions primarily offer symptomatic relief or the subtle preservation of
visual function, they fail to address the root genetic causes driving photoreceptor degenera-
tion. With the identification of specific pathogenic mutations and a deeper understanding
of disease mechanisms, gene-based therapies have emerged as a promising tool for tar-
geted intervention. These novel strategies aim to slow disease progression and restore
visual function by correcting for the underlying genetic defects. We will explore the major
categories of genetic therapies currently under investigation or in clinical use for RP.

3.1. Gene Replacement Therapy

Gene replacement therapy aims to restore retinal function by delivering copies of genes
into retinal cells harboring pathogenic mutations, typically using viral vectors. One of the
most notable clinical applications is voretigene neparvovec-rzyl (Luxturna®), the first FDA-
approved gene therapy for an inherited retinal disease. Luxturna uses an adeno-associated
viral (AAV) vector-mediated therapy for RPE65-associated retinal dystrophy [27].

In the phase 3 clinical trial, 29 patients with RPE65-associated retinal dystrophy re-
ceived subretinal injections of Luxturna. At 1-year post-treatment, 65% of participants
demonstrated clinical improvement in functional vision, as assessed by the multi-luminance
mobility test (MLMT), compared to only 10% in the control group. Additionally, full-field
light sensitivity threshold (FST) and BCVA revealed improvements with effects sustained
through long-term follow-ups, with some seen for up to 4 years. Ultimately, no seri-
ous adverse events related to the gene product were reported, confirming a favorable
safety profile [27,28]. After Luxturna’s success, multiple ongoing clinical trials have ex-
plored gene replacement approaches for other RP-related mutations. For instance, a phase
1/2 in-human clinical trial evaluated an AAV-based vector encoding an optimized RPGR
gene in patients with X-linked RP. Preliminary results at 6 months demonstrated preserved
retinal structure and visual function with no dosage-associated limiting toxicities [29].
These efforts suggest gene replacement therapy as a promising viable treatment option for
specific RP subtypes.

Despite these successes, challenges persist in optimizing gene delivery to the retina.
The complex structural organization of the retina complicates vector penetration and
limits efficient transduction. For example, subretinal injection allows direct delivery to
photoreceptors and RPE cells but is invasive and carries the risk of retinal detachment and
inflammation. In contrast, despite being less invasive with decreased risks, intravitreal
injection often results in low transduction efficiency due to dilution in the vitreous and the
potential immune responses within the vitreous [30]. Furthermore, AAV vectors have a
limited packaging capacity, restricting their use in diseases caused by mutations in large
genes [31]. This capacity represents a significant challenge when targeting genes with large
coding sequences, such as I[FT140, USH2A, and EYS, all implicated in various forms of RP.

A further challenge in AAV-mediated gene delivery for RP arises from pre-existing
immunity. Humans are naturally exposed to wild-type AAV serotypes, particularly AAV2,
resulting in neutralizing antibodies that may interfere with vector efficacy. This is especially
relevant for intravitreal administration, where the vector is more likely to interact with
immune components in the vitreous. In contrast, subretinal delivery offers partial immune
privilege by limiting systemic exposure. Nevertheless, serotype selection remains critical.
Several ongoing trials utilize engineered or less prevalent serotypes (e.g., AAVS, AAV9) to
enhance transduction efficiency and reduce the risk of immune neutralization. Strategies
such as immune screening before treatment and immunomodulatory regimens are also
under investigation to address this barrier in gene therapy for inherited retinal diseases [31].
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In addition to immune neutralization, AAV-based gene therapies have raised safety
concerns related to potential liver toxicity, particularly with systemic or high-dose adminis-
tration. Although ocular gene delivery is largely localized, minimizing systemic exposure,
recent reports have identified hepatotoxic effects in some AAV serotypes under different
delivery contexts. While such risks are reduced in the subretinal delivery used in RP
trials, caution remains warranted, especially as novel serotypes and delivery routes are
explored [31].

Multi-vector recombination strategies have been studied to address the limited pack-
aging capacity. For example, Datta and co-workers implemented a recombination system
using the CRE-lox system to deliver the large IFT140 gene [32]. The approach utilized
up to four AAV vectors, each encoding fragments of the therapeutic gene. The strategy
successfully reconstituted the full-length ITF140 in cultured mammalian cells and mouse
retinas. Importantly, when dual AAV vectors delivering the IFT140 gene were administered
in the sub-retinal space in a conditional knockout mouse model, the therapy significantly
preserved the photoreceptor structure, maintained retinal function (measured via ERG
response), and prevented retinal degeneration [32]. While these findings demonstrate
promising preclinical efficacy, the Cre-lox system presents translational challenges for
human therapy. These include concerns about recombination efficiency in human retinal
tissue, vector packaging complexity, and regulatory hurdles related to the co-administration
of multiple viral vectors. Additional studies are needed to optimize recombination fidelity,
assess immunogenicity, and evaluate the safety profile in large-animal models before
considering clinical application.

Another innovative approach involves the use of split intein-mediated protein trans-
splicing. This method allows for the delivery of large genes by splitting them into smaller
fragments that can be packaged into separate AAV vectors. For example, Tornabene and
co-workers demonstrated the successful expression of full-length ABCA4 and CEP290
in mouse and pig retinas [33]. Despite these challenges, ongoing innovations in vector
design, delivery techniques, and immune modulation are steadily improving the safety
and effectiveness of retinal gene therapy.

3.2. Gene Editing Approaches

Gene editing approaches are promising for treating patients with RP by correcting
deleterious mutations at the DNA level [34]. Among these, the Clustered Regularly In-
terspaced Short Palindromic Repeats/CRISPR-associated protein 9 (CRISPR/Cas9) is a
gene-editing system derived from bacterial adaptive immunity that enables site-specific
DNA cleavage and repair through the guidance of RNA molecules [35]. This technology
allows one to make precise modifications to the genome, restoring normal gene function
and halting disease progression [34]. A landmark example is EDIT-101, a CRISPR/Cas9
gene-editing complex targeting the CEP290 gene. In the phase 1/2 BRILLIANCE clinical
trial, Pierce and co-workers reported that 43% of patients who received EDIT-101 demon-
strated a visually meaningful improvement in retinal sensitivity, with additional gains
observed in BCVA and quality-of-life measures [36]. Preclinical studies have shown that
CRISPR/Cas9 can effectively target and correct gene mutations such as RPGR, leading to
photoreceptor preservation and functional improvement in mouse models. Notably, no
detectable off-target editing effects, where unintended DNA regions may be altered, were
reported for up to 12 months following treatment [37].

However, despite these promising results in gene editing, several ethical considera-
tions should be addressed. The potential unintended genetic modifications raise safety
concerns. Also, long-term monitoring is essential to ensure that gene editing does not
introduce further deleterious mutations or trigger immune responses [38].
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3.3. RNA-Based Therapies

RNA-based therapies offer alternative strategies for treating patients with RP by
targeting mutant mRNA transcripts. Antisense oligonucleotides (AONSs) are short, single-
stranded DNA or RNA molecules that specifically bind to complementary sequences on
target pre-mRNA. Hence, AONs can modulate RNA processing in several ways, notably
by blocking access to splice sites. In the context of RP, AONs are particularly useful in
correcting aberrant splicing events caused by intronic or exomic mutations, ultimately
restoring the open reading frame and enabling the translation of a functional protein [39].

For example, Grainok and co-workers described an AON-based exon-skipping strat-
egy to treat RP, specifically RP11, which truncated the mutations of the pre-mRNA pro-
cessing factor 31 (PRPF31) gene [40]. The study demonstrated that AONs could induce
the selective skipping of the mutated exon, restoring the gene’s open reading frame and
enhancing the production of functional PRPF31 protein [40]. Similarly, research by Slijk-
erman and co-workers explored the use of AONs to address a deep-intronic mutation in
the USH2A gene, which leads to the inclusion of a pseudoexon and results in a truncated,
non-functional usherin protein [41]. Their work demonstrated that AON-mediated splice
correction can prevent the incorporation of the pseudoexon, thereby restoring regular
usherin protein expression and function [41]. Both these studies highlight the therapeutic
potential of AONs in RP by precisely manipulating mRNA splicing events to overcome the
effects of deleterious mutations.

While complementing the splice-modifying capacities of AONs, RNA interference
(RNAI) offers a distinct mechanism of action by selectively silencing mutant gene tran-
scripts. This process is mediated by small interfering RNAs (siRNAs) or short hairpin
RNAs (shRNAs), which are designed to specifically bind complementary sequences within
the target mRNA, leading to its cleavage and preventing translation into dysfunctional
proteins. Specifically, Guzman-Aranguez and co-workers reviewed several RNAi-based
strategies targeting retinal diseases, highlighting the therapeutic potential of siRNAs in RP
by silencing pathogenic rhodopsin transcripts [42]. O’Reilly and co-workers demonstrated
the suppression of mutant rhodopsin (RHO) transcripts via the application of RNAIi in
patients with autosomal dominant RP. The study showed that RNAi can have up to a 90%
suppression of RHO expression in photoreceptors using AAV vectors for delivery [43].
Therefore, these studies underscore the potential of RNA-based therapies in RP, offering a
targeted approach to mitigate photoreceptor degeneration and preserve visual function.

