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Editorial

Meeting Challenges in the Diagnosis and Treatment of
Glaucoma
Karanjit S. Kooner 1,2,* , Dominic M. Choo 1 and Priya Mekala 1
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dominic.choo@utsouthwestern.edu (D.M.C.); priya.mekala@utsouthwestern.edu (P.M.)

2 Department of Ophthalmology, Veteran Affairs North Texas Health Care Medical Center,
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* Correspondence: karanjit.kooner@utsouthwestern.edu

Glaucoma, a progressive and multifactorial optic neurodegenerative disease, still poses
significant challenges in both diagnosis and management and remains a perpetual enigma.
The disease’s insidious onset, combined with our reliance on subjective diagnostic tools,
hinders early detection and timely intervention. Current treatments, while beneficial, often
fail to provide consistent intraocular pressure (IOP) control, and management is further
complicated by variability in disease progression, non-adherence to therapy, socioeconomic
challenges, complications from surgical interventions, and new risk factors. For example,
chronic stress has recently been implicated as a major risk factor in the pathogenesis of
glaucoma [1,2]. The current Special Issue focusing on glaucoma has 14 excellent papers
that discuss notable advancements aimed at addressing several challenges regarding
this disease.

Several papers highlight the potential for the use of artificial intelligence (AI) in
glaucoma care. Li-Han et al. developed a model that combines perimetry and optic
coherence tomography (OCT) data to detect disease progression and achieved an F1 score
of 0.60 within two years [3]. The model outperformed traditional methods like Bayesian
regression (0.48), showcasing its potential for precise, early detection. Another novel model
developed by Christoper et al. achieved an accuracy of 85% in predicting the need for
glaucoma surgical interventions up to three years in advance. It utilized data such as patient
demographics, medical history, clinical measurements, OCT, and perimetry [4]. Notably,
the superiority of Vision Transformer (ViT) models, compared to convolutional neural
networks (CNNs), in identifying glaucomatous optic neuropathy from fundus photographs
was demonstrated by Hwang et al. [5].

The use of Ahmed valve shunts in Romania, as described by Barac et al., led to a
reported 60% success rate in maintaining target IOP over five years, with a mean reduction
to 17 mmHg [6]. Other innovations in filtering surgery are discussed by Ang et al. [7]. For
example, limited deep sclerectomy-augmented trabeculectomy was shown to outperform
conventional trabeculectomy, contributing to a mean IOP reduction from 29 ± 4.6 mmHg
to 12.54 ± 1.67 mmHg at 12 months. A modified scleral tunnel technique dramatically
reduced glaucoma drainage device (GDD) tube exposure rates to zero, as shown by follow-
up examinations after 20 months. Similarly, for microinvasive glaucoma surgeries (MIGS),
the introduction of the ab-externo approach for XEN stents improved IOP control and
reduced postoperative interventions. Surprisingly, in the domain of cataract surgery,
premium IOLs showed promising outcomes regarding spectacle independence and user
satisfaction, specifically in patients with well-controlled, early-stage glaucoma or ocular
hypertension [8]. However, their usage in advanced glaucoma must be considered with

Bioengineering 2025, 12, 6 https://doi.org/10.3390/bioengineering12010006
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caution [8]. It was stressed that IOL selection should be individualized based on disease
severity, visual expectations, and co-existing ocular conditions such as pseudo-exfoliation
and ocular surface disease (OSD).

The importance of newer imaging technologies in predicting surgical outcomes was
showcased by Tan et al. Using anterior segment OCT (AS-OCT), they found that successful
blebs after deep sclerectomy had a significantly greater height (1.48 mm vs. 1.10 mm;
p < 0.0001) and trabecular-Descemet window length (613.7 µm vs. 450.8 µm; p = 0.004)
compared to failures [9]. Further contributing to the advancement of surgical outcomes,
Fung et al. introduced a new high-throughput system that functions as a pre-animal testing
platform for anti-fibrotic compounds [10]. Using this platform, they demonstrated that
Verteporfin improves surgical outcomes by modulating the TGFβ-SMAD (Small Mothers
against Decapentaplegic) pathway. In the same vein, Dave et al. reviewed emerging
antifibrotic therapies, highlighting integrin inhibitors, and anti-LOXL2 antibodies as safer,
more effective alternatives to traditional agents like mitomycin C [11].

Novel Rho-associated protein kinase (ROCK) inhibitors, particularly ZINC000000022706
and ZINC000034800307, with high binding affinities (−10.7 kcal/mol and −9.1 kcal/mol,
respectively) were identified by Bodea et al. using bibliometric analysis and molecular
docking [12]. A review of OSD by Kemer et al. demonstrated that 22–78% of patients
on topical glaucoma medications experienced significant clinical side effects, and they
encouraged the consideration of preservative-free formulations and adjunctive therapies
like cyclosporine A [13]. Other novel emerging therapies, including extraocular and
intraocular sustained-drug delivery systems, photobiomodulation, gene therapy, and stem
cell applications, were reviewed as well.

Advancements in wearable technologies are also highlighted by Shean et al., with a
focus on the Sensimed Triggerfish (24 h IOP measuring device) and drug-eluting contact
lenses [14]. Notably, continuous monitoring using Triggerfish allowed for the identification
of nocturnal IOP peaks as a critical risk factor for glaucoma, and drug-eluting contact lenses
provided sustained IOP reductions of up to 30% over several weeks. Another review by
Elhusseiny et al. emphasizes the predictive value of corneal hysteresis (CH), showing that
a lower CH is associated with faster visual field deterioration (every 1 mmHg decrease in
CH was associated with an additional 0.25% decline per year in visual field index) [15].
The potential to use Brillouin microscopy as a non-contact, three-dimensional assessment
of corneal elasticity was also highlighted, as it offers a significant advancement compared
to traditional methods that are solely reliant on IOP.

The interesting relationship between myopia and glaucoma is discussed by
Vinod et al. [16]. The presence of myopia was shown to increase glaucoma risk due to
structural vulnerabilities (thinning of the sclera and lamina cribrosa), with highly myopic
eyes being 7.3 times more likely to develop glaucoma than emmetropic eyes. Overlap-
ping features (optic nerve head changes and retinal nerve fiber layer thinning) may be
overcome by utilizing the ever-expanding AI and advanced imaging technologies such as
OCT-Angiography (OCTA) and Swept Source-OCTA.

Future advancements in glaucoma must continue to focus on early diagnosis and
accurate prognostic evaluations, medical and surgical therapeutics, patient-centered tech-
nologies, and wearable theranostic devices (e.g., smart contact lenses) [14,17]. Emerging
polymer-based long-term drug delivery systems have the potential for sustained IOP
control and improved adherence. However, they still require continued optimization for
biocompatibility and scalability to ensure their widespread application is possible [18,19].
Exciting improvements in surgical technique are on their way, such as the combination of
traditional and minimally invasive approaches achieved by new advancements in GDDs
and MIGS device designs [17,20,21]. Regarding AI tools, we have just begun to scratch the
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surface. These tools are being validated in diverse populations and their diagnostic and
risk stratification capabilities continue to improve [22–25].

At the molecular level, neuroprotective strategies targeting oxidative stress-related
mitochondrial dysfunction may offer promising pathways for retinal ganglion cell
preservation [18,26–30]. Similarly, the impact of oxidative stress on trabecular mesh-
work cells and aqueous outflow resistance could also factor into targeted therapeutic
approaches [31–36]. Epigenetic biomarkers (DNA methylation and histone modifications)
and emerging gene therapies have the potential to revolutionize early diagnosis and thera-
peutic targeting [37–42]. Understanding the role of glial cell activation and its modulation
of neuroinflammatory pathways may lead to improvements in the preservation of visual
function and mitigation of neurodegeneration [19,43–46]. There is increasing focus on the
relationship between gut microbiota and glaucoma, with emerging theories suggesting
systemic roles for microbiome dysbiosis, as well as roles in neuroinflammation, including
in autoimmune mechanisms [47–55]. Future research should prioritize understanding the
mechanisms through which gut microbiota influence the development and progression
of glaucoma.

Reviewing the submissions to this Special Issue on glaucoma, we have achieved our
underlying aim of stimulating research and dialog among the global glaucoma research
community. It is our firm belief that the future for glaucoma research looks exception-
ally promising.

Acknowledgments: We would like to thank all the authors for their hard work, dedication, and
relentless research on glaucoma.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Perimetry and optical coherence tomography (OCT) are both used to monitor glaucoma
progression. However, combining these modalities can be a challenge due to differences in data
types. To overcome this, we have developed an autoencoder data fusion (AEDF) model to learn
compact encoding (AE-fused data) from both perimetry and OCT. The AEDF model, optimized
specifically for visual field (VF) progression detection, incorporates an encoding loss to ensure the
interpretation of the AE-fused data is similar to VF data while capturing key features from OCT
measurements. For model training and evaluation, our study included 2504 longitudinal VF and
OCT tests from 140 glaucoma patients. VF progression was determined from linear regression slopes
of longitudinal mean deviations. Progression detection with AE-fused data was compared to VF-only
data (standard clinical method) as well as data from a Bayesian linear regression (BLR) model. In
the initial 2-year follow-up period, AE-fused data achieved a detection F1 score of 0.60 (95% CI:
0.57 to 0.62), significantly outperforming (p < 0.001) the clinical method (0.45, 95% CI: 0.43 to 0.47)
and the BLR model (0.48, 95% CI: 0.45 to 0.51). The capacity of the AEDF model to generate clinically
interpretable fused data that improves VF progression detection makes it a promising data integration
tool in glaucoma management.

Keywords: autoencoder; data fusion; glaucoma progression; optical coherence tomography; perimetry;
visual field

1. Introduction

Glaucoma is a progressive optic neuropathy characterized by irreversible vision loss
and abnormal thinning of the retinal nerve fiber layer (RNFL) [1]. Visual field (VF) testing,
also known as perimetry, is the primary clinical test for assessing functional vision loss
in glaucoma, while optical coherence tomography (OCT) is the standard imaging tool
for evaluating the structural integrity of the retinal nerve fiber layer. The subjective and
probabilistic nature of VF testing introduces significant variability and can lead to delays in
detecting disease progression [2]. While OCT data, such as peripapillary RNFL thickness, is
less susceptible to subjective errors, recent research underscores the inadequacy of relying
solely on a single modality for glaucoma monitoring [3–5]. This is due to the fact that at
different stages of the disease, glaucoma progression is associated with changes in either
VF or OCT measurements and these changes can be asynchronous [3–5].

Consequently, there is a pressing need to integrate information from VF and OCT
measurements to accurately detect glaucoma progression. However, integration poses
challenges owing to substantial differences in scales, dimensions, and variability between

Bioengineering 2024, 11, 250. https://doi.org/10.3390/bioengineering11030250 https://www.mdpi.com/journal/bioengineering
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data from the two modalities. Clinical perimeters, like the Humphrey Field Analyzer
(Carl Zeiss Meditec, Inc.; Dublin, CA, USA), provide combined functional and structural
reports yet manual interpretation can be subjective and relies heavily on clinical experience.
One potential solution is to use machine-learning techniques as these offer a data-driven
approach without the need to assume fixed relationships between the different data streams.
However, the black-box nature of machine-learning algorithms presents a challenge in
terms of interpretability and explainability, making it difficult for clinicians to trust the
results generated from such algorithms.

With respect to data fusion studies in glaucoma, a number of methods have been
developed to integrate differential light sensitivity (DLS) measurements from VF testing
and RNFL thickness data from OCT. Bizios et al. [6] developed a model to fuse VF and OCT
data based on manually defined rules that consider the spatial correspondence between
functional and structural measurements. The fused data was then used to train an artificial
neural network (ANN) for glaucoma diagnosis. While detecting glaucoma cases with the
fused data outperformed models trained with VF data alone (i.e., using pattern deviation
maps), the complexity of the fused data limits clinical interpretability of the results. Simi-
larly, in a recent study, Song et al. [7] developed a deep-learning ANN model to integrate
global and regional features of VF and OCT measurements. The authors showed that the
accuracy of diagnosing glaucoma using the proposed model surpassed that of single-modal
approaches. However, the difficulty in tracing through the decision-making process of a
deep-learning model can pose challenges in regard to the comprehension of the diagnostic
results. Wu and Medeiros [8] proposed a structure-function index to combine information
from VF and OCT measurements for glaucoma diagnosis. This method first transforms
data from the two testing modalities to the same scale. Subsequently, the transformed
data is combined based on predefined rules taking into consideration the difference in
measurement ranges of the two data types across varying degrees of glaucoma severity.
Although the combined structure-function index exhibited superior diagnostic performance
compared to using data from a single modality alone [8], the reliance on hard-coded rules
for the data transformation and integration may not account for the variability observed
during disease progression. Furthermore, the combined index is challenging to interpret in
terms of the established clinical criteria for glaucoma diagnosis.

The above methods are aimed primarily at improving glaucoma diagnosis, and not
for the detection of VF progression. A tool for monitoring glaucoma progression should
not only indicate whether an eye is deteriorating but also have the capacity to measure
the rate of progression [9–11]. Medeiros et al. [11] developed a Bayesian hierarchical linear
model that combines changes in visual field index measurements from perimetry and
average RNFL thickness data from scanning laser polarimetry. In this method, statistical
parameters that describe rates of change in a cohort of glaucoma patients were used as
the a priori information to estimate subject-specific progression rates. While the method
demonstrated improved performance in detecting progression, the complexity of the
model poses challenges in its interpretability. Russell et al. [12] developed a Bayesian
linear regression (BLR) model that uses changes in the neuroretinal rim area to improve
estimates of VF progression rates. Results from the BLR model are easily interpretable,
and the combined progression rates demonstrated reduced error in predicting future
VF measurements, which can be further used for progression analysis. However, there
are limitations to this approach as the relationship between functional and structural
measurements is likely nonlinear.

Inspired by these earlier studies, the objective of this paper is to develop a method
that fuses structural RNFL thickness data and functional VF measurements to improve
the detection of VF progression. To overcome the nonlinear and changing relationship
between structural and functional deteriorations in different glaucoma stages, we employed
a trainable ANN model rather than a method based on fixed rules. An ANN is well-suited
for describing complex and nonlinear relationships between data sets with substantial
differences in scales, dimensions, and variability. Moreover, as fused data should be
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interpreted in a similar manner to that of data from a standard clinical VF test, we used
an autoencoder (AE) to construct the data fusion model. The AE model facilitates a
compact representation of input data, referred to as an encoding. This encoding retains
essential features required to reconstruct the original input data while removing any
redundancies [13], thus making it a widely used technique for multimodality data fusion
across diverse fields [14–17]. In what we believe is a key and significant contribution to
this area, we introduce an “encoding loss function” to regularize the fused data so that
the encoding has a similar structure to that of the VF test. The fused data can then be
interpreted in the same way that a visual field test is interpreted, taking a crucial step
towards enhancing the clinical interpretability of the machine-learning model’s results,
thereby addressing a key drawback of conventional AE data fusion models. Finally, to
evaluate the efficacy of the AE data fusion (AEDF) model in glaucoma monitoring, we
compared VF progression detection performance using only VF data (the standard clinical
method), data generated by the BLR model, and data generated by the AEDF model.

2. Materials and Methods:
2.1. VF and OCT Data

In this retrospective study, we evaluated 2504 pairs of longitudinal VF and OCT tests of
140 glaucoma patients who had been followed for a minimum of four years at the glaucoma
clinic of the Toronto Western Hospital. Each pair of VF and OCT tests was performed on
the same day. All VF tests were conducted using the Humphrey Field Analyzer with the
24-2 SITA Standard algorithm. Each VF consists of 54 differential light sensitivity thresholds
at discrete locations extending 30 degrees around the central fixation point. The two VF
testing points that are mapped onto the optic nerve head (ONH), i.e., the blind spot, were
not used in this study. The ONH, where retinal ganglion cell axons exit the retina and
converge to form the optic nerve, represents the primary site of structural damage due to
glaucoma. The peripapillary RNFL thickness profile data obtained from OCT encompasses
256 A-scans along a 3.45 mm circle centered at the ONH. This data is typically recorded
as a 256-dimensional vector, with each element representing a thickness measurement of
the RNFL (in µm) at a particular angular position (0 to 360 degrees) around the ONH (see
Figures 1 and 2). All RNFL thickness profile data utilized in this study was acquired using
the Cirrus HD-OCT (Carl Zeiss Meditec, Inc.; Dublin, CA, USA). Only pairs of reliable
VF and OCT tests were analyzed. In line with prior research [8], the reliability criteria for
VF data were false-positive and false-negative rates < 15% and fixation loss rate < 33%.
For OCT data, the reliability criterion was defined as signal strength ≥ 7. Patients with
severe VF defects, i.e., mean deviation (MD) worse than−20 dB on the first test (visit), were
excluded from model training and evaluation, as both VF and OCT changes are notably
affected by the floor effect in measurements of advanced glaucoma [18]. Additionally, OCT
tests containing missing or corrupted RNFL thickness data points were also excluded.

The study received approval from the Research Ethics Board of the University Health
Network, Toronto, Ontario, Canada, and adhered to the tenets of the Declaration of Helsinki.

2.2. Data Fusion Models for Function-Structure Measurements
2.2.1. Autoencoder Data Fusion Model

The AE data fusion (AEDF) model consists of two components: (1) an encoder network
z = f θ(x) parameterized by θ, which maps the input data x ∈ Rdx to a low dimensional
encoding space z ∈ Rdz (dx > dz), where the encoder’s output is referred to as the AE-fused
data, and (2) a decoder network x′ = gφ(z) parameterized by φ, aiming to reconstruct the
input data from the encoding space, such that x′ ∈ Rdx [13]. Here, dx and dz represent the
dimensions of the input and encoding spaces, respectively.
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Figure 1. The overall architecture of the autoencoder (AE) data fusion model. The input to the model
is a vector that includes pointwise differential light sensitivity thresholds from visual field (VF) testing
(52-dimensional vector), retinal nerve fiber layer (RNFL) thickness profile (256-dimensional vector),
and patient’s age at the time of the test (scalar). The encoder network, constructed with a two-hidden
layer multilayer perceptron (MLP) model, processes the input vector and generates a 52-dimensional
encoding vector as the AE-fused data. The decoder network, a symmetrically structured MLP model,
aims to reconstruct the input data from the encoding vector. The reconstruction loss (Lrec) is the mean
squared error (MSE) between the input and output vectors of the AE data fusion model. The encoding
loss (Lenc) is the MSE between the AE-fused data and the measured VF. The training objective is
to minimize the convex combination of the reconstruction loss and the encoding loss, weighted
by a scalar λ.

Given that similar defects in visual field or retinal structure at different ages may lead
to different clinical interpretations, we used the patient’s age at the time of testing, a (where
a ∈ R), as one of the input parameters to the AEDF model. The other input parameters are
the VF pointwise DLS thresholds, denoted as v (where v ∈ R52), and the RNFL thickness
profile, denoted as r (where r ∈ R256). As such, the dimension of the input to the AE
data fusion model, denoted as x = (v, r, a), is dx = 309. Note that in Section 3.5, we
described sensitivity analysis that investigates the contribution of the input parameters to
the detection of VF progression.

In a similar manner, the output of the decoder is expressed as x′ = (v′, r′, a′), where
v′ ∈ R52, r′ ∈ R256, and a′ ∈ R represent the reconstructed VF, RNFL thickness profile, and
patient’s age, respectively. Furthermore, the encoding space has the same dimensionality
as the input VF data, i.e., dz = 52 for the 24-2 pattern, so that the AE-fused data (z) can be
interpreted in the same space as the data from the VF test.

In the training phase, parameters of the encoder and decoder were simultaneously
updated to minimize the reconstruction loss Lrec, which was defined as the mean squared
error (MSE) between the input and reconstructed data (Equation (1)):

Lrec
(

gφ( fθ(x)), x
)
=

1
N ∑N

i=1

(
x′i − xi

)2 (1)
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Here, xi and x′i represent the input and reconstructed vectors of the i-th sample,
respectively, and N is the total number of training examples. Training the AEDF model
by solely minimizing the reconstruction loss, as defined in Equation (1), does not ensure
that the AE-fused data (the output of the encoder) will retain the appearance of standard
VF tests.
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Figure 2. Examples of the autoencoder (AE) data fusion model for eyes with mild (panel A), moderate
(panel B), and severe (panel C) VF defects. In each panel, the three visual field (VF) plots represent
the input VF to the AE data fusion model (left), the AE-fused data (middle), and the reconstructed VF
(right). The right graph in each panel illustrates the input retinal nerve fiber layer thickness (RNFLT)
profile data to the AE data fusion model (blue curve) and the reconstructed RNFLT profile data
(orange curve) from the AE data fusion model. The RNFLT profile data, a 256-dimensional vector, is
visualized as a curve of the RNFLT, where the horizontal axis represents the angular position (0 to
360 degrees) around the optic nerve head (ONH), and the vertical axis represents the RNFL thickness
measurement (in µm). These examples provide visualized representations of the way that the AE
data fusion model dynamically combines results from VF and OCT tests.

To address this challenge, we introduced an encoding loss, in addition to the recon-
struction loss, to the model training. Specifically, the encoding loss function was defined as
the MSE between the encoding and the input VF data, formulated as Lenc =

1
N ∑N

i (zi − vi)
2,
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where zi and vi are the encoding and measured VF data of the i-th sample, respectively.
With the incorporation of the encoding loss, each point in the AE-fused data represents
a modified version of the differential light sensitivity from the input VF, making it inter-
pretable by standard clinical methods for VF progression analysis. Thus, it is unnecessary
to develop new criteria for the AE-fused data to detect progression, as it aligns with existing
standard clinical techniques to analyze VF data.

To this point, the total loss function (L) for the training of the AEDF model was defined
as the convex combination of the reconstruction loss and the encoding loss, formulated as:

L = (1− λ)Lrec + λLenc =
1− λ

N ∑N
i=1

(
x′i − xi

)2
+

λ

N ∑N
i=1(zi − vi)

2 (2)

where λ ∈ [0, 1] is a hyperparameter that controls the strength of regularization from the
encoding loss. As suggested in Equation (2), the reconstruction and encoding losses work
in an adversarial manner, meaning a reduction in one loss results in an increase in the other.
In our experiments, a grid search was performed to determine the λ that leads to the best
performance in the detection of VF progression (optimal λ). The effects of introducing
encoding loss and the selection of λ on the AE-fused data are discussed later.

Figure 1 illustrates the overall architecture of the proposed AEDF model. The en-
coder and decoder networks were constructed using symmetrical structures of multilayer
perceptron models with two hidden layers. Gaussian error linear unit (GELU) activation
function [19] and layer normalization technique [20] were adopted to accelerate conver-
gence in model training. The performance of the AE data fusion model was assessed using
10-fold cross-validation (CV). In each CV fold, the data from the same eye was not used
simultaneously in both training and validation. Meanwhile, the data distribution in terms
of disease severity was held constant across all training and validation sets. All data were
normalized to the range between 0 and 1, based on their corresponding minimum and
maximum values, and were converted back to the original scales for evaluation and visu-
alization. The AE data fusion model was implemented using the deep learning platform
PyTorch v1.13.0 [21] for Python.

2.2.2. Bayesian Linear Regression Model

To serve as a baseline comparison for the AE data fusion model, we implemented a
Bayesian linear regression (BLR) model that combines the progression rates of structural
and functional measurements. This model is based on the work of Russell et al. [12], who
used the linear regression slope of the neuroretinal rim area as a priori information for
the posterior progression rate of VF mean-sensitivity (MS). Since our study involved a
different type of structural data, we utilized the mean RNFL thickness data from OCT
measurements to derive the prior distribution of the progression rate. Additionally, we
measured the MD slope rather than the MS slope to maintain consistency with clinical
methods to detect VF progression. These modifications do not introduce significant changes
to Russell et al.’s work [12], as the MD and MS slopes in our data are comparable in value
(−0.21 ± 0.44 dB/year for MD slope vs. −0.26 ± 0.42 dB/year for MS slope). Moreover,
the RNFL thickness data used to derive the prior was also suggested as a possible extension
in their original study [12].

In general, the posterior progression rate for the BLR model is a weighted average
of the likelihood (functional) and prior (structural) progression rates, with the weights
determined by the variances of the functional and structural measurements so that data
with lower variability receives a higher weight in determining the posterior progression
rate. More details on the BLR model can be found in the Appendix A.

2.3. Performance Evaluation

For performance evaluation, we first implemented a data augmentation strategy by
dividing each longitudinal VF series for each eye (both measured VF and AE-fused data)
into short-term segments using variable-length sliding windows. In this way, long-term
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gradual VF progression was represented by multiple short-term progressions with different
progression rates, thereby enhancing data diversity. Moreover, this segmentation strategy
helped mitigate the influence of nonlinearity in long-term measurements, making the
clinical linear model a better fit for VF progression detection. Note that the nonlinear trend
is commonly associated with the physiological nature of glaucoma and interventions in
management [22,23]. As a result, the evaluation metrics obtained with the segmented data
are likely to be more representative of the real performance in detecting progression.

A sliding window of 4, 5, 6, 7, and 8 years was applied to both the longitudinal
AE-fused data and the measured VF data for each eye to generate increasingly longer data
segments. These segments of measured VF data were used to determine the ground truth
label of progression via the calculation of a linear regression slope of MD. The segments of
AE-fused data were assigned the same ground truth labels as their corresponding measured
VF segments. The criterion for VF progression was defined as the MD deteriorating at a
rate worse than 0.5 dB per year (i.e., MD linear regression slope <−0.5 dB/year), a common
clinical indicator for moderate VF progression [24]. Classification of VF progression was
then conducted based on segments of AE-fused and measured VF data from the 1–3 years
of data in each segment (in 0.5-year intervals). The classification results were compared to
the corresponding ground truth labels to derive the sensitivity, specificity, and F1 score in
classifying VF progression. The F1 score is an evaluation metric that uses a single numerical
measure to describe the classifier’s capacity to correctly identify true positives and avoid
false positives, providing a comprehensive assessment of the performance. The evaluation
metrics are defined as follows:

Sensitivity =
TP

TP + FN

Specificity =
TN

TN + FP

F1 =
2TP

2TP + FP + FN

where TP, TN, FP, and FN represent true positives, true negatives, false positives, and false
negatives in the classification, respectively.

Furthermore, we aggregated metrics obtained with different sliding windows at each
time point, forming the confidence interval for classification performance with longitudinal
VF data of various durations. These aggregated metrics for AE-fused data segments were
compared to those from measured VF segments and to results from the BLR model to assess
the model’s effectiveness in detecting VF progression. In these comparisons, the Wilcoxon
signed-rank tests were used to determine statistical significance. Statistical analyses were
performed with the SciPy library [25] for Python.

3. Results
3.1. Data Characteristics

A total of 2504 pairs of reliable VF and OCT tests from 253 eyes of 140 glaucoma
patients were included in this study. Across all patients, the average age at the first visit
was 63.7 ± 11.8 years (mean ± standard deviation), ranging from 29.7 to 88.5 years. The
average follow-up length was 7.7 ± 1.7 years (range: 4.2 to 10.6 years), with a mean
number of visits of 9.9 ± 3.7. For all eyes, the average mean deviation (MD) in the first
VF test was −3.2 ± 5.8 dB, with a mean progression rate (linear regression slope) of
−0.21 ± 0.44 dB/year. The mean RNLF thickness for the first OCT test was 78.7 ± 14.4 µm,
with an average progression rate of −0.24 ± 0.97 µm/year. Detailed data characteristics of
the cohort are summarized in Table 1.
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Table 1. Data Characteristics.

Measurements Mean
(Standard Deviation)

Median
(Interquartile Range)

Age (years) 63.7 (11.8) 65.7 (56.4 to 71.8)
Follow-up years 7.7 (1.7) 8.1 (6.8 to 8.8)
Number of visits 9.9 (3.7) 10.0 (7.0 to 13.0)

Initial mean deviation 1 (dB) −3.2 (5.8) −1.4 (−4.2 to 0.4)
Initial mRNFLT 2 (µm) 78.7 (14.4) 78.3 (66.9 to 89.8)
MD slope 3 (dB/year) −0.21 (0.44) −0.15 (−0.33 to 0.02)

mRNFLT slope 4 (µm/year) −0.24 (0.97) −0.24 (−0.58 to 0.10)

Note: 1 The mean deviation (MD) in the first visual field testing. 2 The mean retinal nerve fiber layer thickness
(mRNFLT) in the first optical coherence tomograph test. 3 The linear regression slope of the longitudinal MD
measurements in each eye. 4 The linear regression slope of the longitudinal mRNFLT measurements in each eye.

3.2. Autoencoder Data Fusion Model

We first investigated the reconstruction performance of the AE data fusion (AEDF)
model, as it is a crucial factor in determining the model’s ability to represent information
from both VF and OCT tests. Over the 10-fold cross-validation, the AEDF model achieved
an average pointwise mean absolute error (MAE) of 2.0 dB for VF reconstruction in the
testing phase, with a 95% confidence interval (CI) ranging from 1.8 to 2.4 dB. For RNFL
thickness data, the AEDF model had an average reconstruction MAE of 3.6 µm (95% CI:
2.8 to 4.4 µm) in testing. Additionally, the average pointwise MAE between the input VF
data and AE-fused data (representing the encoding loss) was 2.5 dB (95% CI: 2.1 to 2.9 dB).
This high-level reconstruction performance demonstrated the model’s effectiveness in
extracting and integrating representative features from both modalities into the result-
ing fused data. Meanwhile, the relatively low encoding loss indicated that the AE-fused
data maintained good consistency with VF measurements, which assures its clinical inter-
pretability. This will be explained next in more detail.

Figure 2 provides examples of data from the AEDF model for eyes with mild (Figure 2A),
moderate (Figure 2B), and severe (Figure 2C) VF defects. Each example shows the input
data, AE-fused data, and the output reconstructed data, providing visualized represen-
tations of the way that the AE data fusion model combines results from the two testing
modalities. For the eye with mild VF defect (Figure 2A), the RNFL thickness measurements
(the rightmost plot) exhibit notable thinning in the 225◦ to 315◦ region. As such, the mean
RNFL thickness (70.3 µm) falls below the normal range of 75.0 µm to 107.2 µm suggested by
the Cirrus HD-OCT device [26]. This localized RNFL thinning is reflected in the AE-fused
data as a VF defect of more depression in the superior nasal region of the field (the middle
VF plot). It should be noted that the region where the VF loss lies in the AE-fused data
matches the area of RNFL thinning according to the structure-function map [27]. Since
the VF and OCT data describe the same defect, the AE-fused data tend to have a lower
MD (−3.1 dB in the middle VF plot) than the MD of measured VF data (−1.5 dB in the left
VF plot).

In Figure 2B, the measured VF shows a moderate defect with MD of −7.9 dB. In
this field, the defect pattern is a superposition of an actual VF loss in the superior field
and lens rim artifact. Considering that the RNFL thickness in this eye is overall normal
(mRNLFT = 88.9 µm), the impact of lens rim artifacts is removed in the AE-fused data (the
middle VF plot), leading to milder VF loss (MD = −5.7 dB), while maintaining the arcuate
defect pattern in the superior field. Note that the reconstructed VF data (the right VF plot)
maintains good consistency with the measured VF data in terms of the shape and the depth
of the defect (MD = −7.8 dB), showing that the information from the measured VF test has
been embedded into the AE-fused data.

In the advanced glaucoma case shown in Figure 2C, the floor effect dominates the
RNFL thickness measurements, plateauing at the level of around 50 µm (the rightmost
plot). In this case, the resulting AE-fused data (the middle VF plot) is more dependent on

13



Bioengineering 2024, 11, 250

data from VF testing and, correspondingly, shows greater consistency (MD = −13.6 dB)
with the measured VF data (MD = −13.8 dB).

3.3. Detecting VF Progression

As discussed in the Section 2, each long-term VF and OCT data series was divided
into multiple short-term segments to increase the number of cases with progressing and
stable VF series. Using the segmented data, we compared the performance of detecting
VF progression with AE-fused data, measured VF data (clinical data), and data from the
BLR model.

For all three methods, we computed specificity, sensitivity, and F1 scores for VF
progression using data collected over the first two years of the follow-up period in each
segment. The selection of a two-year period was based on the minimum suggested follow-
up duration for reliable estimation of VF progression rate [24]. In the initial 2 year follow-up,
the specificity of detecting VF progression using AE-fused data was 0.70 (95% CI: 0.68 to
0.71), representing a 94% improvement (p < 0.001) over the detection specificity with the
measured VF data (0.36, 95% CI: 0.35 to 0.38) and a 27% improvement (p < 0.001) over the
detection specificity when using data from the BLR model (0.55, 95% CI: 0.54 to 0.57). In
the same period (i.e., the initial 2 years), the sensitivity of detecting VF progression with the
AE-fused data was 0.53 (95% CI: 0.47 to 0.58), outperforming that of the BLR model (0.35,
95% CI: 0.31 to 0.38, p < 0.001) and insignificantly lower than that of using measured VF
data (0.54, 95% CI: 0.51 to 0.58, p = 0.291). When considering both specificity and sensitivity,
the F1 score for VF progression detection with AE-fused data was 0.60 (95% CI: 0.57 to
0.62), surpassing the F1 scores obtained with the measured VF data (0.45, 95% CI: 0.43 to
0.47, p < 0.001) and data from the BLR model (0.48, 95% CI: 0.45 to 0.51, p < 0.001).

Figure 3 shows the performance of VF progression detection (specificity, sensitivity,
and F1 scores) with the three data models at different time points over the initial three years
of the follow-up period. As observed, the F1 scores with the AE-fused data consistently
outperformed those with only VF data (clinical method) or data from the BLR model.
Moreover, the improved performance with AE-fused data was mainly attributed to a
significant increase in the detection specificity compared to the other two methods.
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Figure 3. Specificity (panel A), sensitivity (panel B), and F1 scores (panel C) for the detection of visual
field (VF) progression using data generated by the autoencoder data fusion model (blue), data of VF
measurements (orange), and data from the Bayesian linear regression model (green) at different time
points. The x-axis shows the time point, ranging from 1 to 3 years relative to the first test, in which
the detection (classification) was made. Each point on the curves is the average performance for the
VF time series with various lengths (ranging from 4 to 8 years), with error bars presenting the 95%
confidence intervals. As expected, the overall detection performance, measured by F1 scores, for all
three data models improved when the number of available data points for the detector increased,
i.e., longer time along the x-axis. At different time points, the overall VF progression detection
performance (F1 scores) with AE-fused data consistently outperformed the other two methods.
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For the results presented above, VF progression was defined as a sequence of VFs in
which the MD linear regression slope is worse than −0.5 dB/year. Considering that there
is no consensus on the criteria for VF progression, clinics may adopt different thresholds for
the detection of VF progression. We investigated the robustness of the detection performance
when the criteria for VF progression was either relaxed (MD slope <−0.2 dB/year) or became
stricter (MD slope < −1.0 dB/year).

Table 2 shows a summary of the VF progression detection performance (specificity,
sensitivity, and F1 scores) for AE-fused data, measured VF data, and the BLR model’s
data in the initial 2 years, for the above three criteria for VF progression. Detection with
AE-fused data achieved the highest F1 scores for all three thresholds, demonstrating that
the performance gained by using the AE data fusion model is robust to variation in the VF
progression criteria. Moreover, the performance patterns for the AE-fused data compared
to the other methods were also consistent across different selections of the progression
criteria, i.e., substantial improvement in specificity while keeping sensitivity approximately
the same.

Table 2. Performance of visual field (VF) progression detection with different criteria.

Criteria 1 Metrics AE-Fused Data
2 Measured Data BLR Data

<−0.2 dB/year Specificity 0.67 ± 0.01 0.34 ± 0.01 0.50 ± 0.01
Sensitivity 0.53 ± 0.01 0.56 ± 0.01 0.51 ± 0.02

F1 score 0.62 ± 0.01 0.50 ± 0.01 0.52 ± 0.02

<−0.5 dB/year Specificity 0.70 ± 0.01 0.36 ± 0.01 0.55 ± 0.01
Sensitivity 0.53 ± 0.03 0.54 ± 0.02 0.35 ± 0.02

F1 score 0.60 ± 0.01 0.45 ± 0.01 0.48 ± 0.02

<−1.0 dB/year Specificity 0.70 ± 0.01 0.36 ± 0.02 0.55 ± 0.01
Sensitivity 0.41 ± 0.07 0.49 ± 0.06 0.27 ± 0.04

F1 score 0.50 ± 0.03 0.37 ± 0.02 0.44 ± 0.03

Note: 1 The criteria for visual field (VF) progression are based on the value of mean deviation linear regression
slopes. 2 The three data columns show the performance of detecting VF progression with data from the autoen-
coder data fusion model (AE-fused data), the measured visual field data (Measured data), and the data from
the Bayesian linear regression model (BLR data) in the initial 2 years of the follow-up period, respectively. The
performance metrics are presented in the form of mean ± standard error of the mean.

3.4. Selection of λ in the Loss Function

When training the AE data fusion model, the hyperparameter λ was used to balance
the contributions of the reconstruction and encoding loss terms. We conducted a grid
search for the optimal λ that leads to the best VF progression detection performance by
varying λ from 0 to 1, in steps of 0.1. The result showed that when λ = 0.6 (optimal λ),
the best overall VF progression detection performance can be achieved, with the F1 score
of 0.60.

Figure 4 presents three examples that demonstrate the interaction between recon-
struction and encoding losses with different λ values. When the training objective of the
AE data fusion model was to only minimize reconstruction loss (Figure 4A, λ = 0), the
VF defect pattern and DLS thresholds of the AE-fused data (the middle VF plot) are so
different from the measured VF that the AE-fused data cannot be interpreted in a manner
similar to that of the measured VF data. Note that the MD of the fused data in Figure 4A is
−13.7 dB, whereas the MD of the measured VF is −7.7 dB. Consequently, standard clinical
VF progression detection techniques cannot be used to analyze the AE-fused data when
λ = 0, even though the AE-fused data retains sufficient information from both testing
modalities to reconstruct the input data (low reconstruction errors for both VF and RNFL
thickness data). When the training objective is to minimize the encoding loss without
considering reconstruction loss (Figure 4C, λ = 1), the fused data becomes so akin to the
input VF data that it fails to adequately represent information from the RNFL thickness
measurements. As a result, the detection performance remains the same as that of using
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only measured VF data. When both reconstruction and encoding losses contribute to the
detection performance (Figure 4B, λ = 0.6), the AE-fused data can be interpreted in the
same framework as the measured VF data while incorporating sufficient information from
structural OCT measurements to improve the detection of VF progression.
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Figure 4. Examples of the autoencoder (AE) data fusion model trained with different λ selections
in the loss function. When λ = 0 (panel A), the training objective of the AE data fusion model was
to only minimize reconstruction loss. As such, the AE-fused data (the middle visual field [VF] plot)
are so different from the input/measured VF (the left VF plot) that they cannot be interpreted and
analyzed with clinical methods. When λ = 1 (panel C), the training objective was solely to minimize
the encoding loss without considering reconstruction loss. The AE-fused data (the middle VF plot)
closely resembles the measured VF (the left VF plot) so that it barely contains additional information
from retinal nerve fiber layer thickness measurements. With λ = 0.6 (panel B), both reconstruction
and encoding losses contribute to the training of the AE data fusion model. The AE-fused data can be
interpreted with clinical knowledge in terms of the VF defect pattern and depth while incorporating
sufficient information from both structural and functional tests.

3.5. Sensitivity to Input Parameters

We carried out a sensitivity analysis to examine the contribution of various input
parameters to the performance of VF progression detection. When using both VF and
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RNFL thickness data as the input to train the AE data fusion model, the detection specificity
with the initial two years of AE-fused data significantly outperformed that with measured
VF data alone (0.64 vs. 0.36, p < 0.001). Meanwhile, the detection sensitivity with the
AE-fused data containing both VF and RNFL thickness information showed no substantial
difference from that obtained using measured VF data (0.52 vs. 0.54, p = 0.178). Moreover,
in addition to the VF and RNFL thickness data, when incorporating the patient’s age
information into the AE data fusion model, the detection specificity of the AE-fused data
can be further improved from 0.64 to 0.70 (p < 0.001) while maintaining the sensitivity at
the same level (0.53 vs. 0.52, p = 0.313).

4. Discussion

In this study, we present a method to improve the detection of VF progression by
combining differential light sensitivity data from perimetry and RNFL thickness profile
data from OCT using an autoencoder data fusion (AEDF) model. Unlike previous methods
that rely on statistical or fixed rules for multimodality data integration [6,8,12], the AEDF
model learns the function-structure interrelations in glaucoma from patients’ perimetry
and OCT data. This data-driven approach offers more flexibility and accuracy in describing
nonlinear relationship between structural and functional measurements throughout the
course of glaucoma progression. Moreover, a key contribution of our approach is the
introduction of an encoding loss function that helps structure the fused data similar to the
input VF data, allowing for an easy and intuitive interpretation of the model’s results.

The overall VF progression detection performance (measured by the F1 score) when
using the initial two years of AE-fused data was 33% better than the clinical standard
method of using only VF data (p < 0.001). The improved detection performance was mainly
attributed to a significant increase of 94% in detection specificity. When compared with the
Bayesian linear regression model, VF progression detection sensitivity and specificity with
AE-fused data were enhanced by 51% and 27%, respectively, leading to 25% improvement
(p < 0.001) in the F1 score. Furthermore, the performance improvement with the AE-fused
data is robust to changes in the criteria used to determine VF progression and to the length
of the follow-up period.

The loss function employed in the training of the AE data fusion model comprises
reconstruction and encoding loss terms, with a weight factor (λ) that controls the relative
contributions of the two loss terms. As shown in Figure 4, λ can be used to change the
AE-fused data, i.e., the output of the encoder, by adjusting the effect of structural OCT
measurements on the VF data. With the optimal λ for VF progression detection (λ = 0.6),
the appearance of AE-fused data is similar to that of the measured VF data so that the
AE-fused data can be interpreted and analyzed by standard methods that are used with VF
measurements. At the same time, the combination of reconstruction and encoding losses
through λ assures that the AE-fused data incorporate representative features associated
with structural measurements from OCT (see Figure 2), which contributes to improved VF
progression detection.