While both gene editing and RNA-based therapies offer targeted treatment strategies
for RP, they differ significantly in mechanism, durability, and clinical considerations. Gene
editing approaches such as CRISPR/Cas9 aim to permanently correct pathogenic DNA
mutations through a single intervention, potentially offering long-term or curative benefit.
However, safety concerns, particularly related to off-target editing, immunogenicity, and
long-term genomic stability, require ongoing monitoring and ethical caution. In contrast,
RNA-based therapies like AONs and RNAi modulate gene expression at the transcript
level and are generally well tolerated. Their transient nature typically necessitates repeated
administration to maintain efficacy but reduces the risk of permanent genomic alteration.
From a cost perspective, RNA-based strategies may offer more accessible short-term in-
terventions, whereas gene editing, although more resource-intensive, holds promise for
durable, mutation-specific treatment. Together, these approaches represent complementary
strategies in the evolving landscape of personalized retinal therapeutics.

3.4. Optogenetic Therapy

In contrast to therapies that aim to correct or silence genetic defects, optogenetic ther-
apy offers a novel approach by re-engineering light sensitivity in retinal cells downstream
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of the photoreceptors. This modality is used for patients with advanced RP, particularly
those with extensive photoreceptor loss [44]. This strategy involves introducing genes that
encode light-sensitive proteins—such as channel-rhodopsins—into surviving inner retinal
neurons, including bipolar or ganglion cells, to confer light responsiveness in the absence
of functional photoreceptors [45]. By reactivating these downstream neurons, optogenetics
bypasses damaged photoreceptors and creates a new photosensitive pathway [46].

In a clinical case, Sahel and colleagues reported partial visual recovery in a blind
RP patient using an optogenetic construct (ChrimsonR) delivered via intravitreal injec-
tion, combined with engineered goggles that amplified and converted light into specific
wavelengths, demonstrating proof-of-concept for human use [46]. Notably, no reported
adverse ocular events over 84 weeks of follow-up were described. Similarly, Lindner and
co-workers reviewed multiple preclinical studies where optogenetic tools successfully
activated retinal ganglion cells in RP animal models, restoring light responses and allowing
basic visual behaviors [46].

The RESTORE trial, a Phase 2b randomized, double-masked, sham-controlled study
conducted by Nanoscope Therapeutics, evaluated the efficacy of MCO-010, an ambient
light-activatable multi-characteristic opsin (MCO) gene therapy for patients with advanced
retinitis pigmentosa. The therapy, delivered via intravitreal injection, demonstrated sta-
tistically significant improvements in visual function in preclinical models of retinitis
pigmentosa. Treated mice exhibited enhanced optomotor responses, faster spatial nav-
igation in visually guided water-maze tests, and improved visually evoked potentials
compared to the controls. These functional gains persisted for up to 26 weeks post-injection.
Importantly, MCO-010 was well tolerated, with no evidence of ocular toxicity, phototoxicity,
or systemic immunogenicity. These results underscore the potential of optogenetic therapy
as a gene-agnostic treatment strategy for patients with late-stage RP [47].

While promising, optogenetic therapy is currently limited by the need for external
light amplification devices, restricted spatial resolution, and dependence on viable inner
retinal circuits. Nonetheless, this approach holds significant potential for patients in the
late stages of RP, where traditional photoreceptor-targeted therapies are no longer viable.

Table 1 summarizes the primary gene-based therapeutic strategies currently explored
in retinitis pigmentosa, detailing their mechanisms of action, delivery methods, outcomes,
and limitations in clinical and preclinical settings.

Table 1. Summary of gene-based therapeutic strategies in RP.

Therapy Strategy Mechanism/Target Delivery Method Recent Outcomes Limitations
ﬁﬁ:gii;‘;ifiiine copies Luxturna®: 65% improved AAV packaging
Gene Replacement  (e.g., RPE65, RPGR); Subretinal injection MLMT at 1 year; RPGR trials limits; subretinal
Thera P dl.lgil, /multi—lvec tor ! (AAV2); dual vectors  show structural/functional surgery risks
Py recombination for large for large genes preservation; I[FT140 dual AAV ~ (detachment,
genes (e.g., [FT140) & preserved function in mice inflammation)
DNA-level correction Subretinal delivery of EDIT_lOl: 43 ./0 showe'd' . R1§k 'Of of.f—target
Gene Editing (g, CEP290, RPGR) via  CRISPR complexes ~ .mproved retinal sensitivity;  edits; ethical/safety
(CRISPR-Cas9) RNA-guided Cas9 to via viral or non-viral RPGR editing in mice concerns; need for
restore gene function systems preserved photoreceptors long-term
without off-target effects monitoring
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Table 1. Cont.

Therapy Strategy Mechanism/Target Delivery Method Recent Outcomes Limitations
. - . N AON:s corrected splicing in Transient effects;
RNA-Based AONs modify splicing Intravitreal injection - pppp3y ang USH2A models;  limited delivery
. (e.g., PRPF31, USH2A); of synthetic oligos or S o - .
Therapies (AON, siRNA /ShRNA silence viral-delivered RNA RNAI achieved 90% RHO efficiency;
RNAi) . transcript suppression in immune response
toxic mRNA (e.g., RHO) tools .
photoreceptors potential
RESTORE trial: mice showed Low spatial
Introduces light-sensitive Intravitreal iniection improved optomotor and resolution;
. opsins (e.g., ChrimsonR, ) water-maze behavior; human dependent on
Optogenetic . of gene constructs (no . R . .
MCO-010) into . case regained partial vision assistive devices;
Therapy bi . viable photoreceptors . . . S
ipolar/ganglion cells to needed) using ChrimsonR with requires intact
bypass lost photoreceptors engineered goggles; well downstream
tolerated retinal circuitry

4. Challenges in Genetic Therapy
4.1. Delivery Mechanisms

Despite genetic therapies’ promising potential for RP, several challenges must be ad-
dressed to ensure their long-term safety, efficacy, and accessibility. One primary limitation
involves the delivery of therapeutic genes to retinal cells.

Viral vectors, most commonly adeno-associated viruses (AAVs), are the leading
medium for gene delivery due to their natural affinity for retinal cells, known as tropism,
and safety profile [27]. However, AAVs have a limited carrying capacity (<5 kb), making
them unsuitable for larger genes. This constraint renders AAV vectors unsuitable for
delivering large genes, including USH2A, EYS, or ABCA4, which exceed this size thresh-
old [33,48]. For example, Trapani and co-workers emphasized that approximately one-third
of genes implicated in inherited retinal diseases exceed the natural capacity of AAV vectors,
presenting an obstacle to therapeutic development [49]. Their review study highlighted
that an attempt to compress larger cDNAs into a single AAV resulted in unstable prod-
ucts, leading to reduced transduction efficiency and inconsistent therapeutic expression.
Similarly, Toms and co-workers noted that the full-length USH2A was three times the
supposedly accommodated size, hence proposing the necessity for alternative strategies
for effective gene delivery [48].

Physical and anatomical barriers within the eye also significantly limit AAV-mediated
transduction, particularly when vectors are delivered intravitreally. Dalkara and co-workers
demonstrated that the inner limiting membrane (ILM) acts as a barrier to AAV penetration,
limiting gene expression in the inner retina [50]. Specifically, the study found that the
co-administration of a protease to digest the ILM enabled the specific AAV serotype
to transduce multiple retinal layers, an effect not previously achieved via intravitreal
delivery. Subretinal injection, though effective in bypassing the ILM, is invasive and
carries surgical risks such as retinal detachments [51]. In their study involving non-human
primates, Gamlin and co-workers observed procedures leading to localized retinal damage.
They proposed that the meticulous control during injected delivery is required to prevent
iatrogenic trauma [51]. Therefore, modern subretinal injections are now guided by OCT
imaging to improve safety and accuracy, allowing clinicians to monitor needle positioning
during the procedure.

Beyond delivery efficiency, safety concerns such as immune responses to the viral
capsid or gene product pose further obstacles. Bucher and co-workers demonstrated that
these immune responses could lead to inflammation and reduced therapeutic durability,
particularly in the context of adeno-associated virus (AAV) vectors used for gene ther-
apy [31]. They showed that AAV vectors can activate Toll-like receptors (TLR), resulting
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in the release of inflammatory cytokines and interferons. Additionally, AAV vectors can
induce capsid-specific and transgene-specific T-cell responses and anti-AAV antibodies,
which limit therapeutic effects by destroying targeted cells [31].