The sensitivity analysis in the Section 3 showed that including the patient’s age in
the input of the AEDF model played a role in enhancing detection of VF progression.
This observation aligns with data showing that aging is a major risk factor for glaucoma
progression [28]. For that reason, it can be expected that VF progression detection could
be further improved by incorporating other parameters that are associated with glaucoma
into the AEDF model. Such inputs may include intraocular pressure, cup-to-disc ratio,
fundus images, or macular OCT measurements, etc. This extended multimodality data
integration can be easily realized by expanding the input to the AEDF model to include
these parameters, with minimal adjustments to the model’s structure. For instance, fundus
image data can be incorporated by reshaping the image to a vector and concatenating with
other data types as the input to the AEDF model. Furthermore, by modifying the target of
the encoding loss function, one can adapt the AEDF model for different data interpretation
and analysis purposes. For example, if the encoding loss function in this study was to
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compute the difference between the encoding and RNFL thickness data during model
training, the resulting AE-fused data would be similar in structure to that of the RNFL
thickness data while incorporating features associated with perimetric data. In this case,
the AE-fused data will be analyzed by standard clinical methods for interpreting RNFL
thickness data. Therefore, the unsupervised nature of the AE model and the flexibility in
the design of the encoding loss function can collectively make the AEDF model a promising
candidate for generalized data integration approach in glaucoma management.

It should be noted that to accommodate the relatively low-dimensional space of the
input data in this study (in contrast to image-based data), we designed the encoder and
decoder networks of the AEDF model with a lightweight, simple architecture, i.e., mul-
tilayer perceptron with two hidden layers. This approach enhances the robustness and
generalizability of the model by avoiding the capture of noise or irrelevant features in the
training data, i.e., overfitting, leading to improved performance when applied to unseen
data. For a different task with more complex data inputs, a comprehensive investigation of
the model architecture and the optimal set of weights for the loss function is imperative.
Additionally, in this study, we focused on utilizing the encoder component of the AEDF
model for compacted representations of data from VF and OCT tests. As the AE-fused
data contains sufficient information from both modalities, the decoder component of the
trained AEDF model can be used for simulation purposes, such as generating RNFL thick-
ness profile data based on the corresponding VF measurements. In this case, autoencoder
models that excel in generative tasks, such as variation autoencoder [29] and adversarial
autoencoder [30], may warrant further investigations.

Constructing the AE fused data in a structure that is similar to VF data provides an
intuitive understanding of how OCT data is combined and integrated into perimetric data.
The examples in Figure 2 demonstrate that the AEDF model can dynamically combine
information from VF and OCT tests in glaucoma patients that are at different stages of the
disease. This capacity is particularly important in the context of glaucoma management, as
measurements from functional and structural testing modalities may hold distinct clinical
significance at different stages. It is typically believed that RNFL thickness measurements
are more sensitive to subtle changes in the early stage of glaucoma, while VF measurements
have a broader dynamic range that can better support monitoring glaucoma progression in
moderate-to-advanced cases [3,4]. For the early-to-moderate glaucoma cases, the RNFL
thickness data provides the complementary information to improve the robustness of
VF measurements, e.g., to emphasize the depth of VF defects based on corresponding
structural damage (Figure 2A) or to remove artifacts in VF measurements (Figure 2B).
In advanced glaucoma cases where RNFL thickness data plateaued, the dynamic data
integration ability of the AE data fusion model reduces the impact of overly stabilized
RNFL thickness data on the AE-fused data. In comparison, the BLR model combines
structural and functional progression rates with hard-coded rules that are based only on
the uncertainty of the estimates. For eyes with moderate to severe loss (e.g., Figure 2C),
the posterior VF progression rate of the BLR model is likely underestimated due to low
variability in the plateaued RNFL thickness data. This might explain the lower sensitivity
to detect VF progression with data from the BLR model (Figure 3).

This study has several limitations. One of the main limitations is the absence of
a reliable and generalized definition of VF progression, especially in early or mild pro-
gression. In the study, we coped with this limitation by generating labels based on all
longitudinal VF measurements available for each eye, while performance was assessed
based on detections made using subsets of the longitudinal data. As VF data are subject
to measurements noise, the progression label derived from the entire VF series may be
suboptimal and, hence, may affect the performance evaluation. Furthermore, data used for
model training and evaluation in this study were sourced from a single glaucoma clinic.
As a result, performance evaluation was limited by the number of available longitudinal
VF and OCT data, especially for the progressing cases. Testing with data collected from a
single clinic with similar clinical management strategies, such as follow-up and treatments,
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can also introduce bias in the evaluation of the AEDF model. Future evaluations with
external datasets containing a greater number of longitudinal data would be essential to
comprehensively understanding the generalization of the AEDF model.

5. Conclusions

In this study, we developed an autoencoder data fusion model aimed at learning
compact encoding (the AE-fused data) from functional VF data and structural OCT data.
In the model training, we introduced an encoding loss to ensure that the AE-fused data
can be interpreted in a manner similar to the VF data. Comparisons with the clinical
standard method to detect VF progression and the Bayesian linear regression model that
integrates structure-functional data showed a significant improvement in the specificity of
VF progression detection when using AE-fused data. The unique capability of the AE data
fusion model to generate interpretable fused data holds the potential to improve its clinical
usability. The flexibility of the autoencoder model makes it as a promising candidate for a
generalized data integration model to aid in glaucoma management.
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Appendix A

Bayesian linear regression model:
The Bayesian linear regression (BLR) model is based on the work of Russell et al. [12].

In this study, the mean retinal nerve fiber layer thickness (mRNFLT) data from optical
coherence tomography (OCT), representing the structural changes, were utilized to de-
rive the prior distribution of the progression rates. The mean deviation (MD) data from
visual field (VF) tests, representing functional changes, were used for the likelihood of the
progression rates. Then, the posterior progression rates, i.e., the combination of structural
and functional changes, was derived through a weighted average of the structural and
functional progression rates. Note that the progression rate was represented by the slope of
the linear regression line.

Following Russell et al.’s method [12], before estimating the prior distribution of progres-
sion rates, the mRNFLT data (in µm) in our study were first converted into the same scale
as MD measurements (in dB). This transformation was achieved by fitting a Passing–Bablok
linear regression model [31] to MD and mRNFLT measurements. The resulting linear
model based on our data can be expressed as: MDRNFL = 0.241 ×mRNFLT − 21.310,
where MDRNFL represents the MD value estimated by the corresponding mRNFLT data.
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For computational simplicity, we employed the conjugate prior to derive the posterior
distribution of the progression rate [32]. Specifically, we assumed that MD progression
rates follows Gaussian distribution, denoted as N

(
µ1, σ2

1
)
, where µ1 and σ2

0 are the mean
and variance parameters. Here, both µ1 and σ2

1 were derived by fitting an ordinary least
square linear regression (OLSLR) model to the measured longitudinal MD data for each eye,
where µ1 is the measured slope and σ2

1 is estimated by MSE/Sxx from the OLSLR model.
Specifically, MSE is the mean squared error (or average squared residual) of the OLSLR
model and can be derived from MSE = 1

n−2 ∑n
t=1(yt − ŷt)

2, where yt and ŷt represent the
measured MD value at time t and predicted MD from the OLSLR model at the same time t,
respectively, and n is the total number of MD measurements (visits) in this time series of
MD. Sxx is the sum of squares of x from the OLSLR model and can be calculated through
Sxx = ∑n

t=1(xt − x)2, where xt and x represent the patient’s age at visit t and mean age
over the n visits for this patient, respectively.

When further assuming that σ2
1 is a constant, the structural progression rates (i.e., progres-

sion rates of MDRNFL) follows Gaussian distribution, denoted as N
(
µ0, σ2

0
)
, where µ0 and

σ2
0 are the mean and variance parameters of the prior distribution. Likewise, µ0 and σ2

0
can be derived by fitting an OLSLR model to the longitudinal MDRNFL data for the same
eye, following the same method elaborated above. Therefore, the posterior distribution of
progression rate also follows Gaussian distribution, denoted as N

(
µ, σ2). The parameter µ

of the posterior distribution represents estimated progression rate that combines changes
in both structural and functional measurements. It can be analytically derived from a
weighted average of the functional progression rate (µ1) and the structural progression rate
(µ0), with the weights determined by the variances of these progression rate distributions
(Equation (A1)).

µ =
σ2

0
σ2

0 + σ2
1

µ1 +
σ2

1
σ2

0 + σ2
1

µ0 (A1)

In other words, whether functional or structural changes, the distribution with the
lower variance receives a higher weight in determining the posterior progression rate.
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Abstract: A longitudinal ophthalmic dataset was used to investigate multi-modal machine learning
(ML) models incorporating patient demographics and history, clinical measurements, optical coher-
ence tomography (OCT), and visual field (VF) testing in predicting glaucoma surgical interventions.
The cohort included 369 patients who underwent glaucoma surgery and 592 patients who did not
undergo surgery. The data types used for prediction included patient demographics, history of
systemic conditions, medication history, ophthalmic measurements, 24-2 VF results, and thickness
measurements from OCT imaging. The ML models were trained to predict surgical interventions
and evaluated on independent data collected at a separate study site. The models were evaluated
based on their ability to predict surgeries at varying lengths of time prior to surgical intervention.
The highest performing predictions achieved an AUC of 0.93, 0.92, and 0.93 in predicting surgical
intervention at 1 year, 2 years, and 3 years, respectively. The models were also able to achieve high
sensitivity (0.89, 0.77, 0.86 at 1, 2, and 3 years, respectively) and specificity (0.85, 0.90, and 0.91 at
1, 2, and 3 years, respectively) at an 0.80 level of precision. The multi-modal models trained on a
combination of data types predicted surgical interventions with high accuracy up to three years prior
to surgery and could provide an important tool to predict the need for glaucoma intervention.

Keywords: glaucoma; glaucoma progression; glaucoma surgery; OCT; visual field; machine learning;
deep learning

1. Introduction

Glaucoma is characterized by a progressive loss of vision and is the leading cause of
irreversible blindness in the world [1]. Lowering intraocular pressure (IOP) is the only
currently known effective way to slow disease progression, and available treatments focus
on lowering IOP through medications, laser therapies, and/or surgical intervention [2–4].
However, it is difficult or impossible to predict the rate of glaucoma progression or identify
which patients will require surgical intervention to prevent blindness [5]. The identification
of patients with a high risk of progression will help to reduce the risk of vision loss and
preserve patients’ quality of life.

Advances in artificial intelligence (AI) and machine learning (ML) over the past several
years have provided tools that may help to address this need. AI-based approaches have
had a large impact on many different prediction tasks across nearly all fields of medicine
as well as numerous applications in ophthalmology and glaucoma [6–9]. Glaucoma care
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is data- and imaging-intensive. The current standard of care includes the collection of
ophthalmic and systemic measurements, fundus and optical coherence tomography (OCT)
imaging to assess the retinal structure, and visual field (VF) testing to evaluate visual
function [10]. These sources of data have been exploited to build tools for glaucoma-related
prediction tasks. Our group and others have employed AI techniques to detect disease,
segment OCT images, and predict functions from structures, among other tasks [11–16].
These approaches, however, have largely relied on models that use a single data type.
Multi-modal approaches that integrate the different types of data collected as part of
routine clinical glaucoma management may improve the ability to identify glaucoma
predictions. Moreover, they may address unmet needs, such as forecasting the need for
surgical intervention in glaucoma.

There is increasing interest in multi-modal models that incorporate data types from
multiple different sources into a single predictive model [17]. In the case of glaucoma
predictions, potentially informative data sources can include not only ophthalmic measure-
ments, OCT imaging, and VF testing but also patient demographics, medical history, and
data regarding systemic conditions and medications [18,19]. The current study investigates
the use of multi-modal models that incorporate each of these data types to predict the need
for surgical intervention in varying time windows up to 3 years pre-intervention.

2. Materials and Methods
2.1. Datasets

The primary dataset was collected from a cohort of glaucoma participants recruited as
part of two longitudinal glaucoma studies: the Diagnostic Innovations in Glaucoma Study
(DIGS, clinicaltrials.gov identifier: NCT00221897) and the African Descent and Glaucoma
Evaluation Study (ADAGES, clinicaltrials.gov identifier: NCT00221923) [20]. ADAGES
is an ongoing, multicenter collaboration between four primary academic medical centers
with high-volume glaucoma clinics and one high-volume private practice (delineated in
this study as sites one through five for the purpose of preserving patient privacy). Details
of the study design for these studies have been described previously [20]. In short, all
participants provided written informed consent, and the institutional review boards at all
sites approved the study methods. All methods adhere to the tenets of the Declaration of
Helsinki and to the Health Insurance Portability and Accountability Act. Inclusion in the
DIGS/ADAGES glaucoma cohorts required participants to meet the following criteria at
study entry: 20/40 or better best corrected Snellen visual acuity and at least two consecutive
reliable standard automated perimetry VF tests. For this analysis, glaucoma was defined as
eyes having repeated abnormal VF results.

All clinical, demographic, VF testing, and OCT imaging data were stored in UCSD’s
HIPAA-compliant Amazon Web Services (AWS)-based data management and analysis
system, iDARE (intelligent Design for AI-Readiness in Eye Research).

2.2. Patient Exams and Interviews

An ophthalmological exam was completed at each study visit, which included mea-
surements of IOP, central corneal thickness (CCT), spherical equivalent (SE), and axial
length (AL). Patient interviews were also conducted to collect self-reported demographic
information (age, sex, race, and ethnicity), systemic medical conditions, history of non-
ocular medications, and history of ocular medications and interventions. Medications
were mapped to the anatomical therapeutic chemical (ATC) drug classification defined by
the World Health Organization using RxNav [21,22]. Complete details on the ADAGES
examination and interview procedures have been described previously [20]. Both medical
record data and self-reported history of interventions were used as the basis for the surgery
ground truth used in the model’s training and testing. Self-reported data were used because
clinical records were not available for some of the patients in the DIGS/ADAGES cohorts
considered here.
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2.3. OCT Imaging

OCT imaging consisted of Spectralis (Heidelberg Engineering GmbH, Heidelberg,
Germany) circle scans containing single B-scans comprised of 1536 A-scans, each captured
in a circular region surrounding the optic nerve head (ONH). The retinal nerve fiber
layer (RNFL) was segmented using built-in software provided by the device manufacturer.
The segmentation resulted in global and sectoral mean RNFL thickness measurements.
The mean RNFL included global, temporal, temporal-superior, temporal-inferior, nasal,
nasal-superior, and nasal-inferior. The OCT images and segmentations were evaluated
for quality by the UC San Diego Imaging Data Evaluation and Analysis (IDEA) Reading
Center according to standard protocols [20]. The OCT images with poor signal quality,
imaging artifacts, and/or segmentation errors that could not be manually corrected were
excluded from further analysis.

2.4. Visual Field Testing

VF testing consisted of 24-2 testing using the Swedish interactive thresholding al-
gorithm (SITA standard, Humphrey Field Analyzer II; Carl Zeiss Meditec, Inc., Jena,
Germany). VF results with more than 33% fixation losses, 33% false-negative errors, or 33%
false-positive errors were excluded. The VF results were processed and evaluated to assess
their quality according to standard protocols by the University of California San Diego
Visual Field Assessment Center [20]. For inclusion in the models, the mean deviation (MD),
pattern standard deviation (PSD), visual field index (VFI), and individual test point pattern
deviation (PD) measurements were extracted.

2.5. Multi-Modal Models

The model input was constructed by combining the data sources described above
into a final set of inputs. This set consisted of patient demographics (age, sex, and race),
systemic medical conditions (e.g., hypertension, diabetes, and cancer), history of non-ocular
and ocular medications, ophthalmic measurements (IOP, CCT, SE, and AL) along with 24-2
VF results (MD, PSD, VFI, and individual test point PD), and RNFL measurements (mean
global and sectoral thickness). A complete list of model inputs and outputs is provided
in the supplementary materials (Table S1 in Supplementary Materials). For this analysis,
the model input consisted of quantitative (e.g., RNFL thickness, VF MD, age, IOP, etc.),
categorical (e.g., self-reported race), and binary (e.g., gender and presence of systemic
conditions) variables derived from the multiple modalities described above. Eyes missing
VF, OCT, and IOP data were excluded from the final datasets in our study. The primary
outcome of interest was whether the patients progressed to requiring glaucoma surgical
intervention. The ground truth labels for the outcome (glaucoma surgery or no surgery)
were identified based on the self-reported data collected during the patients’ exams. For this
analysis, any patients with incisional, laser, or minimally invasive glaucoma surgery (MIGS)
procedures were included in the surgery group, as these procedures would still typically
represent advancing disease. This is also consistent with the methodology employed in
prior studies examining glaucoma surgery as a proxy for disease progression [13,14,18].
Figure 1 provides surgery and non-surgery examples.

The longitudinal aspect of our dataset was used to simulate predicting surgeries at
various lengths of time in the future. To this end, we defined a time horizon for our models.
The time horizon represents the period of time prior to the surgery date during which no
data is used as input to the model for training or testing. This is important for establishing
applicability to future deployments of these models in real-world clinical environments. For
example, as a clinician, one may want to understand a specific patient’s risk of progressing
to needing surgery within the next year. With this framework in mind, when training
models with existing data, it would not be sensible to include all data leading up to surgery.
Therefore, a model with a time horizon of 12 months would be trained and tested only on
input data that was collected at least 12 months prior to the surgery date.
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Figure 1. Example of a patient who progressed to needing glaucoma surgery and (A) another patient
who did not end up needing surgery. (B) Patient demographics, medication history, visual field
results, and optic nerve head circle scans.

To quantify how the accuracy of our models changed as we predicted surgeries at
various lengths of time in the future, we trained and evaluated models on several time
horizons, including 3 months, 1 year, 2 years, and 3 years. For each patient who did not
progress to surgery, one study visit was randomly selected as a “pseudo surgery” date (to
establish an analogous observation period) and was used to identify the data eligible for
each time horizon. The actual input data to the models consisted of a single measurement
for each feature selected from the most recently collected eligible data (based on the time
horizon).

Several different model types were evaluated, including logistic regression, random
forests, gradient-boosting machines (GBMs), gradient-boosted decision trees (XGBoost),
and custom deep neural networks (DNNs) [23–26]. In all cases, the model parameters were
selected via empirical testing on the training data.

2.6. Model Evaluation

The data were partitioned into training and testing datasets by selecting data collected
at most sites to serve as a training/validation dataset (sites one to four) and one study site
(site five) to serve as an external test dataset. This approach ensured that the testing data
was collected from an independent, geographically separated population. The training
dataset was further split (90/10, according to participant) into training and validation
subsets. Models of different types with a range of parameters were trained on the training
subset and evaluated on the validation subset. The model type with the best overall
performance on the validation subset was selected for evaluation on the testing dataset.
The models were evaluated using the area under the receiver operating characteristic
(AUC) and precision-recall curves, as well as precision, sensitivity, and specificity. Using
these metrics, the models were evaluated on the entire testing dataset and on the subsets
stratified by age, self-reported race, and disease severity to estimate the impact of these
factors on the model’s performance. When evaluating the models, we aimed to optimize
the precision (also known as the positive predictive value), which is the proportion of
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patients who actually progressed to glaucoma surgery among those who were predicted
to progress. This was in line with the primary goal of the future clinical deployment of
this model. Subsequently, decision thresholds were tuned so that each model achieved a
precision score of at least 0.80 while also maximizing the sensitivity. We then also evaluated
how the model performance metrics varied at various thresholds for precision (from 0.75
to 0.95 in 0.05 increments).

To enhance model explainability, the decision-making process employed by the best-
performing model was explored using Shapley additive explanations (SHAPs) [27]. SHAP
is a game theory-based approach to measure the impact of input features on model output.
Using this approach, we quantified the contribution of each input to predictions regarding
the need for glaucoma surgery.

3. Results

A summary of the surgery and non-surgery cohorts used to train and test the models
to predict glaucoma surgical intervention is provided in Table 1. In both the training and
testing data, the surgery group was, on average older (68.4 years vs. 63.2 years in the
training data, p < 0.001), had worse 24-2 MD (−7.17 dB vs. −1.40 dB in the training data,
p < 0.001), and had a larger proportion of Black/African American patients (51.8% vs. 41.3%
in the training data, p < 0.001).

Table 1. A summary of the testing and training datasets. The training data consisted of data collected
at sites one through four, while site five data was held out as an independent testing dataset.

Training Testing

Glaucoma Surgery No Surgery Glaucoma Surgery No Surgery

Participants/eyes (n, %) 419/610 (45.8%) 496/830 (54.2%) 137/178 (51.9%) 127/221 (48.1%)

Age (years, 95% CI) 68.4 (67.5–69.4) 63.2 (62.3–64.2) 66.3 (64.5–68.0) 59.8 (58.0–61.6)

24-2 MD (dB, 95% CI) −7.17 (−7.70–−6.63) −1.40 (−1.85–−0.94) −8.39 (−9.74–−7.05) −1.19 (−2.18–−0.20)

Mean RNFL thickness (µm, 95% CI) 75.2 (72.2–78.1) 86.6 (84.8–88.3) 73.3 (68.1–78.5) 84.4 (79.6–89.2)

Sex (n, % female) 217 (51.8%) 306 (61.7%) 91 (66.4%) 71 (55.9%)

Self-reported race (n, %)
Black/African American 217 (51.8%) 205 (41.3%) 90 (65.7%) 67 (52.8%)
White 194 (46.3%) 253 (51.0%) 47 (34.3%) 60 (47.2%)
Other/not reported 8 (1.9%) 38 (7.7%) 0 (0.0%) 0 (0.0%)

Surgery type
Incisional 170 (27.9%) - 67 (37.6%) -
MIGS 1 (0.2%) - 6 (3.4%) -
Laser 439 (72.0%) - 105 (59.0%) -
None 0 (0.0%) 830 (100.0%) 0 (0.0%) 221 (100.0%)

The best-performing surgical intervention prediction model was a GBM. It achieved
an AUC (95% CI) of 0.94 (0.91–0.96) at the 3-month time horizon, incorporating all available
data preceding surgery, 0.93 (0.90–0.95) at 1 year prior to surgery, 0.92 (0.89–0.95) at 2 years
prior to surgery, and 0.93 (0.89–0.97) at 3 years prior to surgery. The decision thresholds were
tuned so that each model achieved a precision score of at least 0.80 while also maximizing
the sensitivity. For models with the 0.80 precision threshold, the specificity increased with
longer time horizons (0.81, 0.85, 0.90, and 0.91 at 3 months, 1 year, 2 years, and 3 years,
respectively), while sensitivity/recall was at a maximum at 3 months (0.93, 0.89, 0.77, and
0.86 at 3 months, 1 year, 2 years, and 3 years, respectively). The full results for this model
are shown in Table 2 and illustrated as ROCs and precision-recall curves in Figure 2. The
results for all the models are summarized in Table S2 in Supplementary Materials.

The best-performing model (GBM) was also evaluated as a function of disease severity,
age, and self-reported race using stratified analyses (Table 3). Comparing patients with 24-2
MD > −6.0 dB to those ≤−6.0 dB, the model achieved AUCs of 0.89 vs. 0.88 at 3 months,
0.90 vs. 0.78 at 1 year, 0.87 vs. 0.86 at 2 years, and 0.88 vs. 0.96 at 3 years. With respect
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to age, the model had similar AUCs for patients below and above 60 years old at all time
horizons (AUCs of 0.94 vs. 0.93 at 3 months, 0.93 vs. 0.91 at 1 year, 0.92 vs. 0.92 at 2 years,
and 0.94 vs. 0.92 at 3 years). With respect to self-reported race, only the Black/African
American and White groups had sufficient patients to perform the analyses. Similar model
performance was found in Black/African American vs. White patients; the AUCs were
0.93 vs. 0.94 at 3 months, 0.91 vs. 0.94 at 1 year, 0.92 vs. 0.94 at 2 years, and 0.94 vs. 0.93 at
3 years. Of note, no statistically significant differences at the 0.05 level were observed in the
model performance according to disease severity, age, or race.

The SHAP analysis of the model predictions revealed the features with the greatest
impact on the predictions at each time horizon (Figure 3). Some particularly impactful
features were common among all the time horizons (age, gender, self-reported race, AL,
CCT, IOP, MD, VFI, and PSD). At shorter time horizons, the RNFL measurements were
more important. At longer time horizons, the list of the most impactful features was
dominated by the VF measurements. The self-reported patient conditions and medications
did not appear among the most impactful features.

Table 2. Performance of the best-performing model (GBM) in predicting glaucoma surgical in-
terventions at time horizons up to 3 years. The models used patient demographics, ophthalmic
measurements, VF results, OCT measurements, and self-reported history of systemic conditions and
medications to predict surgical interventions. Multiple tuning thresholds were used for evaluating
the model performance metrics at varying levels of precision.

Precision at Time Horizons AUC Precision Recall/Sensitivity Specificity

3 months

0.94 (0.91–0.96)

0.75 precision 0.75 (0.71–0.79) 0.94 (0.91–0.98) 0.75 (0.69–0.80)

0.80 precision 0.80 (0.76–0.85) 0.93 (0.89–0.96) 0.81 (0.76–0.86)

0.85 precision 0.85 (0.80–0.90) 0.83 (0.78–0.88) 0.88 (0.84–0.92)

0.90 precision 0.90 (0.85–0.95) 0.68 (0.61–0.75) 0.94 (0.91–0.97)

0.95 precision 0.95 (0.91–0.99) 0.56 (0.49–0.63) 0.98 (0.96–1.00)

1 year

0.93 (0.90–0.95)

0.75 precision 0.75 (0.71–0.80) 0.95 (0.91–0.98) 0.79 (0.73–0.84)

0.80 precision 0.80 (0.75–0.85) 0.89 (0.84–0.93) 0.85 (0.80–0.90)

0.85 precision 0.85 (0.80–0.91) 0.66 (0.59–0.74) 0.92 (0.89–0.95)

0.90 precision 0.91 (0.84–0.97) 0.45 (0.37–0.53) 0.97 (0.94–0.99)

0.95 precision 0.96 (0.89–1.00) 0.30 (0.22–0.38) 0.99 (0.98–1.00)

2 years

0.92 (0.89–0.95)

0.75 precision 0.75 (0.70–0.82) 0.86 (0.79–0.92) 0.85 (0.80–0.90)

0.80 precision 0.80 (0.74–0.86) 0.77 (0.69–0.85) 0.90 (0.86–0.94)

0.85 precision 0.85 (0.78–0.91) 0.70 (0.61–0.78) 0.94 (0.90–0.97)

0.90 precision 0.90 (0.84–0.97) 0.58 (0.48–0.67) 0.97 (0.94–0.99)

0.95 precision 0.96 (0.90–1.00) 0.39 (0.30–0.47) 0.99 (0.98–1.00)

3 years

0.93 (0.89–0.97)

0.75 precision 0.75 (0.69–0.82) 0.90 (0.83–0.95) 0.87 (0.82–0.92)

0.80 precision 0.80 (0.74–0.88) 0.86 (0.79–0.93) 0.91 (0.87–0.94)

0.85 precision 0.85 (0.78–0.92) 0.75 (0.66–0.83) 0.94 (0.91–0.97)

0.90 precision 0.90 (0.84–0.97) 0.67 (0.58–0.77) 0.97 (0.94–0.99)

0.95 precision 0.97 (0.90–1.00) 0.33 (0.23–0.43) 0.99 (0.99–1.00)
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Table 3. AUC of the best-performing model (GBM) stratified by age, self-reported race, and glaucoma
severity at each time horizon.

3 Months 1 Year 2 Years 3 Years

Glaucoma severity
MD > −6.0 dB (n = 153) 0.89 (0.84–0.93) 0.90 (0.86–0.94) 0.87 (0.79–0.92) 0.88 (0.79–0.94)
MD ≤ −6.0 dB (n = 50) 0.88 (0.72–0.97) 0.78 (0.58–0.92) 0.86 (0.70–0.96) 0.96 (0.84–1.00)

Age
>60 years (n = 113) 0.93 (0.88–0.96) 0.91 (0.86–0.95) 0.92 (0.86–0.96) 0.92 (0.86–0.96)
≤60 years (n = 107) 0.94 (0.89–0.97) 0.93 (0.89–0.96) 0.92 (0.85–0.96) 0.94 (0.87–0.99)

Self-reported race
Black/African American (n = 134) 0.93 (0.89–0.96) 0.91 (0.87–0.95) 0.92 (0.86–0.96) 0.94 (0.88–0.97)
White (n = 86) 0.94 (0.90–0.97) 0.94 (0.90–0.97) 0.94 (0.88–0.97) 0.93 (0.85–0.98)
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Figure 3. Shapley analysis of the features associated with the greatest impact on predictions for the
best-performing model trained with all data leading to surgery. (A) The best-performing model
trained with data up to 1 year prior to surgery, (B) up to 2 years prior to surgery, and (C) up to 3 years
prior to surgery. (D) In these plots, each point corresponds to a single patient, and the color (blue to
pink) indicates the normalized value of the indicated feature for that patient. The x-axis represents
the SHAP value (the contribution of the indicated feature to the model prediction for each patient).
The positive values pushed the model toward a surgery prediction, while the negative values pushed
the model toward a non-surgery prediction. The features with all points clustered near zero had
relatively little impact on the model decisions, while the features with higher SHAP values had a
larger impact.

4. Discussion
4.1. Model Performance

In this study, we developed ML models that achieved high accuracy in predicting
surgical intervention in glaucoma up to 3 years prior to the intervention. Even at 3 years
prior to surgery (meaning no data were used within 3 years preceding the surgical inter-
vention for training the model), the model achieved a high AUC (0.93) and sensitivity
(0.86) as well as high specificity (0.91) and precision (0.80). Accurate methods to identify
patients who are at high risk of progression and need glaucoma interventions, like those
presented here, are a critical need in glaucoma. For patients, the early identification of risk
may help to inform downstream interventions that can preserve vision and quality of life.
For clinicians, forecasting patients who are at a high risk of glaucoma progression can help
to inform which patients need closer monitoring and enable more efficient allocation of
limited clinical time and resources.

Models were evaluated at several time horizons (i.e., predictions at different time
periods prior to an intervention) spanning from 3 months up to 3 years prior to the surgery
date. This is clinically relevant, as we plan to implement these models for point-of-care
decision support in a prospective fashion. Clinicians would be interested in predicting a
specific patient’s risk of requiring glaucoma surgery in the future and would be limited to
whatever data may be currently available to them. Thus, while developing these models
with retrospective data, we decided to censor data preceding surgery of varying lengths to
simulate the prospective clinical implementation scenario. Developing models to predict
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the risk of progression to surgery up to 3 years in advance represents an improvement over
prior studies that have examined shorter time windows for prediction, such as 6 months [13].
Compared to 3 months, longer time horizons performed better than expected. While the
3-month predictions did achieve the highest sensitivity, it was comparable to or worse
than the other time horizons with respect to the AUC, precision, and specificity. Part of
the similarity in performance across time horizons may be due to the availability of data
during the corresponding time periods. Different time horizon models were restricted
in what data they had access to, but the restrictions only limited model access to data
nearer to surgery. Shorter horizon models did have access to older data and could use it if
newer measurements were not available. For instance, the 1-year model could not use any
time collected within the year prior to surgery but could use older data if needed. For a
specified patient, if all the data for a particular measurement had been collected more than
3 years prior to surgery, all the time horizon models would have access to that data. In
addition, some variables are stable over time and would be the same for all time horizons
(e.g., some patient demographics). This means that, in some cases, models at different time
horizons were relying on similar input to identify their predictions, possibly leading to
greater-than-expected similarity.

In estimating the performance of the models, we relied on the multi-center data
collected in the DIGS/ADAGES dataset. Patient recruitment and data collection were
performed at five geographically separated locations across the U.S. from demographically
diverse populations. This provided the opportunity to withhold data from one study site to
use as an independent test set to better estimate the generalizability of the models. The lack
of external validation or test datasets is a commonly known challenge in the reproducibility
of AI/ML models, so the evaluation of model performance in a completely independent
set of patients is an important advancement over some prior clinical prediction models
that largely relied on internal validation alone [28–30]. The diversity of our datasets also
allowed for estimates of model performance across patient subgroups using stratified
analyses based on disease severity, age, and self-reported race. There were some differences
in model performance based on severity. The model performed better in patients with
MD > −6.0 dB at 1 year and better in patients with MD ≤ −6.0 dB at 3 years, although
these differences were not statistically significant. With respect to age and self-reported
race, the models performed comparably at all the time horizons in both the over and under
60 years patient groups and the Black/African American and White patient groups. This
is an important finding, as several recent studies have found other clinical AI models
demonstrating inferior performance in minority populations, potentially creating a source
of algorithmic bias with the potential to exacerbate existing health disparities [31–33]. Given
that Blacks carry a disproportionate burden of glaucoma and face existing disparities in
care, the high performance of our models in this population is important in the context of
health equity [34,35]. Regardless of the stratified group, the model AUC remained high
(≥0.88, with the most substantially higher), suggesting that the models could maintain
performance across a wide variety of patient subgroups. The validation of these models in
additional datasets, especially in real-world clinical data from diverse patient populations,
is a critical next step toward deploying these models for clinical use.

4.2. Feature Importance

The Shapley analysis that was used to interrogate model decision-making may help ex-
plain the model performance at different time horizons. The incorporation of this analysis is
also helpful for enhancing the explainability of the models, which is important considering
that ML models have frequently been criticized for their “black box” nature [36]. Across all
time horizons, several features had a moderate-to-large impact on the model predictions,
including age, gender, self-reported race, axial length, CCT, IOP, MD, VFI, and PSD. Model
reliance on the features that were relatively stable in impact across the time horizons may
help to explain the similarity in performance at different time horizons. Other features,
however, had large jumps in their impact at later time horizons. In particular, the impact of
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OCT-based RNFL thickness measurements had a larger impact during shorter time hori-
zons. At longer time horizons, the relative importance of RNFL measurements decreased
compared to the other features. Given the ubiquity of OCT in glaucoma management,
this decrease in informativity at longer time horizons warrants further study. Overall, the
Shapley analysis provided information about relative feature importance that coincided
with known clinical features of glaucoma, instilling confidence in the models.

4.3. Limitations and Future Directions

There are limitations to the current study. First, there are differences in the rates of sur-
gical interventions across clinicians and departments that could impact model performance.
Across the three sites with the largest number of patients, the rates of glaucoma surgery
cases were 24.7% (site one), 53.6% (site two), and 40.0% (site five). These are comparable to
prior studies from both academic medical centers and nationwide cohorts such as the All of
Us Research Program and the IRIS registry, which also demonstrate a high level of variabil-
ity in the rates of glaucoma surgery [13,14,37,38]. The range of rates could be the results of
differences in the patient populations, differences in decision-making regarding glaucoma
interventions and local practice variations, patients refusing or postponing surgery, or a
combination of these factors. Incorporating training and testing data from additional sites
could help in training and evaluating models that are more robust to these differences.
This additional data could also be useful in evaluating model performance across types
of surgical interventions (laser, incisional, and MIGS). The current dataset has a limited
number of subtypes (especially MIGS), limiting our ability to evaluate performance across
subtypes. In addition, we limited our analyses to patients with available VF, OCT, and
IOP data. However, missing data is often an issue in real-world clinical settings and may
limit the applicability of our models to those settings. Future work will include developing
models that can handle missingness without a large loss of performance, as this is an
important consideration for clinical adoption [39]. Finally, the surgery ground truth was
based on both the clinical record and self-reported data because clinical records were not
available for many patients in the cohort. While this approach allowed us to include a
larger number of patients in the analysis, there could be issues with accuracy in patient
self-reporting. Future work will incorporate data from clinical records to determine surgical
intervention ground truth.

There are several possible future directions to build on the current study, which include
(1) incorporating raw OCT and fundus photography data into models, (2) extending
the current methods to better take advantage of longitudinal data, and (3) working to
incorporate models into clinical workflows. The models reported in the current study
only used summary metrics (mean RNFL thickness values) and did not take advantage
of the information represented by the raw OCT image data. Incorporating this data (as
well as fundus photos) could help to improve performance even further. Additionally,
the current study identified predictions largely based on measurements collected at single
visits. Extending our methods to use serial data from clinical, imaging, and VF testing visits
could also improve accuracy or extend the timespan of surgical intervention prediction.
A variety of machine and deep learning methods exist (e.g., recurrent neural networks,
transformers, etc.) that explicitly model the longitudinal aspects of our datasets [40,41].
Our longer-term goal is to incorporate these predictive models into clinical settings so
that they can be utilized at the point of care to help identify high-risk patients and inform
downstream impacts on patient care. To this end, future work will also focus on validating
methods in real-world clinical data and developing computational infrastructure to provide
clinicians with real-time predictions to support their clinical decision-making.

5. Conclusions

In summary, our ML estimates achieved high accuracy in predicting surgical inter-
ventions in glaucoma up to 3 years in advance. The model accuracy was consistently high
across age and racial subgroups in the test dataset. These results show that multi-modal ML
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approaches can achieve high accuracy in a critical glaucoma prediction task and suggest
the potential for a large impact on patient care.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bioengineering11020140/s1, Table S1: Summary of all model
input features and output in predicting surgical intervention; Table S2: Performance of all models in
predicting surgical interventions at time horizons up to 3 years.
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Abstract: Glaucomatous optic neuropathy (GON) can be diagnosed and monitored using fundus
photography, a widely available and low-cost approach already adopted for automated screening of
ophthalmic diseases such as diabetic retinopathy. Despite this, the lack of validated early screening
approaches remains a major obstacle in the prevention of glaucoma-related blindness. Deep learning
models have gained significant interest as potential solutions, as these models offer objective and high-
throughput methods for processing image-based medical data. While convolutional neural networks
(CNN) have been widely utilized for these purposes, more recent advances in the application of
Transformer architectures have led to new models, including Vision Transformer (ViT,) that have
shown promise in many domains of image analysis. However, previous comparisons of these two
architectures have not sufficiently compared models side-by-side with more than a single dataset,
making it unclear which model is more generalizable or performs better in different clinical contexts.
Our purpose is to investigate comparable ViT and CNN models tasked with GON detection from
fundus photos and highlight their respective strengths and weaknesses. We train CNN and ViT
models on six unrelated, publicly available databases and compare their performance using well-
established statistics including AUC, sensitivity, and specificity. Our results indicate that ViT models
often show superior performance when compared with a similarly trained CNN model, particularly
when non-glaucomatous images are over-represented in a given dataset. We discuss the clinical
implications of these findings and suggest that ViT can further the development of accurate and
scalable GON detection for this leading cause of irreversible blindness worldwide.

Keywords: glaucoma; deep learning; vision transformer; fundus photography

1. Introduction

Glaucoma is a group of chronic, progressive optic neuropathies are a leading cause
of vision loss worldwide [1]. Primary open-angle glaucoma (POAG) is the most common
type of glaucoma, with cases estimated to rise from 2.7 million in 2011 to 7.3 million by
2050 in the United States alone [2]. While most often associated with increased intraoc-
ular pressure (IOP), the disease process can also occur with normal or low IOP and is
often referred to as the “silent thief of sight” because it typically progresses slowly and
without noticeable symptoms in its early stages. Thus, early detection, close monitoring,
and timely interventions are key to preserving vision in glaucoma patients, especially
among minority populations such as Hispanics/Latinos and African Americans, who are
disproportionately affected relative to non-Hispanic Whites [3]. However, currently the
United States Preventive Services Task Force (USPSTF) does not recommend screening for
primary open-angle glaucoma in asymptomatic adults 40 years or older. In their updated
2022 review, the USPSTF cited the need for targeted screening among high-risk populations
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(such as individuals with a family history of glaucoma or from disproportionately affected
minority groups), optimizing contemporary screening approaches and modalities to im-
prove both efficiency and cost-effectiveness, and clinical trials demonstrating the utility of
such screening approaches in vision-related patient outcomes [4].

Deep learning-aided diagnostic interpretation has received significant interest for its
potential to improve the accuracy of diagnosing glaucoma and deliver high-throughput
screening tools optimized for early diagnosis in at-risk patients [5]. Glaucoma diagnosis
often requires complex medical imaging of the optic nerve and retina in a specialist setting,
and even then, is subject to inter-observer variability. Deep learning models have the
potential to detect subtle structural changes missed by the eye, provide consistent results,
and improve efficiency by reducing the burden on glaucoma specialists. Application
of deep learning models to glaucoma diagnosis would also allow for high-throughput
screening to identify asymptomatic disease and improve patient outreach, particularly in
resource-limited settings.

Among the imaging modalities, fundus photography is a widely available, relatively
low-cost approach already employed for clinical use in diabetic retinopathy tele-screening.
In glaucoma, fundus photos provide the vertical optic nerve cup-to-disc ratio (vCDR),
which quantifies the relationship between the cup (the central depression on the optic nerve
head) and the disc (the entire optic nerve head) which enlarges as the disease progresses.
Interpretation of these photos, however, can be difficult to reproduce among even expert
specialists, and exhibit high rates of inter-observer variability [6–8], as well as being subject
to observer bias (e.g., the tendency to under-call optic neuropathy in small optic discs while
overcalling disease in physiologically large discs [9]). Therefore, the development and
application of an AI tool to classify GON could greatly enhance fundus photography’s
utility as a population-based screening tool.

Previous studies have shown that deep learning models individually trained on
color fundus photos [10], visual field analysis [11–14], and optical coherence tomography
(OCT) [15–19] are able to identify glaucomatous optic neuropathy (GON) with robust per-
formance (comparisons of specific deep learning models developed for glaucoma diagnosis
and discussions of the different approaches are thoroughly covered in excellent reviews
from Thompson et al. [5] and Yousefi [20]). Indeed, a recent meta-analysis of 17 deep-
learning models trained on diagnosing GON from fundus photographs reported an overall
AUC of 0.93 (95% CI 0.92–0.94), slightly lower than the AUC reported for studies using
OCT (overall AUC 0.96, 95% CI 0.94–0.98) [21]. Several of these studies included external
validation sets of up to six cohorts, suggesting that their models may generalize to unseen
outside data. However, because these models are large and require intensive computational
resources to train, they have been trained on datasets that are most often inaccessible to the
public, thus making it difficult to compare whether the models themselves show differences
during the training process.

To date, many AI models for glaucoma classification have utilized convolutional
neural networks (CNNs). CNNs provide a scalable approach to object recognition within
images by processing spatial patterns and extracting relevant features [22]. This architecture
enables CNNs to automatically learn hierarchical representations of the features in an image.
In supervised learning, CNNs are trained on labeled datasets, while in unsupervised
learning, unsupervised methods like autoencoders are utilized for feature extraction. Semi-
supervised learning, such as transfer learning, are also commonly described, as pre-trained
models can be fine-tuned with smaller labeled datasets to improve performance [5,23].
However, a well-known attribute of CNNs is their inherent bias towards translation-
invariant object recognition [24] which permits the interpretation of features outside of
their spatial context [25], leaving models vulnerable to artifactual errors. Current models
attempt to alleviate this by strict standardization of inputs, which, unfortunately, further
restricts the ability of CNN algorithms to generalize to new, and even related, tasks without
labor-intensive preprocessing.
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In the last decade, Vision Transformer (ViT) [26], among other transformer architec-
tures [27], has taken advantage of the self-attention mechanisms used in natural language
processing to improve upon these limitations of CNNs. In contrast to CNNs, ViT models
process the entire image as a sequence of patches, thus allowing for the capture of global
relationships. ViTs have also been shown to generalize from smaller datasets than CNNs,
which are heavily reliant upon pre-training and fine-tuning for optimal performance [26].
ViT models have now been applied to the analysis and interpretation of a wide range of
clinical data ranging from electrocardiograms [28] to intraoperative surgical techniques [29].
In ophthalmology, there are increasing reports of ViT models trained to classify retinal
pathologies from fundus photography [30–32] and OCT imaging [33–36], including several
assessing their performance relative to CNNs [31,34,35]. Given that glaucoma diagnosis
often requires multimodal imaging that correlates structural and functional data, it has
been theorized that the global attention mechanisms utilized by ViTs offer an advantage
over CNNs’ dependency upon local features. However, few such reports in the ophthalmic
literature benchmark one model against the other, and even fewer compare the outcomes
from more than one training dataset. This represents a knowledge gap for AI-guided GON
detection, since an optimal architecture should be able to generalize across variables that
vary by clinical setting, such as patient population, image format, and disease prevalence.

In this report, we describe the training of ViT and CNN models on six publicly avail-
able, independent datasets, compare the two models’ accuracies, and discuss the potential
clinical applications for each type of model. We propose that the choice between these two
model architectures may depend upon the specific clinical setting, labeled data availability,
and computational resources. Ultimately, we hope that our results provide insight into
model selection for specific clinical tasks as well as effective database construction.

2. Materials and Methods
2.1. Datasets

A total of six public datasets were included for analysis in this paper (Figure 1,
Table 1) [37–42]. Complete dataset sizes varied between 101 images (Drishti-GS1) to 720 im-
ages (REFUGE2). Though representation of non-glaucomatous (control) and glaucomatous
classes varied between the datasets, no obvious correlation existed between total dataset
size and class ratios (Table 1). When provided by the original authors, the patient selection
criteria and instrument cameras are also noted in Table 1.
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Figure 1. Representative fundus photographs from the datasets used in this study. GON: glaucoma-
tous optic neuropathy.

All datasets included ground truth labels indicating GON or control. Most datasets
derived ground truth from expert labeling and clinical annotations with the exceptions
of ORIGA (algorithm-based) and sjchoi86-HRF (unknown). Three datasets (sjchoi86-HRF,
ORIGA, and REFUGE2) provided whole fundus images, one provided OD-centered im-
ages (Drishti-GS1), and two provided OD-cropped images (RIM-ONE DL and ACRIMA)
(Figure 1). Sources accessed for each of the datasets are provided in the references. No
photographs were excluded from our analysis.
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Table 1. Characteristics of publicly available datasets used in this study, as ordered by total set size.

Study Patient Selection Instrument Ground Truth

Images

Non-GC
(Control) GC Total

Size
Class

Ratio *

Drishti-GS1 [37]

Glaucomatous and routine
refraction images selected by

experts from patients between
ages 40 and 80 at Aravind Eye

Hospital in India

Not noted 4 experts 31 70 101 0.44

sfchoi86-HRF
[38] Unknown Unknown Unknown 300 101 401 2.97

RIM-ONE DL
[39]

Curated extraction from
RIM-ONE V1, V2, and V3 of
glaucomatous and healthy
patients from 3 hospitals

in Spain

V1/V2: Nidek
AFC-210 camera

V3: Kowa WX
3D non-stereo

camera

2 experts with
tiebreaker 312 173 485 1.80

ORIGA [40]

Glaucomatous and randomly
selected non-GC images from

cross-sectional population
Singaporean study (SiMES) of

Malay adults between
ages 40 and 80

Canon CR-DGi ORIGA-GT 482 168 650 2.87

ACRIMA [41]

Glaucomatous and normal
images selected by experts in

Spain based on
clinical findings

Topcon TRC
retinal camera 2 experts 309 396 705 0.78

REFUGE2 [42]

Random selection from glaucoma
and myopia study cohorts in
China (Zongshan Ophthalmic

Center)

KOWA,
TOPCON 7 experts 720 80 800 9.00

* Calculated as a ratio of non-GC: GC images. GC = glaucomatous.

2.2. Image Preprocessing

To minimize the presence of redundant information which could potentially impact
deep learning model performance, we conducted pre-processing of all images to extract
the region around the optic nerve head from each fundus image as shown in the depicted
model (Figure 2). This was achieved using deeplabv3plus [43], a semantic segmentation
model. Once the region of interest was extracted, we automatically cropped a square area
centered around the disc. These extracted images were then utilized to train the CNN
and ViT models described below. By focusing on specific areas, we aimed to improve
the model’s ability to identify glaucoma-related features and enhance the accuracy of the
automated detection system.

2.3. Vision Transformer (ViT) and ResNet Training and Evaluation

Each one of the public databases was split into a training set (80%) and a testing
set (20%) (Figure 2). This ensured a consistent and fair evaluation of both models using
identical testing datasets. An overview of our method is shown in Figure 2. For the
CNN model, we leveraged the standard ResNet-50 which has 50 layers with incorporated
residual connections with no further tuning [43]. For the ViT architecture [25], we used
12 attention layers and a patch size of 16, hidden size of 768, and 12 heads. Following the
practices established by [44] and [25], we pretrained the ViT on the ImageNet dataset [45].
The images were resized to a uniform size of 224 × 224 pixels. Additionally, we normalized
the pixel values to a range between 0 and 1. During training, we used a batch size of 16
and employed the AdamW optimizer with a learning rate of 6e-4 and regularization of
6e-2. These hyperparameters (included in Figure 2) were chosen to optimize the model’s
convergence and performance. To compute the loss during training, we employed cross-
entropy loss with 0.1 label smoothing.
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Figure 2. Workflow of ViT vs. CNN model training (with hyperparameters) and validation.

Performance metrics, including area under the receiver operating characteristic curve
(AUC), sensitivity, specificity, accuracy, F1 score, and mAP (mean Average Precision), were
calculated from models evaluated on the held-out test sets (Table 2). Specificities were
calculated at a fixed sensitivity threshold of 50%. Confidence intervals (CI) were determined
by bootstrap resampling of the test sets with replacement (n = 10 times) while the training
sets and models remained fixed.

Table 2. Performance statistics for ViT and CNN models evaluated on held-out test sets. Confidence
intervals of 95% are reported in parentheses.

ViT CNN

AUC Sensitivity Specificity AUC Sensitivity Specificity

Drishti-GS1
0.67 0.93 0.40 0.67 0.73 0.91

(0.44, 0.97) (0.79, 1.00) (0.00, 1.00) (0.38, 0.91) (0.50, 0.93) (0.00, 1.00)

sjchoi86-HRF 0.79 0.67 0.92 0.71 0.52 0.90
(0.67, 90) (0.46, 0.82) (0.84, 0.98) (0.59, 82) (0.31, 0.75) (0.81, 0.97)

RIM-ONE DL
0.88 0.91 0.85 0.86 0.81 0.91

(0.81, 0.94) (0.79, 1.00) (0.76, 0.93) (0.78, 0.93) (0.67, 0.94) (0.83, 0.97)

ORIGA
0.69 0.52 0.85 0.62 0.36 0.88

(0.60, 0.77) (0.37, 0.67) (0.77, 0.92) (0.54, 0.70) (0.21, 0.52) (0.81, 0.95)

ACRIMA
0.94 1.00 0.88 0.92 0.84 1.00

(0.90, 0.97) (1.00, 1.00) (0.79, 0.95) (0.88, 0.96) (0.76, 0.92) (1.00, 1.00)

REFUGE2
0.95 0.94 0.97 0.89 0.81 0.97

(0.88, 1.00) (0.80, 1.00) (0.94, 0.99) (0.78, 0.99) (0.60, 1.00) (0.94, 0.99)

ViT CNN

Accuracy F1 Score mAP Accuracy F1 Score mAP

Drishti-GS1
0.80 0.87 0.82 0.70 0.79 0.82

(0.60, 0.95) (0.73, 0.97) (0.63, 0.99) (0.50, 0.90) (0.58, 0.93) (0.61, 0.98)

sjchoi86-HRF 0.81 0.68 0.53 0.80 0.58 0.46
(0.72, 0.89) (0.51, 0.82) (0.35, 0.72) (0.71, 0.89) (0.37, 0.76) (0.28, 0.65)

RIM-ONE DL
0.87 0.82 0.70 0.88 0.81 0.72

(0.79, 0.93) (0.71, 0.90) (0.56, 0.85) (0.80, 0.94) (0.69, 0.91) (0.56, 0.86)

ORIGA
0.74 0.57 0.50 0.71 0.46 0.44

(0.66, 0.82) (0.44, 0.69) (0.37, 0.63) (0.63, 0.78) (0.31, 0.60) (0.32, 0.56)

ACRIMA
0.94 0.95 0.91 0.91 0.92 0.93

(0.91, 0.98) (0.91, 0.98) (0.84, 0.96) (0.87, 0.96) (0.86, 0.96) (0.89, 0.97)

REFUGE2
0.97 0.83 0.72 0.96 0.79 0.64

(0.94, 0.99) (0.64, 0.95) (0.47, 0.92) (0.93, 0.99) (0.60, 0.93) (0.39, 0.86)
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3. Results

In Table 2 and Figure 3, we present the performance statistics and contingency tables
of the CNN and ViT models trained to classify non-glaucomatous (non-GC) from glauco-
matous (GC) eyes on each of the six public datasets. When compared using relative AUC,
the ViT models were non-inferior to the CNN models and appeared to outperform the
CNN models on five of the six datasets, though this was not statistically significant given
the overlapping confidence intervals. The greatest differences were observed among the
sjchoi86-HRF (0.79 ViT vs. 0.71 CNN), ORIGA (0.69 ViT vs. 0.62 CNN) and REFUGE2
(0.95 ViT vs. 0.89 CNN) datasets. No difference in mean AUC was observed for only one
dataset, Drishti-GS1 (both 0.67). The performance on the remaining two datasets were also
consistently, if marginally, higher for the ViT models (RIM-ONE: 0.88 ViT vs. 0.86 CNN;
ACRIMA 0.94 ViT vs. 0.92 CNN). Similar observations were made for the accuracies, F1
scores, mAP, as reflected in the average statistic and the 95% confidence intervals.

The recall or sensitivity of the ViT models surpassed those of the CNN models among
the six datasets by an average of 0.14, with the largest difference observed in the Dristhi-GS1
(0.93 ViT vs. 0.73 CNN) and the smallest in REFUGE2 (0.94 ViT vs. 0.81 CNN). By contrast,
the specificities were more varied between the two methods, ranging from comparable
(sjchoi86-HRF: ViT 0.92 vs. CNN 0.90; ORIGA: 0.85 ViT vs. 0.88 CNN; REFUGE2: ViT 0.97
vs. CNN 0.97) to favoring the CNN model (RIM-ONE: 0.85 ViT vs. 0.91 CNN; ACRIMA:
0.88 ViT vs. 1.00 CNN). For Drishti-GS1, the small sample size of non-GC images in the
held-out test set (n = 5 images) resulted in inconclusive specificity statistics as reflected by
the 95% confidence intervals of (0,1) for both models.

We noted that ViT tended call more false positives (i.e., label control images as GON)
than CNN models in several datasets, including RIM-ONE (10 ViT false positives (FP) vs.
6 CNN FP), ORIGA (13 ViT FP vs. 10 CNN FP), and ACRIMA (8 ViT FP vs. 0 CNN FP).
Accordingly, two of these ViT models demonstrated lower specificities than their CNN
equivalents (i.e., RIM-ONE: 0.74 ViT vs. 0.81 CNN; ACRIMA: 0.91 ViT vs. 1.00 CNN).

Interestingly, ViT outperformed CNN on datasets with higher ratios of non-GC to GC
photos (Figure 4a), though not with total dataset size (Figure 4b). This was most clearly
evidenced by the delta AUC of the Drishti-GS1 and REFUGE2 models, whose datasets
harbored the lowest (0.44) and highest (9.0) ratios of non-GC to GC images, respectively.
Furthermore, the differences in specificity between the ViT and CNN models diminished
as the ratio of non-GC to GC images increased (Figure 4c): when trained on the REFUGE2
dataset, the specificity of the ViT model overlapped with that of the CNN model (0.97, CI
0.94–0.99).
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Figure 3. ROC curves and confusion matrices for ViT and CNN models trained on individual datasets
(A–F). For the confusion matrices, a classification of 0 refers to control/non-glaucomatous, whereas a
classification of 1 refers to glaucomatous. Ground truth labels were used as provided by the original
datasets (ref. Table 1).
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Figure 4. ViT outperforms CNN models in datasets with greater class imbalance but not class
size. (∆ = ViT − CNN, where ViT outperforms CNN when ∆ > 0, and CNN outperforms ViT when
∆ < 0) Log-linear regression models (dotted lines) are included with coefficients of determination as
indicated. (a) ∆AUC as a function of class ratio. (b) ∆AUC as a function of class size. (c) ∆Specificity
as a function of class ratio. See Table 1 for class sizes and ratios.

4. Discussion

Here we focus the performance of ViT and CNN models trained on glaucoma detection
from a single imaging modality, fundus photography. We take advantage of ImageNet
pre-trained models to test and train each architecture on six publicly available annotated
datasets, which were collected from at least four countries (India, Spain, Singapore, and
China) and varied in size from 101 to 800 total images. Class imbalances between control
and glaucomatous labeled images were present to varying degrees among the datasets,
from the most evenly matched (Drishti-GS1, class ratio of 0.44 or 69% glaucoma prevalence)
to the least (REFUGE2, class ratio of 9.0 or 10% glaucoma prevalence). A survey of 14 US-
based studies found all glaucoma prevalence rates ranging from 2.1% to 25.5%, and POAG
prevalence rates between 1.86% and 13.8% [44]. Thus, though these datasets represent
selected cohorts rather than a population survey, it is likely that the “lower” prevalence
cohorts more accurately reflect the dataset composition that would be expected from a
moderate to high-risk screening population. We had two objectives from comparing the
models trained upon multiple, rather than pooled, datasets: first, to ask whether the ViT
model could perform equal to, or better than, a widely accepted CNN model, ResNet-
50, and second, to determine whether ViT or CNN models, when trained on datasets of
different sizes and class representations, demonstrated any trends in performance metrics
including AUC, sensitivity, and specificity, that might inform future clinical application of
the two architectures.

As predicted, we found that the pre-trained ViT model matched or outperformed the
equivalent CNN model on all six datasets by AUC and accuracy measures. We also ob-
served that the ViT models increasingly outperformed CNN models, as measured by AUC
and specificity, on datasets with greater representations of controls (i.e., higher class ratio).
We suggest that this difference may reflect that, when presented with insufficient control
representation, ViT struggles with the greater variability present among non-glaucomatous
optic nerve discs due to the wider array of potential relationships when using a global
attention mechanism. However, as the ViT algorithm is presented with an increasing
number of control examples, it can better assign global relationships to a given class, even
when it is as varied as “non-glaucoma”.

Given our observations, we would recommend CNN models for GON detection in
tasks with uniform data collection where high test specificity outweighs other consid-
erations. In contrast, we would nominate ViT models for tasks requiring collaborative
data collections (e.g., clinical trials, multi-site tele-screening), whereby different operators,
patient demographics, camera models, and data processing standards are likely to result in
datasets with levels of heterogeneity beyond that which CNN models can accommodate.
ViT performance could be enhanced further by targeted deployment to patients with iden-
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tifiable risk factors, such as a family history of glaucoma, advanced age, or predisposing
conditions such as steroid use. Such at-risk populations exhibit higher pre-test probability
and would thus benefit from ViT’s greater sensitivity.

While CNN and ViT models are widely utilized for high-throughput image analysis
and classification, their differences in feature detection and training requirements have led
to the suggestion that ViT models may improve upon CNN performance. CNN architecture
utilizes a sliding window method to extract features in a local fashion and thus has strict
input requirements [45]. Previous strategies for improving CNN performance of photo-
graphic GON detection have focused on the optimization of pre-processing techniques like
data augmentation [46] and feature extraction [47], as well as more clinically motivated
strategies such as structure-function correlation between multiple testing modalities [48,49].
More recently, transformer architectures have gained interest for their ability to use global
attention mechanisms to identify long-range interactions [50] and their flexibility in al-
lowing for non-uniform inputs [26]. Therefore, while the prevalence of inductive biases
in CNNs relative to transformers may enable ResNet models to outperform ViT models
when classification relies upon the presence or absence of locally identifiable features (e.g.,
optic nerve thinning in defined superior-temporal or inferior-nasal patterns) [26,51]. ViT
may ultimately offer superior performance when diagnostic features are distributed in a
disconnected manner (e.g., identifying glaucomatous features such as bayoneting). This
would be particularly applicable in the setting of multimodal imaging datasets that could
potentially rely upon global features, such as the correlation of functional visual field
testing with structural changes in the OCT, which so far have required a multi-algorithmic
approach [52].

Yet, despite the potential for transformers to incorporate long-range feature detection
from multimodal datasets, the literature comparing ViT models to CNN models have
generally focused on single modalities due to the challenges of multimodal data integration
as an input into a single algorithm [31,32,35,51–55]. One outstanding report compares ViT
to CNN models trained on Diabetic Retinopathy (DR) detection from multiple independent
datasets consisting of either fundus photos or OCT imaging, and finds that ViT models
are superior in both cases; however, no multimodal datasets are used [31]. To the best of
our knowledge, only two publications so far have compared the performance of published
ViT and CNN models on glaucoma detection from fundus photos [51,56]. In one report,
the authors found that Data-efficient Image Transformer (DeIT) models outperformed
similarly trained ResNet-50 models [51]. They further compared the DeIT attention maps
with ResNet-50 average saliency maps to demonstrate that the transformer model more
precisely focused upon the borders of the optic disc where glaucomatous features are
most often identified, whereas the CNN saliency maps highlighted the entire optic nerve.
Intriguingly, the more recent report found that the ViT model underperformed the CNN
models (VGG, ResNet, Inception, MobileNet, DenseNet) on an external validation set [56].
While not directly comparable to our results, we note that their training set was also
comprised of three nearly equally represented classes (GON, non-GON, and normal optic
discs), perhaps resembling our “lower” class ratio datasets, such as ACRIMA.

Our work builds upon these studies by incorporating the use of independent training
sets similar to [31] as well as avoiding the use of fine-tuning between datasets, thus allowing
for observations on the baseline performance of the two architectures in multiple settings.
Within the constraints of the public datasets utilized by our models, our results suggest
that simply switching to ViT-based architecture alone will not significantly improve model
performance. This is for two reasons: First, though there is an appreciable trend of higher
mean AUCs across the ViT models, the differences between the individual ViT and CNN
models were not statistically significant. Second, while ViT models uniformly demonstrated
greater sensitivities than the CNN models, we observed that the under-representation of
non-GC images during training may have led to lower model specificities. This implies
that one trade-off of ViT’s global attention mechanism may result in increased depen-
dence upon sufficient class representation during training, which aligns with previous
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observations that, for smaller datasets, ViT-based architectures are more dependent upon
training set representation than CNN-based architectures [26]. Thus, improving model
performance may not rely only upon optimizing the model itself, but also the training
data and processes involved. Here we utilized pre-trained models, but other techniques to
improve model performance have included transfer learning [57], artifact-tolerant feature
representation [10], cross-teaching between CNN and transformer models [58], and hybrid
CNN-ViT architectures which extract local features in a patch-based manner [55]. While not
addressed here, many of these strategies appear promising and merit further investigation.

We acknowledge a couple of limitations in our study. First, our comparisons of the
two models were limited to datasets containing only fundus photography, while in practice,
the gold standard diagnosis of glaucomatous optic neuropathy requires the correlation of
structural findings (optic nerve thinning) with functional ones (visual field defects) [45].
Secondly, we pre-processed the fundus photos with optic nerve head segmentation to
avoid biasing the models with non-disc-related information. Given that ViT uses a global
mechanism, we anticipate that the performance of the ViT models may have been dispropor-
tionately affected relative to the CNN models. However, given that real-world application
of these models often incorporates similar pre-processing for a variety of reasons [59,60],
we suggest that this approach remains relevant to clinical practice.

Future works based on these findings may benefit from comparisons of CNN-based
vs. ViT-based models on larger cohorts, more rigorous investigations of whether non-
glaucomatous representation impacts model performance, and ideally, side-by-side com-
parisons of both models in various clinical contexts (i.e., screening vs. specialty visits) to
determine their efficacies and practicalities in different settings.

5. Conclusions

Overall, our findings suggest that ViT-based algorithms show excellent results regard-
ing glaucoma detection in line with previous studies. However, our results indicate that,
despite recent publication trends, CNN models may offer advantages over Transformer
models for training datasets with more equal representation of both non-glaucomatous and
glaucomatous images. For high-risk populations or other situations where the importance
of detecting any disease outweighs the risk of false positives, we propose that ViT mod-
els should be considered superior to the more widely utilized CNN-based architectures
established within the field.

Automated image processing algorithms for the detection of glaucomatous optic
neuropathy can empower population-based screening towards preventing irreversible
vision loss. We hope our findings here can further the development of accurate and scalable
high-throughput methods for this leading cause of blindness worldwide.
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Abstract: Glaucoma is a leading cause of irreversible blindness, and early detection and treatment
are crucial for preventing vision loss. This review aims to provide an overview of current diagnostic
and treatment standards, recent medical and technological advances, and current challenges and
future outlook for wearable glaucoma diagnostics and therapeutics. Conventional diagnostic tech-
niques, including the rebound tonometer and Goldmann Applanation Tonometer, provide reliable
intraocular pressure (IOP) measurement data at single-interval visits. The Sensimed Triggerfish
and other emerging contact lenses provide continuous IOP tracking, which can improve diagnostic
IOP monitoring for glaucoma. Conventional therapeutic techniques include eye drops and laser
therapies, while emerging drug-eluting contact lenses can solve patient noncompliance with eye
medications. Theranostic platforms combine diagnostic and therapeutic capabilities into a single
device. Advantages of these platforms include real-time monitoring and personalized medication
dosing. While there are many challenges to the development of wearable glaucoma diagnostics
and therapeutics, wearable technologies hold great potential for enhancing glaucoma management
by providing continuous monitoring, improving medication adherence, and reducing the disease
burden on patients and healthcare systems. Further research and development of these technologies
will be essential to optimizing patient outcomes.

Keywords: glaucoma; theranostics; diagnostics; therapeutics; smart contact lens

1. Introduction

Glaucoma is the leading cause of irreversible blindness worldwide, affecting an esti-
mated 3.5% of people aged from 40 to 80 years globally [1,2]. The majority of glaucoma
cases go undetected and untreated, leading to irreversible vision loss and, ultimately, blind-
ness. The World Health Organization estimates that 7.7 million people with glaucoma
experience preventable visual impairment or blindness globally [3]. By 2040, the number
of people with glaucoma is expected to increase to 111.8 million, highlighting the urgent
need for innovative diagnostic and therapeutic strategies [1].

Glaucoma is a chronic and slowly progressive disease of the optic nerve that tends to
be asymptomatic in its early stages. When left untreated, glaucoma can progress to irre-
versible tunnel vision or even complete visual field loss [4]. Elevated intraocular pressure
(IOP) is a major risk factor for the development and progression of glaucoma. Several
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landmark clinical trials, including the Ocular Hypertension Treatment Study (OHTS) and
the Early Manifest Glaucoma Trial (EMGT), have demonstrated that reducing IOP can
delay or prevent the onset of glaucoma in individuals with ocular hypertension or early
glaucoma [5,6]. These studies provided evidence for the importance of early treatment and
IOP control in the management of glaucoma.

Current diagnostic and therapeutic strategies for glaucoma have limitations. As
early-stage glaucoma is often asymptomatic, patients may experience delays in receiving
diagnostic tests to detect glaucoma, thereby leading to delays in treatment. Even when
patients with early glaucoma are evaluated, IOP fluctuations throughout each day may
not be accurately represented by a single measurement in the clinic. Therefore, continuous
IOP monitoring could advance our understanding of the relationship between IOP and
glaucoma onset or progression [7]. Poor patient adherence to medication regimens is
another significant problem that contributes to preventable disease progression and vision
loss. Additionally, fluctuations and spikes in IOP are considered detrimental, similar to
elevated average IOP. Consequently, both conditions benefit from regular monitoring and
prompt intervention [8,9]. Therefore, the development of convenient drug delivery systems
for glaucoma management has the potential to significantly improve treatment standards.
This review aims to provide an overview of current diagnostic and treatment standards,
recent medical and technological advances, and current challenges and future outlook for
wearable glaucoma diagnostics and therapeutics.

Advancements in wearable devices for the management of glaucoma mirror broader
progress observed across numerous medical fields. A recent review article by Kazanskiy
et al. highlighted the rapidly growing demand for wearable devices in monitoring various
medical conditions, such as diabetes, heart disease, and hypertension [10]. The world-
wide market for wearables was USD 978.86 million in 2022 and is expected to grow to
USD 4336.7 million by 2032 [10]. Another recent review by Wu et al. outlined numerous
advancements in intraocular pressure biosensor engineering [11]. This review aims to
expand upon these articles by focusing on extraocular IOP sensors with integrated drug
delivery capabilities. By focusing on diagnostic devices with therapeutic capabilities, we
present a forward-looking perspective on theranostics—a convergence of diagnostics and
therapeutics in an all-in-one device that could reshape future glaucoma management.

2. Diagnostics of Glaucoma
2.1. Current Methods for Measuring IOP
2.1.1. Goldmann Applanation Tonometer

Goldmann applanation tonometry (GAT) stands as the benchmark for measuring
IOP in clinical practice and research and is widely recognized as the gold standard tech-
nique [12]. GAT is a slit-lamp-mounted device that uses a calibrated prism to apply a
known force to the cornea (Figure 1). The amount of force needed to indent the cornea
by a fixed amount is directly proportional to the IOP as long as the cornea has a standard
thickness and curvature. GAT has high reproducibility in measuring IOP, demonstrating
less variability in IOP measurement than other methods of tonometry [13]. The American
Academy of Ophthalmology (AAO) recommends GAT as the standard for IOP measure-
ments in clinical practice. In addition, GAT is the standard in scientific research, including
clinical trials to assess the efficacy of glaucoma treatments [14].

The accuracy of GAT measurements can be affected by corneal thickness and curvature,
which may lead to an over- or underestimation of IOP [15,16]. Accurate and consistent
measurement of IOP with GAT requires a trained operator. GAT involves a patient being
seated in a slit-lamp biomicroscope, a setup that may not be practical in situations where
patients are bedridden or unable to sit upright. Furthermore, as the tonometer makes direct
contact with the cornea, it may cause discomfort for some patients. Additionally, GAT may
be affected by ocular surface conditions, including dry eye or corneal edema, which can
obscure the true IOP measurement [17]. Finally, as GAT requires specialized equipment
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and a trained operator, it can only be used in-office and cannot be used to monitor IOP
fluctuations continuously.
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2.1.2. Handheld Tonometers

A rebound tonometer, an alternative to GAT, is a handheld device that measures the
deceleration of a small probe rebounding off of the cornea to calculate IOP. These devices
are non-invasive, portable, and can be easily used in clinics or at home, especially by
patients who do not tolerate GAT. Rebound tonometers show a high degree of concordance
with GAT and yield reproducible IOP measurements [18–20]. They also require less patient
cooperation and little to no topical anesthesia. A study showed that 73.7% of patients rated
rebound tonometry more comfortable than GAT [21]. Therefore, rebound tonometers are
well-suited for use with children, elderly patients, and patients with cognitive or physical
disabilities who cannot tolerate other IOP measurement methods. Rebound tonometers
enable a rapid measuring process, taking just a few seconds per eye, and their compact,
portable design allows for use in a wider range of settings compared to GAT.

Similar to GAT, the accuracy of rebound tonometry can be affected by corneal thickness
and curvature, overestimating IOP in patients with thicker corneas [22–24]. The accuracy
and consistency of IOP reading also depend on patient cooperation, blinking during
measurements, and corneal hysteresis [25].

The iCare HOME Tonometer (Figure 2) is a portable rebound tonometer device that
allows patients to monitor their IOP levels at home without the need for assistance from a
healthcare professional. The iCare HOME Tonometer is an effective tool for monitoring IOP,
with 80% of the measurements falling within 3.0 mmHg of IOP measured with GAT [26].
The device is especially useful for patients who have difficulty visiting clinics due to age or
mobility, or for those who live in remote areas with limited access to healthcare facilities.
The iCare HOME Tonometer can remind patients to check their IOP and alert patients when
IOP measurement results are outside of a target range. The users can store and track their
IOP data over time using a mobile phone application. Survey results suggest that 78.5% of
patients found the iCare Home Tonometer easy to use [27]. The primary limitation of the
iCare HOME Tonometer is its cost; the device is relatively expensive and is not covered by
most insurances.
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2.1.3. Sensimed Triggerfish and GlakoLens

The Sensimed Triggerfish (Figure 3) is a soft contact lens equipped with a microsensor
that continuously measures changes in corneal curvature, which can be used to calculate
relative changes in IOP [28]. The device is worn on the eye like a regular contact lens and
can be worn during normal daily activities, providing continuous IOP monitoring without
the need for manual measurement at specific times. Conventional techniques for measuring
IOP, as discussed in Section 2.1, only measure IOP at a single point in time. Therefore, they
may not capture diurnal or nocturnal fluctuations in IOP [29]. The Sensimed Triggerfish is
the only FDA-approved device for continuous IOP monitoring, offering invaluable data
that can enhance the precision of diagnosis and treatment [30,31]. Research about the
Triggerfish reported a high level of patient safety and tolerability [32,33].
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The Sensimed Triggerfish has several limitations that have hindered its widespread
clinical use despite its IOP-monitoring capabilities. First, the Triggerfish measures relative
changes in IOP, so another device is still necessary to establish baseline IOP. It can also
cause irritation and discomfort because it is an electronic device that is worn on the eye
for extended periods of time. Additionally, changes among certain factors, such as air
temperature, may add noise to the electronic signal, which can affect the accuracy of
intraocular measurements [35,36]. Another major limitation is that the device is expensive
but not currently covered by many insurances, which limits its accessibility. Finally, the
device cannot be used in patients who are unable to tolerate wearing contact lenses.
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In addition to the Triggerfish, the GlakoLens (Istanbul, Turkey) is an IOP-sensing smart
contact lens that has not yet received FDA approval. The design of the GlakoLens system
involves an electrically passive sensor embedded in a disposable soft contact lens which uti-
lizes resonant frequency shift of a metallic resonator for 24-h IOP monitoring. The sensor’s
meta-material properties enable accurate measurement of IOP fluctuations by detecting
changes in corneal geometry. Data from the sensor can be collected wirelessly via a low-
power RF signal generated by a Holter-monitor-like device with an electronic circuit and
wearable antenna. GlakoLens has taken proactive steps at commercialization, developing a
user-friendly website and intellectual property protection (US Patent No: US10067075B2
and pending PCT applications). By prioritizing ease of use, design innovation, and intel-
lectual property protection, GlakoLens may achieve successful commercialization in the
coming years.

2.2. Recent Advances in Wearable Diagnostics

Wearable diagnostics are a relatively new development in ophthalmology, offering the
ability to monitor IOP using contact lenses and implants. Wearable IOP sensors can measure
IOP continuously or at predefined intervals, enabling real-time monitoring and timely
detection of IOP fluctuations. In addition to contact lens-based sensors, there has been
research into implantable IOP sensors in sites such as the anterior chamber, capsular bags,
vitreous, and choroid [37]. Wearable IOP sensors and other diagnostic tools can be used
for diagnosing, monitoring, and predicting the progression of glaucoma. Continuous IOP
monitoring can provide valuable information on IOP fluctuations, which is an important
risk factor for glaucoma progression [37,38]. In addition to IOP, these sensors have the
potential to monitor glucose, lactate, and cortisol levels as well as the humidity of the
ocular surface, which enables the possibility of monitoring for and detecting additional
conditions, such as diabetes and liver disease [37,39–41].

Wang et al. developed a smart contact lens with a dual-sensing platform for real-time
monitoring of IOP and detecting matrix metalloproteinase-9 (MMP-9) in tears, which is a
biomarker in eye-related diseases including glaucoma [42]. The unique design (Figure 4)
contained surface-enhanced Raman spectroscopy (SERS) substrates. IOP could be mon-
itored by observing structural color changes, and glaucoma could be predicted using
quantitative SERS measurement of MMP-9 levels in tear film. Tests using porcine eyes
found that the contact lens provided accurate measurements of IOP in the range from
0 to 30 mmHg (R2 = 0.98), covering the normal physiological IOP range (10–20 mmHg).
Meanwhile, the SERS analysis can effectively detect MMP-9 down to concentrations of
1.29 ng/mL.
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Electronic smart contact lenses that monitor IOP changes usually have relatively
simple structural designs and can be constructed from easily accessible materials. However,
these devices sometimes have difficulty differentiating small changes in IOP from signal
noise induced by activities such as blinking. In order to reduce noise, Hu et al. created a
contact lens with a self-lubricating layer that reduces the coefficient of friction to remove
interference from the tangential forces [43]. The contact lens is essentially composed of
three distinct layers (Figure 5), including a substrate layer, a flexible reinforced sensing
layer, and a self-lubricating layer. The IOP sensor maintains the same level of sensitivity to
normal forces with the addition of the self-lubricating layer, while significantly reducing
the effects induced by blinking and eye movement.
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Figure 5. Schematic diagrams, photograph, and operation principle of the microfluidic contact lens.
(a) Schematic diagram of the human eye with the contact lens. (b) Schematic diagram of the contact
lens. (c) Photograph of the contact lens. (d,e) The operation principle of the contact lens in the setting
of elevated IOP. The mechanical mechanism of the sensor is represented on the right. Adapted with
permission [44]. Copyright 2023, Elsevier.

While electronic wearable devices can provide consistent real-time IOP monitoring, the
inclusion of electronic components in contact lenses reduces water permeability and may
cause corneal damage with long-term use. A structurally colored contact lens that changes
color in response to changes in IOP can effectively avoid this problem. These contact lenses
are composed of flexible materials and are free of complex electronic components [45–48].
Chen et al. designed a high-sensitivity microfluidic contact lens sensor composed of a
sensing reservoir filled with dyed fish oil, a display microchannel, and a buffer chamber [43].
When IOP increases, the corneal radius of curvature increases and the enlarged volume
of the sensing reservoir under the surface tension of the tear film pushes liquid in the
display microchannel into the sensing reservoir. The displacement of the liquid interface
reflects the IOP change. The contact lens can reach a sensitivity of 660 µm/mmHg in the
IOP fluctuation range of 10–30 mmHg with a linear regression coefficient R2 up to 0.99.
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However, one limitation of this device is that small IOP changes are indistinguishable by
the naked eye and are only detectable with specialized reflection spectrometers.

Continuous monitoring of IOP during sleep has been challenging in glaucoma care.
In an attempt to address this issue, Lee et al. created a smart soft contact lens (SSCL)
with an ocular tonometer built into its structure [49]. This device uses a circuit with a
resistor, inductor, and capacitor in series (RLC) to produce a distinct electrical resonance
frequency based on the characteristics of the inductor and capacitor (Figure 6). The electrical
properties of the RLC circuit in this ocular tonometer vary depending on the radial and
axial deformations by the contact lens. As a result, the RLC circuit produces a different
resonance frequency when IOP increases, followed by curvature changes of both the eye
and the contact lens. The device offers overnight wearability, superior signal quality
compared to existing wearable ocular tonometers, and comfort on par with the Triggerfish.
Additionally, the lens has no internal power source; rather, its IOP measurements can
be read using glasses or a sleep mask fitted with a reader coil inductively paired with
the ocular tonometer. This SSCL was fabricated to mirror commercial brands, preserving
its inherent characteristics such as great biocompatibility, softness, transparency, and
oxygen transmissibility.
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2022, Springer Nature.

Variations in oxygen and water content, as well as the stiffness of the contact lenses,
may lead to discomfort for certain users and introduce signal noise. To address these issues,
Zolfaghari et al. created wearable glasses with a laser source, lenses, mirrors, mask, and a
camera for personalized real-time IOP monitoring [50]. Using the lens, mirrors, and mask,
it creates a grid on the cornea which it measures with the camera to detect changes in
corneal curvature. This device was justified with analytical modeling, ray tracing, and FEM
simulations [50]. It produced a pressure measurement resolution of 2.4 mmHg between 0
and 55 mmHg pressure. Zolfaghari et al. produced a separate glasses-based solution with
an implantable diffraction grating MEMS sensor [51]. The readout glasses were embedded
with a laser dioxide, miniaturized aspheric lenses, and a complementary-metal-oxide
semiconductor (CMOS) camera [51].

While wearable IOP sensors and other glaucoma diagnostics offer several advantages,
they also have limitations. Some materials used in contact lens sensors, such as polymerized
hydroxyethyl methacrylate (pHEMA) and silicone hydrogel (SiH), may be affected by local
hydration levels, which can introduce noise and inaccuracies to IOP measurements [37].
Due to signal noise and variations in corneal parameters, these wearable diagnostics are

54



Bioengineering 2024, 11, 138

not as accurate or stable as GAT, which is considered the clinical standard for measuring
IOP [14,37]. Furthermore, the cost of wearable glaucoma diagnostics may prevent some
patients from accessing them in the future. Further research is needed to establish the
efficacy, safety, and cost-effectiveness of wearable glaucoma diagnostics.

3. Therapeutics
3.1. Current Methods for Lowering IOP
3.1.1. Eye Drops

Eye drops are a common form of glaucoma treatment that can be prescribed in differ-
ent classes, including prostaglandin analogs, beta blockers, alpha agonists, and carbonic
anhydrase inhibitors (CAIs). The primary goal of using eye drops is to prevent or slow
down the progression of glaucoma by lowering IOP, either by decreasing the amount of
aqueous humor produced by the eye or improving its outflow from the eye [52].

Prostaglandin analogs are the most commonly prescribed eye drops due to their
effectiveness in reducing IOP and convenient once-a-day dosing [52]. They work by
increasing the outflow of aqueous from the eye via the uveoscleral pathway. They have
greater efficacy, lowering IOP by 25 to 30%, and fewer systemic side effects compared to
other eye drop medication classes. However, like many typical glaucoma medications,
prostaglandin analogs may induce eye redness and other localized side effects in the eye
and periocular area, such as pigmentary changes, lengthening of eyelashes, fat atrophy,
and an increased risk of uveitis and cystoid macular edema [53].

Latanoprostene bunod, marketed under the name Vyzulta, is a novel glaucoma treat-
ment that combines latanoprost, a prostaglandin analog, with a nitric oxide donor, offering
a dual mechanism to reduce IOP [54]. Latanoprost increases uveoscleral outflow, while ni-
tric oxide increases conventional outflow through the trabecular meshwork, resulting in an
average IOP reduction of 27% within 24 h with a generally favorable safety profile [55,56].
Beta-blockers reduce IOP by inhibiting aqueous humor production, but they can adversely
affect cardiovascular and respiratory systems, potentially reducing lung function and in-
creasing asthma morbidity [57–59]. Alpha-adrenergic agonists decrease aqueous humor
production and increase outflow, achieving a 20–25% IOP reduction. Despite effectiveness,
they may cause allergic conjunctivitis and systemic side effects, making them less common
as first-choice monotherapy but widely used in multi-drug glaucoma treatment [60,61].

Carbonic anhydrase inhibitors reduce IOP by decreasing aqueous humor production
but are less commonly used as monotherapy due to potential side effects like metallic
taste, ocular irritation, and corneal edema [6,62]. Netarsudil, a novel eye drop, lowers IOP
by inhibiting Rho kinase and norepinephrine transporter, enhancing trabecular outflow
and reducing aqueous production [54]. Clinical studies show a 20–25% IOP reduction,
with ocular side effects like conjunctival hyperemia, subconjunctival hemorrhage, and
blurred vision, but relatively rare systemic side effects compared to beta-blockers and alpha
agonists [54,63].

Despite the benefits of using eye drops as a therapeutic option for glaucoma, there are
numerous limitations associated with their use. Eye drops require careful administration
and may have side effects such as ocular surface irritation and systemic effects [58,59].
Moreover, some patients may not be able to tolerate the side effects associated with dif-
ferent classes of eye drops, resulting in nonadherence and insufficient IOP management,
particularly among those patients with limited health literacy [64]. Finally, patients who
have difficulty administering the drops may need support from a caregiver or healthcare
professional, potentially leading to financial difficulties and increased noncompliance [65].

3.1.2. Intracameral Implants

Intracameral implants emerge as a promising new approach for treating glaucoma.
These are small devices that can be implanted into the eye to deliver medications. Several
varieties of intracameral implants, such as DURYSTA (Allergan, Irvine, CA, USA), OTX-TIC
(Ocular Therapeutix, Bedford, MA, USA), and iDose (Glaukos, Aliso Viejo, CA, USA), offer
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direct and sustained medication release into the anterior chamber of the eye. DURYSTA
is an intracameral implant that was recently approved by the FDA for the treatment of
open-angle glaucoma or ocular hypertension [66]. It is a biodegradable implant that
slowly releases bimatoprost, a prostaglandin analog. DURYSTA is the only FDA-approved
intracameral implant, providing a sustained reduction in IOP of 20 to 25% [67]. However,
DURYSTA is only approved for a single dose due to the risk of corneal edema [66,68].
iDose is another example of an intracameral implant that has demonstrated success in
several clinical trials [68]. It is a small titanium implant that is surgically inserted into the
trabecular meshwork to deliver a formulation of travoprost over a period of six to twelve
months [68]. After all the travoprost has been depleted, this implant can be removed and
exchanged [69]. OTX-TIC is another intracameral implant that has shown promising results
in clinical trials [68]. Similar to DURYSTA, it is a biodegradable implant that is designed to
release a formulation of micronized travoprost over an extended period, typically spanning
four to six months. Once the travoprost supply is depleted, the implant is bioresorbable.