4.2. Long-Term Efficacy and Safety

Another consideration is the sustainability of therapeutic effects over time. Although
early clinical trials have shown encouraging results, long-term data on gene therapy
durability is still limited. Maguire and co-workers reported that the therapeutic effects of
voretigene neparvovec-rzyl (Luxturna®) were maintained for up to four years in patients
with RPE65-associated retinal dystrophy [52]. However, Chao and co-workers also noted
instances of visual function decline in some patients [53]. Concerns remain regarding
gene expression stability, progressive retinal remodeling, and the potential for delayed
adverse effects. As such, long-term follow-up and robust post-treatment monitoring will
be essential to ensure efficacy and safety across diverse patient populations.

4.3. Personalized Medicine and Genetic Variability

Finally, the considerable genetic and phenotypic heterogeneity of RP presents chal-
lenges for personalized treatment strategies. With over 3000 mutations identified across
more than 70 genes, therapies must be tailored to individual genotypes, requiring accessible
and comprehensive genetic testing alongside mutation-specific delivery platforms. As high-
lighted by Dias and co-workers, this genetic heterogeneity necessitates the development
of genotype-specific therapies and broad access to diagnostic testing to improve patient
selection and clinical outcomes [12]. Similarly, Nguyen and co-workers emphasized the
essential role of genetic testing not only for accurate diagnosis but also for determining the
eligibility for mutation-specific therapies and advancing enrollment in appropriate clinical
trials [54].

Gene replacement therapy is considered most effective in cases where the underlying
mutation results in a loss of gene function and the therapeutic gene is small enough to fit
within the packaging limits of vectors. As noted by Arbabi and co-workers, this approach
is particularly applicable for patients with autosomal recessive RP, where biallelic loss-of-
function mutations result in the absence of functional proteins [55]. Similarly, Dias and
co-workers highlight that gene augmentation strategies are appropriate when the defective
gene can be replaced with a functional copy [12]. However, both studies underscore the
limitation regarding the packaging capacity of specific vectors such as AAVs.

In contrast, RNA-based therapies or gene editing may be more appropriate, espe-
cially when dominant-negative or splicing mutations are involved. For example, anti-
sense oligonucleotides can modulate splicing defects, while gene editing technologies
like CRISPR/Cas9 can correct specific mutations at the DNA level [40,56]. Therefore, ac-
curate genetic diagnosis is essential to determine eligibility for targeted clinical trials or
mutation-specific interventions.

Moreover, treatment response can vary significantly based on disease stage, reti-
nal health, and individual genetic modifiers, even among patients with the same
mutation [8,24,57]. These facts highlight the importance of developing therapeutic plat-
forms that can accommodate interindividual variability, such as genetic testing, clinical
profiling, and biomarker identification. Personalized approaches will be critical in advanc-
ing equitable and effective care for individuals living with RP.

Table 2 summarizes the major challenges encountered in the application of genetic
therapy for RP, highlighting both the limitations and emerging solutions.
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Table 2. Challenges in genetic therapy for RP.

Challenge

Advantage/Opportunity

Limitation

Proposed Solutions

Delivery Barriers

Subretinal injection allows
precise targeting; capsid
engineering improves
vector spread

Invasive procedure; risk of
detachment or
inflammation; intravitreal
injection has low efficiency

Use of suprachoroidal
delivery, capsid optimization,
and hybrid delivery systems

Vector Capacity
Limitations

Gene editing and
RNA-based therapies allow
payload minimization

AAVs cannot carry large
genes (e.g., USH2A,
ABCA4)

Dual/multi-vector
approaches, split-intein
recombination, or alternative
vectors

Immune Responses

Novel serotypes and
immune modulation
strategies enhance
tolerability

Vector-induced immune
activation may limit
expression or cause
inflammation

Pre-treatment with
immunosuppressants, vector
engineering, and monitoring
biomarkers

Gene and Mutation
Specificity

Precision medicine enables
mutation-matched therapy

Rare variants may be
untargetable or
underrepresented in
clinical research

Integrate gene-agnostic
methods (e.g., optogenetics);
develop mutation-agnostic
delivery platforms

Long-Term Expression
and Safety

Episomal vectors reduce
genomic integration;
regulatory elements can
fine-tune expression

Concerns about sustained
expression, gene silencing,
or unforeseen effects

Use of biodegradable vectors,
inducible promoters, and
long-term clinical surveillance

Ethical and Regulatory
Concerns

Global consensus growing
around clinical gene
therapy governance

Issues around germline
editing, patient autonomy,
and equitable access

Clear ethical oversight, patient
engagement, transparent
consent processes, and
international policy alignment

5. Recent Advances and Clinical Trials

5.1. Overview of Key Clinical Trials

Currently, gene therapy is considered a promising treatment option for patients with

RP, particularly those with biallelic RPE65 mutations. The approval of Luxturna marked
a milestone in ocular gene therapy, offering the first FDA-approved gene therapy for in-
herited retinal disease. In a phase 3 clinical trial, Russell et al. demonstrated significant
improvements in functional vision, with 72% of patients (21 of 29) achieving successful
performance on the MLMT at the lowest light level (1 lux) one-year post-treatment, com-
pared to none achieved at baseline [28]. These results were supported by Maguire and
co-workers, who demonstrated gains in light sensitivity, with mean improvements in
full-field light sensitivity threshold (FST) of —2.04 1og10 (cd-s/m) sustained through 3 years
of follow-up [58], that is, more than 100-fold enhancement in light sensitivity.

Furthermore, visual field expansion and stability in visual acuity were also observed.
For example, at 4-year follow-ups, Maguire and co-workers described patients in the
original intervention group with a mean increase of 197.7 degrees in Goldmann visual field
and maintained near-baseline visual acuity [58]. Similarly, in another study by Maguire,
the group confirmed the long-term durability of these effects, noting that the gains in
FST and MLMT performance were preserved for up to 4 years, with no serious adverse
events reported, affirming the favorable safety profile of Luxturna® [52]. In some instances,
adverse effects were mild and mostly attributed to the subretinal surgical procedure rather
than the vector itself [52]. Hence, these results from clinical trials provide evidence that
gene replacement therapy with voretigene neparvovec leads to sustained improvements in
vision-related function.
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Beyond RPE65, gene therapy trials are now expanding to address other RP genotypes.
A phase I/1I clinical trial (XIRIUS) targeting RPGR-related X-linked RP demonstrated
encouraging early results. Cehajic-Kapetanovic and co-workers reported that patients
receiving mid-range doses of an AAV vector to deliver codon optimized version of RPGR
exhibited gains in retinal sensitivity and the partial reversal of visual field loss as early as
1 month, with sustained effects at 6 months [29]. However, in higher dose cohorts, cases of
mild subretinal inflammation were reported.

Additionally, Pierce and co-workers evaluated EDIT-101, the first in vivo CRISPR/Cas9
based gene-editing therapy, in patients with CEP290-associated Leber Congenital Amauro-
sis (LCA10) [36]. Although LCA10 is not a form of RP, the BRILLIANCE trial represents
a significant proof-of-concept for CRISPR in the retina. The study found that 64% of pa-
tients had a clinically meaningful improvement in at least one visual outcome (e.g., FST,
best-corrected visual acuity, or mobility test), with no dose-limiting toxicities or serious
adverse events attributed to the treatment [36]. Although still in early phases, preclini-
cal studies have demonstrated that gene editing approaches targeting RPGR, including
CRISPR-mediated frame restoration in ORF15, can successfully rescue photoreceptor struc-
ture and function in RP models [29,59,60]. These findings collectively underscore the
therapeutic potential of gene editing platforms in inherited retinal diseases and provide a
way for broader applications across RP genotypes.

Other ongoing trials are exploring gene editing technologies, such as CRISPR/Cas9,
to correct mutations in genes like CEP290 and RPGR, with early-stage research showing
promising results in preclinical and clinical settings. For instance, a Phase 1/2 clinical trial
(BRILLIANCE) is evaluating the safety and efficacy of EDIT-101, a CRISPR/Cas9-based
therapy targeting the CEP290 mutation associated with Leber Congenital Amaurosis 10
(LCA10). Although LCA10 is not a subtype of RP, the trial is significant as it represents
the first clinical application of CRISPR in the retina, demonstrating in vivo gene editing.
Initial findings have demonstrated favorable safety outcomes and preliminary evidence of
improvements in full-field stimulus testing (FST) and best-corrected visual acuity (BCVA)
in some treated patients [36].