The main disadvantage of intracameral implants is that they are invasive and have
short-term risks, such as infection or bleeding, and long-term complications, such as
endothelial damage and persistent corneal edema. Intracameral implants can also be more
expensive than other treatment options [68]. Finally, given that intracameral implants are a
relatively recent therapeutic innovation, further research is required to ascertain the safety
of repeated injections [70].

3.1.3. Lasers and Surgery

Laser and surgical treatments serve as adjuncts to medications in the comprehensive
management of glaucoma. Laser therapies are generally considered low-risk and can
decrease aqueous production or enhance aqueous outflow via the trabecular meshwork,
efficiently lowering IOP and managing glaucoma. Common laser therapies used to treat
glaucoma include trabeculoplasty, peripheral iridotomy, and cyclophotocoagulation [71].
Surgery remains the definitive standard for lowering IOP when glaucoma proves resistant
to medical or laser treatment [72,73]. Glaucoma surgeries range from minimally invasive
glaucoma surgery (MIGS), offering reduced risk with modest efficacy, to traditional glau-
coma surgeries like trabeculectomy and tube shunts, which yield higher efficacy but come
with increased risk. Nonetheless, glaucoma surgery carries significant risks, including
infection, bleeding, and permanent vision loss [74]. Surgery may also be inaccessible to
some patients due to the high costs of surgical treatment.

3.2. Recent Advances in Wearable Therapeutics

Drug-eluting contact lenses, soft contact lenses designed to release medication into
the eye over an extended period of time, can be used to treat a wide range of ocular
conditions [75,76]. These contact lenses offer the advantage of sustained drug release,
which improves medication adherence and reduces side effects. Drug-eluting contact
lenses can release therapeutic levels of medication for up to several months, demonstrating
their potential as a sustained drug delivery system [77]. Some studies have reported that
drug-eluting contact lenses result in greater IOP reduction than eye drops [78]. As patient
nonadherence to conventional eye drops poses a significant obstacle to effective glaucoma
care, drug-eluting contact lenses are seen as a promising alternative treatment option [79].

A novel type of contact lens was recently developed by Que et al. with embedded
microtubes as drug containers (Figure 7) [80]. This type of contact lens can be fabricated
by combining a ball-mold fabrication process and soft lithography. Drug release is based
on diffusion and adaptive mechanisms; when IOP rises, the contact lens is stretched and
the deformation of the microtubes triggers the diffusion of drugs. By tuning the tube size,
density, and drug loading, the contact lens can achieve an extended drug release of up to
45 days.

While the immersion method is the simplest and most cost-effective way to prepare
drug-loaded contact lenses, it has the disadvantages of low drug loading and fast release
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speed [81,82]. Shiau et al. resolved these issues by incorporating large-pore mesoporous
silica nanoparticles (LPMSNs) with high surface area, large pore volume, and tunable pore
size into drug-eluting contact lenses (DCLs) [83]. LPMSN-laden DCLs do not require drug
preloading and can be fabricated with current contact lens manufacturing processes. Com-
pared with standard DCLs, LPMSN-laden DCLs exhibited enhanced maximum loading
and release capacities for glaucoma drugs and slower release rates, significantly extending
the duration of drug release.
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Figure 7. Schematic illustration of contact lens embedded with microtubes as drug containers.
(a) Schematic diagram of the contact lens with embedded microtubes as drug containers for diffusion-
based drug delivery and adaptive drug delivery. (b) Schematic of the contact lens device under a
neutral state for diffusion-based drug release. (c) Illustration of the mechanically stretched contact
lens device with more drug being released. Adjusted with permission [80]. Copyright 2020, American
Chemical Society.

In another study, a type of flat microfluidic contact lens was fabricated, integrating
a microchannel and a micropump (Figure 8) [47]. Drugs confined in the microchannels
can be released by applying pressure on the pump chamber, such as through blinking,
making liquid release controllable and adjustable. Different types of drugs can be loaded in
different microchambers for multi-drug treatment applications. The contact lens exhibited
good flexibility, light transmission, and biocompatibility without the need for electronic
components, providing a safe, convenient, and effective method to treat ocular diseases.

The bimatoprost periocular ring (Allergan, Irvine, CA, USA) is a ring-shaped drug-
eluting device that rests under the eyelids in the fornix. The device has passed Phase 2 trials,
with the ability to elute bimatoprost and reduce IOP for up to 6 months [84]. Similar to
contact lenses, periocular rings allow eye care providers to address the issue of medication
nonadherence. However, to date, no periocular rings have received FDA approval for the
treatment of glaucoma.

There are currently no FDA-approved drug-eluting contact lenses to treat glaucoma.
However, drug-eluting contact lenses have been approved to treat other eye conditions,
including myopia [85]. One issue with drug-eluting contact lenses is that they can deliver
only small amounts of medication to patients, and the rate of release may not be linear [77].
In addition to potential safety concerns, patient and practitioner acceptance, and storage
considerations, fit, comfort, and cost present further challenges [86]. Further research
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and development are essential to overcome these limitations before the full potential of
drug-eluting contact lenses as a wearable therapeutic for glaucoma can be harnessed.
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view of the serrated flow path, scale bar: 300 µm; (iii) Enlarged view of the check valve outlet, scale
bar: 300 µm. (c) Schematic illustration of drug release process realized by the pressure-triggered
microfluidic contact lens. Adjusted with permission [47]. Copyright 2022, American Chemical Society.

4. Emerging Theranostic Platform
4.1. Description of Theranostics

Theranostics are a category of medical devices that integrate therapeutic drugs and
diagnostic modalities into a united system [87]. Instead of using a “one size fits all” strategy,
theragnostic adopts a personalized approach to patient management by customizing care
to individual disease profiles and treatment responses [87,88]. Consequently, theranostic
devices can automatically modify medication dosages in response to disease condition
fluctuations [87]. In the context of glaucoma care, an example of a theranostic device is
one that can monitor IOP and use this information to dynamically modulate the release
of IOP-lowering drugs. Moreover, theranostic devices have the potential to monitor and
image diseased tissue, analyze delivery kinetics, and maximize drug efficacy [87].

The interest in theranostics has grown significantly since the beginning of the century.
Between 2000 and 2011, the annual publication count for research on theranostics and
multifunctional therapies increased from none to 120 and 160 papers, respectively. The
growing interest in theranostics, including dedicated journals on the topic, indicates its
rising importance in medicine [89].
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4.2. Clinical Uses of Theranostics

One of the challenges in glaucoma management is the accurate and continuous mon-
itoring of IOP. As previously mentioned, traditional methods only provide intermittent
IOP measurements during clinic visits. However, theranostic smart soft contact lenses
(SSCLs) can provide continuous and non-invasive IOP monitoring. These lenses incorpo-
rate biosensing components that measure and transmit real-time IOP data wirelessly. By
providing a comprehensive understanding of IOP dynamics, theranostic SSCLs facilitate
personalized treatment strategies and timely interventions.

Glaucoma often requires long-term medication to control IOP and prevent disease
progression. Conventional treatment methods, such as eye drops, have limitations in
terms of patient adherence and drug bioavailability [64]. Theranostic SSCLs address these
challenges by offering personalized drug delivery directly to the ocular surface. These
lenses facilitate the controlled release of therapeutic agents, maintaining consistent drug
levels over an extended duration. Theragnostic SSCLs hold the potential to circumvent
the drawbacks of eye drops, thereby enhancing medication adherence, improving drug
efficacy, and reducing patient discomfort [78]. Moreover, theranostic SSCLs can incorporate
feedback mechanisms that optimize treatment based on individual patient needs. By inte-
grating biosensing capabilities with drug delivery systems, these lenses can monitor IOP
levels and adjust drug release accordingly. This dynamic approach ensures precise medica-
tion administration, minimizing IOP fluctuations and optimizing therapeutic outcomes.
Theranostic SSCLs offer a minimally invasive and patient-friendly approach to provide
continuous IOP monitoring and personalized drug delivery, which have the potential to
revolutionize glaucoma management. By improving the treatment of glaucoma, they may
even reduce the number of clinic visits and invasive procedures. Further research is needed
to fully explore the capabilities of these technologies and their integration into routine
clinical practice.

4.3. Emerging Technologies

Recent advances in smart contact lenses for glaucoma diagnosis and drug delivery
have inspired growing research interest in the integration of both types of functionalities
to enable continuous IOP monitoring and effective on-demand drug delivery to treat
glaucoma. This closed-loop feedback system features a sensor in the contact lens that
detects elevated IOP and an on-board signal processor that triggers the immediate release
of preloaded drugs to lower IOP. When the IOP drops below a predetermined threshold,
drug release would then be halted.

Hahn et al. recently developed a theranostic device that integrates electrical circuits
on a contact lens for IOP monitoring, wireless data transmission, and coordinated drug
delivery (Figure 9) [90]. The key attribute of this lens is its feedback mechanism, equipped
with a highly sensitive gold hollow nanowire sensor for real-time IOP monitoring, and an
adaptive drug delivery system that releases the glaucoma medication timolol on demand to
modulate IOP. The IOP sensor can attain measurements on par with commercial tonometers,
with a correlation coefficient of R = 0.94. Another significant benefit is that the technology
can be personalized to react to a patient’s unique IOP levels and treatment sensitivity.
A wireless board receives the IOP measurements from the lens, which are subsequently
transferred to and interpreted by a computer using low-energy Bluetooth.

Xie et al. developed another closed-loop theranostic SSCL that demonstrated IOP sens-
ing and drug delivery capabilities called the wireless theragnostic contact lens (WTCL) [91].
This lens utilizes an iontophoresis drug delivery system, which allows for electrically con-
trolled medication release and improved drug permeation. A double-layer structure was
adopted to overcome the challenge of integrating multiple modules onto the space-limited,
curved contact lens (Figure 9). Sensors and wireless power transfer circuits were embedded
inside the contact lens between the double layers to avoid direct contact with the ocular
surface. An ultra-soft air dielectric film between the layers provides high sensitivity to IOP
fluctuations. Drug release from the hydrogel layer coated on an iontophoretic electrode
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is activated when IOP is higher than 21 mmHg. Using iontophoresis drug delivery, the
WTCL can achieve an IOP reduction of over 20%, surpassing the 6.9 ± 14.7% lowering
seen with slow diffusion over extended periods (~2 h) in rabbits. The WTCL IOP sensor
maintains an error rate of <42%, compared to 10–14% error associated with a Tonopen.
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and timolol release. (b) Schematic representation of the conventional continuous IOP monitoring
and the IOP control by IOP monitoring and on-demand drug delivery for the treatment of glaucoma.
Open access [90]. Copyright 2022, Springer Nature.

5. Current Challenges and Clinical Outlook

Smart contact lenses with diagnostic and therapeutic capabilities have the potential to
revolutionize glaucoma management by providing continuous monitoring and targeted
treatments. Diagnostic lenses offer a non-invasive and user-friendly alternative to tradi-
tional diagnostic tools like GAT, enabling the continuous monitoring of IOP fluctuations,
facilitating early glaucoma detection and allowing for timely treatment before disease pro-
gression. Despite the advancements in the field of diagnostic lenses, current iterations are
not without their limitations. Challenges such as the bulkiness and rigidity of embedded
circuits, the failure to detect minute fluctuations in IOP, and the complexities involved in
their manufacture, persist. Hydrogel-based colorimetric sensors emerge as a promising
solution to these issues thanks to their inherent flexibility, straightforward production
process, and the elimination of the need for an external power source [92]. These sensors
employ various mechanisms for color or transparency alteration, including interference [93],
scattering [94], and diffraction [95]. Some mechanisms have shown exceptional sensitivity
to even the slightest deformations [96]. The potential for integrating such hydrogel sensors
into contact lenses to monitor IOP changes is significant, bringing new possibilities to
non-invasive tracking of ocular health. Therapeutic contact lenses can be personalized
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based on each patient’s specific needs for controlled drug delivery. Advancements in
smart contact lens technology could significantly improve patient adherence to glaucoma
medications and reduce the need for frequent visits to the doctor’s office for monitoring.
The development of closed-loop theranostic contact lenses combines the advantages of
diagnostic and therapeutic lenses by simultaneously diagnosing and treating glaucoma.

While the potential benefits of smart contact lenses are exciting, it is important to note
that the technology is still in the early stages and numerous challenges remain. First, the
integration of sensors, drug delivery, and communication components into a contact lens
presents a complex challenge, as ensuring the reliability, stability, and compatibility of all
these components is demanding. Second, the complicated designs of the smart contact
lenses and their use of electronics could make them uncomfortable to wear and increase
their cost of production, which would hinder adoption. In addition, smart contact lenses
come into direct contact with the eye; therefore, materials must be safe and biocompatible
to avoid irritation and inflammation. Finally, closed-loop smart contact lenses require a
power source that is stable and compact enough to operate the sensors, deliver the drugs,
and wirelessly communicate with external systems.

While smart contact lenses have the potential to transform glaucoma diagnosis and
treatment, their development and commercialization might take several more years due to
the aforementioned challenges. As technology continues to advance, smart contact lenses
could shift glaucoma practice paradigms by providing a lower-cost, closed-loop theranostic
system that addresses the urgent needs of both eye care providers and patients. However,
further research, validation, and regulatory clearances are necessary before smart contact
lenses can become a standard component of routine glaucoma management.
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Abstract: Surgery has long been an important treatment for limiting optic nerve damage and minimis-
ing visual loss in patients with glaucoma. Numerous improvements, modifications, and innovations
in glaucoma surgery over recent decades have improved surgical safety, and have led to earlier
and more frequent surgical intervention in glaucoma patients at risk of vision loss. This review
summarises the latest advancements in trabeculectomy surgery, glaucoma drainage device (GDD)
implantation, and minimally invasive glaucoma surgery (MIGS). A comprehensive search of MED-
LINE, EMBASE, and CENTRAL databases, alongside subsequent hand searches—limited to the past
10 years for trabeculectomy and GDDs, and the past 5 years for MIGS—yielded 2283 results, 58 of
which were included in the final review (8 trabeculectomy, 27 GDD, and 23 MIGS). Advancements
in trabeculectomy are described in terms of adjunctive incisions, Tenon’s layer management, and
novel suturing techniques. Advancements in GDD implantation pertain to modifications of surgical
techniques and devices, novel methods to deal with postoperative complications and surgical failure,
and the invention of new GDDs. Finally, the popularity of MIGS has recently promoted modifications
to current surgical techniques and the development of novel MIGS devices.

Keywords: glaucoma; trabeculectomy; glaucoma tube shunts; minimally invasive glaucoma surgery;
device; eye

1. Introduction

Glaucoma is the leading cause of irreversible blindness worldwide, with little vari-
ability according to race, ethnicity, or location [1]. Elevated intraocular pressure (IOP)
remains the primary modifiable risk factor for glaucoma progression, thereby mandating
that treatments lower the IOP. This is the only therapeutic strategy that prevents damage to
the optic nerve and the progression of visual field defects [2]. Anti-glaucoma medications,
most of which work by lowering aqueous production or increasing outflow, as well as laser
procedures, such as peripheral iridotomy or trabeculoplasty, are generally considered to be
first-line therapy [3]. Surgery is usually indicated when glaucoma medications and lasers
are unable to reduce IOP sufficiently to halt visual field loss [4].

Trabeculectomy has long been the gold standard for the surgical management of
glaucoma, but new surgical techniques and devices, including glaucoma drainage devices
(GDD) and minimally invasive glaucoma surgery (MIGS), have been recently developed [5].
Because the field of glaucoma surgery has changed so significantly over the past decade,
the authors believe a comprehensive review that consolidates and summarises recent
developments and innovations in trabeculectomy surgery, GDDs, and MIGS is warranted.
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2. Materials and Methods

A comprehensive search of PubMed, EMBASE, and the Cochrane Central Register of
Controlled Trials (CENTRAL) was performed on 29th August 2022. Combinations of the
following keywords and MeSH terms were used: “Glaucoma”, “Trabeculectomy”, “Glau-
coma Drainage Implants”, “Tube”, “Tube Shunt”, “Tube Shunts”, “Ahmed”, “Baerveldt”,
“Clearpath”, “Molteno”, “Paul”, “Minimally Invasive Surgical Procedures”, “MIGS”,
“Minimally Invasive Glaucoma Surgery”, “Trabectome”, “Trabeculectomy”, “GATT”,
“Gonioscopy-assisted transluminal trabeculotomy”, “Trab360”, “iStent”, “Hydrus”, “XEN”,
“Preserflo”, “Canaloplasty”, “ABiC”, “iTrack”, “Kahook”, “KDB”, “Omni”, “Visco360”,
“Visiplate”, “Cypass”, and “Durysta”. The search was restricted to only adult studies
(>19 years of age) and studies published in English. The literature searches for trabeculec-
tomy and GDDs dated back to 29th August 2012 (10 years) and for MIGS dated from
29th August 2017 (5 years). Identified studies were evaluated and manually searched to
identify other eligible studies, which were added as hand searches.

Advancements were defined as developments in the following predefined areas:
trabeculectomy—“incisional technique” and “closure technique”; GDDs—“GDD surgical
technique”, “Existing GDDs”, and “New GDDs”; MIGS—“MIGS technique”, “combination
MIGS”, and “new MIGS devices”. Any surgical advancement or development that fell
under the predefined categories and was described within the specified time frame was in-
cluded. A supplementary manual search was conducted if the included study was deemed
not to be the original/first description of the advancement. Criteria for inclusion did not
include consideration of the significance or extent of real-life adoption of the particular
advancement. Only studies involving United States Food and Drug Administration (FDA)
or European Conformité Européenne (CE)-approved MIGS devices were included for final
review under the MIGS section.

Manuscripts were assessed by three reviewers (S.Y.L., B.K.B., and H.J.W.) for inclusion.
Disagreements were resolved through discussion and consensus, and when unsuccessful, a
senior reviewer (B.C.H.A.) was consulted.

The database searches yielded 2261 results—844 (PubMed), 459 (EMBASE), and
958 (CENTRAL). An additional 6 (Trabeculectomy), 14 (GDD), and 2 (MIGS) studies
were added from hand searches, and 517 duplicates were subsequently removed. After
the initial title–abstract sieve, 98 (out of 1766 articles) remained—16 (Trabeculectomy),
38 (GDDs), and 44 (MIGS). Following a full-text review, 58 articles—8 (Trabeculectomy),
27 (GDD), and 23 (MIGS)—were included in the final review on advancements. Results of
the literature searches and reviews are presented in a PRISMA flowchart [6] (Figure 1). A
summary list of all included studies is presented in Table A1 (Appendix A).
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3. Trabeculectomy

As a technique to divert aqueous from the anterior chamber into the subconjunctival
space, conventional trabeculectomy was first described by Cairns in 1968 [7]. Surgery
includes the creation of a fornix or limbal-based conjunctival flap, dissection of the un-
derlying Tenon’s layer, the creation of a partial-thickness scleral flap, the formation of an
ostium into the anterior chamber, and finally, a surgical iridectomy to prevent postoperative
occlusion of the ostium [8]. Aqueous flows down a pressure gradient from the anterior
chamber into the subconjunctival space, resulting in the formation of a filtering bleb with a
reduction in the IOP. Trabeculectomy remains the gold standard, first-line, subconjunctival
filtration surgery for the treatment of vision-threatening glaucoma.

The performance of an “ideal” trabeculectomy is said to follow the “10-10-10” rule—a
surgical time of 10 min, the achievement of a postoperative IOP of 10 mmHg, and an effect
that lasts for 10 years or longer [9]. The Moorfields Safer Surgery System, adopted by
many trabeculectomy surgeons worldwide, has been designed to facilitate trabeculectomy
outcomes following the “10-10-10” rule [10]. Despite the long history of trabeculectomy,
challenges, including bleb failure from postoperative fibrosis, concerns regarding long-term
IOP-lowering efficacy, bleb complications, such as leaks, hypotony, and endophthalmitis,
and the ongoing need for vigilant postoperative monitoring and interventions to sustain
surgical efficacy, persist [11]. This section will explore advancements in trabeculectomy
surgery that are meant to overcome these challenges and improve outcomes, with a special
focus on incisional and closure techniques.
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3.1. Incisional Technique

Trabeculectomy augmented by limited deep sclerectomy (LDS) was first described
in 2017 by Dada et al. [8]. LDS involves elevating and excising a 3 × 3 mm block of
deep scleral tissue below the initial scleral flap, thereby creating a crater in the scleral
bed [8]. This augmentative intra-operative procedure is intended to surgically thin the
remaining sclera, thereby enhancing permeability and increasing aqueous drainage. The
pooling of aqueous within the inner scleral layers is intended to promote supraciliary and
suprachoroidal outflow of aqueous [8,12] with the size of the pressure difference between
the anterior chamber and suprachoroidal spaces driving uveoscleral outflow [8]. These
additional filtration pathways reduce reliance on subconjunctival filtration and theoret-
ically allow for greater reductions in IOP. The intrascleral lake supports the scleral flap,
preventing its collapse, and scleral flap elevation reduces the risk of local episcleral and
intrascleral fibrosis [8]. LDS-augmented trabeculectomy appears to be a potential alterna-
tive to conventional trabeculectomy. In a randomised controlled trial of 68 patients with
primary open-angle glaucoma or primary angle closure glaucoma with pseudophakia,
LDS-augmented trabeculectomy reduced IOP from a baseline of 29 ± 4.6 mmHg to
12.54 ± 1.67 mmHg at 12 months whilst conventional trabeculectomy reduced IOP from a
baseline of 30 ± 5.2 mmHg to 13.45 ± 1.83 mmHg at 12 months [8]. None of the eyes in the
LDS group required postoperative bleb needling [8], a procedure often performed to revive
a non-functional fibrotic bleb. Both LDS-augmented and conventional trabeculectomy
reduced the need for postoperative glaucoma medications (3.36 ± 0.48 to 0.46 ± 0.76 vs.
3.34 ± 0.48 to 0.9 ± 0.76) and LDS-augmented trabeculectomy had a lower rate of surgical
failure [8].

In 2022, Dada et al. [13] further enhanced the LDS-augmented trabeculectomy by
creating a cyclodialysis in two patients who had high IOP after vitrectomy. In this surgical
modification, a controlled separation of the ciliary body from the scleral spur is performed
at the site of the scleral flap. The excised deep scleral tissue during LDS is used as a spacer
in the cyclodialysis cleft (Figure 2) [13], which prevents closure and fibrosis of the cleft, and
ensures suprachoroidal drainage of aqueous [13]. The spacer also inhibits the excessive
aqueous outflow that commonly occurs with standard cyclodialysis procedures. These
alternative drainage pathways alleviate the IOP-lowering burden on the subconjunctival
bleb and minimise the risk of bleb-related complications, such as fibrosis and bleb leak.
Good short-term IOP outcomes, from 38 mmHg to 12 mmHg and 44 mmHg to 10 mmHg,
were seen in both patients, without leaking blebs at 6 months [13]. Unfortunately, the
long-term efficacy and safety of this procedure have yet to be reported.

The Extended Subscleral Technique (ESST) was first described in 2014 by Saeed et al. [14]
as an adjunct to trabeculectomy. In ESST, a narrow longitudinal strip of deep sclera poste-
rior to the scleral flap is removed to create an extended scleral tunnel, approximately 6 mm
in length from the limbus, that allows aqueous passage into the posterior subconjunctival
space. The pressure gradient between the original filtering ostium and the additional
subscleral tunnel produces a regulated posterior flow [14,15]. Consistent with Bernoulli’s
principle, the different channel diameters produce variable aqueous velocities, with regions
of low and high pressures. The resultant force balances out the pressure difference, thereby
encouraging a posteriorly directed, controlled flow of aqueous. By acting as another out-
let for aqueous, the ESST limits aqueous outflow velocity, minimises the development
of a shallow anterior chamber post-operatively, and promotes the formation of a more
widely-distributed posterior bleb [15]. The enhanced diffusion of aqueous into the wider
adjacent subconjunctival space may inhibit the formation of a ring of scar tissue—the
“Ring of Steel”—that often forms at the junction between bleb and normal conjunctiva,
leading to a localised, elevated, and thin bleb that increases the risk of postoperative
leaks [15]. ESST may reduce the need for postoperative bleb needling, a procedure that
is often used to re-establish drainage after fibrosis and encapsulation [16]. A randomised
controlled trial that examined outcomes of ESST-augmented trabeculectomy vs. conven-
tional trabeculectomy in 40 eyes with primary open angle glaucoma found no bleb-related
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complications in the ESST group. ESST also produced a greater reduction in IOP from
baseline compared to that following conventional trabeculectomy with a superior reduction
in IOP that was statistically significant at 7 days (80.0% vs. 56.0%) and 180 days (66% vs.
53.6%), but non-significant at 1 day (66.7% vs. 57.2%) and 1 year post-operatively (67.5%
vs. 53.1%) [15]. A statistically greater reduction in the need for postoperative glaucoma
medications was observed in the ESST group (2.53 ± 0.9 to 0.052 ± 0.2) compared to
conventional trabeculectomy (2.85 ± 0.59 to 0.65 ± 0.2) at 1 year [15].
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Figure 2. (A) The making of a partial-thickness scleral flap to create a deep crater; (B) further
dissection of the scleral block to create an even deeper crater; (C) cyclodialysis cleft made using
cyclodialysis spatula; and (D) deep scleral tissue inserted at the cyclodialysis cleft. Courtesy of
Dada et al. [13].

3.2. Closure Technique

Trabeculectomy surgery concludes with suturing of the scleral flap, adjustment of
suture tension, and watertight closure of the conjunctiva and Tenon’s layers. These steps
are critical for preventing bleb leaks and ensuring adequate postoperative IOP reduction.
In recent years, new closure techniques have been developed to improve both the efficacy
and safety profile of trabeculectomy.

Chan et al. [17] reported a novel, modified conjunctival closure technique that reposi-
tions and separates Tenon’s layer from the conjunctiva, which differs from the traditional
simultaneous closure of conjunctiva and the Tenon. The Tenon is dissected from the con-
junctiva and anchored close to and overlying the scleral flap; the conjunctiva is then closed
separately [17]. This technique positions the inner surface of Tenon’s layer further from
the anterior sclera, which lowers the risk of postoperative fibrosis and enhances aqueous
flow into the sub-Tenon’s space alongside the intentional misalignment of the Tenon and
sclera. This helps maintain space patency and encourages posterior aqueous flow. Approxi-
mating the Tenon on top of the partial-thickness scleral flap creates a tensional force that
may prevent over-drainage, thereby reducing the risk of hypotony. Anchoring the Tenon
allows conjunctival closure with minimal tension, thereby reducing the risk of a buttonhole,
dehiscence, and bleb leak. Finally, this closure method reduces the risk of Tenon’s layer
retraction and encourages the development of a thicker bleb wall, which may reduce the
risk of a cystic bleb and bleb leaks [17]. In this non-comparative case series, 30 Chinese
patients underwent fornix-based trabeculectomy with mitomycin C and experienced a
reduction in mean IOP from 28.5 ± 9.6 mmHg to 15.5 ± 2.6 mmHg and a decrease in the
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need for postoperative glaucoma medications (4.4 ± 0.9 to 0.8 ± 0.12). No wound leaks
were observed.

The literature describes better long-term results with fornix-based trabeculectomy than
with limbal-based trabeculectomy but with greater risks of conjunctival wound leakage [18].
In 2015, Olawoye et al. described a new closure technique for fornix-based trabeculectomy
that uses a horizontal conjunctival suture [19]. This ensures a watertight limbal conjunctival
wound and mechanically separates the conjunctiva from the cornea. A non-comparative
case series of 79 eyes with primary open angle glaucoma or secondary glaucoma, such as
exfoliative and pigmentary glaucoma, that were at high risk of surgical failure reported low
rates of bleb leakage (7 (8.8%) eyes), as compared to other forms of previously described
conjunctival closure techniques in fornix-based trabeculectomy. Significant reductions in
mean IOP (31.5 ± 8.1 mmHg to 14.2 ± 6.0 mmHg) and postoperative glaucoma medications
(3.7 ± 0.8 to 0.6 ± 0.12) were also observed [19].

Kirk et al. in 2014 [18] modified the original Wise closure technique [20] by creat-
ing a limbal lip of conjunctiva. The firm adhesion between the anterior and posterior
conjunctival edges promotes healing and minimises leakage at the wound site. The clos-
ing suture, which is secured to both the conjunctiva and sclera peripheral to the original
conjunctival incision, evenly distributes mechanical traction across the wound [18]. This
contrasts with traditional closure techniques that rely heavily on the sutures at both ends
of the conjunctival flap [18,21]. A retrospective comparative study (313 patients) that in-
vestigated the efficacy and safety profile of the modified Wise closure [21] found that the
incidence of bleb leaks was lower after the modified Wise closure than with winged sutures
(6.4% vs. 16.6%). The modified Wise closure exhibited a stronger protective effect against
bleb leaks compared to techniques employing winged sutures for closure (odds ratio of
0.345; 95% CI 0.16–0.74; p = 0.007) [21]. The postoperative IOP reduction from baseline
in six months was significantly greater following the modified Wise closure compared to
closure with winged sutures (−14.5 ± 10.8 mmHg vs. −11.6 ± 9.1 mmHg) [21] though no
significant difference in the need for postoperative glaucoma medications between groups
was found.

Figus M et al. first described the use of a scleral flap everting suture for anterior
filtering procedures with a scleral flap in 2016 [22]. This technique involved passing an
everting 10-0 nylon suture through the distal margin of the flap, then through the limbus
twice before knotting and forming a closed ellipse with a loop on the cornea. If IOP reduc-
tion is required postoperatively, traction can be applied to the exposed loop to increase
aqueous outflow and restore the bleb. In 92 eyes that underwent filtering surgery, the
authors reported the need to traction the everting suture by 4 months postoperatively in
26 out of 92 eyes, of which the procedure was successful in reopening the scleral flap in
25 eyes. However, IOP results were not reported, as the abovementioned study was still un-
dergoing approval by the institutional ethics committee. Baykara M. et al. in 2017 reported
a modification of the scleral flap everting suture—the accordion suture—in a population
of eight eyes with neovascular glaucoma [23]. The technique involved first passing the
suture through the mid-distal edge of the scleral flap, internal to external, and then through
the mid-left edge of the flap, external to internal. Next, the suture is passed through the
clear cornea at the limbus and again through the clear cornea, creating a U-shaped loop.
Subsequently, the suture is passed through the mid-right edge of the scleral flap, inter-
nal to external, and finally through the mid-distal edge of the flap, external to internal.
Lastly, both ends of the suture are placed underneath the scleral flap and finely tied with a
3-1-1 slip knot manner after adjustment of desired tension. The use of the accordion suture
has been postulated by the authors to result in an even lifting pressure applied to both edges
of the flap, which delivers a more substantive decrease in IOP. The mean removal time of
the accordion suture was reported to be 3.5 ± 0 weeks post-operatively, with the mean IOP
before and after the procedure at 22.63 ± 2.06 mmHg and 11.12 ± 2.64 mmHg, respectively.
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4. Glaucoma Drainage Devices

Glaucoma drainage devices (GDDs) have become a mainstay in the surgical manage-
ment of advanced, refractory glaucoma, particularly in those eyes with a prior history of
failed filtering surgery. GDDs divert aqueous humour (AH) from the anterior chamber to
an external reservoir, over which a fibrous capsule forms at 4–6 weeks after surgery. AH
diffuses between the collagenous fibres of the capsule and is absorbed by capillaries and
lymphatic vessels within the Tenon and conjunctiva. The base plate prevents conjunctival
adhesion to the sclera and maintains the AH reservoir [24], though the fibrous capsule
encapsulating the base plate is the site most resistant to AH flow [24,25]. Overall, GDDs
successfully control IOP in eyes with previously failed trabeculectomy [26], and in eyes with
prior conjunctiva scarring that precludes other forms of subconjunctival filtering surgery.
GDDs are usually classified as flow-restrictive (valved) or non-flow-restrictive (non-valved)
types, with devices varying according to size and base plate material. Since the Molteno
drainage implant device [27] was first introduced into clinical practice, attempts have been
made to improve the safety and efficacy of GDDs by modifying intra-operative techniques,
exploring ways to manage postoperative complications and surgical failure, modifying
existing devices and creating new GDDs.

4.1. Modifications to Existing Techniques of GDD Implantation

Assessing the function and patency of GDDs is important for ensuring good and
predictable outcomes after GDD implantation. Grover et al. [28] used Trypan blue to
assess adequate GDD flow in three situations: (1) when completing the second stage of
Baerveldt tube implantation; (2) when blockage of a valved implant is suspected after it
had previously functioned well; and (3) when the valve mechanism of an implant seems to
have failed. In the first situation, Trypan blue injection through the drainage tube stained
the capsule, signifying that the dye successfully reached the plate. In the second situation,
elevated IOP was observed in the first postoperative week after Ahmed Glaucoma Valve
(AGV) implantation. To assess for GDD function, diluted Trypan blue was flushed into the
tube with blue staining of the capsule and plate, confirming GDD function. In the third
situation, high IOP occurred during the second postoperative week after the implantation
of an AGV. After initial irrigation attempts had failed, the tube was externalised and flushed
aggressively with diluted Trypan blue, thereby re-establishing good flow. In this case, the
dye served both to confirm and re-establish flow in the GDD, but the authors also advised
against the overuse of Trypan blue because of its association with endothelial toxicity at
high concentrations and prolonged exposure [29]. In this study, the authors minimised the
risk of toxicity by diluting three drops of the dye with 3 mL of balanced salt solution.

Another modification to the GDD implantation procedure involves the placement
of the GDD tube through a sclerotomy port during vitreoretinal surgery. In eyes with
compromised anterior segments due to previous surgeries or disease processes, as well as
in post-corneal transplant eyes, GDDs have been implanted in the sulcus or vitreous cavity.
Gupta et al. [30] described pars plana placement of the AGV through a sclerostomy port
in the only-seeing eye of an aphakic patient with post-penetrating keratoplasty refractory
glaucoma and a history of trabeculectomy. In this case, the AGV tube was trimmed to an
intravitreal length of 6mm and inserted through a superotemporal 25 G vitrectomy port to
minimise the number of entry wounds and, hopefully, to limit postoperative fibro-vascular
proliferation and exaggerated wound healing [31].

While GDDs usually drain into the subconjunctival space, Maldonado-Junyent et al. [32]
followed the principles of a ventriculoperitoneal shunt used in the treatment of hydro-
cephalus, to drain aqueous humour into the peritoneal cavity. A hydrocephalus valve
(Medtronic PS Medical Strata NSC) was used, regulated at level 2.5 to operate at pressures
between 14 and 16 mmHg. Good IOP was maintained for the first four weeks, but longer-
term results have yet to be published. This unique modification to GDD implantation raises
the possibility of diverting aqueous to other spaces outside of the eye.
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4.2. Novel Techniques to Manage Surgical Complications and Failure following GDD Implantation

Tube exposure is a well-known complication of GDD implantation [33] that may result
from the eye’s immunologic response, repeated mechanical irritation caused by blinking,
outward pressure against the tube from the eye, or vaulting of the tube due to intrinsic
tube elasticity. Various strategies, including the creation of an overlying scleral flap and
the application of patch grafts, have been used during surgery to reduce the incidence. In
a retrospective series of 36 eyes with refractory glaucoma, Ma et al. [34] used a modified
scleral tunnel technique. After the tube was inserted into the scleral tunnel, it was covered
by both the tunnel and an overlying scleral flap at the point of intersections. Through
21 months of follow-up (mean), no conjunctival tube exposure was reported.

In a retrospective series of 30 eyes, Eslami et al. [35] reported the use of a single long
tunnel to prevent tube exposure. The authors proposed that preventing tube-conjunctiva
contact would reduce the risk of tube exposure, and through a 37.2-month follow-up
(mean), no cases of tube exposure were reported. The surgical technique (Figure 3) begins
with an 8 mm half-thickness scleral tunnel, after which the plate of the shunt device is
secured to the sclera. The silicone tube is trimmed, threaded through the scleral tunnel, and
inserted into the anterior chamber under a scleral flap and through a partial paracentesis.
The limbal scleral flap is closed to prevent leakage.
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Brouzas et al. [36] developed a ‘double scleral tunnel in tandem’ technique to exceed
the maximum length of a single tunnel. Two scleral incisions are made parallel to the limbus
at 4 and 12 mm. A half-thickness scleral tunnel is dissected between the two incisions
(Figure 4), and a second tunnel is made from the proximal incision to the limbus. After
injection of a viscoelastic into the anterior chamber and the creation of a paracentesis, the
tube is inserted through both the distal and proximal tunnels, and then into the anterior
chamber. The proximal incisions are sutured, and the tube and conjunctiva are secured.
In a series of 28 eyes, only two (7.1%) cases had tube exposure after a mean follow-up of
60 months.
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Figure 4. (a) The distal-to-limbus tunnel is prepared with a bevel-up lancet between the two scleral
incisions; (b) the proximal-to-limbus tunnel is fashioned from the proximal-to-limbus incisions to the
limbus; (c) a paracentesis is created with a 23-gauge needle through the proximal-to-limbus tunnel
into the anterior chamber; (d) the tube is secured with a 10-0 nylon suture (distal incision-sclera,
sclera-distal incision). Courtesy of Brouzas et al. [36].

Alternative techniques to cover the GDD implant during surgery have also been
described. In a randomised clinical trial, Pakravan et al. [37] reported the use of a graft-
free, short tunnel, small flap method of AGV implantation and compared it with a scleral
patch graft. Comparable success rates, including postoperative IOPs, glaucoma medication
burden, and complication rates through 1 year, were found with each approach. These data
suggest that the graft-free, short tunnel, small flap technique may be a viable way to reduce
the risks associated with scleral patch grafts. Gupta et al. [38] also used a graft-free scleral
sleeve technique (Figure 5) in a single patient during the COVID-19 pandemic to reduce
the risk of viral transmission through a donor scleral graft and reported no tube exposure
through 6 months.

GDD efficacy is often limited by bleb fibrosis, with no clear consensus on the effec-
tiveness of intra-operative antimetabolite use in reducing the rate of surgical failure [39].
Alternate adjuncts have been used with the hope of preventing bleb fibrosis following GDD
implantation. In a randomised prospective multicentre clinical trial with 58 patients, Sastre-
Ibanez et al. [40] used the Ologen collagen matrix, but could not demonstrate an efficacy or
safety benefit over traditional AGV implantation surgery after 12 months postoperatively.
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New surgical techniques have been developed to better manage intra-operative com-
plications. Mungale et al. [41] described a novel method to manage inadvertent tube-cut by
a ligature that sometimes occurs during aurolab aqueous drainage (AADI) implant surgery.
The authors removed the short end of the tube attached to the implant and reinserted
the long, transected end into the back plate of the implant. Management options, in this
case, were limited by the absence of spares and other materials for tube extension, and the
authors cautioned that similar techniques might not be applicable to valved implants like
the AGV, where the tube fits tightly into the base plate.

Early GDD failure may occur because a blood clot obstructs the tube, particularly in
eyes with neovascular or inflammatory glaucoma. At the end of surgery, Hwang et al. [42]
injected filtered air into the anterior chamber through a 30-gauge needle. The authors
hypothesised that a large air bubble would keep blood from entering the tube opening and
prevent an obstructive clot from forming.

GDDs may also become occluded by iris tissue. In a single case, Kataria et al. [43]
used a single trans-corneal suture to manage iris tuck in an AADI tube. A trans-corneal
sling suture was passed through the cornea and behind the tube, approximately 2 mm
from the limbus. The suture tension was adjusted to lift the tube away from the iris while
keeping it a safe distance from the corneal endothelium. The authors acknowledged,
however, the risks of suture-related infection, corneal astigmatism, and persistent tube-iris
or tube-cornea touch.

Surgical options, including the implantation of additional GDDs and “piggyback”
drainage devices, have been developed to treat primary GDD failure [44]. In a series of
8 eyes, Lee et al. [45] reported the implantation of an additional AGV device in patients with
IOP persistently ≥30 mmHg, despite having a GDD and receiving maximally tolerated
medical therapy. Seven (of eight) patients had a statistically significant decrease in glaucoma
medications 1 year post-operatively. No cases of diplopia or corneal decompensation were
observed. In 16 eyes of 14 patients with uncontrolled glaucoma, Valimaki et al. [46] inserted
a second glaucoma drainage implant in a piggyback manner. The sequential implant was
rotated so that the tube of the ‘piggyback’ implant was directed towards the quadrant
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containing the original implant and inserted into the bleb, thereby converting a one-plate
into a two-plate implant. The mean IOP was reduced from 29.2 mmHg to 17.3 mmHg,
suggesting that a piggyback approach may be a viable option in patients with a failed GDD.
In a series of 18 eyes, Dervan et al. [47] sutured a Baerveldt (250 or 350 mm) or Molteno3
GDD into an unused scleral quadrant and connected the silicone tube to the primary plate
bleb. Mean IOP was reduced from 27.1 mmHg to 18.4 mmHg at the last follow-up. Several
studies [44,48,49] suggest that piggyback GDD placement may be a viable surgical option
for primary tube failure, without risking the corneal decompensation that may occur when
inserting a second GDD into the anterior chamber [45,46].

Tube retraction, a complication of GDD implantation, often requires surgical revision
to maintain drainage. Chiang et al. [50] reported successful outcomes in three patients
with a ‘tube-in-tube’ technique that extended the existing tube of the Baerveldt GDD. The
anterior portion of the drainage tube was exposed, and its patency was assessed. A tube
segment from either a new GDD or a Tube Extender was inserted into the original tube,
or vice versa. Advantages of this technique include the need for only minimal surgical
dissection and disruption of the pre-existing GDD bleb, having a low risk of joined tube
migration due to the high tensile strength, not requiring fixation sutures at the ‘tube-in-tube’
interface, not requiring additional scleral grafting, and the ease with which this technique
can be learned. No tube migration occurred during follow-up periods of 1 month to
3 years.

The EX-PRESS Glaucoma Filtration Device (Alcon Laboratories, Fort Worth, TX, USA)
has also been implanted in different locations when required by a unique clinical situation.
Yen et al. [51] described an eye that had previously undergone pars plana vitrectomy (PPV)
with prolonged silicone oil tamponade (22 months) for a rhegmatogenous retinal detach-
ment and had developed neovascular glaucoma (NVG). Trabeculectomy with EX-PRESS
implantation was performed, but bleb failure developed three times in four years, and the
IOP reached 40 mmHg despite topical anti-glaucoma medications and oral acetazolamide.
The existing EX-PRESS device was re-implanted into the posterior segment, and the IOP
remained at 8 mmHg for more than 8 months after surgery and without medications [51].