5.2. AI-Driven Precision Medicine and Retinal Prosthetics

The integration of artificial intelligence (AI) and machine learning in RP research has
the potential to revolutionize the identification of candidate genes and the optimization of
therapies. These technologies enable the analysis of large-scale genetic and clinical datasets,
allowing for the classification of inherited retinal diseases (IRDs), the prediction of causative
genes, and disease prognosis. A study by Esteban-Medina and co-workers used machine
learning to generate a mechanistic functional map of RP, identifying 226 functional circuits
and predicting 109 targets of approved drugs with potential effects [61]. Some of these tar-
gets were validated in a murine model, highlighting the potential of Al-driven approaches
for drug repurposing and novel therapeutic discovery [61]. Additionally, Gomes and Ash-
ley highlighted the application of Al in molecular medicine, emphasizing its role in variant
prioritization for rare diseases [62]. This ability is crucial for RP, where over 70 genes have
been implicated. Fujinami-Yokokawa and co-workers demonstrated that deep learning
models trained on fundus photographs and fundus autofluorescence images could predict
causative IRD genes such as EYS, ABCA4, and RP1L1 with test accuracies of up to 88.2% and
specificities exceeding 95%, illustrating Al’s potential to enhance non-invasive diagnostic
precision in RP [63]. Similarly, Issa and co-workers noted that Al models applied to retinal
imaging were able to discriminate RP images from normal images with a value of area
under the receiver operating curve (AUROC) of 96.74% [64].
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By leveraging machine learning algorithms, researchers and clinicians can uncover
novel genetic associations and lead treatment strategies tailored to individual genetic
profiles. The Al-driven methodologies are pivotal in advancing precision medicine for
RP, enabling tailored interventions based on individual genetic profiles and optimizing
patient outcomes.

Concurrently, advances in retinal prosthetics are expanding the treatment landscape
for blind patients with RP. Retinal prosthetic devices such as epiretinal and subretinal
implants aim to restore partial vision by stimulating surviving retinal neurons [65]. Clini-
cal trials have demonstrated their potential in restoring visual perception to profoundly
blind patients with RP. For example, Ho and co-workers underwent the extensive clinical
evaluation of the Argus II Retinal Prothesis System, an epiretinal device [66]. The study
involving 30 subjects reported an acceptable safety profile and functional benefit, with the
longest implant duration reportedly reaching 7.2 years [66].

5.3. Cell-Based Therapies

Cell-based therapies may be used for RP by targeting the underlying degeneration of
photoreceptors and retinal pigment epithelium (RPE) cells. These therapies aim to replace
damaged retinal cells through the transplantation of stem cell-derived photoreceptors or
RPE cells, potentially restoring retinal structure and function.

Preclinical studies have demonstrated that retinal progenitor cells (RPCs) can survive,
integrate into the host retina, and promote photoreceptor preservation in degenerative
models. Wang and co-workers reported that transplanted RPCs in rodent models of RP
led to improvements in visual function and the structural integrity of the outer retina [67].
Early-phase clinical trials have also provided encouraging results. In a systematic re-
view and meta-analysis, Chen and co-workers analyzed 21 prospective studies involving
496 eyes and found that 49% of RP patients experienced an improvement in best-corrected
visual acuity (BCVA) at 6 months, although long-term benefits beyond 12 months were
less significant [68]. The analysis further highlighted that suprachoroidal space injection
showed the most significant BCVA improvement, suggesting it as a delivery route. Addi-
tionally, Liu and co-workers demonstrated the long-term safety and feasibility of human
fetal-derived RPC transplantation in RP patients, with five out of eight patients showing
improved visual acuity and three exhibiting enhanced retinal sensitivity as measured by
pupillary light reflex within the first 6 months post treatment, without evidence of immune
rejection or tumor formation over a two-year follow-up period [69]. These findings under-
score the regenerative potential and safety profile of stem cell-based strategies in inherited
retinal degenerations.

However, these technologies face several challenges. For retinal prostheses, limita-
tions include low spatial resolution, complex surgical implantation, and limited patient
adaptability. In stem cell therapies, concerns persist regarding long-term graft survival,
immune rejection, and the theoretical risk of tumorigenesis. These factors highlight the
need for the continued long-term evaluation of safety and efficacy in clinical trials.

Table 3 summarizes key clinical trials and emerging technological strategies in the
treatment of RP, providing an overview of the therapeutic indications, major findings,
and translational limitations across gene therapy, gene editing, artificial intelligence, and
regenerative platforms.
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Table 3. Summary of notable clinical trials and emerging technologies in RP.

Intervention/Technology

Target/Indication

Key Clinical Findings

Limitations/Considerations

Luxturna® (voretigene

RPE65-associated RP

72% MLMT success at 1 lux; FST
gain —2.04 log10 cd-s/m;

Requires subretinal
surgery; gene-specific; not

neparvovec) sustained visual field and acuity =~ generalizable to all RP
improvements for 4+ years genotypes
Impre el e i e
RPGR Gene Therapy X-linked RP (RPGR Eni d-dose eroups: benefits inflammation at higher
(XIRIUS trial) mutations) groups; doses; limited to RPGR
observed as early as 1 month, .
. mutations
sustained at 6 months
. 64% had improvements in Still in early phases; LCA10
EDIT-101 (BRILLIANCE &%)Azigr_mclglté;?{ / >1 visual function outcome not classified as RP but
trial) . (FST, BCVA, mobility); no establishes retinal CRISPR
Cas9 gene editing)

serious adverse events

precedent

Al Applications in RP

Gene identification,
diagnosis, prognosis

Predicted causative genes
(e.g., EYS, RP1L1) with 88.2%
accuracy; AUROC 96.74% in
retinal image-based
classification

Not a therapy; dependent
on algorithm quality,
training data, and clinical
integration

Argus II Retinal Prosthesis
System

Advanced RP with
profound vision loss

Clinical safety and functional
benefit in 30 patients; device
longevity up to 7.2 years

Low visual resolution;
surgical implantation
complexity; limited
adaptability

Stem Cell Therapy (e.g.,
RPCs via Suprachoroidal
Delivery)

RP with
photoreceptor/RPE
degeneration

49% of eyes showed BCVA
improvement at 6 months

(n =496); best results with
suprachoroidal delivery; no
rejection/tumors in long-term
follow-up trials

Outcomes vary by protocol;
long-term efficacy unclear;
risk of immune rejection
and graft survival
limitations

6. Future Directions and Perspectives

As the field of RP therapy continues to evolve, future directions are increasingly

centered on overcoming the current limitations of gene delivery and maximizing therapeu-
tic efficacy through multimodal approaches. To address these gaps, ongoing research is
exploring next-generation delivery systems, including advanced viral vectors, nanoparti-
cles, and non-viral platforms, aimed at improving safety, precision, and accessibility. In
parallel, the integration of gene therapy with complementary modalities such as stem
cell transplantation and retinal prosthetics is gaining attention as a strategy to enhance
outcomes and expand the therapeutic options for individuals with advanced or genetically
complex diseases.

6.1. Improving Delivery Systems

Effective delivery of therapeutic agents to retinal cells is crucial for the success of
gene therapies in RP. Traditional methods, such as subretinal injections using AAV vectors,
have shown promise but come with limitations, including surgical risks and limited retinal
coverage. Recent innovations that aim to address these challenges include intravitreal AAV
vector delivery, nanoparticle technology, and non-viral delivery systems.

ViGeneron has recently launched a clinical trial utilizing their proprietary vgAAV
vector for the intravitreal delivery of the CNGA1 gene, targeting the RP caused by CNGA1
mutations. Prior studies have demonstrated the potential of variant AAV capsids for

121



Medicina 2025, 61,1179

efficient intravitreal gene delivery to photoreceptors, crucial for treating inherited retinal
diseases. For example, Pavlou and coworkers reported the development of engineered
AAV vectors that enable the efficient targeting of photoreceptors via intravitreal admin-
istration [70]. In different animal models, the novel variants showed an up to 100-fold
higher photoreceptor transduction efficiency compared to the unmodified AAV2 vector—a
version widely used in early gene therapy research and clinical trials [70].

Additionally, He and co-workers identified a novel AAV2 capsid variant that demon-
strated key improvements in treated mice, supporting its clinical potential [71]. Specifically,
the intravitreal administration of the variant capsid carrying the affected gene led to sig-
nificantly restored visual function, as evidenced by improved pupillary light reflex and
behavioral performance in light/dark box and visual cliff tests. Similarly, through his-
tological analysis, the authors revealed that treated mice had a preserved outer nuclear
layer (ONL) thickness and significantly increased expression of the affected gene product
compared to those receiving standard AAV2 vectors [71]. These two examples further
support the current direction towards improving vector design.

Nanoparticle-based delivery systems, such as mesoporous silica-based nanoparticles,
polymeric nanoparticles, lipid nanoparticles, and other non-viral vectors, are emerging
as a promising alternative to traditional viral vectors for gene therapy in RP. These offer
advantages over traditional viral vectors, such as higher safety profiles, low immunogenic-
ity, and the capacity to deliver larger genetic payloads. In a study by Valdés-Sanchez and
co-workers, mesoporous silica nanoparticles (MSNs) mediated the successful delivery of
therapeutic genes to retinal cells in vivo without disrupting retinal morphology or function,
as confirmed through multimodal imaging and electroretinographic studies [72]. Similarly,
Maya-Vetencourt and co-workers demonstrated that conjugated polymer nanoparticles
such as poly(3-hexylthiophene) (P3HT) could restore visual function in RP rat models,
showing widespread the subretinal distribution of P3BHT nanoparticles and long-term effi-
cacy without triggering retinal inflammation or immune response [73]. Further supporting
its potential, Francia and co-workers demonstrated that P3HT nanoparticles restored corti-
cal visual responses in advanced-stage RP rats, even after photoreceptor degeneration [74].
Collectively, these findings indicate the biocompatibility and short-term therapeutic efficacy
of non-traditional delivery systems.

6.2. Combination Therapies

Combining gene therapy with other treatment modalities, such as stem cell therapy
and retinal implants, represents a promising future direction for enhancing therapeutic
outcomes in RP. By integrating these approaches, researchers aim to simultaneously target
both genetic defects and cellular degeneration. Several studies have explored the feasibility
and efficacy of these combination therapies. MacLaren et al. emphasized that gene and
cell-based therapies should be viewed as complementary strategies, with gene therapy
offering the greatest benefit in early stages where viable photoreceptors are still present,
and stem cell transplantation being more applicable in the advanced stages marked by
widespread retinal cell degeneration [13].

Furthermore, Sahel and co-workers provided compelling clinical evidence supporting
the integration of optogenetic therapy and retinal prosthetics in a first reported case; by
delivering optogenetic gene constructs intravitreally and combining this intervention with
light-stimulating goggles, they achieved the partial restoration of visual function in a
blind RP patient, underscoring the potential of combined genetic-device interventions [46].
Collectively, these findings emphasize the substantial potential of multimodal therapeutic
strategies to address the complex pathology of RP and enhance patient outcomes.
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6.3. Requlatory and Ethical Issues

As therapeutic strategies for RP rapidly advance, navigating regulatory pathways
and addressing ethical considerations will be critical to translating novel gene therapies
into clinical practice. Gene therapies, including advanced vectors and combinational
approaches, must undergo rigorous assessment by regulatory authorities such as the
U.S. Food and Drug Administration (FDA) and the European Medicines Agency (EMA).
The regulatory approval process involves multiple phases of clinical trials designed to
thoroughly evaluate safety, efficacy, and long-term outcomes, often requiring extensive
follow-up data to substantiate therapeutic benefits and identify potential risks [75]. The
landmark approval of Luxturna® (voretigene neparvovec-rzyl), an AAV-based gene therapy
for inherited retinal dystrophy caused by RPE65 mutations, exemplifies the complexity
and rigor of these processes and has paved the way for future RP therapies [28].

In parallel with regulatory challenges, ethical concerns surrounding gene therapies
for RP must also be carefully considered. Genetic manipulation, particularly techniques
involving gene editing or germline modifications, raises significant ethical questions re-
lated to potential off-target effects, long-term safety, and the implications of irreversible
genomic alterations [76]. Moreover, equitable access to emerging gene therapies remains
a significant concern due to their typically high costs, potentially limiting availability to
select populations and exacerbating existing healthcare disparities [77]. Ensuring fair distri-
bution and access to these therapies will necessitate ongoing dialogue between researchers,
clinicians, policymakers, and patient advocacy groups.

As treatments for patients with RP evolve toward personalized, multimodal interven-
tions, addressing these regulatory and ethical challenges will be crucial to ensuring safe,
effective, and accessible therapies for patients worldwide.

6.4. The Path Forward for RP Patients

Advancements in the molecular understanding of RP, along with significant progress
in gene therapy platforms, are guiding the way for more personalized treatment strate-
gies for patients with diverse genetic subtypes. Due to RP caused by mutations in over
80 different genes, its genetic heterogeneity poses a major therapeutic challenge. However,
recent studies emphasize that expanding genetic screening and variant classification may
facilitate the development of mutation-specific therapies [78].

Promising advancements are emerging for specific subtypes such as RPE65-, RPGR-,
and USH2A-associated RP. These targeted gene therapy approaches are currently under
investigation in clinical trials, with the potential to advance towards further stages of
development. Furthermore, innovative non-viral delivery systems, nucleic acid base
editing, and CRISPR/Cas9 gene-editing technologies are being explored to expand the
spectrum of treatable mutations and address the limitations associated with vector capacity
and delivery efficiency [12,78]. These advancements, in addition to the increasing efforts in
clinical trial development, suggest that gene therapy may soon evolve from experimental
intervention to a standard therapeutic modality for specific genetic subsets of RP.

7. Conclusions

Genetic therapy has reshaped the treatment landscape of RP, shifting from symp-
tomatic management toward targeted molecular interventions. Advances in gene replace-
ment (e.g., Luxturna® for RPEG6)5), gene editing (e.g., EDIT-101 for CEP290), RNA-based
modulation, and optogenetic therapy have demonstrated clinical and preclinical success
across various RP genotypes. Additionally, novel delivery strategies, including engineered
AAV serotypes and nanoparticle platforms, are helping overcome packaging and transduc-
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tion limitations, expanding the range of targetable mutations, including those previously
considered untreatable due to gene size.

Despite these successes, the therapeutic potential of genetic interventions in RP will
depend on overcoming several key challenges, including improving delivery efficiency,
addressing immune responses, and ensuring long-term safety and efficacy. Given RP’s con-
siderable genetic and phenotypic heterogeneity, precision medicine guided by early genetic
diagnosis is essential to identify patients to mutation-specific therapies and implement
personalized treatment strategies.

Looking ahead, the translation of experimental therapies into standard clinical practice
will require rigorous long-term safety monitoring, scalable delivery systems, and equitable
access frameworks. Ultimately, these innovative approaches offer hope to transform the
prognosis of patients with RP from progressive vision loss to a future where disease
stabilization, and even functional recovery, becomes a realistic goal.
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FST Full-Field Light Sensitivity Threshold
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IRDs Inherited Retinal Diseases

LCA Leber Congenital Amaurosis

MLMT  Multi-Luminance Mobility Test
MSNs Mesoporous Silica Nanoparticles
ONL Outer Nuclear Layer

P3HT Poly(3-Hexylthiophene)

PRPF31  Pre-mRNA Processing Factor 31
RHO Rhodopsin

RP Retinitis Pigmentosa
RPGR Retinitis Pigmentosa GTPase Regulator
RPE Retinal Pigment Epithelium

siRNA Small Interfering RNA
shRNA  Short Hairpin RNA

UPR Unfolded Protein Response
USH2A  Usher Syndrome Type 2A
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Abstract: Background and Objectives: Posterior chamber phakic implantable contact lenses
(Phakic-ICL) are widely used for refractive correction due to their efficacy and safety, includ-
ing minimal corneal endothelial cell loss. The Collamer-based EVO+ Visian implantable
contact lens (ICL), manufactured from Collamer, which is a blend of collagen and hydrox-
yethyl methacrylate (HEMA), has demonstrated excellent long-term biocompatibility and
optical clarity. Recently, hydrophilic acrylic Phakic-ICLs, such as the Implantable Phakic
Contact Lens (IPCL), have been introduced. This study investigated the material differences
among Phakic-ICLs and their interaction with fibronectin (FN), which has been reported to
adhere to intraocular lens (IOL) surfaces following implantation. The aim was to compare
Collamer, IPCL, and LENTIS lenses (used as control) in terms of FN distribution and cell
adhesion using a small number of explanted Phakic-ICLs. Materials and Methods: Three lens
types were analyzed: a Collamer Phakic-ICL (EVO+ Visian ICL), a hydrophilic acrylic IPCL,
and a hydrophilic acrylic phakic-IOL (LENTIS). FN distribution and cell adhesion were
evaluated across different regions of each lens. An in vitro FN-coating experiment was
conducted to assess its effect on cell adhesion. Results: All lenses demonstrated minimal FN
deposition and cellular adhesion in the central optical zone. A thin FN film was observed
on the haptics of Collamer lenses, while FN adhesion was weaker or absent on IPCL and
LENTIS surfaces. Following FN coating, Collamer lenses supported more uniform FN film
formation; however, this did not significantly enhance cell adhesion. Conclusions: Collamer,
which contains collagen, promotes FN film formation. Although FN film formation was
enhanced, the low cell-adhesive properties of HEMA resulted in minimal cell adhesion
even with FN presence. This characteristic may contribute to the long-term transparency
and biocompatibility observed clinically. In contrast, hydrophilic acrylic materials used in
IPCL and LENTIS demonstrated limited FN interaction. These material differences may
influence extracellular matrix protein deposition and biocompatibility in clinical settings,
warranting further investigation.