4.3. Modifications to Existing GDDs

Over the past few years, GDDs have been repeatedly modified to enhance safety and
efficacy. In 42 patients with neovascular glaucoma, Gil-Carrasco et al. [52] compared the
safety and efficacy of the AGV model M4 (high-density porous polyethylene plate) and the
model S2 (polypropylene plate). The AGV model M4, because of its porous polyethylene
plate, was believed to increase aqueous outflow, but no differences in efficacy were seen at
1 year.

4.4. Invention of New GDDs

The Paul Glaucoma Implant (PGI) was created to reduce complications while preserv-
ing efficacy [53]. The PGI differs by having a smaller tube diameter—the external tube
diameter is 467 µm, and the internal tube diameter is 127 µm. By occupying less space in
the anterior chamber and preserving a large endplate surface area for aqueous absorption,
damage to the corneal endothelium and risk of tube erosion are theoretically lowered [53].
The smaller tube calibre makes intraoperative surgical occlusion easier. At 24 months [54],
complete success was achieved in 71.1% of patients, and the mean number of glaucoma
medications decreased from 3.2 to 0.29. Complications included a self-limiting shallow
anterior chamber, hypotony that required intervention, and tube occlusion.

The Ahmed ClearPath GDD (ACP, New World Medical, Rancho Cucamonga, CA,
USA) [55] was introduced in 2019 as a valveless device, available in both 250 and 350 mm2

sizes, and with a flexible plate that conforms to the curvature of the globe. Anteriorly
located suture fixation points make implantation easier, the posteriorly positioned plate
on the 350 model avoids muscle insertions, and an optional pre-threaded 4-0 polypropy-
lene rip cord and a co-packaged 23-gauge needle simplify the creation of a sclerostomy.
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The lower profile of the plate purportedly reduces the risk of conjunctival erosion and
produces a low, diffuse bleb [56]. In a multicentre retrospective analysis of 104 eyes with
medically and/or surgically uncontrolled glaucoma, Grover et al. [55] reported good IOP
outcomes with both the 250 or 350 mm2 devices. Significant reductions in mean IOP (13.6 to
16.7 mmHg) and medications (3.9 to 1.9) were seen at 6 months [55].

A series of newly designed GDDs can be adjusted post-operatively to reduce the
incidences of hypotony and hypertension. These devices include the eyeWatch (eW, Rheon
Medical, Lausanne, Switzerland) and others currently undergoing animal testing [57,58].
The eW has a deformable silicone tube that can undergo targeted compression to alter
its cross-sectional area and thereby change fluidic resistance. Post-operatively, IOP may
be changed non-invasively by moving the position of an internal magnetic rotor with
an external control unit (the “eyeWatch Pen”). A pilot study found fewer postoperative
episodes of hypotony and IOP spikes, with a complete success rate of 40% [59]. Subsequent
studies produced outcomes comparable to those with the AGV [60]. Adjustable GDDs
may reduce the need for intra-operative measures, such as tube ligation, and enable better
postoperative IOP control.

The primary objective of GDDs has been to improve the drainage of aqueous, but
GDDs are now being developed as extended-release drug reservoirs [61,62]. No US FDA-
approved GDD drug delivery systems have reached the market, but base plates are being
redesigned as reservoirs for drug storage. The tube would deliver the drug into either the
anterior or posterior chamber through a one-way pressure-dependent valve. A wireless
programming system is being developed to control drug delivery [63,64] with challenges
that include the creation of a micro-delivery system and the need to resupply the reservoir.

Base plates may be replaced with tube shunt devices that have expanded membranes.
In a study of 43 eyes, Ahn et al. [65] reported that the MicroMT (Figure 6), a membrane-tube
shunt device, significantly reduced IOP from 22.5 mmHg to 11.1 mmHg after 3 years.
The MicroMT has a reduced device profile, which decreases the risk of diplopia and
conjunctival erosion.
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5. Minimally Invasive Glaucoma Surgery (MIGS)

Minimally Invasive Glaucoma Surgery (MIGS) refers to a group of IOP-lowering sur-
gical procedures that have emerged during the last decade. MIGS generally cause minimal
trauma with little or no scleral dissection or conjunctival manipulation [66], incorporate
either an ab interno or ab externo approach, and have good safety profiles and rapid recov-
ery times [66]. MIGS are broadly classified into the following three categories according
to the site of implantation or augmentation [67]: (1) angle-based MIGS, which enhance
trabecular outflow by bypassing or manipulating angle structures, such as the trabecular
meshwork and Schlemm’s canal; (2) suprachoroidal MIGS, which increases uveoscleral
outflow through a suprachoroidal drainage shunt; and (3) subconjunctival MIGS, which
creates an aqueous outflow pathway into the subconjunctival or sub-Tenon’s space.

MIGS procedures have evolved rapidly over the past decade, with continuing, robust
research and development into new techniques and devices [68]. As with any recently de-
veloped surgical device or technique, various challenges have emerged in the performance
of surgery and the management of complications. Many of these challenges are common
to all MIGS procedures, and they can be broadly classified as follows: (1) perioperative
challenges (e.g., difficulty with intra-operative handling, visualisation, and implantation
of the device, or bleeding and hypotony in the immediate postoperative period); and
(2) long-term postoperative problems (e.g., bleb fibrosis, scarring, stent occlusion, and
insufficient long-term IOP lowering). In general, these perioperative and long-term post-
operative problems tend to be mild [69,70], and serious sight-threatening complications,
such as retinal detachment or endophthalmitis following MIGS, are rare [69,70]. Areas for
improvement remain, and since MIGS are becoming an increasingly important option for
the management of glaucoma, they are being continuously evaluated [5].

Recent advancements in MIGS have attempted to address current limitations in surgi-
cal success rates and ease of use in the following ways: (1) modifications to existing MIGS
techniques, (2) combination MIGS, and (3) development of new MIGS. The next section
will explore recent advancements in MIGS procedures and devices, and provide examples
as to how they attempt to address existing limitations.

5.1. Recent Modifications to MIGS Techniques

The XEN45 gel stent (Allergan, Dublin, Ireland), a subconjunctival MIGS device, has
demonstrated good safety and efficacy in the management of open-angle glaucoma [71],
but many investigators have reported the need for postoperative interventions, such as
bleb needling, with or without antifibrotic usage, to maintain the long-term patency of
the device and sustain its IOP-lowering effect [72,73]. These additional interventions
impose additional cost, risk, and inconvenience to both the patient and surgeon. The
XEN45 was originally approved by the US FDA to be implanted with an ab interno, closed
conjunctiva technique [74], but glaucoma surgeons have adopted an ab externo approach
(with either opened or closed conjunctiva) in an attempt to improve safety, efficacy, and
ease of implantation [75–77]. Some studies have reported higher rates of surgical success
and IOP-lowering and lower rates of bleb interventions in the open conjunctiva ab externo
approach. A retrospective case series by Tan et al. [75] showed a greater mean IOP reduction
in the ab externo open conjunctiva group compared to the ab interno closed conjunctiva
group (12.8 ± 3.0 mmHg (40.1% decrease) vs. 8.4 ± 1.7 mmHg (28.6% decrease); p = 0.208)
at the 12-month follow-up. Needling was required in fewer ab externo than ab interno
cases (26.7% vs. 42%; p = 0.231), but the superiority of the ab externo open conjunctiva
technique has not been consistently demonstrated across studies [75–77].

The distal end of the XEN Gel Stent can become obstructed by Tenon’s, so a transcon-
junctival ab externo implantation approach [78] has been developed to produce a similar
lowering of IOP and medication dependency as the ab interno closed conjunctiva approach
but with shorter surgical times and quicker postoperative visual recovery [78]. Another
technique to improve XEN implantation in the subconjunctival space is the XEN ‘Air’
Technique [79]. Prior to placement of the XEN gel stent, air and viscoelastic is injected
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into the subconjunctival space to create a mixed pneumatic/viscoelastic dissection, thus
preparing a subconjunctival pocket for subsequent XEN insertion with a larger bleb to
reduce rates of postoperative fibrosis.

The Preserflo Microshunt (Santen, Osaka, Japan) is a similar subconjunctival MIGS
device but is meant to be implanted via an ab externo approach into the anterior chamber
through an opened conjunctiva. The Preserflo Microshunt has a significantly smaller di-
ameter than other drainage devices, but it still may damage the corneal endothelium [80],
particularly if the implant extends far into the anterior chamber or close to the endothelium.
Martinez-de-la-Casa et al. [81] reported a patient with open-angle glaucoma refractory to
medical therapy (with an IOP of 26 mmHg on maximal medical therapy) and concomi-
tant granular corneal dystrophy with incipient stromal folds and an endothelial count of
700 cells/mm2. The Preserflo Microshunt was implanted into the posterior chamber to
minimise the possibility of further endothelial damage, and to avoid iris incarceration,
the bevel was directed downward as it is when posterior chamber drainage devices are
implanted (Figure 7). Six months after surgery, the implant remained functional, with an
IOP of 9 mmHg and without additional medical treatment [81].
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Poor visualisation may prevent the implantation of MIGS devices. Extensive anterior
synechiae or significant corneal opacities may prevent visualisation of the angle through
conventional gonioscopy, which increases the risk of implantation failure or precludes MIGS
usage entirely. To overcome this challenge, glaucoma surgeons have used intraoperative
optical coherence tomography (iOCT) [82,83]. Junker et al. [84] reported the use of iOCT to
accurately visualise a Trabectome within iridocorneal structures and facilitate the removal of
the trabecular meshwork (TM). Ishida et al. [85] used the iOCT to visualise angle structures
during ab interno trabeculotomy with the Tanito microhook (M-2215, Inami, Tokyo, Japan).
Further research into the outcomes of iOCT-assisted MIGS procedures may improve the
overall safety and success of MIGS while enabling patients who were previously ineligible
to undergo these surgeries successfully.

Deep learning can create three-dimensional images of iridocorneal structures during
angle-based MIGS surgeries to augment direct microscope visualisation [86]. A recent
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publication [87] by the Artificial Intelligence in Gonioscopy (AIG) Study Group described a
convolutional neural network (CNN) that had been trained on videos of gonioscopic ab
interno trabeculotomy with the Trabectome to accurately identify the TM in real-time. The
CNN developed by Lin et al. [87] managed to consistently identify the TM from surgical
videos, outperforming the human experts against which it was tested. Since accurate
identification of iridocorneal structures on gonioscopy may be difficult, and errors can
lead to surgical complications or suboptimal outcomes, a real-time assistive deep learning
model could have applications to MIGS training and intraoperative guidance [87]. Deep
learning could also be useful for other MIGS and non-MIGS glaucoma surgeries.

Existing MIGS devices have also been modified to improve device delivery and facili-
tate surgical handling. The iStent inject (Glaukos Corporation, San Clemente, CA, USA)
consists of two trabecular-bypass flange devices designed to facilitate aqueous outflow
into Schlemm’s canal by bypassing the trabecular meshwork. Randomised controlled
trials [88,89] showed a good lowering of IOP and a substantial reduction in postoperative
medication use. Additional improvements resulted in the iStent infinite—consisting of
three wider-flange devices (increased from 230 µm to 360 µm) on a single preloaded injector.
The widened flanges optimise stent visualisation and improve placement, while possibly
reducing the risk of stent occlusion by the iris. Additional iStent devices further lower
IOP, with an incremental benefit of 3 stents over 2 [90]. The new iStent infinite allows the
surgeon to inject three devices while entering the eye only once, thus reducing surgical
time and risk. A 12-month multicentre clinical trial showed that the iStent infinite [91] sig-
nificantly and safely reduces IOP in patients with uncontrolled open-angle glaucoma. The
original iTrack microcatheter circumferentially viscodilates and intubates the Schlemm’s
canal [92], whereas the new iTrack Advance utilises the same microcatheter with a new
and improved handheld injector to increase predictability and control during device ad-
vancement or retraction. This may reduce complications related to inappropriate device
handling or insertion.

5.2. Combination MIGS Procedures

The different but complementary mechanisms of action of MIGS procedures have
been combined to effectively lower IOP. The OMNI surgical system (Sight Sciences Inc.,
Menlo Park, CA, USA) was US FDA-approved in 2021 [93] to perform both canaloplasty
(microcatheterisation and transluminal viscodilation of Schlemm’s Canal) and trabeculo-
tomy (cutting of TM). This procedure targets the three main sites of outflow resistance in the
conventional aqueous outflow pathway—the TM, Schlemm’s canal, and the distal collector
channels [94]. Three-hundred-and-sixty-degree catheterisation and pressurised viscodila-
tion enlarge Schlemm’s canal and dilate distal collector channels, thereby removing distal
blockages to aqueous outflow and reducing distal outflow resistance. By addressing both
proximal and distal areas of outflow resistance, the OMNI surgical system has the potential
to increase the IOP-lowering efficacy of a single-setting procedure [94–96].

MIGS has been used in combination with traditional glaucoma filtering surgery. To
mitigate hypotony and corneal endothelial cell loss [97] after placement of the Baerveldt
tube (Advanced Medical Optics, Inc., Santa Ana, CA, USA), D’Alessandro et al. [98] placed
(ab externo) an XEN implant into the anterior chamber and inserted the Baerveldt tube more
posteriorly. The newly formed double tube was sutured and covered by the scleral flap [98].
In eyes with refractory open-angle glaucoma, Bravetti et al. [99] reported a significant IOP
decrease from baseline to 12 months (29.9 ± 13.2 to 15.2 ± 6.6 mmHg (−49.2%); p < 0.0001)
and medication use decreased from 3.0 ± 1.3 to 1.3 ± 0.9. However, 41.5% of patients
required revision surgery or transscleral cyclodestruction, ocular hypotony (under 6 mmHg
for >4 weeks) occurred in 24.4% of eyes, and blockage of the XEN gel stent occurred in
17.1%; no cases of corneal endothelial damage were reported.
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5.3. Recent Development of New MIGS

More MIGS devices have been proposed to overcome the limitations of existing
devices, provide new mechanisms for aqueous outflow, facilitate ease of use, or improve
device efficacy. The following six MIGS devices will be discussed: (1) MINIject DO627
(iStar Medical, Wavre, Belgium); (2) Intra-Scleral Ciliary Sulcus Suprachoroidal Microtube;
(3) iDose TR (Glaukos Corporation, California, USA); (4) Beacon Aqueous Microshunt
(MicroOptx, Maple Grove, MN, USA); (5) Minimally Invasive Micro Sclerostomy (MIMS;
Sanoculis Ltd., Israel); and (6) STREAMLINE® Surgical System (New World Medical,
Rancho Cucamonga, CA, USA).

The MINIject, a suprachoroidal device inserted ab interno into the supraciliary space [100],
has garnered significant interest among glaucomatologists. Compared to angle-based MIGS,
supraciliary stents are not limited by downstream episcleral venous pressure, which the-
oretically allows them to produce greater IOP lowering. Supraciliary stents do not form
blebs, thereby eliminating bleb-related risks and interventions, though they are prone to
postoperative scarring, tissue reaction, and implant failure [101]. Different suprachoroidal
shunts have been introduced over the past decade, with varying degrees of success. Despite
initial success, the CyPass Micro-Stent (Alcon Laboratories, Inc., Fort Worth, TX, USA) was
withdrawn from the global market in August 2018 due to long-term safety concerns over
endothelial cell loss [102]. The SOLX gold shunt (SOLX, Inc., Waltham, MA, USA) did
not receive US FDA approval due to high fibrosis-related failure rates [103]. The MINIject
DO627 [100] aims to overcome the limitations of previous suprachoroidal MIGS devices by
using a biocompatible, medical-grade silicone (STAR material NuSil med-6215) that is soft,
flexible, and inherently antifibrotic [104]. The 5 mm long implant does not have a patent
lumen but rather consists of a meshwork of porous microspheres that allows aqueous
to drain down the pressure gradient at a steady state via a sponge effect (Figure 8). In
addition, the silicone demonstrates good biointegration, as surrounding tissue colonises the
porous structure while preserving drainage and minimising fibrosis and scarring, thereby
eliminating the risk of a blocked lumen [100]. Three clinical trials (STAR-I [100], STAR-
II [105], and STAR-III [106]) across 11 sites in Central and South America, Asia, and Europe,
showed promising IOP-lowering results and medication reduction over 24 months with
few adverse events [107]. The ongoing STAR-V [108] trial aims to enrol 350 patients with
primary open-angle glaucoma in the US, and the STAR-VI trial will evaluate the MINIject
DO627 in patients undergoing concurrent phacoemulsification.

The ‘Intrascleral Ciliary Sulcus-Suprachoroidal Microtube’ [109] consists of a sterile
medical grade silicone tube (Tube extender, New World Medical) with a 300 µm inter-
nal diameter and 600 µm external diameter. During insertion, the tube is custom cut,
inserted through an inferotemporal conjunctival peritomy to preserve the superior con-
junctiva for future surgery, sutured to the sclera to prevent migration, and covered by a
partial thickness scleral flap. In a 12-month trial of 36 pseudophakic Black and Afro-Latin
patients with glaucoma refractory to topical ocular antihypertensive medications, IOP
decreased (21 ± 8.2 to 13.5 ± 4.4 mmHg; p = 0.032), as did the mean number of medications
(4.2 ± 1.0 to 2.4 ± 1.7; p = 0.021), with five patients being medication free. This technique
avoids bleb-related complications from traditional trabeculectomy or subconjunctival fil-
tering devices, but there are no data regarding rates of suprachoroidal space scarring or
corneal endothelial damage. A larger sample size with longer follow-up is needed.

The iDose TR is a drug-eluting MIGS device that aims to overcome barriers to long-
term topical therapy, including patient non-compliance, ocular surface irritation, and
difficulty with instilling eye drops [110]. The 1.8 × 0.5 mm biocompatible titanium implant
has three main parts—a scleral anchor that affixes to the TM, the body that serves as a
reservoir for the drug (travoprost), and a membrane that elutes the drug intracamerally
for a target duration of 6–12 months [111]. The iDose TR is implanted similarly to the
iStent inject, another MIGS device that is located in the TM. Two phase III randomised
controlled trials [112,113] are ongoing, with preliminary results showing that the iDose TR
arms will achieve the primary efficacy endpoint of non-inferiority to the active comparator
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arm (twice-daily topical timolol 0.5%) at 3 months [114]. A favourable safety profile with
no clinically significant corneal endothelial cell loss through 12 months was reported [114].
IOP-lowering is likely to diminish after 12 months when the reservoir empties, which
will prompt the question of whether the empty implant should be left in place, refilled,
or removed.
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The Beacon Aqueous Microshunt [115] is a new class of ab externo MIGS that is im-
planted at the superior limbus to allow aqueous outflow into the tear film. The microshunt
measures 1.70 mm wide by 3.30 mm long, with a 0.03 mm × 0.048 mm internal hydrogel
channel. Controlled-outflow resistance depends on the channel diameter, and the shunt has
been engineered to produce IOP reductions of 8 to 12 mmHg regardless of baseline [115].
To reduce retrograde bacterial movement and mitigate the risk of endophthalmitis, the
polyethylene glycol (PEG) hydrogel channel is composed of anti-biofouling polymers that
only allow a one-way laminar flow of aqueous humour towards the ocular surface. In
a five-patient safety trial [116], no short-term corneal or infectious complications were
seen. In a separate, single-patient case report, a significant IOP reduction from baseline
(33 mmHg to 12 mmHg) was achieved. Long-term safety and efficacy need to be further
investigated [115].

Minimally Invasive Micro Sclerostomy (MIMS) is an ab interno, stent-free, subcon-
junctival filtration procedure [117]. The MIMS handpiece consists of a 600 µm needle that
rotates around its longitudinal axis and has been designed to carve a permanent tunnel
near the corneoscleral junction to connect the AC with the subconjunctival space. MIMS
is being touted as a MIGS procedure without foreign body-related complications, such
as conjunctival erosions, corneal endothelial cell loss, stent migration, or extrusion, while
delivering an IOP reduction that resembles existing subconjunctival MIGS. In an early
clinical trial with 31 eyes, short-term IOP was lowered, similar to that expected with sub-
conjunctival filtering MIGS [117]. Iris clogging of the internal sclerostomy causing high
IOP spikes was the most common and concerning complication, and some of these could
not be cleared with laser [117].
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The STREAMLINE® Surgical System (New World Medical, Rancho Cucamonga, CA,
USA) [118] is a handheld MIGS device for incisional goniotomies and Schlemm’s canal
viscodilation. A stainless-steel cannula tip with a retractable outer sleeve is used to make
up to eight incisional goniotomies (150 µm diameter each) in the TM, while simultaneously
delivering approximately 7 µL of viscoelastic per incision into the Schlemm’s canal. In
a series of 19 eyes [118], mean IOP reduction was 8.8 mmHg (36.9%) at 6 months, 57.9%
(11/19) of subjects were using fewer medications than at screening, and 42.1% (8/19) were
medication-free. A prospective randomised study comparing the safety and efficacy of the
STREAMLINE® Surgical System to the iStent inject is ongoing [119].

6. Limitations

While this review aims to be a comprehensive one, several limitations are acknowl-
edged. First, to ensure recency of the reviewed surgical procedures and modifications, the
scope of this study was limited to trabeculectomy and GDD studies in the last 10 years,
and MIGS studies in the last 5 years. Important modifications with significant impact on
surgical outcomes may have been introduced outside this timeframe. Second, the emphasis
on recent, novel procedures and modifications resulted in the inclusion of case reports and
small case studies. This may limit the applicability of this review to the general popula-
tion. Finally, while this review highlights individual surgeries and procedures, it does not
suggest any particular approach to procedure selection in different disease contexts and,
hence, may be limited in its clinical applicability.

7. Conclusions

There have been significant advancements in all major types of glaucoma
surgery—trabeculectomy, GDD implantation, and MIGS. The increasing armamentarium
of available surgical procedures and modified techniques will allow glaucoma surgeons
to further personalise a patient’s surgical treatment based on the desired magnitude of
IOP reduction and anatomical and disease characteristics of the eye, whilst considering the
risk-benefit ratio of various techniques. Despite its long history, trabeculectomy surgery
continues to be improved with adjunctive incisions, Tenon’s layer positioning, and novel
suturing techniques. GDD implantation has also been the subject of several surgical and
design modifications. The rapid development of MIGS procedures and their widespread
adoption appears to be fuelling further development, including novel modifications to sur-
gical techniques, the development of new MIGS devices, and the emergence of combination
MIGS with multiple mechanisms of action to lower IOP.
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Appendix A

Table A1. Summary table of all included studies.

Trabeculectomy Studies

Author/Year Title Study Type

Dada 2022 [13]
Trabeculectomy Augmented with Limited Deep

Sclerectomy and Cyclodialysis with Use of Scleral
Tissue as a Spacer

Case Report

Dada 2021 [8]

Efficacy of Trabeculectomy Combined with
Limited Deep Sclerectomy Versus

Trabeculectomy Alone
A Randomised-controlled Trial

Randomised Controlled Trial

Chan 2020 [17]
The Tenons’ Layer Reposition Approach of

Trabeculectomy: A Longitudinal Case Series of a
Mixed Group of Glaucoma Patients

Non-comparative case series

Olawoye 2015 [19]
Fornix-based Trabeculectomy with Mitomycin C

Using the Horizontal Conjunctival
Suture Technique

Non-comparative case series

Allam R 2020 [15]

Trabeculectomy With Extended Subscleral Tunnel
Versus Conventional Trabeculectomy in the

Management of POAG: A 1-Year
Randomised-controlled Trial

Randomised Controlled Trial

Kirk 2014 [18] Modified Wise Closure of the Conjunctival
Fornix-Based Trabeculectomy Flap Retrospective Comparative Study

Figus M 2016 [22] Scleral Flap-Everting Suture for
Glaucoma-Filtering Surgery Non-comparative Case Series

Baykara M 2017 [23]
A Novel Suturing Technique for

Filtering Glaucoma
Surgery: The Accordion Suture

Non-comparative Case Series

Glaucoma Drainage Device Studies

Grover 2022 [55]
Clinical Outcomes of Ahmed ClearPath

Implantation in Glaucomatous Eyes: A Novel
Valveless Glaucoma Drainage Device

Retrospective Case Series

Nakamura 2022 [120]
Tissue Reactivity to, and Stability of, Glaucoma

Drainage Device Materials Placed Under
Rabbit Conjunctiva

Animal In Vivo Study

Gupta 2021 [38]

A Graft-Free Scleral Sleeve Technique of Ahmed
Glaucoma Valve Implantation In Refractory

Glaucoma—Rising to the Challenge of
COVID-19 Pandemic

Case Report

Gupta 2020 [30]
Pars Plana Placement of Ahmed Glaucoma Valve

Tube Through Sclerotomy Port In Refractory
Glaucoma: A Novel Surgical Technique

Case Report

Koh 2020 [53]
Treatment Outcomes Using the PAUL Glaucoma
Implant to Control Intraocular Pressure in Eyes

with Refractory Glaucoma
Interventional Cohort Study

Mungale 2019 [41]

A Novel Simplified Method for Managing
Inadvertent Tube Cut During Aurolab Aqueous

Drainage Implant
Surgery For Refractory Glaucoma

Case Report
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Table A1. Cont.

Trabeculectomy Studies

Author/Year Title Study Type

Roy 2019 [59]
Initial Clinical Results of the eyeWatch: A New
Adjustable Glaucoma Drainage Device Used in

Refractory Glaucoma Surgery

Prospective Non-comparative
Clinical Trial

Sastre-Ibanez 2019 [40] Efficacy of Ologen Matrix Implant in Ahmed
Glaucoma Valve Implantation Prospective Randomised Clinical Trial

Eslami 2019 [35] Single Long Scleral Tunnel Technique for
Prevention of Ahmed Valve Tube Exposure Retrospective Case Series

Vergados 2019 [121]
Ab Interno Tube Ligation for Refractory Hypotony

Following Non-valved Glaucoma Drainage
Device Implantation

Retrospective Case Series

Pakravan 2018 [37]

Ahmed Glaucoma Valve Implantation: Graft-Free
Short Tunnel Small Flap versus Scleral Patch Graft

After 1-Year Follow-up: A Randomised
Clinical Trial

Randomised Controlled Trial

Chiang 2017 [50] A Novel Method of Extending Glaucoma Drainage
Tube: “Tube-in-Tube” Technique

Retrospective Non-comparative
Case Series

Hwang 2017 [42]

Intracameral Air Injection During Ahmed
Glaucoma Valve Implantation In Neovascular

Glaucoma for the Prevention of Tube Obstruction
with Blood Clot:

Case Report

Case Report

Brouzas 2017 [36] Double Scleral Tunnel In Tandem Technique for
Glaucoma Drainage Tube Implants Case Series

Dervan 2017 [47]

Intermediate-Term and Long-Term Outcome of
Piggyback Drainage: Connecting Glaucoma

Drainage Device to a Device In Situ for
Improved Intraocular

Pressure Control

Retrospective Interventional
Cohort Study

Park 2016 [122]
Polymeric Check Valve With an Elevated Pedestal

for Precise Cracking Pressure In a Glaucoma
Drainage Device

In Vitro Study

Kataria 2016 [43]
A Novel Technique of a Transcorneal Suture to

Manage an Iris Tuck into the Tube of a Glaucoma
Drainage Device

Case Report

Ahn 2016 [65] Novel Membrane-Tube Type Glaucoma Shunt
Device for Glaucoma Surgery

Retrospective Non-comparative
Interventional Case Series

Gil-Carrasco 2016 [52]

Comparative Study of the Safety
and Efficacy of The

Ahmed Glaucoma Valve Model M4
(High-Density Po-Rous Polyethene)

And the Model S2 (Polypropylene) In
Patients With Neovascular Glaucoma

Prospective Comparative
Randomised Study

Ma 2016 [34]
Modified Scleral Tunnel to Prevent

Tube Exposure In
Patients With Refractory Glaucoma

Retrospective Case Series

Maldonado-Junyent 2015 [32]
Oculo-Peritoneal Shunt: Draining Aqueous

Humour To
The Peritoneum

Case Report
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Table A1. Cont.

Trabeculectomy Studies

Author/Year Title Study Type

Martino 2015 [123] Surgical Outcomes of Superior Versus Inferior
Glauco-Ma Drainage Device Implantation Retrospective Case Series

Schaefer 2015 [44]

Failed Glaucoma Drainage Implant: Long-Term
Out-Comes of a Second Glaucoma Drainage

Device Versus
Cyclophotocoagulation

Non-randomised Retrospective
Cohort Study

Välimäki 2015 [46] Insertion of Sequential Glaucoma Drainage
Implant in a Piggyback Manner Retrospective Case Series

Lee 2014 [45]
Efficacy of Additional Glaucoma Drainage Device
Insertion in Refractory Glaucoma: Case Series with
a Systematic Literature Review and Meta-Analysis

Non-comparative Retrospective
Case Series

Luong 2014 [124]

A New Design and Application
of Bioelastomers for

Better Control of Intraocular Pressure In a
Glaucoma Drainage Device

In Vitro Study

Grover 2013 [28] Confirming and Establishing Patency of Glaucoma
Drainage Devices Using Trypan Blue Case Report

Minimally Invasive Glaucoma Surgery Studies

Geffen 2022 [118]
Minimally Invasive Micro Sclerostomy (MIMS)

Procedure: A Novel Glaucoma
Filtration Procedure

Prospective Clinical Trial

Martinez-de-la-casa 2022 [81]
Posterior Chamber Implantation of a Preserflo
Microshunt In a Patient With a Compromised

Endothelium
Case Report

New World Medical 2022 [120]
STREAMLINE®SURGICAL SYSTEM Compared

to iStent Inject W®in Patients with
Open-Angle Glaucoma

Prospective Randomised
Controlled Trial

Lin 2022 [87]

Accurate Identification of the
Trabecular Meshwork

Under Gonioscopic View in Real Time Using
Deep Learning.

Cross-Sectional Study

Bleeker 2022 [95]
Short-Term Efficacy of Combined ab Interno

Canaloplasty and Trabeculotomy in Pseudophakic
Eyes with Open-Angle Glaucoma

Retrospective Case Series

Lazcano-Gomez 2022 [119] Interim Analysis of STREAMLINE®Surgical
System Clinical Outcomes in Eyes with Glaucoma Prospective Case Series

Gallardo 2022 [77]
Comparison of Clinical Outcomes Following Gel
Stent Implantation via Ab externo and Ab interno
Approaches in Patients with Refractory Glaucoma.

Retrospective Case Series

Tan 2021 [75]
Comparison of Safety and Efficacy Between Ab
Interno and Ab Externo Approaches to XEN Gel

Stent Placement
Retrospective Case Series

Do 2021 [76] Clinical Outcomes with Open Versus Closed
Conjunctiva Implantation of the XEN45 Gel Stent Retrospective Case Series

Feijoo 2020 [105]
A European Study of the Performance and Safety

of MINIject in Patients with Medically
Uncontrolled Open-angle Glaucoma (STAR-II)

Prospective Clinical Trial
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Table A1. Cont.

Trabeculectomy Studies

Author/Year Title Study Type

Ucar 2020 [78]
Xen Implantation in Patients With Primary

Open-Angle Glaucoma: Comparison of Two
Different Techniques

Retrospective Comparative
Interventional Study

Vera 2020 [79] Surgical Approaches for Implanting Xen Gel Stent
without Conjunctival Dissection Expert Opinion

Ishida 2020 [85]

Observation of Gonio Structures during Microhook
Ab Interno Trabeculotomy Using a Novel Digital

Microscope with Integrated Intraoperative Optical
Coherence Tomography

Retrospective Observational Study

Bravetti 2020 [99]
Xen-Augmented Baerveldt Drainage Device

Implantation in Refractory Glaucoma:
1-Year Outcomes

Retrospective Case Series

Denis 2019 [100]
A First-in-Human Study of the Efficacy and Safety

of MINIject in Patients with Medically
Uncontrolled Open-Angle Glaucoma (STAR-I)

Randomised Controlled Trial

Laroche 2019 [109]
Intra-Scleral Ciliary Sulcus Suprachoroidal
Microtube: Making Supraciliary Glaucoma

Surgery Affordable
Case Report

Valimaki 2018 [46]
Xen Gel Stent to Resolve Late Hypotony After

Glaucoma Drainage Implant Surgery:
A Novel Technique

Case Report

Yen 2018 [51]
Pars Plana Insertion of Glaucoma Shunt

in Eyes With
Refractory Neovascular Glaucoma: Case Report

Case Report

Fili 2018 [104] The Starflo Glaucoma Implant: Preliminary 12
Months Results Prospective Case Series
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Abstract: This paper describes a technique for using swept-source anterior segment optical coherence
tomography (AS-OCT) to visualize internal bleb microstructure and objectively quantify dimensions
of the scleral flap and trabeculo-Descemet window (TDW) in non-penetrating glaucoma filtration
surgery (GFS). This was a cross-sectional study of 107 filtering blebs of 67 patients who had undergone
deep sclerectomy surgery at least 12 months prior. The mean post-operative follow-up duration was
6.5 years +/− 4.1 [standard deviation (SD)]. The maximal bleb height was significantly greater in the
complete success (CS) blebs compared to the qualified success (QS) and failed (F) blebs (1.48 vs. 1.17
vs. 1.10 mm in CS vs. QS vs. F, one-way ANOVA, p < 0.0001). In a subcohort of deep sclerectomy
blebs augmented by intraoperative Mitomycin-C, the trabeculo-Descemet window was significantly
longer in the complete success compared to the qualified success group (613.7 vs. 378.1 vs. 450.8 µm
in CS vs. QS vs. F, p = 0.004). The scleral flap length, thickness, and width were otherwise similar
across the three outcome groups. The quantification of surgical parameters that influence aqueous
outflow in non-penetrating GFS can help surgeons better understand the influence of these structures
on aqueous outflow and improve surgical outcomes.

Keywords: glaucoma surgery; trabeculectomy; deep sclerectomy; mitomycin-C; scleral flap; surgical
technique; surgical success

1. Introduction

Glaucoma is a neurodegenerative disease caused by progressive loss of retinal ganglion
cells, with a global prevalence of 3.5% in individuals aged 40 to 80 years old [1]. The
reduction of intraocular pressure (IOP) is the only known modifiable risk factor for the
treatment of glaucoma [2]. This can be done using topical eye drops, laser treatment,
microinvasive glaucoma surgery, or glaucoma filtration surgery (GFS). Glaucoma filtration
surgery is often performed to achieve greater intraocular pressure reduction or when other
earlier interventions fail to halt glaucoma progression. In GFS, an artificial passage is
created for the drainage of aqueous humor from the anterior chamber of the eye into the
space below the conjunctiva (the subconjunctival space) and Tenon’s capsule (subtenons),
with subsequent formation of a structure known as a bleb [3].

Non-penetrating procedures such as the deep sclerectomy (DS) have been developed
to reduce the incidence of post-operative complications associated with penetrating forms
of GFS like trabeculectomy, with intraoperative dissection down to the trabeculo-Descemet
window (TDW)—the juxtacanalicular meshwork and inner wall of Schlemm’s canal across
which aqueous egresses, followed by removal of a block of deep sclera [4]. The TDW
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functions as a site of controlled aqueous outflow and also forms an intrascleral space to
act as a reservoir [5]. In addition, the natural drainage pathway via the Schlemm’s canal is
also augmented [4]. Successful filtering surgeries (blebs) typically have non-adherent sub-
conjunctival tissue without scarring and with healthy vasculature, which allows continuous
aqueous outflow. A major cause of failure in GFS is fibrosis and scarring of the sub-
tenon’s space, which restricts aqueous flow and is caused by fibroblast proliferation and
extracellular matrix deposition.

The post-operative evaluation of filtering blebs such as trabeculectomy blebs has tradi-
tionally relied on clinical grading systems performed at the slit-lamp, such as the Indiana
Bleb Appearance Grading Scale (IBAGS) and the Moorfields Bleb Grading System (MBGS),
which document factors associated with surgical success such as bleb area, height, and
vascularity. Deep sclerectomy blebs are also assessed clinically at the slit-lamp, although
it is uncertain if bleb morphology is correlated with successful IOP reduction given the
different aqueous outflow egress pathways compared to in trabeculectomy. This is because
while subconjunctival outflow represents an important pathway for egress, augmenta-
tion of natural channels such as the Schlemm canal is also an important consequence of
non-penetrating glaucoma surgery [4]

Studies have evaluated the microstructure of filtering blebs using non-contact imag-
ing techniques such as anterior segment Optical Coherence Tomography (AS-OCT) and
ultrasound biomicroscopy. These modalities can provide quantitative data on the internal
structure of blebs, such as bleb wall thickness, presence of microcysts, and measurements
of the internal ostium, bleb cavity, and sub-flap space [6–9]. The purpose of this cross-
sectional study was to optimize and develop a technique for using AS-OCT to image and
subsequently quantify the internal bleb microstructure after glaucoma filtration surgery.
Specifically, we quantified the dimensions of surgical parameters such as the scleral flap
and the trabeculo-Descemet window of filtering blebs following deep sclerectomy surgery.

2. Methods

This was a cross-sectional study conducted at the St Paul’s Eye Unit, Royal Liverpool
University Hospital, a tertiary referral eye unit in Liverpool, United Kingdom. The study
had the approval of the clinical governance department of the Royal Liverpool University
Hospital Trust and adhered to the tenets of the Declaration of Helsinki. Consecutive
patients attending the glaucoma clinics of the St. Paul’s Eye Unit between November 2022
and February 2023 who had previously undergone deep sclerectomy surgery at least one
year prior were recruited. The inclusion criteria were adult patients with a diagnosis of
primary open-angle glaucoma, pseudoexfoliative glaucoma, pigment dispersion syndrome
glaucoma, or primary angle closure glaucoma. Exclusion criteria were secondary open-
angle glaucomas such as uveitic and neovascular glaucoma. All surgeries were performed
by consultants and clinical fellows affiliated with the St Paul’s Eye Unit.

2.1. Surgical Technique

The deep sclerectomy surgeries were performed by consultants and clinical fellows
affiliated with the St. Paul’s Eye Unit over the years. The main steps shared in common by
the surgeons were the creation of a superior fornix-based conjunctival incision and peritomy,
the creation of a superficial scleral flap, the creation of a deep scleral flap, exposure of
the trabeculo-Descemet window (TDW), excision of the deep scleral flap, suturing of the
superficial scleral flap, and conjunctival closure. Intraoperative mitomycin-C was used
in a proportion of cases and was performed following the conjunctival peritomy. The
variations in dimensions and thickness of the scleral flap and size of the TDW by the
different surgeons provided the variations in quantifiable dimensions which were used in
the subsequent analysis
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2.2. Anterior-Segment Optical Coherence Tomography Imaging of Filtering Bleb

The bleb surgical site was first examined with the slit lamp by one of the authors (JT).
Anterior-segment Optical coherence tomography of the filtering bleb was then performed
by the same author using the Anterion® (Heidelberg Engineering GmbH, Heidelberg,
Germany) swept-source OCT device. The Anterion® uses a laser light source with a
wavelength of 1300 nm and at 50,000 Hz to obtain B-scans with an axial resolution of
10 microns and transverse resolution of 45 microns. Each scan was performed via the
imaging module of the Anterion® device using a standardized raster scan measuring
7.5 mm in width and 12 mm in length and comprising 19 slices. The raster block was first
oriented parallel to the long axis of the scleral flap (the sagittal plane in relation to the
bleb. (Figure 1) The anterior limit of the image window was positioned just anterior to the
limbus at the peripheral superior cornea, which allows the trabeculo-Descemet window
within the anterior chamber, iridocorneal angle, and the entire length of the scleral flap to
be visualized and captured within the raster slices. The sagittal slice overlying the TDW
was identified from the 19 raster slices ) and exported for analysis. The raster block was
then oriented perpendicular to the initial sagittal plane to visualize bleb structures in the
coronal plane. The anterior limit of the raster block was placed anterior to the TDW to allow
the full width of the TDW and scleral flap to be visualized and captured within the raster.
The coronal slices overlying the TDW and mid-point of the scleral flap were identified from
the 19 raster slices and exported for analysis.
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Figure 1. Representative sagittal (B) and coronal (D) images of a well-functioning deep sclerec-
tomy bleb, with en face oct images in the left column (A,C). The yellow lines in the left column
images represent the sagittal slice overlying the trabeculo-descemet window (TDW) and the coronal
slice overlying the mid-point of the flap, which were chosen to produce the adjacent OCT images.
Abbreviations: anterior chamber (AC), temporal (T).
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2.3. Image Preprocessing

The filtering bleb images were exported to MATLAB for image preprocessing (Math-
works). The following functions were performed on each bleb image sequentially in a
standardized manner to improve the visualization of the internal bleb microstructure:
conversion to grayscale, contrast enhancement, thresholding, active contouring, and mor-
phological opening (Figure 2).
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Figure 2. Image processing functions performed on each bleb image—in this representative exam-
ple using a sagittal trabeculectomy bleb AS-OCT image, to improve visualization of internal bleb
microstructure. Original image (A), contrast enhancement (B), thresholding (C), active contouring
followed by morphological opening (D).

2.4. Visualisation and Quantification of Surgical Parameters

The dimensions of surgical parameters of interest were then quantified using a mea-
surement tool with the superimposed measurements saved onto a separate file for each
image. The dimensions of each surgical parameter were converted from image pixel values
to true values using a standardized and verified conversion factor. Table 1 displays the
surgical parameters of interest and their standardized anatomical reference points captured
on the sagittal and coronal AS-OCT slices.

The following surgical parameters were visualized on the sagittal slice of each filtering
bleb in DS patients: maximal bleb height, scleral flap length, and TDW length (Figure 3).
The scleral flap length was measured using the iridocorneal angle as a reference point, as
the anterior limit of the scleral flap was indistinct. The scleral flap length is, therefore, not
a true flap length given the orientation of the plane of measurement but rather served as
a standardized measure across different blebs. The following surgical parameters were
obtained from the coronal slice of each filtering bleb: scleral flap width and thickness.
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Table 1. Surgical parameters of interest and associated standardized anatomical reference landmarks
captured on the sagittal and coronal AS-OCT imaging of DS blebs.