Keywords: implantable contact lens (ICL); phakic implantable contact lens (Phakic-ICL);
collamer; implantable phakic contact lens (IPCL); LENTIS comfort; fibronectin (FN)
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1. Introduction

A phakic implantable contact lens (Phakic-ICL) is a lens inserted into the eye to correct
refractive errors while preserving the natural crystalline lens. Phakic-ICL implantation is a
reversible surgical procedure that offers a treatment option for patients with high myopia
or corneal abnormalities, such as irregular shape or insufficient thickness. If necessary,
the Phakic-ICL can be removed or replaced. It is positioned in the posterior chamber (the
space between the iris and crystalline lens) on the posterior surface of the iris. Phakic-ICL
implantation was developed in the 1980s, predating the first report of LASIK in 1990 [1,2].

The Implantable Phakic Contact Lens (IPCL) consists of a hybrid semi-hydrophilic
acrylic material designed to maintain visual function over extended periods. This material
contains high water content and resists the adhesion of foreign substances, such as proteins,
to the lens surface [3]. The IPCL has a large optical zone (6.6 mm, diameter) and a trape-
zoidal aperture rather than a cylindrical one, which helps reduce halos and glare. Seven
holes in the optic zone promote aqueous humor circulation, reducing the risk of cataracts
and glaucoma. However, since the IPCL material has no affinity for fibronectin (FN),
proteins from the aqueous humor may adhere to the lens surface, potentially causing the
immune system to recognize it as a foreign body and trigger an immune response. This phe-
nomenon has been observed with other lenses manufactured from hybrid semi-hydrophilic
acrylic materials [4].

Two representative Phakic-ICLs are the Implantable Collamer® Lens (Collamer), manu-
factured by STAAR Surgical, and the IPCL, manufactured by Care Group Sight Solution [5].
The ICL is composed of Collamer, a hydrophilic material made of a copolymer grafted
with collagen. This material promotes FN adhesion and enhances hydrophilicity. The
lens includes a central port that facilitates gas and nutrient exchange, reducing the risk of
cataracts and glaucoma [6]. Collamer consists of a copolymer of hydroxyethyl methacrylate
(HEMA) and a UV-absorbing methacrylic monomer (benzophenone), with a small amount
of collagen. The material contains 36% water and has <1 ppm of residual monomers in its
final hydrated state [7]. Its hydration is uniform throughout the lens. Due to the collagen
component, Collamer exhibits affinity for FN, but the limited amount of collagen does not
promote broader protein or cell adhesion. Instead, it supports the formation of a monolayer
of FN on the lens surface, which inhibits the binding of other aqueous proteins. Because
this FN layer is derived from the host, the immune system does not recognize the lens
as a foreign body [8-11]. Due to the presence of collagen, studies have reported that FN
binds relatively significantly to various cell-extracellular matrix (ECM) interfaces, making
it difficult for other ECM proteins to adhere [11].

ECM interactions are complex processes. The ECM not only provides structural
support for cells and tissues but also transmits biochemical signals through membrane-
spanning receptors that regulate cell proliferation, differentiation, migration, and adhesion.
Increased hydrophilicity of a material reduces interfacial energy with water while increasing
surface free energy, both of which contribute to reduced cell adhesion. Maximum cell
adhesion occurs at a water contact angle of 60° to 70°. Both high hydrophilicity and
excessive hydrophobicity can suppress cell adhesion [12]. FN is one of the ECM proteins
present in the eye.

Among Phakic-ICLs, posterior chamber lenses are selected for their efficacy and safety,
including minimal corneal endothelial cell loss. Collamer lenses have dominated this
market sector due to their established safety profile. However, several companies have
recently introduced hydrophilic acrylic ICLs. In this study, we investigated the safety
characteristics of these newer lenses, focusing on differences in material composition and
design. We compared the two most widely used Phakic-ICL, Collamer ICL, and IPCL,
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regarding their interaction with FN, which forms part of the cellular matrix, including their
cellular adhesion properties.

2. Materials and Methods
2.1. Materials

Two types of Phakic-ICL were used in the experiments: Collamer lens (EVO+ VISIAN®
Implantable Collamer® Lens VICM5_12.6, STAAR Surgical Co., Lake Forest, CA, USA)
with a length of 12.6 mm, an optic diameter of 5.0-6.1 mm, and a power of -7.50 diopters;
and IPCL lens (Implantable Phakic Contact Lens V2.0, Care Group Sight Solution LLP,
Gujarat, India) with a length of 12.5 mm, an optic diameter of 6.60 mm, and a power of
-7.50 diopters. Additionally, one type of Phakic-ICL was included in this study: LENTIS
(LENTIS® Comfort Acrylic Foldable Intraocular Lens 1.5-313 MF15, Santen Pharmaceutical
Co., Ltd., Osaka, Japan), with a length of 11.0 mm, an optic diameter of 6.0 mm, and a power
of +10.0 diopters. The LENTIS lens, manufactured from hydrophilic acrylic material, served
as a control for comparison with the Collamer and IPCL lenses in this study (Supplementary
Table S1).

2.2. Explanted Lenses

We analyzed the surface characteristics of explanted lenses from three cases:
two involving Collamer lenses and one involving an IPCL (Table 1).

e Case 1: A patient with a Collamer lens implanted 171 months previously.
e Case 2: A patient with a Collamer lens implanted 178 months previously.
e  Case 3: A patient with an IPCL implanted 16 months previously.

Table 1. Case information.

Reasons for Lens Vault Post-Operative Uncorrected
Case Age/Gender Removal Treatment (Preoperative) Visual Acuity
Case 1 39/Female Due to low vault lens replacement 52 um 1.5 (lens vault: 1CT)
For monovision
Case 2 45/Male (OD: 0.9, 0S: 0.4) lens replacement 261 um OD:1.2,08: 1.5
Case 3 52/Male hard to see lens extraction 666 um 1.2

This retrospective study was approved by the Medical Research Ethics Committee
(Chukyo Eye Clinic Ethics Committee, No. 20250519095) and adhered to the tenets of
the Declaration of Helsinki. In this study, Phakic-ICLs that were removed and would
otherwise be discarded were used as research materials; therefore, there was no invasion
or intervention. We obtained consent from patients to use the removed Phakic-ICLs and
medical information under the condition that all data would be anonymized to prevent
patient identification. Furthermore, following ethics committee review and given that only
anonymized patient and medical information were used retrospectively, we disclosed the
research content of this study using an opt-out method.

2.3. Immunohistochemical Staining of FN Using Explanted Phakic-ICL

After explantation, each lens was immediately placed in fresh BSS Plus solution (Alcon
Japan Ltd., Tokyo, Japan), washed, and temporarily stored. The lenses were then fixed
in 4% paraformaldehyde (FUJIFILM Wako Pure Chemical Corp., Osaka, Japan) at room
temperature for 15 min, followed by a 15 min wash in phosphate-buffered saline (PBS,
FUJIFILM Wako Pure Chemical Corp.) at room temperature. A protein blocking solution
(Cat. No. X0909, Agilent Technologies, Inc., Santa Clara, CA, USA) was applied at room
temperature for 10 min. Excess blocking solution was aspirated, and rabbit polyclonal
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anti-fibronectin antibody (Cat. No. ab2413, 1:50 dilution, Abcam plc., Cambridge, UK) was
added and incubated overnight at 4 °C. After washing with PBS, the fluorescent secondary
antibody, Donkey anti-Rabbit IgG (H + L), Highly Cross-Adsorbed, Alexa Fluor™ 488 (Cat.
No. A-21206, 1:500 dilution, Thermo Fisher Scientific Inc., Waltham, MA, USA), was applied
and incubated at 37 °C for 2 h. The samples were then washed with PBS, observed, and
photographed using a fluorescence inverted microscope (Olympus Power IX71, Olympus
Corp., Tokyo, Japan) and a digital camera system (Olympus DP-51, Olympus Corp.).

2.4. Experimental FN Fluorescence Detection

Five micrograms (5 pug) of preliminarily green fluorescently labeled FN (HiLyte Fluor™
488-labeled, Cytoskeleton, Inc., Denver, CO, USA) was dissolved in 1 mL of BSS, then
added to a Falcon® 24-well cell culture plate (Corning Incorporated, Corning, NY, USA),
with one well used for each lens. Three types of lenses were tested: lenses precoated
with FN (three lenses per type) and lenses in BSS only (one lens per type). The lenses
were incubated at 37 °C for 36 h. After incubation, the lenses were thrice washed with
BSS before observation. FN fluorescence intensity on the lenses was measured using the
real-time imaging microplate reader Spark® Cyto (Tecan Group Ltd., Mannedorf, Ziirich,
Switzerland), and further analyzed using an inverted fluorescence microscope (Olympus
Power IX71, Olympus Corp.) and digital camera system (Olympus DP-51, Olympus Corp.).
Each lens was tested three times in a single experiment, and the same experiment was
repeated twice.