Imaging Plane Surgical Parameters of Interest Anatomical Reference Points of
Surgical Parameter

Sagittal
Scleral flap length Posterior edge of scleral flap to iridocorneal angle

Trabeculo-Descemet window length Anterior edge of TDW to posterior edge of TDW

Coronal

Scleral flap width Nasal edge of scleral flap to temporal edge of scleral flap
at midpoint of flap

Scleral flap thickness Superior edge of scleral flap to inferior edge of scleral
flap at midpoint of flap
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Figure 3. Sagittal (A) and coronal (B) AS-OCT images of a well-functioning deep sclerectomy bleb
with annotated surgical parameters of interest. The relevant anatomical structures are shown in the
(C) (sagittal) and (D) (coronal). TDW: Trabeculo-Descemet window.

2.5. Definitions of Surgical Success

The surgical outcome of each deep sclerectomy case at the index visit was classified
into complete success (CS; IOP ≤ 18 mmHg with no medications), qualified success (QS;
IOP ≤ 18 with medications), and failure (F; IOP > 18 mmHg or subsequent filtration surgery
procedure performed), as per the World Glaucoma Association consensus on definitions of
success 2018 [10].

2.6. Statistical Analysis

Descriptive statistics were used to analyze the demographic characteristics of the
cohorts. The distributions of quantitative data were first assessed for normality using a
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D’Agostino and Pearson test of normality, with parametric and non-parametric statistics
then applied as appropriate. Analyses were conducted using GraphPad Prism version 9
(GraphPad, La Jolla, CA, USA).

3. Results

A total of 107 filtering blebs from 67 patients were included in the study. The mean
patient age was 73.0 years (SD 11.2, median 74.1, range 32.6 to 91.0). Sixty patients (89.5%)
were of white/Caucasian ethnicity, 4 (6.0%) were Asian, and 3 (4.5%) of afro-Caribbean. The
diagnoses were primary open-angle glaucoma (88; 82.2%), primary angle closure glaucoma
(9; 8.4%), pigment dispersion glaucoma (4; 3.7%), pseudoexfoliation glaucoma (2; 1.8%),
and other/glaucoma not defined (4; 3.7%). The mean best-corrected visual acuity was
0.21 (Snellen equivalent of 20/30. SD 0.23), and the mean deviation was −11.5 dB (SD
7.8) at the index clinic visit. The median post-operative follow-up duration was 6.5 years
(IQR 3.1–8.1, SD 4.1 years). The proportion of complete success (CS; IOP ≤ 18 mmHg
with no medications), qualified success (QS; IOP ≤ 18 with medications), and failure (F;
IOP > 18 mmHg) was 36.8%, 29.1%, and 34.2%, respectively. The mean intraocular pressure
and number of medications were 13.3 mmHg (SD 4.9, range 3–27) and 1.1 (SD 1.2, range
0–4), respectively.

3.1. Bleb Height, Scleral Flap and Trabeculo-Descemet Window Dimensions and Surgical
Outcomes

The maximum bleb height was significantly greater in the complete success blebs
compared to the qualified success and failed blebs (1.48 vs. 1.17 vs. 1.10 mm in CS vs. QS
vs. F, one-way ANOVA, p < 0.0001). Figure 4 and Table 2 display the dimensions of the
surgical parameters of interest across the outcome groups of complete success, qualified
success, and failure. There was no significant difference in scleral flap length as measured
from the iridocorneal angle across the three groups (2.71 vs. 2.73 vs. 2.96 mm in CS vs.
QS vs. F, one-way ANOVA, p = 0.18). There was no significant difference in scleral flap
thickness across the three groups (270.4 vs. 249.9 vs. 267.6 µm in CS vs. QS vs. F, one-way
ANOVA, p = 0.44). Scleral flap width was also similar across the CS, QS, and F groups (3.85
vs. 3.56 vs. 3.71 mm in CS vs. QS vs. F, p = 0.09). The trabeculo-descemet window length
was also similar across the three groups (519.0 vs. 432.9 vs. 441.3 µm, one-way ANOVA,
p = 0.09).

Table 2. Dimensions (mean and standard deviation below) of dimensions of maximal bleb height,
surgical flap, and trabeculo-Descemet window length across the outcome groups of complete success
(CS), qualified success (QS), and failure (F). p value of one-way ANOVA of each parameter is reported.

Parameter CS QS F p Value

Bleb height (mm) 1.48 1.17 1.10 0.001
0.44 0.44 0.40

Scleral flap length (mm) 2.71 2.73 2.96 0.178
0.60 0.54 0.53

Scleral flap thickness (µm) 270.40 249.90 267.60 0.437
53.54 53.15 57.26

Scleral flap width (mm) 3.85 3.56 3.71 0.088
0.44 0.47 0.58

Window length (µm) 519.00 432.90 441.30 0.094
206.40 164.30 146.60

Scleral flap length, MMC (mm) 2.77 3.11 3.15 0.150
0.54 0.45 0.51

Scleral flap thickness, MMC (µm) 298.30 264.40 236.60 0.027
53.48 34.79 57.81

Scleral flap width, MMC, (mm) 3.90 3.58 3.97 0.273
0.40 0.46 0.62

Window length, MMC (µm) 613.70 378.10 450.80 0.004
200.20 127.80 152.40
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Figure 4. Box and Whisker plots (median, interquartile range, and 5th to 95th percentile) and results
of one-way ANOVA of scleral flap dimensions and TDW dimensions across the outcome groups of
complete success (CS), qualified success (QS) and failure (F). ns = non-significant.

3.2. Subanalysis in Deep Sclerectomy Cases Augmented with Intraoperative Mitomycin-C

Of the 107 eyes, 28 (26.2%) underwent scleral application of MMC intraoperatively.
Given that intraoperative MMC use may represent a confounder in the results of surgical
parameters analysis, we performed a subanalysis of cases of deep sclerectomy augmented
with intraoperative Mitomycin-C. In this subcohort, the trabeculo-Descemet window was
significantly longer in the complete success compared to the qualified success group (613.7
vs. 378.1 vs. 450.8 µm in CS vs. QS vs. F, p = 0.004). There was otherwise similarly no
significant difference in scleral flap length, thickness, or width across the three groups
(Figure 5).
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3.3. Post-Operative Duration and Surgical Outcomes

The prevalence of failure in glaucoma filtration surgery increases over time [11]. We,
therefore, analyzed the relationship between post-operative duration (filtering bleb age)
and surgical outcomes. In the overall cohort, filtering blebs with complete success and
qualified success had significantly shorter post-operative duration compared to blebs with
failure (56.2 vs. 72.1 vs. 98.0 months in CS vs. QS vs. F, one-way ANOVA, p = 0.001).
This was, however, not statistically significant in cases of deep sclerectomy augmented by
intra-operative mitomycin-C only. (Figure 6).
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4. Discussion

The post-operative evaluation of GFS filtering blebs has traditionally relied on clinical
grading systems performed at the slit-lamp, which document factors associated with sur-
gical success such as bleb area, height, and vascularity. In this study, we developed and
optimized a technique utilizing swept-source anterior segment-optical coherence tomogra-
phy to visualize the internal microstructure in the post-operative period of filtering blebs.
We then deployed this technique in a cross-sectional cohort of patients who underwent
deep sclerectomy surgery with long-term follow-up.

4.1. Post-Operative Evaluation of Filtering Blebs

Glaucoma filtration surgery, such as trabeculectomy and deep sclerectomy, is associ-
ated with high rates of short- and long-term complications [12]. Long-term complications
are often bleb-related, such as bleb fibrosis, leak, and infections or hypotony [13]. Mor-
phological bleb configuration in the post-operative period can influence the planning of
follow-up visits in glaucoma patients [14]. Multiple types of clinical bleb grading systems
exist, such as the Moorfields Bleb Grading System or Indiana Bleb Appearance Grading
Scale, which document factors associated with surgical success such as bleb area, height,
and vascularity [6]. These subjective grading systems have varying levels of interobserver
agreement on indices and are influenced by the experience of the observer [14]. These
subjective grading systems are, however, often used to guide pharmacological and/or
surgical intervention in the early post-operative period to decrease the risk of bleb fibrosis
and failure. Post-operative evaluation of deep sclerectomy blebs also involves examination
of bleb morphology at the slit-lamp; however, it is unclear how bleb morphology correlates
with successful IOP reduction. This is because while subconjunctival outflow represents an
important pathway for egress, augmentation of natural channels such as the Schlemm canal
is also an important consequence of non-penetrating glaucoma surgery [4]. Nevertheless,
an objective and quantifiable method for bleb evaluation may also be beneficial in DS
surgery.
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4.2. Swept-Source AS-OCT Technology for More Precise Visualization of Glaucoma Surgeries
during the Post-Operative Course

The ANTERION (Heidelberg Engineering, Heidelberg, Germany) and CASIAII (Tomey,
Nagoya, Japan) are two commercially available SS-OCT systems specifically designed for
the evaluation of the anterior segment. Swept-source technology enables more precise
visualization of thicker structures than older OCT modalities, such as spectral-domain OCT,
due to greater penetration from longer wavelengths used and higher scan speeds. In our
study, we used the precise localization of OCT raster slices to visualize bleb morphology
and anatomical details of the drainage outflow channel in a cohort of DS patients. We
found that the maximal bleb height was significantly greater in complete success compared
to qualified success and failure. We also found that the trabeculo-Descemet window was
significantly greater in the complete success compared to the qualified success group in
the subcohort of patients who had surgery augmented using intraoperative MMC. To our
knowledge, the quantification of these microstructural parameters has not been previously
reported and may help surgeons better understand the influence of their surgical technique
on outcomes.

4.3. Use of Anterior Segment-OCT in Post-Operative Bleb Evaluation

Previous studies have evaluated the microstructure of glaucoma surgeries using non-
contact imaging techniques such as anterior segment optical coherence tomography and
ultrasound biomicroscopy [6,15]. These modalities can provide quantitative data on the
internal structure of blebs, such as bleb wall thickness, presence of microcysts, and mea-
surements of the internal ostium, bleb cavity, and sub-flap space [6–9,15]. These parameters
are important as they may predict the success or failure of surgery [15]. For instance,
Lenzhofer et al. examined 78 eyes of 60 patients post-XEN® gel stent implantation and
found that the prevalence of small diffuse cysts was directly associated with lower IOPs,
while cystic encapsulation at three months predicted higher surgical failure [16]. Konstan-
topoulos et al. examined 50 eyes of 50 patients following trabeculectomy, deep-sclerectomy,
or no surgery and found that a tall intrascleral lake and a thick conjunctival/tenon’s layer
were associated with good post-operative outcomes as defined by intraocular pressure
and medication use [17]. Ibarz Barbera et al. used AS-OCT to analyze the morphological
evolution of filtering blebs after Preserflo micro shunt implantation and found a progressive
horizontal and vertical expansion of the blebs in the sub-Tenon space from baseline to
the third month [18]. Gambini et al. similarly characterized Preserflo bleb morphology
post-operatively and reported various appearances such as “multiple internal layers” and
“microcystic multiform” [19]. In our study, we utilized the high definition provided by
swept-source OCT to quantify dimensions of surgical parameters, including the length,
width, and thickness of the scleral flap and the length of the TDW. These parameters are
important as they are modifiable by the surgeon and also have an effect on aqueous outflow
and, therefore, subsequent outcomes.

The routine use of AS-OCT in the early post-operative period may be of particular
clinical relevance following trabeculectomy surgery, especially given the frequency of
surveillance and bleb manipulation to manage complications and maximize success during
this period. Evaluation of bleb morphology may also be beneficial in deep sclerectomy
surgery, such as in capturing the patency of the TDW prior to further laser or surgical
intervention, such as a Nd:Yag goniopuncture procedure. The latter has been demonstrated
to effectively lower IOP further [20,21] but may be dependent on the patency of the TDW.
Other potential use cases for AS-OCT in the early post-operative period include the eval-
uation of causes of hypotony or, conversely, the evaluation of suspected obstruction of
sclerostomy/TDW by the iris or haem which result in elevated IOP. Interventions which
may benefit from pre- and post-procedure visualization of bleb internal microstructure
include scleral flap suture lysis, the removal of releasable sutures, or bleb massage.
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4.4. Limitations

We acknowledge several important limitations of our study. Firstly, there are other cru-
cial determinants of surgical success that were not assessed in our analysis, predominantly
due to the cross-sectional nature of our study of long follow-up duration. The pre-operative
and intra-operative details of surgery were unable to be located in the archived medical
records for many patients and had to be excluded from the analysis. These factors include
the intraoperative dimensions of the scleral flap, number and type of suture placement on
the scleral flap, concentration and duration of intraoperative mitomycin-C use [22], pre-
operative intraocular pressure and duration and number of prior topical medications [23],
intraoperative complications and early post-operative bleb manipulation [24], which have
all been shown to influence post-operative surgical outcomes. Other factors contributing to
the heterogeneity of the patient population are also potential confounders of our results,
such as ethnicity [25], glaucoma type [26], previous ophthalmic surgery [26], and duration
of post-operative follow-up [11], which are known to influence post-operative success and
were not controlled for. The focus of our present study was, however, not to analyze the
risk factors and outcomes of deep sclerectomy surgery but rather the utility of imaging
the microscopic variations in mechanical structural parameters, such as the scleral flap
and TDW, which may have a bearing on long-term surgical success. Secondly, the quan-
tification of surgical parameters was performed manually, subjecting these measurements
to inaccuracy and bias. We addressed this by keeping a bank of saved images with the
measurements superimposed and having a second author verify the measurements. An
important limitation of the image analysis was the difficulty in visualizing the parameters
of interest in some patients due to poor contrast between these parameters and the sur-
rounding tissues. This was particularly an issue in cases of surgical failure where the flap
had likely fibrosed down onto the sclera, making it indistinguishable from the surrounding
tissue. The surgical parameters that were indistinguishable had to, therefore, be excluded
from the analysis. The amount of data excluded due to poor segmentation represented
a minority of the dataset, and we found no systematic difference in outcomes between
excluded and included data. Lastly, we used a threshold of 18 mmHg and the criterion of
medication use to classify surgical outcomes into complete success, qualified success, and
failure in line with recommendations by the World Glaucoma Association consensus on
definitions of success. Altering the IOP threshold may, however, change the distribution
of our results. We deliberately chose a level of 18 mmHg to reflect the target IOP level
we generally aim to achieve in our real-world population of mainly moderate-advanced
glaucoma, in line with published outcomes from the Advanced Glaucoma Intervention
Study [27]. Considering these limitations, a prospective study using AS-OCT to image
trabeculectomy blebs in the post-operative period is required.

5. Conclusions

Swept-source anterior-segment OCT can be used to accurately visualize and quantify
the surgical parameters which influence aqueous outflow in deep sclerectomy surgery. Our
proposed technique of image capture and processing can help surgeons better understand
the influence of these parameters on aqueous outflow, which may help improve surgical
outcomes.
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Abstract: Background: Glaucoma is a leading cause of irreversible blindness worldwide and is
particularly challenging to treat in its refractory forms. The Ahmed valve offers a potential solution
for these difficult cases. This research aims to assess the initial clinical experience with Ahmed valve
implantation in Romania, evaluating its effectiveness, associated complications, and overall patient
outcomes over a five-year period. Methods: We conducted a prospective study on 50 patients who
underwent Ahmed valve implantation due to various types of glaucoma. Patients were monitored
at several intervals, up to five years post-surgery. Intraocular pressure and visual acuity were the
primary measures of success. Results: On average, patients maintained the intraocular pressure
within the targeted range, with the mean intraocular pressure being 17 mmHg 5 years post-surgery.
Success, defined as maintaining target intraocular pressure without additional surgery, was achieved
in 82% at 1 year, 68% at 3 years, and 60% after 5 years postoperative. Conclusion: Ahmed valve im-
plantation is a viable treatment option for refractory glaucoma, demonstrating significant intraocular
pressure reduction and manageable complication rates over a five-year follow-up period. Future
research should focus on long-term outcomes and optimization of surgical techniques to further
reduce complication rates and improve patient quality of life.

Keywords: glaucoma; Ahmed glaucoma valve implant

1. Introduction

The management of glaucoma, a leading cause of irreversible blindness worldwide,
continues to present significant challenges to ophthalmologists. Traditional treatment
modalities, including pharmacological therapy and conventional surgical procedures, often
fall short of adequately controlling intraocular pressure (IOP) in advanced cases. The
advent of innovative surgical interventions, such as the Ahmed glaucoma valve (AGV)
implant, offers new hope for patients who struggle with refractory glaucoma (resistant
to conventional medical, laser, and surgical treatments aimed at reducing intraocular
pressure) [1–5].

This article delves into the initial clinical experiences with the AGV implant, highlight-
ing the outcomes and implications of a recent clinical trial involving a cohort of patients
who underwent this procedure. By assessing the effectiveness, safety, and patient outcomes
associated with the AGV, this study aims to provide a comprehensive evaluation of its
role in the modern therapeutic arsenal against glaucoma. This is the first study conducted
in Romania on a group of patients with refractory glaucoma, with a follow-up period
of 5 years, providing valuable insights into the long-term effectiveness and safety of the
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AGV implant in this patient population. Our focus is to thoroughly analyze the socio-
demographic characteristics, types of glaucoma, postoperative IOP variations, visual acuity
outcomes, and the complications encountered over the extended follow-up period.

Globally, the AGV has become a pivotal tool in the surgical management of refrac-
tory glaucoma due to its effectiveness in reducing IOP and its relatively favorable safety
profile. Studies from various regions, including long-term analyses, have consistently
demonstrated the AGV’s capability to achieve significant IOP reduction with manageable
complication rates [4–6]. For instance, Kang et al. (2022) reported favorable long-term
outcomes, highlighting both the efficacy and the sustained benefits of AGV implantation [4].
Similarly, Christakis et al. (2017) found comparable results when contrasting the AGV with
the Baerveldt implant, reinforcing the AGV’s standing as an effective option for IOP control
in refractory cases [7,8].

The study also places its findings in the context of international research, comparing
outcomes with significant studies such as the Tube Versus Trabeculectomy (TVT) study and
the Primary Tube Versus Trabeculectomy (PTVT) study, both of which provide extensive
data on the efficacy and complications associated with tube shunt surgeries [9–14]. This
comparison is crucial in understanding the broader implications of AGV use and its
positioning relative to other surgical options. Furthermore, by documenting the socio-
demographic characteristics and types of glaucoma treated, this study aims to contribute
to a more nuanced understanding of how these factors influence surgical outcomes and
complications.

Our findings are expected to contribute significantly to the global body of knowledge
on glaucoma management, offering a unique perspective from a Romanian cohort and
adding to the diversity of clinical experiences with the AGV. The insights gained from this
study will not only enhance clinical practice in Romania but also provide valuable data for
ophthalmologists worldwide who are managing patients with refractory glaucoma.

2. Materials and Methods

Data collection for this study was meticulously planned and executed to ensure the
accuracy and reliability of the findings. Fifty-eight patients with refractory glaucoma were
recruited from the Clinical Hospital for Ophthalmological Emergencies Bucharest between
2014 and 2018. All patients provided written informed consent prior to participation.
Patients had different forms of uncontrolled glaucoma, either by medication or surgery.

The choice of AGV over other treatment options was based on several considerations.
It has consistently demonstrated significant reductions in IOP across various studies and
patient populations [6,7]. Its non-valved mechanism allows for a more controlled release
of aqueous humor, reducing the risk of postoperative hypotony [8]. Long-term studies
have demonstrated the sustained benefits of AGV implantation in maintaining reduced
IOP levels and minimizing complications over extended periods. Also, it has proven to
be effective in managing refractory glaucoma, including cases with neovascular glaucoma
and other challenging conditions. This makes it a preferred option for patients who have
not responded to conventional treatments [9–14].

During the study, three patients dropped out due to death, and five patients missed
follow-up visits. For patients who missed visits, the last observation carried forward
method was employed to handle missing data, ensuring the robustness of the analysis. The
criteria for inclusion are as follows:

- Indication for AGV implant;
- Age ≥ 18;
- Consent of the patient to participate in the study;
- Refractory glaucoma;
- Compliance with follow-ups for a 5-year period.

The criteria for success are as follows:

- IOP less than 22 mmHg and greater than 5 mmHg (with or without medication);
- Decrease in visual acuity by no more than two lines at Snellen optotype;
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- Solved postoperative complications (if any occurred);
- had a functional valve on follow-up.

The sample size for this study was calculated based on several critical parameters to
ensure sufficient power to detect meaningful clinical differences and to achieve statistically
significant results. The following parameters were used for determining the sample size:

- The anticipated difference in the primary outcome measure between baseline and
post-intervention.

- The effect size was estimated based on previous studies and clinical expectations of
the AGV effectiveness.

- An estimate of the proportion of participants who might drop out of the study or miss
follow-up visits.

- Based on similar studies, an anticipated dropout rate of approximately 10% was
factored into the sample size calculation to account for potential loss to follow-up.

- The prevalence of refractory glaucoma and the availability of eligible patients within
the recruitment period.

- Feasibility and resource constraints were also considered to ensure the study could be
practically conducted within the specified timeframe.

Before surgery, a blood sample was taken for laboratory tests. The tests included
standard assessments of patients’ general health. The approximate amount of blood taken
did not exceed 41 mL (3 tablespoons), which corresponds to the total volume of blood taken
throughout the study. All information obtained from the samples was kept confidential.

All AGV implantation procedures were performed by the same surgeon and using
identical processes, including subconjunctival anesthesia, during the study period. All
patients were anesthetized with subconjunctival anesthesia, using Lidocaine 1% mixed with
Ropivacaine 1%. A 10 mm conjunctival incision was created along the limbus to construct a
conjunctival flap, and a 4–6 mm wide half-layer scleral flap was formed. The body implant
was positioned 8 mm from the limbus, outside the limbal healing space. The plate was then
sutured to the sclera with a 7.0 non-absorbable suture. The drainage tube was trimmed to
permit a 2–3 mm insertion in the AC and was bevel cut to an angle of 30◦ to facilitate AC
entering. An AC paracentesis was performed, and a viscoelastic substance was injected
to increase the space. The AC was then entered 1–3 mm posteriorly to the corneoscleral
limbus with a 22G needle. The tube was inserted into the AC through the needle tract.
An additional 10.0 nylon suture was placed to fixate the tube to the sclera. Afterward,
both the scleral flap and conjunctiva were then sutured with 8.0 absorbable suture. We
did not use Mitomycin as it is not approved by the National Agency for Medicines and
Medical Devices in Romania. We did not use any other antimetabolite at implantation
to avoid increasing the risk of denudation and valve expulsion. 5-fluorouracil was used
per secundum in the patients who required needling [10,13]. All patients received similar
postoperative topical medications: 0.5% chloramphenicol and 0.2% betamethasone four
times daily for one month. The model selected for implantation was the FP7 in all patients
in the superotemporal quadrant (Figure 1).

The information collected was introduced into a computerized database. Excel was
used for data entry and processing, and statistical analyses were conducted using SAS
Enterprise Guide 9.4M7 software. We used various statistical analyses, statistical tests,
t-student test for hypothesis testing, descriptive analysis, averaging, calculation of absolute
and relative frequency in percentages, correlations (using Pearson test), and correlation
ratio to interpret the intensity of independent variables as compared to dependent variable
for linear regression models, each variable validation, graphics, and histogram frequencies.
The results are reported based on the total number of cases remaining in the study.
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We measured the visual acuity with the best correction using the Snellen optotype.
Intraocular pressure was measured using the Goldmann tonometer with topical anesthesia.
We noted the antiglaucoma treatment that patients use with each measurement. Visual field
examination results were not tracked as a parameter because the target was to decrease
IOP. Moreover, the patients included in the study had mostly significant low acuity and
visual field loss at the beginning of the study; thus, substantial visual field changes were
not anticipated as primary outcomes. The primary intervention goal was to stabilize and
lower IOP to prevent further progression of glaucoma.

We have received ethical approval from the Clinical Emergency Eye Hospital Bucharest
Ethic Committee for this study.

3. Results

• Analysis of socio-demographic characteristics

The group comprised 50 patients with an average age of 51.7 years old, with the
youngest being 18 and the oldest being 84 years old. We noticed that 40% of the patients had
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elementary studies, and 60% had at least a professional qualification. There is a discrepancy
between the level of professional education (62% of the patients have a qualification) and
the job of the adult patients. Only six (12%) patients were employed, and none were
employers or workers on their own.

• Distribution of patients by glaucoma type

Most of the patients had an admission diagnostic of glaucoma secondary to vitre-
oretinal surgery (24%). The cause of this phenomenon is the fact that the clinic where
the surgeries were performed has a high number of interventions on the posterior pole
(Table 1).

Table 1. Distribution of patients by glaucoma type.

Glaucoma Type Patients n. %
Total 50 100%

Secondary glaucoma after vitreoretinal surgery 12 24%
Primary open-angle glaucoma 10 20%
Neovascular secondary glaucoma 8 16%
Primary closed-angle glaucoma 7 14%
Aphakic secondary glaucoma 6 12%
Traumatic secondary glaucoma 2 4%
Congenital glaucoma 1 2%
Uveitic secondary glaucoma 1 2%
Juvenile glaucoma 1 2%
Secondary glaucoma after keratoplasty 1 2%
Posterior embryotoxon 1 2%

In second place as ethology in our study, we have primary glaucoma with an open
angle. In 10 patients (20%) with primary open-angle glaucoma that was not amendable
with medical treatment or other surgical interventions and had a progression to atrophy,
we implanted AGV.

The third place stands for neovascular glaucoma, with eight patients (16%). Neovas-
cular glaucoma is only in third place because of the use of anti-VEGF agents in the last few
years. This has led to a decrease in the number of patients with neovascular glaucoma to
whom an AGV was implanted [15,16].

• Intraocular pressure variation after surgery

The targeted intraocular pressure was below 22 mmHg and above 5 mmHg. Hypotonia
is defined as a decrease in the intraocular pressure below 5 mmHg. In the group of patients
that we examined, the pressure was measured before surgery, one day, one month, 3 months
and 6 months, one year, three years, and five years after surgery and in all patients included
in the study when they presented in the hospital for different problems. We calculated
the mean values of the intraocular pressure at every step of the follow-up. One day after
surgery, only one patient had hypotonia and a small anterior chamber. A visco-elastic
substance was injected into the anterior chamber, and the pressure became normal in the
following days. During the study, there were no other cases of hypotonia.

The very small number of patients with hypotonia after the implantation of AGV is
explained by the fact that the technique used implies covering the tube with a scleral flap.
This decreased risk was also described by other authors when using the scleral flap [17,18].
Because of the elastomeric membrane that functions as a valve, the system remains closed
when the intraocular pressure decreases below 8 mmHg. There can be losses next to the
tube or if the tube is punctured accidentally in the extra cameral portion; in these instances,
the valve works, but hypotonia ensues because of the losses outside the valve [9–22].

One patient had an intraocular pressure of 30 mmHg one day after surgery, and this
happened because of a blockage of the tube by vitreous. The pressure did not decrease after
administration of specific drugs locally or systemically, so we decided to practice anterior
vitrectomy.
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The IOP a day after surgery had a mean value of 12 mmHg. In patients with an
intraocular pressure above 22 mmHg, antiglaucoma medication was administered, or
massage of the eye was made, or needling or surgical excision of the fibrous capsule
was intended.

In most patients with hypertonia, this was caused by the formation of a capsule of
fibrous tissue around the body of the valve with modified collagen because of the presence
of the aqueous humor under the tenon, between the tenon and the sclera. This fibrous cyst
does not allow the normal drainage of the aqueous humor and creates pressure around the
valve’s body.

A fibrous cyst appeared in seven patients that were subjected to needling; in four
patients, the surgical excision of the cysts was made; in two patients at 1 month, in one at
6 month, and in the other at one year.

The wide range of IOP values (5–30 mmHg) underscores the need for individualized
patient monitoring and management. The mean difference in IOP before and after surgery
was found to be 7.53 mmHg. This indicates a statistically significant reduction in IOP
post-surgery, supporting the effectiveness of the surgical technique employed. While some
patients maintained IOP within the target range, others experienced either hypotonic or
elevated pressures, highlighting the variability in postoperative outcomes. The skewed
distribution towards higher IOP values suggests that a significant portion of measurements
were at or above the target upper limit, which may indicate a need for more aggressive
IOP management in some cases. The presence of both hypotonic and elevated pressures
in the dataset emphasizes the importance of regular follow-up and potentially adjusting
treatment strategies to achieve optimal IOP control (Figure 2).
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According to the success and failure criteria defined before, finding an intraocular
pressure above 22 mmHg in more than two visits that could not be controlled by med-
ication, massage, needling, or excision of the cysts implied that the patient was in the
failure category.

After one year postoperative, failure was declared in six patients (12%). They had
elevated IOP during multiple visits due to the cyst formation and valve’s body entrapment.
At the 3-year mark after surgery, another five patients developed high IOP due to this
condition. And 5 years postoperative, valve body entrapment happened in another four
patients, making it the most frequent complication (30%) leading to failure.
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We concluded that the number of medications necessary for glaucoma control was
reduced after surgery, from 3.37 before surgery to 1.21 after surgery. This decrease is noticed
in most of the published data [9–14].

• Visual acuity variation after surgery

Visual acuity (VA) is the second criterion used to define successful or unsuccessful
intervention. Loss of light perception or a decrease in VA of more than two rows in the
optotype was considered a criteria for failure. Our study is a prospective one, allowing a
good appreciation of the variation in visual acuity and a good appreciation of the evolution
of lens-related problems. Visual acuity was measured using the Snellen optotype with the
best correction. During the period of follow-up of a year, 8 patients (16%) out of 50 had a
decrease in VA, and 3 of them had a decrease with more than two rows in the optotype, so
the intervention was considered unsuccessful in those cases (Table 2).

Table 2. Decrease in sight by glaucoma type at 1 year postoperative.

Type of Glaucoma with a Decrease in Sight Number of Patients
with a Decrease in VA

Number of Patients with a
Decrease in VA of More

Than 2 Rows

Number of Patients
with VA = WLP

Glaucoma secondary to vitreoretinal surgery 3 1 1
Secondary neovascular glaucoma 2 0 1

Primary glaucoma with open angle 2 0 0
Juvenile glaucoma 1 0 0

Total 8 1 2

The first patient, with glaucoma secondary to vitreoretinal surgery, had developed
a valve capture with high-pressure values that could not be controlled; we practiced
the excision of the fibrous cyst after a year, but the patient’s VA changed from LP (light
perception) to WLP (without light perception).

The second patient, with neovascular secondary glaucoma, had a suprachoroidal
hemorrhage and vitreous hemorrhage with a decrease in VA from LP to WLP.

The third patient with glaucoma secondary to vitreoretinal surgery, with surgically
corrected retinal detachment, with surgically treated cataracts, silicone oil extraction, and
iridectomy, developed suprachoroidal hemorrhage 3 months after surgery with a decrease
in visual acuity from 0.05 to CF (counting fingers).

We noticed that all patients who lost light perception had a very low visual acuity
at the beginning of the study, all of them being with only LP. We also noticed that in
four patients (8%), visual acuity has increased. The patients had lens opacities before
surgery that needed an extracapsular lens extraction with a pseudophakic implant after
6 to 12 months. In all three, the sight became better.

• Considerations regarding surgery complications

An old surgery axiom states that the best treatment for surgery complications is
prevention. Each patient must be treated as a unique case.

Most of the complications appeared in the group of patients with glaucoma secondary
to vitreoretinal surgery, them being best represented in this study. The second complication
frequency was the subgroup of patients with secondary neovascular glaucoma (Figure 2).

Valve’s body entrapment was noticed in 15 (31.91%) patients, leading to an increase in
intraocular pressure. Leaking of the aqueous humor in the space created between the tenon
and sclera leads to an inflammatory reaction in the tenon with fibrous tissue development
and modified collagen. A fibrous, hard capsule is formed around the valve’s body, and
the filtering of the aqueous humor in the subconjunctival space is blocked; this leads to an
increase in the pressure inside the valve. The high pressure around the body of the valve by
the fibrous capsule leads to restriction on valve opening when intraocular pressure is above
8 mmHg, so the valve will not open when the pressure is even higher. It can be prevented
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by digital ocular massage, needling using an antimetabolite (5-fluorouracil), and regular
check-ups [23,24].

Cyst excision was intended with local subconjunctival anesthesia. An incision at
the level of the conjunctiva was made at the highest point of the cyst; the fibrous area
behind the conjunctiva was extracted, and the valve stayed in place. After the cyst exci-
sion, the conjunctiva was sutured so that the valve was totally covered. The histologic
exams of the peri-valve tissues extracted revealed modifications in collagen structure and
transformations of fibroblasts to myofibroblast cells.

Hyphema appeared in seven (14.89%) patients a day after surgery. In six cases, hy-
phema resolved spontaneously in the next few days. In one of the patients, we practiced the
washing of the anterior chamber and Avastin (Bevacizumab) injection in the anterior chamber.

Suture dehiscence was the third most frequent complication without exteriorization
of the valve. This appeared in five (10.64%) patients. In three of these, after re-suturing,
the evolution was good. In two patients at one year postoperative, a reintervention was
needed, and the valve coverage with oral mucous tissue was performed. However, it
proved to be inefficient as it reappeared, and we had to extract the valve between 1- and
3-years postoperative.

Tube blockage appeared in four patients (8.51%). In two patients, the tube was blocked
by blood, and with the massage of the globe, the tube became patent, and there was no
need for surgical intervention. In one patient, the iris blocked the tube, and a surgical
intervention was needed to reposition the tube. In the fourth patient, the tube was blocked
by a vitreous on the day following the surgery, with the patient having a vitreous in the
anterior chamber. General and local treatment for glaucoma was intended but with no
results. In 4 days after surgery, vitrectomy was intended because the high intraocular
pressure could not be controlled.

Rebellious pain was unresponsive to any treatment developed in four (8.51%) patients.
In the case of the patient with congenital glaucoma, the valve had to be explanted, while in
other cases, the pain was remitted by itself.

Vitreous hemorrhage developed in three (6.38%) patients: two with neovascular
glaucoma and one with aphakic glaucoma. In one patient, the hemorrhage resolved
spontaneously, and in the other two, vitrectomy was needed.

Suprachoroidal hemorrhage developed in two (4.26%) patients: one with neovascular
glaucoma and the other with glaucoma secondary to vitreoretinal surgery.

In the patient with neovascular glaucoma, visual acuity was reduced from LP to WLP.
In the patient with secondary glaucoma after vitreoretinal surgery with surgically corrected
retinal detachment and cataracts, silicone oil extraction, and iridectomy 3 months after
the surgery, suprachoroidal hemorrhage developed, and visual acuity decreased from 0.05
to CF.

Retinal detachment developed in two (4.26%) patients with glaucoma secondary
to vitreoretinal surgery in 4 and 6 months from the implant; surgical intervention was
intended with re-attachment of the retina.

Diplopia developed in two (4.26%) patients. The first patient had secondary posttrau-
matic glaucoma. The valve was implanted in the super-nasal quadrant, and no intervention
was needed because, at the next visit, the problem was solved. The second patient had
glaucoma after vitreoretinal surgery, and the valve was implanted in the superotemporal
quadrant. Diplopia developed when the patient was looking up and towards the right; in
the primary position, there was no diplopia. The patient was satisfied, and the diplopia
resolved spontaneously.

Hypotony occurred in one patient but resolved after injecting viscoelastic into the
anterior chamber; there were no patients with athalamy. In the study group, I noticed a
very small incidence rate of hypotonia. Unlike other artificial drainage systems, hypotonia
is much less present in the AGV because of the valve mechanism. Unlike other studies, we
obtained a much lower rate of hypotonia, and we believe that the implantation technique
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with the scleral flap is responsible for this; introducing the tube through the scleral flap
makes a much better seal than covering the tube with preserved sclera.

Cornea-tube contact occurred in one patient; the tube was shortened on the second
postoperative day without further damage to the cornea. At one year postoperative, one
patient had endothelial damage and required a cornea transplant, after which the AGV
tube was repositioned in the posterior chamber.

Iris-tube contact occurred in one patient a year after implant because the valve moved;
we had to reposition the tube (Figure 3).
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Figure 3. Surgery complications.

According to the success criteria we defined, we achieved a success rate of 82% one
year after the implant. After 3 years, it was 68%, and after 5 years, it was 60%.

The predominance of the valve’s body entrapment as a cause of failure highlights a
potential area for improvement in either the surgical technique or the design and handling
of the Ahmed Valve. The variety of causes listed also underscores the complexity of the
surgery and the need for comprehensive preoperative assessment and postoperative care to
minimize risks. The data suggest that while the Ahmed Valve can be an effective treatment,
there are specific complications that need to be addressed to improve overall success rates
(Table 3).

Table 3. Patients who experienced failure at 5 years postoperative.

Cause Nr. of Failed Cases

Valve’s body entrapment 15
Suprachoroidal haemorrhage 2
Suture dehiscence 2
Rebellious pain 1

Another objective of the study was to assess whether the rate of occurrence of post-
operative complications after the valve implant in patients with previous antiglaucoma
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surgery is higher than the rate of complications in patients without previous glaucoma
surgery. For this, we compared the complications and calculated if there is a correlation
between the two variables.

The statistical correlation between the number of surgeries prior to the implant and
postoperative complications was 0.876. The correlation is direct and strong, which means
that it is statistically significant that patients with multiple ophthalmic surgeries had more
frequent postoperative complications. The postoperative complications that occurred
more frequently in patients with surgeries prior to the implant were wound dehiscence,
valve entrapment, rebellious pain, hyphema, decreased visual acuity, and displaced tubes.
The statistical correlation between the number of antiglaucoma surgeries prior to the
implant and postoperative complications was 0.925. The correlation is direct and strong.
The coefficient of correlation between patient age or area of origin and complications is
negative; there is no statistically significant correlation between these two variables.

4. Discussion

The AGV represents a significant advancement in the surgical management of refrac-
tory glaucoma. This article examines the initial clinical experience with the AGV implant,
focusing on several key areas: socio-demographic characteristics of the patient cohort,
distribution of patients by glaucoma type, variations in IOP and visual acuity after surgery,
and complications associated with the procedure.

Correlating the incidence of glaucoma with age and gender, we found that our patient
cohort predominantly consisted of older adults, with a higher prevalence in males. This
demographic trend aligns with the existing literature, which indicates that age and male
gender are significant risk factors for glaucoma [2,6,22,25].

In this study, the majority of patients diagnosed with glaucoma had developed the
condition secondary to vitreoretinal surgery, specifically due to the use of silicone oil for
retinal detachment procedures. These patients experienced elevated IOP as a result of
emulsified silicone oil blocking the pupil, causing iris synechia, or obstructing the camerular
angle. This secondary glaucoma could not be managed with medication alone.

The second most common type of glaucoma in the study was primary open-angle
glaucoma, affecting 20% of patients. These patients had not responded to medical treat-
ments and other surgical interventions and showed progressive atrophy, necessitating the
implantation of the AGV.

Neovascular glaucoma was the third most common, affecting 16% of patients. The
relatively lower incidence of this type was attributed to the recent use of anti-VEGF agents,
which have reduced the number of neovascular glaucoma cases requiring AGV implanta-
tion. All of these patients had failed trabeculectomy surgeries. After this study, we changed
our therapeutic conduct, and now we implant AGV in secondary neovascular glaucoma
per primam.

The targeted IOP post-surgery was set between 5 and 22 mmHg. Hypotonia, defined
as an IOP below 5 mmHg, was observed in only one patient the day after AGV implantation,
which was successfully corrected with viscoelastic injection. The use of a scleral flap to
cover the tube likely contributed to the low incidence of hypotonia, a finding consistent
with other studies.

The elastomeric membrane in the AGV helps maintain IOP above 8 mmHg, preventing
hypotonia unless there are external losses. Elevated IOP (above 22 mmHg) was managed
with medication, massage, needling, or surgical excision of fibrous cysts, which formed
around the valve in some patients due to modified collagen from aqueous humor exposure.

Fibrous cysts requiring intervention were observed in seven patients, with vary-
ing follow-up times for surgical excision. Overall, the surgery reduced the number of
medications needed for glaucoma control from an average of 3.37 to 1.21, aligning with
published data.

In this study, the majority of complications occurred in patients with glaucoma sec-
ondary to vitreoretinal surgery, followed by those with neovascular glaucoma. The most
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frequent complications included hyphema, valve entrapment, suture dehiscence, tube
blockage, rebellious pain, vitreous hemorrhage, suprachoroidal hemorrhage, retinal de-
tachment, diplopia, hypotony, cornea–tube, and iris–tube contact. The study achieved a
success rate of 82% one year after AGV implantation in the group, indicating a generally
favorable outcome despite the noted complications. The developed complications were
resolved either by re-intervening or spontaneously [26–29].

In comparison to the Tube Versus Trabeculectomy (TVT) study and the Primary Tube
Versus Trabeculectomy (PTVT) study, our results show a similar effectiveness in IOP control
and a comparable rate of complications. The TVT study, which focused on patients with
prior ocular surgery, reported success rates and complication profiles similar to ours, with
a notable difference being the type of implant used (Baerveldt versus Ahmed). However,
the complication profile in our study showed some differences. Hyphema and valve body
entrapment were notable complications in our cohort, particularly among patients with
secondary glaucoma due to vitreoretinal surgery. These complications were less frequently
highlighted in the TVT study, which may be due to differences in patient populations and
surgical techniques. Our use of the AGV, which has a unique flow-restricting mechanism,
might account for the lower incidence of hypotony compared to the Baerveldt implant used
in the TVT study. The PTVT study, dealing with primary glaucoma cases, also showed
effective IOP management but had fewer secondary glaucomas compared to our study.
Our study’s patient population included a significant number of cases with secondary
glaucoma, often post-vitreoretinal surgery, which contrasts with the primary glaucoma
cases in the PTVT study. Despite these differences, our findings align with the PTVT study
in demonstrating the efficacy of tube shunt surgery (Ahmed valve) in lowering IOP. In
terms of postoperative interventions, our study reported several cases requiring additional
surgeries, such as excision of fibrous capsules, cataract extractions, and vitrectomies. This
is somewhat consistent with the PTVT study, where re-interventions were also necessary,
though with different underlying causes and frequencies [9–14].

Recent advancements in glaucoma treatment, such as micro-pulse transscleral cy-
clophotocoagulation (MP-TSCPC) and continuous wave transscleral cyclophotocoagulation
(CW-TSCPC), have shown promising results in managing IOP in neovascular glaucoma.
Zemba et al. (2022) compared these two methods, finding that MP-TSCPC offered better
IOP control and fewer complications than CW-TSCPC in NVG patients. These findings
are relevant to our study as they highlight alternative or adjunctive treatments that could
potentially enhance outcomes for patients with refractory glaucoma, particularly those
with neovascular glaucoma. Incorporating such advanced treatment options could fur-
ther improve the efficacy and safety profile of glaucoma management strategies, offering
additional hope for patients who do not respond to conventional therapies [30–33].

Another issue that we encountered was patient compliance. Indeed, during the follow-
up period, we experienced some cases of missing visits and missing data. Specifically,
three patients dropped out of the study due to death, and five patients missed scheduled
follow-up visits due to various reasons. Throughout the study, we maintained close contact
with our patients, utilizing phone calls, communication with family members, and offering
free visits to encourage participation and adherence to the follow-up schedule. Despite
these efforts, some data gaps remained due to the reasons mentioned above. However, we
believe that the overall impact on our study’s findings was minimal and that the strategies
we employed helped to maintain the integrity of our data as much as possible. In order to
minimize the occurrence of missing visits and data in future studies, several strategies can
be implemented, such as electronic reminders, home visits for patients who are unable to
attend visits due to mobility issues, offering flexible scheduling options for follow-ups, and
enhancing patient engagement through education about the study’s importance and their
role in it can foster a sense of commitment and responsibility [32–34].

In addition, it is important to note that we did not track the visual field as a parameter
in this study. The primary focus was on reducing intraocular pressure, as the included
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patients already had significantly low visual acuity and visual field at the beginning of
the study.

Furthermore, we have not investigated the number of corneal endothelial cells, which
is a limitation. We currently plan to address this and investigate the gonioscopic position
of the tube in the anterior chamber, assessing whether it is closer or farther from the
corneal endothelium.

Analyzing the trends and patterns observed in this study suggests several under-
lying mechanisms and relationships. The high incidence of secondary glaucoma post-
vitreoretinal surgery indicates a strong association between retinal interventions and
subsequent glaucoma development. The significant reduction in IOP and medication
dependency post-AGV implantation underscores the valve’s effectiveness in managing
refractory cases. Moreover, the complications profile highlights the need for meticulous
surgical techniques and postoperative management to mitigate risks. The correlation
between patient demographics and glaucoma incidence emphasizes the importance of
tailored treatment approaches based on age and gender, acknowledging these as critical
factors in disease progression and management outcomes.

The prognosis of patients after the 5-year postoperative period was generally positive,
with sustained IOP control and reduced medication dependency. However, long-term mon-
itoring is crucial to manage potential late-onset complications and to ensure the continued
success of the AGV implantation.

The study highlights the complication rate in these groups and outlines various
corrective procedures performed to manage these issues. The findings contribute to under-
standing the effectiveness and challenges of AGV implantation, suggesting future research
directions to improve patient outcomes and reduce complication rates.

5. Conclusions

1. The mean number of glaucoma medications used postoperatively is lower; the average
in the adult group decreased from 3.37 preoperatively to 1.21 postoperatively.

2. According to the success and failure criteria, a year after the AGV implant, success was
recorded in 41 adult patients, with the success rate being 82% at one year, 68% after
3 years, and 60% after 5 years postoperative.

3. AGV is a solution not only for refractory glaucoma after classic surgery but can be
used for secondary glaucoma after vitreoretinal surgery or for neovascular glaucoma
refractory to drug therapy. It might be the first indication of antiglaucoma surgery in
these patients, with a high success rate.

4. Subconjunctival anesthesia is a good option for glaucoma surgery, including AGV
insertion, providing good mobility of the eye and no need for a traction suture.

5. AGV can be used as the first option of surgical treatment in secondary neovascular
glaucoma, with classic trabeculectomy having a high risk of failure.

6. Even though it is a difficult procedure, with good surgical technique and careful and
frequent patient follow-up, in the long run, AGV is a chance for patients with difficult
glaucoma to keep their vision.
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Abstract: Excessive fibrosis and resultant poor control of intraocular pressure (IOP) reduce the efficacy
of glaucoma surgeries. Historically, corticosteroids and anti-fibrotic agents, such as mitomycin C
(MMC) and 5-fluorouracil (5-FU), have been used to mitigate post-surgical fibrosis, but these have
unpredictable outcomes. Therefore, there is a need to develop novel treatments which provide
increased effectiveness and specificity. This review aims to provide insight into the pathophysiology
behind wound healing in glaucoma surgery, as well as the current and promising future wound
healing agents that are less toxic and may provide better IOP control.

Keywords: glaucoma surgery; wound healing; antifibrotic agents; anti-vascular endothelial growth
factors; cytokine inhibitors; anti-LOXL2 monoclonal Ab; integrin inhibitors; growth factor inhibitors

1. Introduction

Glaucoma is the second leading cause of blindness, affecting more than 80 million
patients worldwide and over 3 million in the USA [1]. The prevalence of glaucoma is
expected to double over the next 30 years, which will pose a major public health chal-
lenge [2]. An important modifiable risk factor is elevated intraocular pressure (IOP) due to
the blockage of aqueous humor (AH) outflow [3]. Therefore, it is imperative to understand
the mechanics and dynamics of AH production and outflow. The drainage of AH occurs
mainly through the conventional pathway [trabecular meshwork (TM), Schlemm’s canal
(SC), collector channels, aqueous veins, and episcleral veins (EVs) 70%], as well as the
non-conventional uveoscleral–uveovortex (US-UV) pathway, uveal meshwork, anterior
face of the ciliary muscle through the muscle bundles, suprachoroidal space, and out
through the sclera (30%), as in Figure 1A,B [4]. Though the dysfunction of the conventional
pathway is not well understood, increased TM contractility, changes in extracellular matrix
(ECM) composition, decreased pore density of the inner wall of SC, and disruption of local
regulatory mediators may contribute to increased AH outflow resistance [5].

The initial conventional treatment options for controlling elevated IOP involve medi-
cations and laser procedures. If medications and laser treatment fail to lower IOP, the next
step is performing incisional surgery, which includes trabeculectomy, trabeculotomy, glau-
coma drainage devices (GDDs), and minimally invasive glaucoma surgeries (MIGS) [6–8].
Trabeculectomy is designed to remove a portion of the TM and SC to allow the flow of AH
to the subconjunctival space [9]. Trabeculotomy, on the other hand, is performed either by
an ab interno or ab externo approach, to perforate the TM. It is commonly used in children
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with congenital glaucoma, but rarely in adults. GDDs (Ahmed®, New World Medical Inc.,
Rancho Cucamonga, CA, USA; Baerveldt®, Advanced Medical Optics Inc., Santa Ana,
CA, USA; and Molteno Ophthalmic Limited®, Dunedin, New Zealand), which consist of
a tube and a plate, also drain the AH from the AC into the subconjunctival space, but
with more controlled AH outflow and somewhat predictable outcomes. Recently, MIGS
(Xen Gel Stent® Abbvie/Allergan Co. Dublin, Ireland, PreserFlo® MicroShunt [made of
poly(styrene-b-isobutylene-b-styrene), or SIBS], Santen Pharmaceutical Company®, Os-
aka, Japan, iStent® Glaukos Corp. inject, Hydrus® Alcon microstents, Kahook® New
World Medical dual-blade goniotomy, trabectome® MicroSurgical Technology, gonioscopy-
assisted transluminal trabeculotomy, Glaucoma Associates of Texas, Trab 360 OMNI® Sight
Sciences, Inc., Visco 360 OMNI® Sight Sciences, Inc., Ab interno canaloplasty (ABiC) Ellex
Australia, and Streamline® New World Medical Inc. surgical system have gained popu-
larity due to their relatively quick insertion and lesser tissue manipulation [6–8]. A 2017
survey, conducted to assess surgical practice patterns among members of the American
Glaucoma Society (AGS), showed a significant increase in the use of GDDs since 1997 [8].
Trabeculectomy remains the procedure of choice, with higher mean percentages of use
(59% ± 30%), followed by GDDs (23% ± 23%) and MIGS (14% ± 20%) [8].
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Figure 1. (A) Cross-section of an eye illustrating the AH flow dynamics. AH is formed by the ciliary
body and flows through the pupil into the anterior chamber (AC). The drainage of AH is mainly via
the conventional [TM, SC, and EV] pathway and the non-conventional [US-UV] pathway. (B) Higher
magnification of (A). Red arrow #1 denotes AH flow from the trabecular meshwork through the
Schlemm’s canal, collector channels, aqueous veins, and into the episcleral veins for drainage into
the bloodstream. The uveoscleral pathway (red arrow #2) shows AH flowing directly through
the ciliary muscle to the suprachoroidal space, and out through the sclera, eventually reaching
general circulation.

A significant postoperative complication of all incisional glaucoma surgeries is a
vigorous fibroproliferative response leading to the blockage of AH outflow in the subcon-
junctival space (“ring-of-steel”), leading to inadequate control of IOP and surgical failure.
Therefore, modulating the wound healing process is critical for optimal outcomes in the
surgical management of glaucoma [10], hence the reason for this review.

2. Materials and Methods
2.1. Initial Search (Figure 2)

We followed the standards outlined by the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines during data collection, and the PICOS
(Population, Intervention, Comparison, Outcomes and Study) framework was used to
create eligibility criteria, Table 1 [11]. We used keywords and MeSH terms, such as “glau-
coma” (or “Glaucoma, Angle-Closure” or “Glaucoma, Open-Angle”), “glaucoma wound
healing” or “glaucoma filtration surgery” (or “sclerostomy,” “trabeculectomy”, or “GDDs”),
“anti-inflammatory agents” (or “antifibrotic agents”).
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Figure 2. PRISMA Flowchart illustrating the selection process for this systematic review.

Using these terms, we systematically searched the online databases of PubMed (MED-
LINE), Cochrane Library, ScienceDirect, Scopus, Google Scholar, ProQuest, and Web of
Science up to June 2023. The records from the different databases were compiled in a
comma-separated values (CSV) file on Google Sheets.

Table 1. PICOS Criteria for Inclusion of Studies.

Parameter Description

Population Patients with glaucoma regardless of the site.
Intervention Incisional/filtration glaucoma procedures, with or without antifibrotic agents.
Comparison Results of patients who underwent glaucoma surgery with and without antifibrotic agents.
Outcomes Quality of IOP control, postoperative complications, visual acuity.

Study Design Randomized or nonrandomized controlled (or uncontrolled).

2.2. Preliminary Screening

We excluded non-English articles and study types, such as conference abstracts, com-
mentaries, and duplicate papers with the same digital object identifier (DOI) using a script
written in the Python programming language (Python Software Foundation, Wilmington,
DE, USA, version 3.12.2). The selected manuscripts were then stored in the CSV for eligi-
bility assessment and included information on authors, title, date of publication, journal,
and DOI.
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2.3. Eligibility Assessment

The four reviewers (KK, SS, MP, and BD) screened every article in the CSV for accuracy
and best fit. We included full-text English articles, studies involving animal or human
subjects, and clinical trials.

3. Results

After multiple rounds of screening, 126 studies were included in our review. The
selected studies discussed the basic principles, development, and applications of wound
healing modulation in glaucoma surgery. Figure 2 depicts the eligibility assessment process.

3.1. Overview of the Wound Healing Process

Understanding the conjunctival, episcleral, and scleral wound healing process is
critical to evaluate wound healing modulation in glaucoma surgery. The wound repair
process can be divided into four key phases: hemostasis, inflammation, proliferation, and
remodeling (Figure 3) [12].

3.1.1. Hemostasis

In the first stage, hemostasis, a platelet plug forms to prevent excessive blood loss.
This is achieved through activation of the clotting cascades, which begins with vasoconstric-
tion initiated by the release of thromboxane (TXA2) and endothelin-1 from the damaged
endothelium [13]. Following this, the interaction of platelet receptors and ECM proteins
(collagen, elastin, fibronectin) occurs to promote adherence to the walls of the surrounding
blood vessels [14]. Once the platelet receptors adhere to the blood vessels, thrombin is
promoted to activate platelets and release granules, which reinforce the coagulation pro-
cess [15]. Concurrently, platelets produce platelet-derived growth factor (PDGF), which
activates endothelial cells to repair damaged vasculature through angiogenesis. Once
completed, the hemostasis phase is downregulated by inhibitors, such as activated protein
C, prostacyclin, and antithrombin III [15].

3.1.2. Inflammation

The second phase, inflammation, consists of the recruitment of immune cells designed
to remove necrotic tissue and pathogens [10]. This phase of wound healing is initiated by the
release of damage-associated molecular patterns (DAMP) molecules, pathogen-associated
molecular patterns (PAMP) molecules, hydrogen peroxide (H2O2), lipid mediators, and
chemokines from injured cells [16]. DAMPs are endogenous molecules consisting of DNA,
peptides, ECM components, and ATP to activate the innate immune system, while PAMPs
work to activate immune cells and release pro-inflammatory cytokines. Both patterns
share a common goal of attracting leukocytes to the injured tissue. These modulators
lead to the influx of immune cells, specifically neutrophils and leukocytes [17]. Once
neutrophils are generated in the bone marrow, they are attracted to the site of injury
by the “find me” signals from chemoattractants (molecules that promote movement),
including DAMPs, H2O2, lipid mediators, and chemokines [17]. After traveling to the
wound from damaged vessels, neutrophils remove necrotic tissue, and pathogens trap
and kill pathogens with extracellular traps, resulting in wound decontamination [17].
Monocytes work by differentiating into macrophages with variable phenotypes, ultimately
initiating the macrophage inflammatory response and further augmenting it by attracting
additional monocytes [18].
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Figure 3. An overview of the chronology seen in the general healthy wound healing process in the
eye: From left to right, this figure shows (1) hemostasis, (2) inflammation, (3) proliferation, and
(4) remodeling.

3.1.3. Proliferation

The proliferative phase is characterized by wound closure and is essential to wound
healing. Proliferation may occur as early as 12 h post-injury, resulting in the formation of
highly vascularized granulation tissue. This newly formed tissue allows for ECM synthesis
and the activation of fibroblasts. This process occurs simultaneously with neovasculariza-
tion and immunomodulation, contributing to wound contraction [16]. Wound contraction
occurs when myofibroblasts grip the wound edges and pull them together [19]. Microvas-
cular endothelial cells (ECs) lining blood vessels are central to neovascularization. Their
activation relies on growth factors (a bioactive molecule released into the environment
which affects cell growth) produced by nearby cells, and the production of proteolytic en-
zymes (matrix metalloproteinases (MMPs), disintegrins, and metalloproteinases) facilitates
their navigation through the fibrin/fibronectin clot. ECs initiate angiogenesis by sprouting
in response to pro-angiogenic signals (VEGF, FGF, PDGF-β, TGF-β) and angiopoietins,
leading to proliferation and migration [15]. The new granulation tissue typically exhibits a
red or pink color, attributed to the presence of new blood vessels and other inflammatory
agents. The color and condition of the granulation tissue serve as indicators of the progress
of wound healing. On the other hand, the dark granulation tissue is an evidence of poor
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perfusion, ischemia, or infection. This phase of wound healing can span from six days to
up to three weeks or longer [14].

3.1.4. Remodeling

In the final phase, remodeling, the granulation tissue is gradually replaced by normal
connective tissue. This stage involves a decrease in tissue cellularity due to the massive
apoptosis of fibroblasts, myofibroblasts, endothelial cells, and pericytes (cells that are em-
bedded within the vessel wall endothelium) [20]. Integrins play a key role in facilitating cell
attachment to the ECM. They have the ability to trigger the activation of latent transforming
growth factor beta-1 (TGF-β1), which in turn regulates the processes of wound inflamma-
tion and the formation of granulation tissue [21]. The accumulation of ECM molecules,
specifically collagen, is a hallmark of the remodeling phase. Type 3 collagen is converted
to Type 1, which is a more mature and stiff form. This increases the tensile strength and
elasticity of the healed tissue. Although collagen deposition restores most of the strength in
the affected tissue, it is estimated that the new scar tissue is 20% weaker and less elastic
than pre-injured tissue [22].

3.2. Fibrosis

Fibrosis is the excessive accumulation of connective tissue and ECM components [23].
In the healthy remodeling phase of wound healing, fibrosis is minimal. However, pathologi-
cal fibrosis can result from an overly aggressive and unchecked healing response secondary
to significant tissue injury, poor wound control, predisposed demographics, or an existing
immunocompromised patient. In pathologic conditions, such as excessive conjunctival
fibrosis, the normally efficient and orderly remodeling phase of wound healing is lost, and
the conjunctival epithelium undergoes a state of chronic inflammation characterized by
uncontrolled growth factor signaling (Figure 4).

TGF-β, released from macrophages, is the cardinal growth factor involved in the
progression of fibrosis during wound healing [24]. Upon TGF-β stimulation, fibroblasts
are activated and undergo transition into myofibroblasts, the key effector cells in fibrotic
states [24]. Myofibroblasts in the conjunctiva are called Tenon fibroblasts; they augment
fibrosis by depositing connective tissue, producing cross linking enzymes, and releasing
MMPs during the proliferative stage of wound healing [25,26]. In a normal physiologic
state, this process ends with the apoptosis of the myofibroblasts and the cessation of
inflammation. However, acceleration into excessive fibrosis is mediated by exaggerated
levels of various growth factors and cytokines, including TGF-β, interleukins, such as IL-1,
IL-6, IL-10, and PDGF, as illustrated in the graphical abstract and in Figure 3 [27]. These
factors ultimately lead to uncontrolled myofibroblast activation and, thus, pathologically
excessive deposition of ECM [24].

In regard to glaucoma surgery, uncontrolled postoperative fibrosis is the main cause
of procedure failure, resulting in excessive scarring, visual impairment, and subsequent
progression of glaucoma. Table 2 (adapted from Yamanka et al., 2015) includes antifi-
brotic cytokines, growth factors, and signaling pathways relevant to preventing ocular
fibrosis [28].
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Table 2. Antifibrotic targets and their mechanism of action, adapted from Yamanka et al. [28].

Antifibrotic Targets Mechanism of Action Applications

IL-1
[29]

IL-1 controls integrin expression in leukocytes
and endothelial cells.

1-methyl hydrazino analogs are an excellent
IL-1 blocker and reduce inflammation.

IL-6
[28,30]

IL-6 stimulates B-cell differentiation, T-cell
activation, and immunoglobulin production.

Tocilizumab is an anti- IL-6 receptor antibody,
which, in a rheumatoid arthritis clinical study,

reduced inflammation and fibrosis.

IL-7
[31,32]

IL-7 is a profibrotic growth factor and activates
signaling that suppresses fibroblast-driven

ECM expression.

In a septic shock trial, IL-7 application restored
CD4+ and CD8 cell count.

IL-10
[33–35]

IL-10 is an anti-inflammatory cytokine which
reduces production of inflammatory

cytokine mRNA.

In a mice study, IL-10 increased the number of
neutrophils and monocytes.
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Table 2. Cont.

Antifibrotic Targets Mechanism of Action Applications

IL-22
[36–38]

IL-22, a pro-inflammatory cytokine,
upregulates acute phase proteins.

In a hepatitis clinical trial, IL-22 protected
against epithelial cell injury and

reduced inflammation.

Anti-VEGF
[39]

VEGF is a potent mediator of angiogenesis,
vasculogenesis and vascular endothelial

cell permeability.

Anti-VEGF therapies inhibit vascular
endothelial growth factor, thus preventing

angiogenesis and the disruption of the
blood–retinal barrier.

Platelet-derived growth
factor (PDGF)

[40]

The PDGF family consists of disulphide-linked
dimers and induces proliferation of

macrophages and fibroblasts migration into a
wound site.

ARC126 and ARC127 are PDGFβ inhibitors,
and they reduced both epiretinal membrane

formation and retinal detachment.

Connective tissue growth
factor (CTGF)

[41]

CTGF is a fibrogenic cytokine upregulated by
TGF-β causes persistent fibrosis through CTGF.

Targeting either CTGF or TGF-β signaling may
reduce scar tissue formation.

Matrix metalloproteinases
(MMPs)
[28,42]

MMPs are a group of proteolytic enzymes
which degrade most extracellular matrix

proteins during wound remodeling.

Administration of GM6001, an MMP inhibitor,
reduced scar formation after glaucoma surgery

in rabbits.

Lysyl oxidase (LOX) and lysyl
oxidase-like proteins (LOXL)

[28,43]

Lysyl oxidase (LOX) and lysyl oxidase-like
(LOXL) are ECM enzymes which crosslink

collagen and elastin, leading to fibrosis.

Anti LOXL2 monoclonal antibody (GS-607601)
reduced inflammation and fibrosis after

glaucoma surgery in rabbits.

Rho kinase inhibitors
[28,44]

ROCK 1 and 2 are downstream components of
Rho-GTPase Rho mediated signaling and play
an important role in cytoskeletal organization
controlling cellular morphology migration and

motility. Rac1 is a low-molecular-weight
Rho GTPase.

In a lab experiment, inhibiting Rac1 with
NSC23766 or siRNA achieved reduction in

conjunctival tissue fibrosis and collagen
matrix contraction.

Secreted protein acidic and
rich in cysteine (SPARC)

inhibitors
[28,45]

SPARC is a 43 kDa collagen-binding
matricellular glycoprotein that modulates
cellular interactions with the surrounding

ECM. SPARC contributes to ECM organization
and cell migration.

In an in vitro experiment, SPARC knockdown
resulted in TGFβ2-driven upregulation of Type

I collagen, and fibronectin expression was
suppressed. Reducing SPARC expression may

suppress subconjunctival fibrosis.

Angiotensin II
[28,46]

Angiotensin II is an effector molecule and
causes ocular fibrosis.

Activation of NF-κB by angiotensin II leads to
the survival of corneal myofibroblasts, and,

consequently. fibrosis.

In lab experiments, angiotensin-converting
enzyme inhibitors (ACE II s) and angiotensin

receptor (AT2) antagonists effectively
suppressed vascular damage.

Transient receptor potential
(TRP) channel antagonists

[28,47]

The TRP channels are activated by multiple
endogenous and external stimuli and mediate

several wound healing functions. Their
receptor-induced responses include cell
proliferation and migration, along with

immune cell activation, tissue infiltration,
and fibrosis.

In an alkali-burn mouse wound healing model,
treatment with a TRPV1 antagonist effectively

suppressed fibrosis. Additionally, in vitro
experiments using ocular fibroblasts

demonstrated that the TRPV1 antagonist
inhibited the transdifferentiation

of myofibroblasts.

Transforming growth factor-β
(TGF-β) inhibitor

[28,48]

TGF-β plays a significant role as an effective
mediator in the development of scar tissue in

the eye.

In lab experiments, tranilast suppressed TGF-β
activation and resulted in the suppression of

collagen production.
In vitro experiments using siRNA to suppress
the TGF-β type II receptor gene demonstrated
both suppression of fibronectin production and

inhibition of cell migration.
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3.3. Wound Healing in Trabeculectomy

A trabeculectomy is a common filtering procedure performed in glaucoma patients [49].
A conjunctival incision is made followed by a partial-thickness scleral flap to expose the
trabecular meshwork (Figure 5A). The AC is inserted, and a block of trabecular meshwork
and SC are excised. After performing a localized iridectomy (Figure 5B), the scleral flap is
reattached using interrupted sutures. Sponge-soaked MMC is applied under the conjunc-
tiva for variable time followed by irrigation with a balanced salt solution. Figure 5C shows
an ultrasound biomicroscopy (UBM) of a patient after trabeculectomy.
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Figure 5. (A–C). Steps of trabeculectomy: conjunctival incision, superficial scleral flap, removal of
trabecular meshwork/SC block, and iris (iridectomy). (C) shows an ultrasound biomicroscopy (UBM)
after trabeculectomy.

The AH flows under the scleral flap into the subconjunctival space, forming an aqueous
humor reservoir commonly known as a filtering bleb. The formation of a shallow filtering
bleb versus a large cystic bleb (which may restrict the flow of AH) is preferable for an
optimal reduction in IOP. Unlike other ocular surgeries (cataract, retinal), where complete
healing and restoration of the incised tissue is desired, the success of trabeculectomy
depends on the optimal flow of AH under the scleral flap [28].

A trabeculectomy bleb undergoes four phases of postoperative wound healing. The
first phase consists of an immediate inflammatory response and involves the recruitment
of inflammatory cells, such as cytokines and growth factors. These inflammatory cells lay
the foundation for the second phase, which involves the formation of highly vascularized
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granulation tissue, proliferation, and tissue repair. This phase may last through the second
or third month after the surgery.

The third phase involves the activation, migration, and proliferation of episcleral
fibroblasts, angiogenesis, and formation of collagen bundles. The final remodeling phase
is characterized by the contraction of collagen bundles and scar tissue formation. The
latter may impede flow of AH and its final absorption in the subconjunctival space. While
healing under the scleral flap is important, the fibroblasts in the Tenon’s capsule are the
main effector cells in the initiation and mediation of trabeculectomy wound healing and
fibrotic scar formation [50].

The failure of glaucoma filtration surgery is mainly due to excessive subconjunctival
wound fibrosis. Therefore, suppression of wound fibrosis is critical to maintain the smooth
flow of AH [50]. Though the use of antifibrotic agents, such as MMC, have increased the
success rate, there are still a number of complications, such as cystic blebs, dysaesthesia,
wound leaks, blebitis, and endophthalmitis, which present challenges (Figure 6).
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Figure 6. A cystic bleb at the limbus and a diffuse bleb formed after trabeculectomy.

3.4. Wound Healing after Glaucoma Drainage Devices (GDDs) and Bleb-Forming MIGS

In certain high risk patients, such as those who had previously undergone a tra-
beculectomy, secondary glaucoma, or have African American heritage, the use of glaucoma
drainage devices (GDDs) is preferred. The following section will focus on the wound
healing process after commonly used GDDs and bleb-forming MIGS. Understanding the
complex wound healing process following a GDD or bleb-forming MIGS procedure is cru-
cial, since the healing success depends largely on how the eye responds after surgery [51].
In a GDD procedure, an implant is selected, which shares common features consisting
of a biocompatible silicone tube and a plate of varying size that is positioned in the sub-
conjunctival space [51]. Likewise, bleb-forming MIGS channel AH from the AC into the
subconjunctival space (Figure 7A,B).

The tissue trauma caused by the aforementioned GDDs and bleb-forming MIGS (perit-
omy, cauterization, and suturing of the patch grafts) leads to the release of plasma proteins
and other inflammatory cells, such as neutrophils, macrophages, and fibroblasts [52]. Addi-
tionally, AH has inflammatory properties and is known to contain growth factors (VEGF,
FGF, PDGF-β, TGF-β) that can lead to a brisk fibrotic response in the subconjunctival
space [53]. A 2013 study verified the presence of TGF-β2 in glaucomatous AH and also
identified notably higher levels of chemokine (C-C motif) ligand 2 (CCL2; MCP-1) [54].
Controlling the inflammation caused by these factors is crucial to the success of GDDs
and bleb-forming MIGS, since inflammation surrounding the endplate or AH outflow is
the leading cause of implant failure [55]. The first-line treatment for decreasing postop-
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erative inflammation is the use of corticosteroids, both topical and oral. Corticosteroids
achieve their anti-inflammatory effects primarily by interfering with pro-angiogenic sig-
nal transduction pathways [56]. For example, a commonly used synthetic corticosteroid,
dexamethasone, is an extremely strong anti-inflammatory agent, with effects up to six
times more potent than prednisolone or triamcinolone and twenty-five times more than
hydrocortisone [57]. These corticosteroids and broad-spectrum antibiotics are commonly
administered subconjunctivally at the conclusion of the procedures [58]. Furthermore,
topical application of corticosteroids is continued for 2–3 months following surgery to
maintain a decreased inflammatory response.
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Figure 7. (A) A large, encysted bleb superolaterally in the left eye, formed after the insertion of
a GDD. (B) Ultrasound biomicroscopy of the anterior segment shows the tip of the GDD in the
anterior chamber. Posteriorly, the GDD tube is seen laying on the sclera, and a large filtering bleb is
clearly visible.

As AH flows into the subconjunctival space, an excessive fibrotic reaction in the
filtering bleb may result in bleb failure. The resultant encapsulation of the bleb impedes the
AH outflow, resulting in elevated IOP [52]. The use of antimetabolites, namely MMC and
5-FU, have been efficacious in decreasing fibroblast proliferation following trabeculectomy,
but their use in GDDs and bleb-forming MIGS is not widely accepted [59]. Some studies
highlight the usage of MMC in the success of bleb-forming MIGS, but the benefits of MMC
to GDD procedures remains unproven [60,61]. A 1995 study by Perkins et al. showed that
while use of MMC with a double-plate Molteno implant showed a one-year success rate of
85% versus 20% in the control eyes, the two-year success rates were comparable for both
groups [62,63]. A couple of years later, Lee et al. and Cantor et al. both concluded that
adjunct use of MMC with Molteno implants did not offer significantly different outcomes
from control groups at one-year post-surgery [64,65]. These studies showed a significantly
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higher incidence of complications in the MMC groups, including flat ACs and choroidal
effusions. Additionally, a 2009 study demonstrating the adjunct use of MMC with the
Ahmed glaucoma valve in infants with mostly primary congenital glaucoma (54.8%) or
aphakic glaucoma (16.1%) showed that the MMC group had a significantly shorter bleb
survival versus the control [66]. Currently, in Xen Gel Stent® or PreserFlo® MicroShunt
procedures, surgeons either inject MMC or use MMC-soaked sponges [67]. However, it is
still not commonplace to administer MMC during a GDD procedure.

MMC is potentially cytotoxic and may be associated with avascular and cystic blebs
that are prone to complications, such as hypotony, blebitis, and endophthalmitis [68]. For
this reason, there is a lot of interest in exploring the usage of different antimetabolites
during MIGS. For example, in animal studies, valproic acid (VPA) has been used as an
adjunct antifibrotic agent during implantation of the PreserFlo® MicroShunt [69]. This study
demonstrated that postoperative subconjunctival injections of VPA yielded significantly
better outcomes than the control group treated with phosphate buffered saline. After two
weeks post-surgery, the control group blebs failed, whereas the VPA group maintained
diffused, fluid-filled blebs visible up to 28 days. Histology showed that in the VPA-treated
groups, the subconjunctival stromal matrix was made of loosely arranged and thin criss-
crossed ECM fibers, compared to the thick, disorganized fibers in the control group. This
suggests that VPA improves bleb functionality by facilitating a less dense connective
tissue structure. Additionally, VPA was found to suppress collagen and fibronectin gene
expression, while enhancing the expression of factors disrupting TGF-β pathways. Another
study comparing the concomitant usage of VPA and MMC with varying doses of MMC
in a rabbit model of the PreserFlo® MicroShunt found that the combination therapy was
less cytotoxic when compared to MMC alone [70]. Moreover, the combination decreased
VEGF and collagen gene expression more than MMC alone was able to. Together, these
findings suggest that the usage of VPA as an antimetabolite in MIGS may reduce toxicity
while more effectively managing the fibrotic response following implantation.

Although the use of steroids and antimetabolites is an integral aspect of managing
inflammation and fibrosis in GDD and bleb-forming MIGS procedures, the biocompati-
bility of materials used in implants also plays a role in modulating wound healing. Most
modern glaucoma devices are constructed from polypropylene (PP) and silicones, but their
hydrophobic nature can lead to protein buildup and fibrosis [71]. To combat these compli-
cations, other materials, like gelatin and SIBS, have been innovatively used in the creation
of the Xen Gel Stent® and PreserFlo® MicroShunt, respectively. Gelatin is a protein derived
from collagen, and it is crosslinked with glutaraldehyde (GTA) to create the hydrophilic
tube used in the Xen Gel Stent® [72]. This combination of materials resulted in a stable
implant that showed no signs of hydrolytic degradation. Moreover, implantation of these
materials does not cause significant inflammation or a foreign-body tissue reaction [73]. In
fact, in an early-stage pilot study, a collagen stent placed into the subconjunctival space
without connecting to the AC or allowing AH flow, showed no fibrosis around it after
six months [72]. However, a 2010 investigation comparing gelatin hydrogels cross-linked
with GTA to those with 1-ethyl-3-(3-dimethyl aminopropyl)carbodiimide (EDC) in rat
iris pigment epithelium revealed that the EDC-treated groups exhibited lower levels of
cytotoxicity, IL-1β, and TNF-α levels than GTA-treated ones. Furthermore, GTA groups
demonstrated significant inflammation, suggesting EDC as a biocompatible alternative
for GTA. However, further research is needed for its application in glaucoma implants. In
addition, a 2006 study examining the usage of SIBS in a drainage implant instead of silicone
demonstrated noncontinuous collagen deposition with no macrophages or myofibroblasts
visible around the SIBS tube versus collagen deposition and myofibroblast differentiation
induced by silicone [74]. A study conducted in 2022 involving fifteen New Zealand White
rabbits that were implanted with PreserFlo® MicroShunts revealed the presence of a wide
variety of cells, including polymorphonuclear leukocytes, myofibroblasts, and foreign body
giant cells within the bleb and around the microshunt postoperatively [75]. These findings
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suggest that although the implantation of the SIBS MicroShunt has been efficacious as a
bleb-forming MIGS, the presence of certain fibrotic factors may affect long-term outcomes.

Despite the innovation of new postoperative treatments and biocompatible implant
materials, fibrosis continues to be a limiting factor in many glaucoma surgeries. Thus,
further studies are needed to continue research on novel antifibrotic drugs and materials.

3.5. Current Glaucoma Wound Healing Agents

A common surgical complication after glaucoma surgery is the formation of scarring,
which impedes the flow of AH. Therefore, treatment modalities have focused on reducing
fibroblast production in order to decrease fibrosis postoperatively [76]. In the early 1990s,
MMC and 5-FU were tested, and both showed high effectiveness [77].

MMC is a natural alkaloid synthesized from Streptomyces caespitosus, a species of
actinobacteria [78]. It reduces fibroblast collagen synthesis by inhibiting DNA-dependent
RNA synthesis and inducing DNA crosslinking (Figure 8) [35]. The crosslinked DNA
segments block key DNA metabolism steps, including the replication and transcription
of fibroblasts, which reduces collagen deposition and ultimately decreases the extent of
scar formation at the subconjunctival site [79]. As MMC is most efficiently converted to its
active form in Tenon’s fibroblasts compared to fibroblasts from other parts of the body, it
is widely used as an agent of choice during filtration surgery. In a 1992 study on human
Tenon’s capsule tissue, MMC administration led to the inhibition of fibroblast proliferation
by 31.3% [78]. Additionally, MMC is significantly more potent than 5-FU, and is currently
the agent of choice [78].
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5-FU is a pyrimidine analog that selectively inhibits both DNA and RNA synthesis,
thus halting cellular proliferation and inducing direct cytotoxicity [80]. It is converted
to three primary active metabolites: fluorodeoxyuridine monophosphate (FdUMP), fluo-
rodeoxyuridine triphosphate (FdUTP), and fluorouridine triphosphate (FUTP), as shown in
Figure 9. Its conversion to FdUMP forms a stable complex with an enzyme called thymidy-
late synthase, which inhibits DNA replication and repair [80]. In a 2008 study assessing
5-FU’s use as an antimetabolite during trabeculectomy, it was shown to significantly reduce
the risk of surgical failure in patients undergoing initial trabeculectomy, with a success rate
of 81.6% (compared to 20.4% in controls) after 6 months [80].
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It is well established that the usage of 5-FU and MMC has significantly improved
success rates in glaucoma surgery [77]. However, these agents can cause widespread cell
death, which increases the risk of several complications, such as prolonged subconjunctival
hemorrhage and the formation of thin-walled avascular blebs that are prone to leakage and
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infection [81]. Therefore, the search for less toxic antifibrotic agents is crucial in reducing
postoperative complications.

Secondly, controlling inflammation after glaucoma surgery is also of utmost impor-
tance for bleb survival. Topical corticosteroid agents have been used to control inflammation
in the postoperative period [82]. They are thought to stimulate a steroid receptor in the
nucleus of each cell, resulting in the widespread modification of up to 6000 genes within a
few hours of its exposure [83]. Their anti-inflammatory property is largely mediated by
the suppression of leukocyte concentration and vascular permeability (characterized by
the inflammatory phase of wound healing). Consequently, this leads to decreased local
tissue damage, reduced release of pro-fibrotic mediators, and less production of fibrin clots
(involved in the hemostasis stage of wound healing) [84]. Broadway et al. were the first to
show a significant reversal in macrophages, lymphocytes, and mast cells of conjunctival
tissues after one month of preoperative steroids; their surgical success rates were also
improved from 50% to 81% [85].

In some patients, steroid response (elevated IOP) is a significant side effect after
prolonged topical corticosteroid usage. Its prevalence is approximately 18% to 36%, but
it has been reported to be as high as 92% in patients with POAG [86,87]. Thus, clinicians
must be watchful for elevated IOP after corticosteroid use and manage it appropriately
with anti-glaucoma medications.

Bevacizumab is a recombinant humanized anti-VEGF immunoglobulin, which was
initially used in the treatment of metastatic cancers, but which is now widely used in oph-
thalmology for proliferative diabetic retinopathy, exudative macular degeneration, macular
edema, retinal vein occlusions, and neovascular glaucoma [88]. VEGF encourages angio-
genesis (proliferative stage of wound healing), which ultimately results in fibrosis [88]. In a
study at the Catholic University of Korea, increased amounts of VEGF were found in the
vitreous and AH in glaucoma patients undergoing trabeculectomy. This prompted the au-
thors to try anti-VEGF agents to reverse postoperative scarring [89]. Later, in 2012, Ghanem
published a study using 55 patients to compare the use of subconjunctival bevacizumab
versus a placebo in patients undergoing a primary trabeculectomy with MMC [90,91].
At a one-year follow up, he found a statistically significant reduction in vascularity of
the filtering bleb in the bevacizumab + MMC group compared to the placebo group [90].
Table 3 shows a summary of each agent’s mechanism of action and administration.

Table 3. Current wound healing agents.

Agent Mechanism of Action Administration

Mitomycin C (MMC)
[79]

An alkaloid, produced by Streptomyces caespitosus; works by
inhibiting DNA-dependent RNA synthesis and

triggering apoptosis.

Either via MMC-soaked sponge
or subconjunctival

injection postoperatively.

5-fluorouracil (5-FU)
[80]

A pyrimidine analog, interferes with ribosomal RNA synthesis;
diminishes episcleral scar formation by inducing apoptosis of

fibroblasts in Tenon’s capsule.
Similar to MMC.

Corticosteroids
[84]

Reduce the expression of cytokines, such as TNF-alpha, IL-1,
IL-2, IL-10, and IL-12, which decrease the number of tissue

macrophages and blood monocytes during the inflammatory
phase of wound healing.

Topical, subconjunctival
injection, or oral perioperatively.

Bevacizumab
[89]

Selectively binds to and blocks circulating VEGF to reduce
micro-angiogenesis, thereby limiting the blood supply to

scarred granulation tissue during the proliferative phase of
wound healing.

Subconjunctival injection
postoperatively.
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3.6. Landmark 5-FU and MMC Studies

Author/Year/Country Results

Kitazawa Y. et al., 1991. Japan
[92]

Thirty-two patients undergoing trabeculectomy were assigned to receive either MMC
(seventeen eyes) or 5-FU (fifteen eyes). The mean preoperative IOPs (mmHg) were

28.7 ± 7.9 (MMC) and 32.7 ± 10.0 (5-FU). At the final post-op visit, the mean postoperative
IOPs were 8.6 ± 3.8 (MMC) and 12.3 ± 4.2 (5-FU). The incidence of corneal complications was

lower in the MMC group (12%) compared to the 5-FU group (53%).

Katz GJ et al., 1995. USA
[93]

In a high-risk filtration study, 20 patients received MMC and 9 received 5-FU. The mean
preoperative IOP’s (mmHg, MMC vs. 5-FU) were 32.6 ± 10.5 and 31.5 ± 9.8, respectively
(p = 0.78). At 32 months, the postoperative IOP’s were, similarly, 9.0 ± 4.9 vs. 16.3 ± 4.8

(p = 0.0003). The MMC group required fewer medications for IOP control (0.5 vs. 1.6) (p = 0.01).

Lamping et al., 1995. USA
[94]

A total of 74 pseudophakic patients with glaucoma underwent trabeculectomy, and received
either 5-FU (40 eyes) or MMC (40 eyes). Preoperative IOP’s (mmHg, MMC vs. 5-FU) were 30.6

vs. 31.5, respectively. At 12 months post-op, the IOP’s were, similary, 12.8 vs. 14.8 mmHg
(p = 0.001). The MMC-treated eyes required fewer IOP-lowering medications (0.6) compared to

5-FU-treated eyes (1.05) (p = 0.03).

Zadok D et al., 1995. Israel
[95]

This trabeculectomy study compared postoperative subconjunctival injections of 5-FU (19 eyes)
with single intraoperative application of subconjunctival MMC (20 eyes). At 6 months, IOPs
averaged 10.9 mmHg (MMC-treated eyes) vs. 14.2 mmHg (5-FU-treated eyes) (p = 0.14). The

MMC-treated group was on fewer medications (0.3 vs. 1.1, p < 0.001).

Cohen et al., 1996. USA
[96]

In a combined cataract and trabeculectomy study, 72 eyes were randomized to MMC
(0.5 mg/mL) vs. a placebo. At 6 months, significantly fewer medications were required for the
MMC group (0.5 vs. 1.2; p = 0.002). Similarly, at 12 months, the MMC group had significantly
reduced mean IOP (7.65 mmHg vs. 3.84 mmHg; p = 0.001). However, the MMC group showed

large filtering blebs and more frequent wound leaks.

Costa et al., 1996. Brazil
[97]

A total of 28 eyes with advanced POAG were given either MMC (0.2 mg/mL) or saline solution
intraoperatively for 3 min. Mean IOPs were significantly lower in the MMC group compared to
the controls at the final post-op visit (p = 0.001). The IOP (mmHg) was ≤15 in 85.7% (MMC) vs.

28.6% (control, p = 0.002). Choroidal effusions (35.7% vs. 14.3%, p = 0.0065) and shallow AC
(35.7% vs. 7.1%) were more common in the MMC group.

Carlson et al., 1997. USA
[98]

In a combined phacoemulsification and trabeculectomy procedure, 29 patients received either
MMC [0.5 mg/mL] or a placebo. Pre-op IOPs (mmHg) were 18.4 ± 2.7 (MMC) vs. 19.1 ± 4.0
(placebo). At 8 months, MMC-treated eyes had a lower average IOP (12.3 ± 1.6) compared to

the placebo-treated eyes (15.2 ± 1.5). At 12 months, IOPs averaged 12.6 ± 1.0 (MMC) and
16.2 ± 1.5 (placebo). On average, the MMC group had lower post-op IOP levels than the

placebo group (p = 0.04).