2.5. Cell Adhesion Experiments

The lenses used were Collamer, IPCL, and LENTIS lenses, which were precoated
under the same conditions as the FN adhesion experiments (5 pg/mL in BSS) or placed in
BSS only. A total of 18 lenses of each type were used.

Immortalized human iris epithelial cells (iHIE-NY2) were used in cell adhesion experi-
ments because phakic ICLs may come into contact with iris epithelial cells. Briefly, a portion
of iris tissue removed during partial iridectomy from patients with angle-closure glaucoma
was cultured. The culture conditions, gene transfer method, and vector information were
as previously reported [13,14]. Cells were seeded by adding 100 nL of cell suspension at
a concentration of 1 x 10° cells/mL per lens and allowing them to stand for 2 h before
adding 1 mL of culture medium.

Cell growth was observed and recorded using an inverted microscope (Olympus
Power IX71, Olympus Corporation, Tokyo, Japan) and a digital camera system (Olym-
pus DP-51, Olympus Corporation). Cell proliferation was measured using Cell Count-
ing Kit-8 (Dojindo Laboratories Co., Ltd., Kumamoto, Japan), containing 2-(2-methoxy-
4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium monosodium salt
(WST-8). Cultures were performed in triplicate for each sample, and cell adhesion and
proliferation were evaluated after 1, 5, and 10 days of culture.

Cell counting Kit-8 reagent, diluted 1:10 in culture medium, was added to each well
and allowed to react for 3 h at 37.0 °C in a 5% CO, incubator. The supernatant from the
culture medium was then transferred to a 96-well, clear, TC-treated multiple-well plate
(P/N: 3599, Corning Inc.), and the absorbance at 450 nm was measured using a microplate
reader (Multiskan FC, Thermo Fisher Scientific Inc., Waltham, MA, USA). Five lenses were
used in each experiment, with one lens serving as a negative control for each lens type. The
same experiment was repeated three times.

2.6. Statistical Analysis

Data are presented as mean =+ standard deviation (SD) and were analyzed using
Kruskal-Wallis one-way ANOVA, followed by Scheffé’s post hoc test for comparisons
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among three or more independent groups, using SPSS Statistics 24 (IBM Corporation, New
York, NY, USA).

3. Results

The following results describe the FN adhesion status in explanted Collamer, IPCL,
and LENTIS lenses, FN adhesion in experimental lenses, and cell adhesion to lenses with
and without FN coating.

3.1. FN and Cell Adhesion Status in Explanted Lenses

In both Collamer and IPCL explants, the central optical zone area was almost devoid
of FN and cellular components. In contrast, FN and cellular components were observed
adhering to the four haptics in Collamer and to portions of the six haptics in IPCL, as
well as at the peripheral areas where the lens contacts the iris. In Case 1, slight cellular
components adhered to the iris-contact area, and a thin FN film was observed in that region.
In Case 2, FN adhered as a thin film, particularly on the haptics. In Case 3, cell aggregates
were observed on some haptics, and FN was observed adhering to the haptics, though not
uniformly distributed (Figure 1).

I Case-1: Collamer ‘ ‘ Case-2: Collamer ‘ ‘ Case-3: IPCL

Figure 1. Surface analysis of explanted ICLs: Collamer explanted in Case 1 (a—e), Collamer explanted
in Case 2 (f,g), and IPCL explanted in Case 3 (i-m). Macrograph (a,f,i), phase contrast microscope pho-
tographs (b,c,g,j,k), and fluorescent microscope photographs of FN stained with antibody (d,eh,1,m).
Images show the same locations (b and d, cand e, g and h, j and 1, k and m). Yellow arrows: cellular
components. Red arrows: FN. Bar = 200 pm (b,d,g,h,j,k,1,m) or bar = 500 um (c,e).

3.2. Evaluation of FN Adhesion

After incubation with fluorescently labeled FN solution, FN adhered to the optical
edge and center of the Collamer lens optic, as observed using fluorescence microscopy.
The Collamer lens demonstrated film-like FN distribution across these regions. In contrast,
IPCL and control LENTIS lenses showed increased fluorescence compared to uncoated
lenses, but the FN distribution was not uniform or film-like in pattern (Figure 2a). When
fluorescently labeled FN was quantified using a real-time imaging microplate reader,
Collamer demonstrated the highest fluorescence intensity, significantly greater than that
observed in IPCL and LENTIS lenses (Figure 2b).
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Figure 2. Surface analysis of ICLs incubated with FN. Collamer demonstrated film-like fluorescence
at the optic edge, mid-optic region, and optic center. Slight green fluorescence was observed in IPCL
and LENTIS compared to controls. Yellow arrowheads indicate FIN detected as discrete points (a).
Each lens was photographed with a 40x objective lens. Fluorescence intensity was quantified using a
real-time imaging microplate reader (b). Statistical analysis was performed using Kruskal-Wallis
one-way ANOVA. Bar = 500 um. The n.s. was not significant.

3.3. Effect of FN Coating on Cell Adhesion and Proliferation

iHIE-NY2 cells were seeded onto FN-coated and uncoated Collamer, IPCL, and
LENTIS lenses and cultured at 37 °C in a 5% CO, incubator for 1, 5, and 10 days. Positive
controls were established by culturing the same number of cells in standard cell culture
wells. Cell adhesion was generally enhanced by FN coating across all three lens types.

On Collamer lenses, cells adhered to the optic center on day 1, but the number
of adherent cells decreased by day 10. In contrast, the haptics demonstrated gradual
cell proliferation, with marked adhesion observed within the haptic holes. IPCL lenses
exhibited fewer adherent cells in both the optic center and haptics compared to Collamer.
Minimal cell adhesion was observed within the haptic holes of IPCL. LENTIS lenses
also demonstrated minimal adhesion to the optic surface; however, sheet-like clusters of
adherent cells were observed in some haptic areas. The number of adherent cells on both
IPCL and LENTIS was significantly lower than in positive control wells (Figure 3). The
haptic holes of Collamer appeared smaller and had rougher inner surfaces compared to
IPCL, which had larger, more rounded holes.

Cell activity, as measured by WST-8, demonstrated a slight overall increase over time
across all lens types. On day 1, cell activity was significantly lower in uncoated Collamer,
IPCL, and LENTIS lenses compared to the FN-coated LENTIS lens (p < 0.05). On day 5,
only the uncoated IPCL lens showed significantly lower activity than FN-coated LENTIS
lenses (p < 0.05). By day 10, no significant differences in cell activity were observed between
lens types or coating conditions (Figure 4). Using FN-coated LENTIS as a reference, all lens
types demonstrated increased cellular activity over time. Across all lens types, FN-coated
lenses consistently exhibited higher activity than their uncoated counterparts (Table 2).
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Statistically significant differences were observed in cell adhesion and cell activity based

on the presence or absence of FN coating. However, while the FN-coated LENTIS control
demonstrated the highest cell adhesion among all experimental groups, the increases in
cell adhesion and cell activity across all lens types were only slight, and no visible lens
opacification due to cell adhesion was observed.

Day 1

Day 5

Day 10

Center

Edge

Center

Center

Edge

EN (+)

Collamer

EN ()

IPCL

FN (+)

FN (-)

LENTIS

EN (+)

FN (-)

Positive

Control

Figure 3. Cell adhesion to each lens with and without FN coating. Phase contrast images of the optic
center and haptics on days 1, 5, and 10 of culture. Positive controls were cultured in standard cell
culture wells with the same number of seeded cells. All images were taken with a 40x objective lens.
* Magnification of the haptics of FN-coated LENTIS was taken with a 100 x objective lens. Bar = 500 pm.

Table 2. Comparison of cell activity measured by WST-8, using FN-coated LENTIS lenses as the reference.

Lens FN Coating Day 1 Day 5 Day 10
coll Yes 32.1% 75.0% 93.8%
ollamer No 26.8% 39.3% 70.3%
Yes 12.5% 60.7% 66.1%

IPCL No 12.5% 23.2% 59.4%
Yes 100% 100% 100%

LENTIS No 41.1% 64.3% 67.2%
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Figure 4. Cellular activity on each lens with or without FN coating measured using WST-8 on days
1, 5, and 10 of incubation. * Significant difference (p < 0.05) between FN-coated LENTIS lenses and
other lenses on day 1. ** Significantly lower cell activity (p < 0.05) in uncoated IPCL lenses compared
to FN-coated LENTIS lenses on day 5. The positive control represents cell activity in standard culture
wells seeded with the same number of cells. O.D. indicates optical density (absorbance). Statistical
analysis was performed using Kruskal-Wallis one-way ANOVA.

4. Discussion

Phakic-ICLs provide superior visual quality, faster recovery, greater refractive accu-
racy and stability, preservation of accommodation, and reversibility compared to corneal
refractive surgeries such as LASIK [9,15,16].

Collamer is a copolymer comprising HEMA and grafted collagen. It has a soft tex-
ture due to the unique mechanical properties of its polymer meshwork (Poisson’s ratio:
0.4999; elongation at break: 1000%). The presence of collagen imparts a negative surface
charge, repelling negatively charged proteins and reducing biofilm formation. Collamer
demonstrates excellent biocompatibility and maintains long-term intraocular stability. ICLs
manufactured from Collamer received CE marking in Europe in 2003, FDA approval in
the U.S. in 2005, and the Ministry of Health, Labour and Welfare approval in Japan in 2010.
ICL surgery is now performed in over 70 countries and is recognized alongside LASIK as a
standard refractive correction procedure. The Collamer ICL has undergone several design
iterations to achieve its current optimized form [6,17,18].
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In the early 1990s, Fyodorov of the Moscow Eye Institute introduced the posterior
chamber Phakic-ICL. His silicone model, a predecessor of the PRL (Phakic Refractive Lens,
Carl Zeiss Meditec), was discontinued due to cataract formation and zonular damage, as the
material was too rigid (Poisson’s ratio: 0.47) for delicate intraocular tissues. This experience
led to the development of the much softer Collamer material at the same institute. Incorpo-
rating collagen into Collamer improved its biocompatibility by enabling FN monolayer
formation on the lens surface, effectively shielding it from immune recognition [19]. Fur-
thermore, the FN monolayer formed on Collamer may contribute to the rotational stability
of the intraocular lens, although further investigation is needed regarding this hypothesis.

Our focus on FN in this study was based on previous research in the ophthalmic field
demonstrating that ECM components continuously affect cellular behavior when corneal
epithelial cells are cultured on plates coated with laminin, FN, and type IV collagen [20].
Furthermore, the major differences between Collamer and IPCL are their base materials,
HEMA versus acrylic, and the presence or absence of collagen. It has been reported that
covalently bonding collagen to HEMA-based Phakic-ICLs of similar shape to Collamer
results in FN inhibiting the non-specific adsorption of other proteins [10].

The IPCL comprises a hybrid hydrophilic acrylic material with high water content,
designed to minimize protein adhesion and maintain long-term visual function. It has
a large (6.6 mm) optical zone and a trapezoidal aperture to reduce halos and glare. Seven
peripheral holes improve aqueous humor circulation, decreasing the risks of cataract and
glaucoma formation [3]. However, compared to Collamer, our study results demonstrated that
IPCL materials lack affinity for FN. Consequently, proteins from aqueous humor can adhere to
the lens surface, potentially triggering immune recognition and inflammatory responses [8-11].

The ECM provides a structural scaffold for cell adhesion. FN binds to collagen in the
ECM, while integrins on cell membranes bind to FN, facilitating cell attachment. However,
highly hydrophilic surfaces tend to have lower interfacial energy and higher surface free
energy, which weakens cell adhesion. Therefore, hydrophilic lenses such as IPCL may
hinder cell attachment [12].

This study focused on the effect of FN in cell adhesion. While FN and bovine serum
albumin enhance cell adhesion on various materials, HEMA alone demonstrates minimal
adhesion under most conditions [8]. However, in Collamer lenses, FN adheres to the grafted
porcine collagen, forming a protective membrane-like layer. In contrast, FN adhered only
in discrete patches to IPCL and LENTIS lenses. Since FN adhesion increases on more
hydrophilic surfaces (those with lower contact angles), our findings suggest that Collamer’s
superior FN adhesion reflects its more hydrophilic properties among the lenses studied [21].

Cell adhesion was significantly lower on all lenses compared to positive controls.
Within individual lenses, the haptic regions tended to support greater cell adhesion than
the optic regions, a trend that was enhanced by FN coating. Additionally, cells adhered
to the inner surfaces of the haptic holes in Collamer lenses. These holes are smaller
than those in IPCL, and differences in inner surface texture and overall geometry may
influence adhesion patterns. Although LENTIS is an IOL rather than a Phakic-ICL, it
was included as a material control because it is manufactured from hydrophilic acrylic
material similar to IPCL. The haptics of Phakic-ICLs are inserted into the narrow space
between the iris and crystalline lens. Since the iris is constantly mobile due to factors such
as light exposure, inflammation caused by lens material poses a risk of adhesion to the
iris tissue. The explanted Collamer lenses demonstrated membrane-like FN attachment
to the haptics without iris adhesion, allowing successful extraction. These results suggest
that although FN attachment occurred, cellular adhesion remained minimal, maintaining
biocompatibility and allowing sustained transparency over the long term. Furthermore, in
342 eyes examined 3 yrs after Collamer implantation, laser flare photometry and cellular
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response measurements, which quantify anterior chamber inflammation, showed zero
flare values and cellular responses, indicating excellent biocompatibility [11]. Based on
our study results, Collamer demonstrated high FN adhesion and attachment properties,
but we attribute the lack of increased cell adhesion to the inherent properties of both the
collagen component and the HEMA base material. We hypothesize that improved FN
biocompatibility may lead to reduced foreign body reactions over the long term, as fewer
deposits accumulate on the lens surface, thereby maintaining Collamer transparency. The
lack of increased cell adhesion is attributed to the inherent properties of HEMA materials,
which are naturally less conducive to cell adhesion.

Surface modification of biomaterials is known to improve blood compatibility [22]
and enhance cell adhesion and proliferation [23]. FN, a well-characterized ECM glycopro-
tein, is abundant in connective tissue and plasma [24] and mediates cell-ECM interactions
by binding to ECM components and integrin receptors [25]. Thin FN coatings reduce
monocytes and platelet activation, making then suitable for cardiovascular implants [26].
FN coating improves biomaterial biocompatibility by promoting endothelialization via
integrin-mediated binding [27]. FN is used in orthopedic and regenerative medicine ap-
plications to coat implantable materials [28]. In ophthalmology, FN-coated acrylic IOLs
demonstrate improved hydrophilicity [29]. The aqueous humor contains FN at concentra-
tions approximately 100-fold lower than plasma [30], which allows EN to remain as a stable
monolayer. The FN layer naturally forming on Collamer enhances ICL biocompatibility. An-
terior flare and inflammatory cell measurements obtained up to 3 yrs after Collamer insertion
(293 cases, 525 eyes) showed no anterior flare or cellular reaction in >99.6% of cases [11].

Chemical surface modification of HEMA to covalently bind collagen has been shown
to promote selective FN binding, mimicking the ECM microenvironment and suppressing
macrophage activation while reducing non-specific protein adsorption [10]. FN’s safety
and efficacy have been validated in both in vitro cell proliferation assays and in vivo
transplantation studies [10].

This study has several limitations. First, we focused exclusively on FN among ECM
proteins. Since FN exists in multiple isoforms, a more detailed investigation is warranted.
Second, aqueous humor contains various other ECM proteins (such as laminin and type IV
collagen), necessitating the analysis of all substances adhering to implanted lens surfaces.
Third, the culture period was limited to 10 days, assuming it is unlikely that significant
changes in adhesion or proliferation would occur beyond this timeframe, but this is uncon-
firmed. The use of only iris-derived cells limits generalizability, as responses of fibroblasts
or immune cells were not evaluated. Furthermore, the small number of explanted cases
(3 cases) from a limited patient population restricts the generalizability of findings to diverse
patient populations with varying medical conditions, plus the small sample size prevented
systematic analysis of the influence of implantation duration (16 vs. 171-178 months),
which may be a confounding variable.

5. Conclusions

FN formed a membrane-like layer on the surface of Collamer, likely due to its collagen
component and biological compatibility. Experimental data demonstrated greater FN
adhesion to Collamer compared to IPCL, supporting the role of collagen in facilitating
ECM membrane formation. Although Collamer demonstrated enhanced FN adhesion, this
did not result in increased cell adhesion, presumably because HEMA-based materials have
low cell-adhesive properties. However, the enhanced adhesion of FN suggests improved
biocompatibility. Further studies investigating inflammatory responses, such as laser flare
photometry in IPCL patients, and inclusion of larger cohort groups are needed for a more
comprehensive comparison of Collamer and IPCL biocompatibility profiles.
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Abbreviations

The following abbreviations are used in this manuscript:

FN Fibronectin

HEMA Hydroxyethyl Methacrylate

ICL Implantable Contact Lens

iHIE-NY2 immortalized human iris epithelial cells
IOL Intraocular lens

IPCL Implantable Phakic Contact Lens

PHAKIC-ICL  Phakic Implantable Contact Lens
2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,

WST-8 .
monosodium salt
SD Standard deviation
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