Singh et al., 1997. USA
[99]

A total of 101 eyes of black Ghanian patients with POAG were treated with either 5-FU and
MMC after trabeculectomy. The 5-FU group (50.0 mg/mL for 5 min) had 57 patients, and the
MMC group (0.5 mg/mL for 3.5 min) had 44 patients. Overall mean pre-op IOP (mmHg) was

30.1. Patients receiving MMC (IOP = 14.7) had a lower mean postoperative IOP than those
receiving 5-FU (IOP = 16.7; p = 0.05).

Singh et al., 1997. USA
[100]

In a black West African population, 81 eyes were divided to receive MMC or 5-FU during
trabeculectomy. A total of 37 received 5-FU (50 mg/mL for 5 min) and 44 received MMC

(0.4 mg/mL for 2 min). Pre-op IOP (mmHg) was 30.7 (MMC) vs. 32 (5-FU). The mean post-op
IOP was 13.7 (MMC) vs. 16.3 (5-FU, p = 0.05).

Andreanos et al., 1997. Greece
[101]

The study assessed MMC in 46 patients (26 M + 20 F) undergoing a repeat trabeculectomy.
Patients were randomly assigned to MMC (24) vs. control group (22). Pre-op IOPs (mmHg)

ranged from 27 to 38. Post-op complications were higher in the MMC group, including
choroidal effusion (8.3% vs. 0%) and shallow AC (29.2% vs. 13.6%). Mean IOP (≤20 mmHg

after 18 months) was 83.3% in the MMC group compared to 63.6% in the control group.
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Author/Year/Country Results

Singh et al., 2000. USA
[102]

In this trabeculectomy study, 54 eyes received MMC (0.4 mg/mL for 2 min) and 54 eyes
received 5-FU (50 mg/mL for 5 min). At 3 years post-op, there was no statistically significant

difference between the two groups for mean preoperative IOP, or post-op
interventions/complications.

DeBry et al., 2002. USA
[68]

In this trabeculectomy study involving 239 eyes, a Kaplan–Meier analysis suggested 5-year
probabilities of developing endophthalmitis (7.5%), bleb leaks (17.9%), and blebitis (6.3%).

Trabeculectomy with MMC was associated with significant morbidity, and the risk of
complications reached 23% at 5 years.

WuDunn et al., 2002. USA
[103]

A total of 115 eyes underwent trabeculectomy [57 eyes (5-FU) and 58 eyes (MMC)]. The mean
preoperative IOP (mmHg) was 24.3 (5-FU) vs. 21.9 (MMC), with no statistical significance
(p = 0.09). At 12 months, 94% of 5-FU eyes and 89% of MMC eyes reached the target IOP of

21 mmHg (p = 0.49).

Sisto et al., 2007. Italy
[104]

A total of 40 eyes with neovascular glaucoma were divided to receive post-op 5-FU (18) vs.
intraoperative MMC (22) after filtration surgery. Pre-op IOPs (mmHg) were 40.4 ± 10.3 (5-FU)

and 42 ± 11.3 (MMC), respectively. The mean follow-up period was 35.8 (5-FU) and
18.6 (MMC) months. Although the mean IOP significantly decreased in both groups [from 40 to
14.7 (5-FU) group (p < 0.0001); vs. 42 to 29.9 (MMC) group (p = 0.0006)], the difference between

the two groups was not significant.

Mostafaei et al., 2011. Iran
[105]

A total of 40 patients with high-risk open angle glaucoma received either MMC or 5-FU. Mean
preoperative IOPs (mmHg) were 30.6 (5-FU) and 31.2 (MMC), respectively. At 6 months, the

mean IOPs postoperatively for 5-FU (13.6) and MMC (11.4) were similar. The relative success of
5-FU vs. MMC was 0.93 [95% CI: 0.8–1.1].

Fendi et al., 2013. Brazil
[106]

A meta-analysis of 5 randomized controlled clinical trials comprising 416 patients comparing
MMC against 5-FU was carried out. Pre-op IOP was ≥21 mmHg in both groups. Lower IOPs
(mean difference 2.17 mmHg) and higher success rates were observed in the MMC arm (92%)

than in the 5-FU arm (84.2%, p = 0.01).

3.7. Experimental Wound Healing Agents
3.7.1. Nanoparticles

Nanomedicine encompasses the comprehensive regulation, repair, and improvement
of human biology at the molecular level [107]. This is achieved by engineered nanodevices
and nanostructures that operate in parallel at the single-cell level, with the goal of achieving
desired medical benefits [108].

This new technology has prompted the need to develop newer drug delivery sys-
tems that allow for the gradual and sustained release of a drug, combined with improv-
ing bioavailability and minimizing complications (Figure 10). Many new nanoparticles
composed of different structures (hollow, solid, or porous), shapes, and sizes have been
developed. They contain or encapsulate certain molecules, such as drugs, DNA, RNA, or
antibodies [109].

Common nanodelivery systems include nanoparticles, nanodiamonds (NDs), den-
drimers, liposomes, and other devices. Drugs are incorporated into these nanomaterials
through encapsulation or surface conjugation. Encapsulated drugs are released as the
nanomaterials disassemble at the intended site, while conjugated drugs are released when
the bond between the nanomaterial and drug is cleaved at the target site [110]. These
nanomaterial-based drug delivery strategies have the potential to overcome limitations of
conventional glaucoma treatments. Furthermore, incorporating inorganic nanoparticles
into a hydrogel may enhance efficacy at the same or less dosage [109].
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3.7.2. Targeting mRNAs

Noncoding RNAs, including long noncoding RNAs (lncRNAs; LINC) and microRNAs
(miR; miRNA), are increasingly being studied as key regulators of scarring in bleb formation
after glaucoma filtering surgery. Both miRNA-200a and miRNA-200b are believed to
promote fibrosis in the glaucoma filtering tract. Studies have shown that the expression
of miR-26a in fibrotic bleb tissue varies and is downregulated compared to controls [111].
Enhanced expression of miR-200b has been observed in trabecular meshwork cells treated
with TGF-β during post-trabeculectomy scarring [112]. Further investigations by Drewry
et al. have shown that miRNA-200b affects the activity of two pathways that regulate
cell proliferation, namely p27/kip1 and RND3. They have also shown that inhibition of
phosphatase and tensin homolog (PTEN) gene, an inhibitor of the PI3K/Akt pathway (cell
growth, proliferation, and migration), results in increased expression of the profibrotic
proteins P13K, Akt, α-SMA, and fibronectin [113]. However, the specific genes influenced
by miR-200b and their downstream effects remain unclear [113]. Overall, a more in-depth
exploration of noncoding RNAs is necessary to comprehend their roles in the development
of glaucoma and the identification of potential therapeutic targets [114].

Yu et al. reviewed potential anti/pro-fibrotic noncoding RNA agents that may be used
in glaucoma filtering surgery (Table 4) [114].

Table 4. A compiled summary of studies associated with noncoding RNAs, adapted from Yu et al.,
2022 [114].

Noncoding RNAs Authors, Year, Country Summary Pro/Anti-Fibrotic Role

miR-26a Wang et al., 2018, China
[115]

miR-26a is significantly downregulated in
filtering tract scars and is inversely correlated
with connective tissue growth factor (CTGF)

mRNA levels.

Anti-fibrotic

miR-29b Ran et al., 2015, China
[116]

TGF-β2 stimulates the proliferation of human
tenon fibroblasts (HTF) by suppressing miR-29b

expression, which is regulated by Nrf2.
Anti-fibrotic

miR-139 Deng et al., 2019, China
[117]

Overexpression of miR-139 effectively
counteracted the TGFβ1-induced increase in

collagen I and α-smooth muscle actin levels, as
well as HTF proliferation.

Anti-fibrotic
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Table 4. Cont.

Noncoding RNAs Authors, Year, Country Summary Pro/Anti-Fibrotic Role

miR-200a Peng et al., 2019, China
[118]

miR-200a is reduced, while FGF7 is increased in
glaucoma. miR-200a has a protective function on
the glaucomatous optic nerve injury through its

effect by suppressing the MAPK signaling
pathway mediated by FGF7.

Anti-fibrotic

miR-200b Tong et al., 2019, China
[119]

The induction of fibrosis in HTFs occurs through
TGF-β1-mediated miR-200b by suppressing the

PTEN gene signaling pathway.
Pro-fibrotic

miR216b Xu et al., 2014, China
[120]

miR-216b directly targeted and decreased the
expression of Beclin 1, a pro-apoptotic molecule.

In HTFs treated with hydroxycamptothecin,
miR-216b regulates both autophagy and

apoptosis by modulating Beclin 1.

Pro-fibrotic

Lnc H19 Zhu et al., 2020, China
[121]

TGF-β induced the expression of H19 in HTFs,
and suppressing H19 inhibited the effects of

TGF-β. The findings suggest that H19 modulates
β-catenin expression via miR-200a in

TGF-β-treated HTFs. Therefore, suppressing
H19 may result in attenuation of scar after

glaucoma surgery.

Pro-fibrotic

Lnc NR003923 Zhao et al., 2019, China
[122]

Inhibiting NR003923 expression in HTFs resulted
in the suppression of cell migration, proliferation,

fibrosis, and autophagy induced by TGF-β.
Pro-fibrotic

LINC00028 Sui et al., 2020, China
[123]

In HTFs treated with TGFβ1, the decrease in
LINC00028 expression inhibits migration,

proliferation, invasion, epithelial-mesenchymal
transition, fibrosis, and autophagy.

Pro-fibrotic

3.7.3. Infliximab

Infliximab is a chimeric monoclonal antibody that targets tumor necrosis factor (TNF)-
α and which is composed of both mouse and human elements (human–murine IgG1). TNF-
α acts as a local regulator for leukocytes and endothelial cells, functioning through paracrine
and autocrine pathways and influencing immunological and inflammatory cascades [124].
Infliximab works by binding to TNF-α, thereby blocking NF-kB (transcription factor for
the inflammatory process) migration, resulting in a decrease in the production of pro-
inflammatory cytokines, such as IL-1 and IL-6, and adhesion molecules [125,126]. Therefore,
infliximab may be a potential agent in modulating surgical fibrosis.

3.8. Future Directions

To improve the reliability and validity of the findings presented in this review, ad-
ditional comparative research involving promising new antimetabolite agents is war-
ranted. These future agents include anti-TGFβ agents (lerdelimumab, fresolimnumab,
pirfenidone), kinase inhibitors (Nintedanib), anti-TNF-α agents (infliximab), beta-radiation,
and nanotechnology-based drug delivery systems. In a study by Shao et. al, researchers
concluded that beta radiation during trabeculectomy can reduce fibroblast proliferation
and increase the success of glaucoma filtration surgery, but it may also lead to cataract
formation [76]. Similarly, nanotechnology-based drug delivery systems have shown great
promise in post-surgical wound healing [76]. Sustained-release implants, hydrogels, liposo-
mal systems, and nanoparticles have been explored for targeted delivery and enhanced
drug residence time, preventing rapid clearance and improving efficacy of antifibrotic
agents [76]. While these new agents show great potential, further studies need to be
conducted to optimize the delivery methods and to reduce complications.
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4. Conclusions

It is well known that the long-term efficacy of glaucoma surgery is reduced by fi-
brosis, scar formation, and uncontrolled wound healing. Conventional adjuncts used for
mitigating post-surgical fibrosis, such as corticosteroids and anti-fibrotic agents, have un-
predictable outcomes and side effects. The ongoing research using promising experimental
wound healing agents and new drug targets to prevent fibrosis may improve glaucoma
surgery outcomes.
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Abstract: Ocular surface disease (OSD) is a frequent disabling challenge among patients with glaucoma
who use benzalkonium chloride (BAK)-containing topical glaucoma medications for prolonged periods.
In this comprehensive review, we evaluated the prevalence of OSD and its management, focusing
on both current and future alternatives. Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) criteria were used to assess a) the impact of active ingredients and preservatives
on the ocular surface and b) the efficacy of preservative-free (PF) alternatives and adjunctive therapies.
BAK-containing glaucoma medications were found to significantly contribute to OSD by increasing
corneal staining, reducing tear film stability, and elevating ocular surface disease index (OSDI) scores.
Transitioning to PF formulations or those with less cytotoxic preservatives, such as Polyquad® and
SofZia®, demonstrated a marked improvement in OSD symptoms. In particular, the use of adjunct
cyclosporine A, through its anti-inflammatory and enhanced tear film stability actions, was shown to be
very beneficial to the ocular surface. Therefore, the most effective management of OSD is multi-factorial,
consisting of switching to PF or less cytotoxic medications, adjunct use of cyclosporine A, and early
incorporation of glaucoma surgical treatments such as laser trabeculoplasty, trabeculectomy, glaucoma
drainage devices, or minimally invasive glaucoma surgery (MIGS).

Keywords: ocular surface disease; glaucoma; topical medications; preservatives; benzalkonium
chloride

1. Introduction

Glaucoma, a global multi-factorial disease, is characterized by progressive degenera-
tion of the optic nerve with or without elevated intraocular pressure (IOP). It is the most
common cause of irreversible blindness, and its global prevalence is estimated to be around
4% in patients between the ages of 40 and 80 years [1]. Topical medical therapy has been
most commonly used for many years. Research indicates that the average number of medi-
cations prescribed is 3.09 and eye drops form the bulk of therapy [2]. This chronic use of
multiple topical drugs, combined with other factors such as age and systemic comorbidities
and their treatments, profoundly contributes to ocular surface disease (OSD).

OSD is a complex condition that impacts both the tears and the ocular surface (Figure 1),
leading to various symptoms such as discomfort, visual disturbances, and tear film insta-
bility [3]. It is characterized by increased tear film osmolarity and inflammation, which can
manifest clinically as superficial punctate keratitis (SPK), conjunctival hyperemia, and pap-
illary conjunctivitis (Figure 2). The etiology of OSD is diverse and includes environmental
and genetic factors, aging, dry eye syndrome, blepharitis, meibomian gland dysfunction
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(MGD), and the chronic use of eye drops with preservatives [4] (Figures 3 and 4). Thus,
OSD has broader implications than dry eye disease (DED) alone [5,6].

Ocular surface inflammation is thought to play a key role in the pathogenesis of
OSD [3]. A 2020 meta-analysis by Roda et al. analyzed 13 articles involving 342 patients
with DED and 205 healthy controls. Their systematic review revealed that DED patients had
higher levels of tear interleukin (IL)-1β, IL-6, IL-8, IL-10, interferon-γ (IFN-γ), and tumor
necrosis factor-α (TNF-α) compared to controls [7]. However, the Dry Eye Assessment and
Management (DREAM) study, which analyzed 131 patient tear samples for various tear
cytokines levels, including IL-1β, IL-6, IL-8, IL-10, IL-17A, IFNγ, and TNFα, found that
only cytokines IL-10, IL-17A, and IFNγ were highly correlated with each other but weakly
correlated with some DED signs [8].
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Figure 1. Representation of the ocular surface and tear film composition (corneal epithelium, mucous
layer, aqueous layer, and lipid layer). (Figure made using BioRender® software, version 201 and
adapted from [9]).

Research indicates that 48–59% of patients with glaucoma experience symptoms of
OSD, while 22–78% may exhibit clear clinical signs [10,11]. The long-term use of glaucoma
medications, especially those containing benzalkonium chloride (BAK), often exacerbates
OSD, leading to decreased quality of life, reduced adherence to treatment, and diminished
therapeutic efficacy [12]. Therefore, prompt and effective management of OSD is paramount
to maintaining treatment effectiveness, considering the higher prevalence of pre-existing
dry eyes in this age group [12].

1.1. Diagnosis of OSD

Various clinical tests, symptom questionnaires (Ocular Surface Disease Index [OSDI]),
and imaging modalities are utilized in the diagnosis of OSD. Common clinical tests include
Schirmer’s test, invasive tear break-up time (TBUT), fluorescein staining, and lissamine
green staining [13]. The OSDI questionnaire consists of 12 questions (three for ocular
symptoms, six for vision-related functions, and three for environmental triggers). The
scores range from 0 to 100, with higher values corresponding to a greater impact on a
patient’s daily life: 0–12, normal; 13–22, mild; 23–32, moderate; and 33–100, severe. Various
corneal imaging devices can provide information regarding the tear meniscus height (TMH),
non-invasive tear break-up time (NITBUT), and meibography [14]. Unlike invasive TBUT,
NITBUT measurements are performed without fluorescein dye, utilizing videokeratoscopy
to detect variations in the placido disks that are reflected on the cornea (Figure 5) [15].
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Meibography evaluates the meibomian glands in vivo and a meiboscore can be calculated
to quantify loss of meibomian glands (Figure 6).
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(red curly bracket). Images courtesy of Özlem Evren Kemer, MD (Ankara Bilkent City Hospital,
Ankara, Turkey) and Margaret Wang French, MD (University of Texas Southwestern Medical Center,
Dallas, TX, USA).
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Figure 5. Keratograph of an eye with OSD. (A) Keratograph of an eye with areas of dryness (arrow)
disrupting the placido disk reflections on the cornea. (B) Red-orange areas correspond to faster
NITBUT. (OCULUS Keratograph®, OCULUS, Wetzlar, Germany). Images courtesy of Karanjit S.
Kooner, MD, PhD (University of Texas Southwestern Medical Center, Dallas, TX, USA).
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Figure 6. Clinical examples of meibography. (A) Meibography in a patient with healthy meibomian
glands (asterisk). (B) MGD with significant atrophy of meibomian glands with ghosting (pale glands
with abnormal meibomian gland architecture, asterisk). Images courtesy of Karanjit S. Kooner, MD,
PhD (University of Texas Southwestern Medical Center, Dallas, TX, USA).

1.2. Previous Research

Previous literature reviews describe adverse effects of anti-glaucoma medications on
various ocular and periocular structures, mention the effects of some active ingredients
and preservatives on the ocular surface, and outline some emerging medication delivery
systems [16,17]. However, few studies exist that clearly and thoroughly describe the
topical complications of each active ingredient and preservative present in anti-glaucoma
treatments and provide a broad overview of the major innovations and future directions.

The purpose of this systematic review is to assess a) the impact of active ingredients
and preservatives of anti-glaucoma treatments on the ocular surface and b) the efficacy
of preservative-free (PF) alternatives and adjunctive therapies. The article also includes
an overview of the future directions and novel therapies in the management of OSD in
patients using topical glaucoma medications.

2. Materials and Methods
2.1. Initial Search

Our study was approved by the institutional review board of Ankara Bilkent City
Hospital and exempted from full review as no patient information was used. We followed the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines
during data collection and the PICOS (Population, Intervention, Comparison, Outcomes, and
Study) framework to create eligibility criteria, Table 1, [18]. The following keywords and MeSH
terms were used: “glaucoma” (or “glaucoma, angle-closure”, “glaucoma, open-angle”), “dry
eye syndromes”, “ocular surface disease”, “antiglaucoma agents” (or “ophthalmic solutions”),
and “preservatives, pharmaceutical” (or “benzalkonium compounds”).

Table 1. PICOS criteria for inclusion of studies.

Parameter Description

Population Patients with glaucoma regardless of study location

Intervention Focusing on patients using anti-glaucoma eye drops with or
without preservatives

Comparison Patients using topical eye drops with or without preservatives

Outcomes
OSDI, Schirmer’s test, corneal and conjunctival staining
(fluorescein, lissamine green), conjunctival hyperemia,

meibography, TMH, TBUT, NITBUT

Study Design Cohort, cross-sectional, case-control, randomized or
nonrandomized controlled (or uncontrolled) trials, or reviews

Utilizing these keywords and MeSH terms, we systematically searched the online
databases of PubMed (MEDLINE), Cochrane Library (Wiley), ScienceDirect, Scopus, Google
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Scholar, ProQuest, and Web of Science up to 20 July 2024. Comma-separated values
(CSV) or Microsoft Excel files (Microsoft® Excel, Redmon, WA, USA, version 16.87) were
downloaded directly from each database. Considering Google Scholar search results, they
were downloaded in CSV format utilizing the Publish or Perish software program (Anne-
Wil Harzing, London, England, version 8.12.4612) [19]. All citations were then compiled
in a single CSV file. There was a total of 16,119 articles obtained through this preliminary
search (Figure 7).
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2.2. Preliminary Screening

We excluded duplicates, non-English language articles, conference abstracts, and
commentaries using a Python script (Python Software Foundation, Wilmington, DE, USA,
version 3.12.2). The remaining articles were stored in a single CSV and contained author
names, title, date of publication, journal name, and digital object identifier (DOI). A total of
5574 articles remained after preliminary screening.

2.3. Eligibility Assessment

Each article in the CSV was screened utilizing the PICOS criteria mentioned in Table 1,
focusing on full-text English articles and studies involving animal or human subjects. After
careful screening, an initial 369 articles was finally reduced to 46.
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3. Results

Out of 16,119 articles initially identified, only 46 qualified for our final review based
on our strict criteria.

3.1. Active Ingredients

There are multiple anti-glaucoma medications available, and they act via different
pathways (Table 2). The active ingredients in them may directly irritate and disrupt the
ocular surface via several mechanisms, such as toxicity to corneal epithelium leading to
cytokine activation, inflammation, immune system dysfunction, epithelial cell stress, tear
evaporation, and hyperosmolarity, contributing to the symptoms of OSD (Figure 2). The
main clinical studies examining the side effects of glaucoma medications in particular OSD
are shown in Table 3.
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Table 2. Characteristics of glaucoma medications.

Medications Mechanism of Action
Dosing &

Concentrations
OSD or Other
Complications

IOP
Reduction

Beta-adrenergic blockers
(timolol, levobunolol,

betaxolol, metipranolol)
[5,20–27]

Decrease aqueous humor
(AH) production via

blockade of beta-adrenergic
receptors on the

ciliary epithelium

Once or twice daily;
0.25–0.5%

Conjunctival goblet cell
loss, MGD, SPK, and
pseudo-pemphigoid

cicatrizing conjunctivitis

~20–30%

Prostaglandin analogues
(latanoprost, bimatoprost,

travoprost, tafluprost)
[5,28–30]

Increase uveoscleral outflow
by remodeling the ECM and

regulating matrix
metalloproteinases

Once daily;
0.0015–0.03%

MGD, skin
pigmentation,

conjunctival hyperemia,
pseudo-dendritic

keratitis,
periorbitopathy, eyelid

pigmentation,
and hypertrichosis

~25–35%

Alpha-adrenergic agonists
(brimonidine, apraclonidine)

[31,32]

Selective sympathetic
agonists (α2); decrease AH
production, and increase

uveoscleral and trabecular
meshwork (TM) outflow

2–3 times daily; 0.1–0.5%

Allergic follicular
conjunctivitis, contact
dermatitis, blepharitis,

and systemic
hypotension

up to 26%

Carbonic anhydrase inhibitors
(dorzolamide, brinzolamide),

(oral: acetazolamide,
methazolamide) [33,34]

Decrease AH production by
inhibiting carbonic

anhydrase enzyme in the
ciliary processes

2–4 times daily;
1–2%

Ocular surface irritation,
reduction of basal tear

secretion, and
blepharitis

~15–20%

Cholinergic agonists
(pilocarpine, carbachol)

[5,35–37]

Muscarinic receptor
agonists; increase

TM outflow

4 times daily;
1–4%

MGD, blepharitis,
pseudo-pemphigoid

cicatrizing conjunctivitis,
blurred vision, myopia,
miosis, iris cysts, and

retinal detachment

~15–25%

Latanoprostene bunod
(Vyzulta®) [38]

Induces TM expansion and
vasodilation of episcleral
veins, thereby increasing

AH outflow

Once daily;
0.024%

Hyperemia,
hypertrichosis, and

eye irritation
~35%

Rho Kinase inhibitors
(netarsudil—Rhopressa®)

[38,39]

Decrease episcleral venous
pressure, increase TM

outflow, and decrease AH
production via inhibition of

rho kinase enzyme

Once daily;
0.02%

Conjunctival hyperemia
and hemorrhage,

corneal edema, and SPK
~25–30%
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Table 2. Cont.

Medications Mechanism of Action
Dosing &

Concentrations
OSD or Other
Complications

IOP
Reduction

Dorzolamide and timolol
maleate solution (combined)

Decrease AH production via
a combination of carbonic

anhydrase and
beta-adrenergic

receptor blockade

Twice daily;
timolol 0.5%,

dorzolamide 2%

Conjunctival goblet cell
loss, MGD, SPK,

pseudo-pemphigoid
cicatrizing conjunctivitis,
ocular surface irritation,
reduction of basal tear

secretion, and
blepharitis

~30–35%

Brimonidine tartrate and
timolol maleate solution

(combined)

Decrease AH production,
increase uveoscleral outflow,
and increase TM outflow via
a combination of alpha and

beta-adrenergic
receptor blockade

Twice daily;
timolol 0.5%,

brimonidine 0.2%

Allergic follicular
conjunctivitis, contact
dermatitis, blepharitis,
conjunctival goblet cell
loss, MGD, SPK, and
pseudo-pemphigoid

cicatrizing conjunctivitis

~30–35%

Netarsudil and latanoprost
solution (Rocklatan®)

Decrease episcleral venous
pressure, increase TM

outflow, and decrease AH
production via a

combination of rho kinase
inhibition and prostanoid

receptor induction

Once daily;
netarsudil 0.02%,

latanoprost 0.005%

Hyperemia, conjunctival
hemorrhage, MGD, lid

pigmentation,
pseudo-dendritic

keratitis,
periorbitopathy, and

hypertrichosis

~30–36%

Brimonidine and
brinzolamide solution

(combined)

Decrease AH production,
and increase uveoscleral

and TM outflow via
inhibition of carbonic

anhydrase and
alpha-adrenergic receptors

3 times daily;
brimonidine 1%,

brinzolamide 0.2%

Ocular surface irritation,
reduction of basal tear
secretion, blepharitis,

allergic follicular
conjunctivitis, and
contact dermatitis

~21–35%

Legend: OSD = ocular surface disease, IOP = intraocular pressure, AH = aqueous humor, MGD = meibomian
gland dysfunction, SPK = superficial punctate keratitis, ECM = extracellular matrix, TM = trabecular meshwork.
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Table 3. Key studies regarding ocular surface disease in patients on glaucoma medications.

Glaucoma Agents and Patient
Characteristics

Study Methods Study Results
Authors, Country,

and Year

Newly diagnosed
treatment-naïve POAG patients

vs. those on topical
anti-glaucoma medications

A prospective cohort study
conducted on 120 eyes with

POAG (60 on topical
anti-glaucoma drops and
60 treatment-naïve eyes).

At 3, 6, and 12 months, the OSDI score,
TBUT, Schirmer’s test, TMH, and TMD

had significantly better values in the
treatment-naïve group in comparison to

the medicated group (p < 0.0001).

Srivastava et al.
India, 2024

[40]

Patients with open-angle
glaucoma or OHT on topical

anti-glaucoma medications vs.
healthy subjects

In this cross-sectional study,
75 patients were using topical

anti-glaucoma medications and
65 were treatment-naïve subjects.

OSDI, Schirmer’s test, TBUT,
fluorescein staining, and CET

were evaluated.

The treatment group had a significantly
shorter TBUT, shorter Schirmer’s test,
and greater fluorescein staining than

those of the control group (p < 0.05). The
mean CET of patients with glaucoma
was significantly lower than that of
controls in the central, paracentral,

mid-peripheral, and peripheral zones
(50.6 vs. 53.1 µm; p < 0.001). The number
of medications and duration of treatment

also affected the CET in all zones (p <
0.05).

Ye et al.
China, 2022

[41]
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Table 3. Cont.

Glaucoma Agents and Patient
Characteristics

Study Methods Study Results
Authors, Country,

and Year

Glaucoma patients on topical
anti-glaucoma medications vs.

healthy controls

94 patients with glaucoma on
topical medications (study group)

and 94 patients in the
treatment-naïve control group

were assessed using OSDI, TBUT,
lissamine green staining, and

Schirmer’s test.

OSDI scores were significantly higher in
the study group (72.4%) vs. controls

(44.6%). Similarly, the study group had
decreased tear production (84% vs. 53%,
respectively), abnormal TBUT (67.1% vs.

47.8%), and positive lissamine green
staining (36.2% vs. 31.8%) compared to

the control group.

Pai and Reddy
India, 2018

[42]

Patients with POAG or OHT on
topical anti-glaucoma

medications vs. healthy
controls

211 eyes of patients with POAG
or OHT on topical medication

were recruited. Controls
consisted of 51 eyes. Outcome

measures were fluorescein
corneal staining score, TMH,

TBUT, and OSDI.

Compared to controls, significantly
higher OSDI (10.24 vs. 2.5; p < 0.001) and
corneal staining (≥1: 64.93% vs. 32.61%;

p < 0.001) scores were recorded in the
medication group. No significant

differences in TBUT and TMH were
observed between groups.

Pérez-Bartolomé
et al.

Spain, 2017
[43]

Glaucoma patients on topical
anti-glaucoma medications vs.
OHT patients or relatives of

glaucoma patients not on
topical medications

In this cross-sectional study,
109 participants (79 on topical
medications and 30 controls)

were evaluated via OSDI,
Schirmer’s test, TBUT, and

fluorescein staining.

The medication group had significantly
shorter TBUT (6.0 vs. 9.5 s; p < 0.03),
greater fluorescein staining (1.0 vs. 0;

p < 0.001), and higher impression
cytology grade than the control group

(1.0 vs. 0.6; p < 0.001).

Cvenkel et al.
Slovenia, 2015

[44]

Patients with POAG on topical
anti-glaucoma medications vs.

healthy controls

Age-matched patients were
assigned to 2 groups: the

glaucoma group (31 patients) and
the treatment-naïve control

group (30 patients). Each patient
was assessed with OSDI,

conjunctival/corneal staining,
and TBUT.

OSDI scores of the glaucoma group
positively correlated to the amount and
duration of drops used. The glaucoma
group had a higher mean OSDI score
than the control group (18.97 vs. 6.25).
Abnormal TBUT and staining scores

were seen in the glaucoma group
compared with the control group (68%

vs. 17%).

Saade et al.
USA, 2015

[45]

Patients with glaucoma or OHT
on 0, 1, or ≥2 topical

anti-glaucoma medications

39 patients treated for glaucoma
or OHT and 9 untreated patients

were included in this study.
Corneal sensitivity was measured

using the Cochet-Bonnet
esthesiometer, Schirmer’s test,

TBUT, corneal and conjunctival
fluorescein staining, and OSDI.

Corneal sensitivity of patients treated
with IOP-lowering medications was

negatively correlated to the number of
instillations of P drops (p < 0.001) and

duration of treatment (p = 0.001). There
was no significant difference in OSDI or

Schirmer’s test scores between
the groups.

Van Went et al.
France, 2011

[46]

Patients with POAG,
pseudoexfoliation glaucoma,

pigment dispersion glaucoma,
or OHT on topical

anti-glaucoma medications

This prospective observational
study assessed OSDI in

630 patients with POAG,
pseudoexfoliation glaucoma,

pigment dispersion glaucoma, or
OHT who were on topical
IOP-lowering medications.

305 patients (48.4%) had an OSDI score
indicating either mild, moderate, or

severe OSD symptoms. Higher OSDI
scores were observed in patients using

multiple IOP-lowering medications
(p = 0.0001).

Fechtner et al.
USA, 2010

[47]
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Table 3. Cont.

Glaucoma Agents and Patient
Characteristics

Study Methods Study Results
Authors, Country,

and Year

Patients using P vs. PF topical
beta-blocker drops

In a multicenter cross-sectional
survey in four European

countries, ophthalmologists in
private practice enrolled 9658

patients using P or PF
beta-blocking eyedrops between

1997 and 2003. Subjective
symptoms, conjunctival and

palpebral signs, and SPK were
assessed before and after a

change in therapy.

Palpebral, conjunctival, and corneal
signs were significantly more frequent (p

< 0.0001) in the P-group than in the
PF-group, such as pain or discomfort

during instillation (48% vs. 19%), foreign
body sensation (42% vs. 15%), stinging
or burning (48% vs. 20%), and dry eye
sensation (35% vs. 16%). A significant

decrease (p < 0.0001) in all ocular
symptoms was observed in patients who

switched from P to PF eye drops.

Jaenen et al.
Belgium, 2007

[48]

Patients with POAG or OHT
using P vs. PF topical

anti-glaucoma medications

This prospective epidemiological
survey was carried out in 1999 by

249 ophthalmologists on 4107
patients. Ocular symptoms,

conjunctiva, and cornea were
assessed between P and PF eye

drops.

All symptoms were more prevalent with
P than with PF drops (p < 0.001):

discomfort upon instillation (43% vs.
17%), burning-stinging (40% vs. 22%),
foreign body sensation (31% vs. 14%),
dry eye sensation (23% vs. 14%), and
tearing (21% vs. 14%). An increased
incidence (>2 times) and duration of

ocular signs were seen with P eye drops,
which decreased upon switching to PF

drops (p < 0.001).

Pisella et al.
France, 2002

[49]

Legend: POAG = primary open-angle glaucoma, OSDI = ocular surface disease index, TBUT = tear break-up time,
TMH = tear meniscus height, TMD = tear meniscus depth, OHT = ocular hypertension, CET = corneal epithelial
thickness, IOP = intraocular pressure, P = preserved, PF = preservative-free, SPK = superficial punctate keratitis.

3.1.1. Beta-Adrenergic Blockers

Topical beta-adrenergic blockers reduce aqueous humor (AH) and tear production by
blocking beta receptors both on the ciliary epithelium and the main and accessory lacrimal
glands [50]. In addition, their sympathomimetic activity may interfere with the epithelial
cell viability/homeostasis. Thus, they have several side effects, such as a decrease in tear
volume, MGD, conjunctival goblet cell loss, pseudo-pemphigoid cicatrizing conjunctivitis
(Figure 8), and nasolacrimal duct obstruction [5,20].

Kuppens et al. reported that the TBUT decreased significantly in patients using both
preserved (P) and timolol-PF in comparison to the control group. Thus, timolol-PF and P
timolol formulations may both alter the tear film [21]. Other studies have shown that topical
beta-blockers may also interfere with the corneal epithelium by inhibiting the sympathetic
activity of limbal stem cells, resulting in SPK [22,23]. Laser scanning confocal microscopy
and impression cytology have both revealed that beta blockers are toxic to the limbal stem
cell microenvironment, thereby delaying corneal epithelial regeneration [23].

In 2003, a Japanese study involving 110 patients with glaucoma (35–88 years with
mean age 69.7 ± 10.8) found that SPK was observed in 29.0% of cases [24]. Timolol users
had a significantly higher occurrence of SPK (46.2%) compared to those using carteolol
(4.2%). Interestingly, the prevalence of SPK was higher in patients using more than two
anti-glaucoma eye drops (35.9%) compared to those using no eye drops (19.7%) or only
one eye drop (30.9%). Notably, PF timolol still caused tear instability, suggesting that the
active ingredient may damage the ocular surface [25]. A cross-sectional study comparing
patients on PF timolol maleate (48 eyes) with healthy controls (40 eyes) found that TBUT
was significantly higher in controls compared to patients on timolol maleate-PF [26].
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2). (A) symblepharon (arrow); (B) supratarsal conjunctival scarring (arrow); (C) corneal scarring,
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Images courtesy of Karanjit S. Kooner, MD, PhD (University of Texas Southwestern Medical Center,
Dallas, TX, USA) and Özlem Evren Kemer, MD (Ankara Bilkent City Hospital, Ankara, Turkey).

In an animal study involving New Zealand white rabbits, Russ et al. found that
timolol increases subepithelial collagen density and extracellular matrix (ECM) more than
prostaglandin analogs (PGAs), thus potentially interfering with glaucoma filtration surgery
outcomes [27].

3.1.2. Prostaglandin Analogs

PGAs decrease IOP by remodeling the ECM in the ciliary muscle bundles, iris root,
and sclera, thereby increasing uveoscleral outflow. In addition, there may be remodeling
of corneal collagen fibers, resulting in decreased central corneal thickness. Other well-
documented PGA side effects include skin pigmentation, MGD, conjunctival hyperemia,
pseudo-dendritic keratitis, periorbitopathy, eyelid pigmentation, and hypertrichosis [5,28].

In 2016, Yamada et al., using human non-pigmented ciliary epithelial cells, studied
bimatoprost, latanoprost, and tafluprost and found elevated matrix metalloproteinase
(MMP) levels and reduced levels of tissue inhibitors metalloproteinases (TIMP-1 and
TIMP-2) [29].

Similarly, a Turkish study in 2016 involving 70 glaucoma patients found that long-term
use of PGAs was significantly associated with a higher prevalence of MGD (92% vs. 58.3% in
non-PGA users). These patients also exhibited worse OSDI scores (22.5 ± 24.3 vs. 1.9 ± 3.4),
tear film stability, and MGD (95.7%) [30].

3.1.3. Alpha-Adrenergic Agonists

Alpha-adrenergic agonists (brimonidine and apraclonidine) are selective sympathetic
agonists of the α2 receptor and thus have multiple effects: (1) decreased AH production,
(2) increased uveoscleral outflow, and (3) increased trabecular meshwork (TM) outflow.

Research has shown that the common follicular conjunctivitis may result from alpha-
adrenergic agonists’ effect on reducing the volume of conjunctival cells, thereby widening
intracellular spaces and permitting potential allergens to penetrate subepithelial tissue [31].
The incidence of brimonidine allergy ranges from 4.7% to 25%, with the average time from
the start of treatment to the onset of allergic follicular conjunctivitis being six to nine months.
However, this interval can vary widely, from as short as 14 days to as long as 12 months and
is independent of the presence of BAK [31].
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These agents should not be used in children due to the potential for central nervous
system depression given that topical alpha-adrenergic agonists are not weight-adjusted [32].

3.1.4. Carbonic Anhydrase Inhibitors

Carbonic anhydrase inhibitors (CAIs) can adversely affect tear film stability, with
surface conditions such as hyperemia, blepharitis, dry eyes, and tearing occurring in less
than 3% of cases [33,34]. Terai and colleagues discovered that brinzolamide reduced basal
tear secretion, although it did not significantly affect TBUT. Specifically, dorzolamide was
found to reduce basal tear secretion by 14.3% at 60 min and by 17.3% at 90 min post-
application [34]. CAIs are generally avoided in patients who have sulfa allergies or a
history of nephrolithiasis.

3.1.5. Cholinergic Agonists

Cholinergic agonists (pilocarpine and carbachol) activate the muscarinic type 3 recep-
tors on ciliary smooth muscle cells, resulting in expansion of the juxtacanalicular portion of
the TM and expansion of the Schlemm’s canal [35]. It also acts on the iris sphincter muscles,
inducing miosis. An in vitro study using immortalized human meibomian gland epithelial
cells (IHMGEC) found that pilocarpine led to a dose-dependent decrease in IHMGEC
proliferation, leading to cell atrophy and death [36]. Adverse effects of pilocarpine include
conjunctival hyperemia, MGD, blepharitis, pseudo-pemphigoid cicatrizing conjunctivitis,
burning/stinging, eye pain, blurred vision, increased corneal staining, and headache [5,37].

3.1.6. Latanoprostene Bunod

Latanoprostene bunod (LBN) 0.024%, commercially available as Vyzulta®, is a nitric
oxide (NO)-donating prostaglandin F2α analogue which increases the aqueous outflow
both by uveoscleral and trabecular pathways. The NO relaxes TM cells and facilitates
the trabecular outflow. NO also may regulate ocular blood flow and may promote retinal
ganglion cell (RGC) survival in the eye. The latanoprost acid, the second active metabolite,
shares the familiar mechanism of action of PGAs by increasing the uveoscleral outflow. The
most common ocular adverse effects of LBN were conjunctival hyperemia, hypertrichosis,
eye irritation, eye pain, and an increase in iris pigmentation [38].

3.1.7. Netarsudil

Netarsudil 0.02% (Rhopressa®) is a rho-associated kinase (ROCK) inhibitor and a
norepinephrine transporter (NET) inhibitor. It has a tri-faceted mechanism of action:
it increases the TM outflow, decreases episcleral venous pressure, and decreases AH
production [39]. Furthermore, it may decrease RGC loss by improving optic nerve head
perfusion by its effect on endothelin 1. Common side effects include conjunctival hyperemia,
subconjunctival bleeding, SPK, corneal edema, and whorl or honeycomb keratopathy [38].

3.2. Preservatives

Preservatives in glaucoma medications are crucial for preventing microbial contami-
nation and ensuring their longevity, safety, and efficacy. These preservatives can be broadly
categorized as detergents, oxidative agents, and ionic tamponade agents (Table 4).

Table 4. Common preservatives in ocular formulations [51].

Category Examples

Detergents benzalkonium chloride (BAK)
polidronium chloride (polyquaternium-1, Polyquad®)

Oxidative agents stabilized oxychloro complex (SOC, Purite®)
sodium perborate (GenAqua®)

Ionic tamponade agents borate, sorbitol, propylene glycol, and zinc (SofZia®)
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3.2.1. Detergents

Detergents act by disrupting the cell membranes of microbials, thus preventing con-
tamination. BAK and Polyquad® (polidronium chloride) are among the most well-known
in this category. BAK, a cationic detergent, is commonly used in approximately 70% of
multi-dose glaucoma drops at concentrations ranging from 0.003% to 0.02% [52]. BAK
is highly cytotoxic to the corneal and conjunctival epithelial cells, including the limbal
stem cells. Its mode of action is by damaging the deoxyribonucleic acid (DNA), disrupting
tight junctions, and inducing cell death through apoptosis or necrosis [53]. Although its
lipophilic nature allows easier penetration of topical drugs through the corneal epithelium,
it may also cause ocular surface irritation and inflammation [54]. Polyquad®, a quater-
nary ammonium compound, has a polymeric structure that limits its penetration into cell
membranes, making it less cytotoxic compared to BAK.

Several researchers found wide variation in the prevalence of OSD among patients
using topical glaucoma medications (37–91%) [55]. Ramli et al. found higher rates of
corneal staining (63% vs. 36%), abnormal Schirmer’s tests (39% vs. 25%), and moderate
OSDI symptoms (17% vs. 7%) in patients using BAK-containing medications compared to
the control group [55]. They also found a strong association between the number of eye
drops, the presence of preservatives, and the severity of OSD.

Another multicenter cross-sectional study in 9658 patients with open-angle glaucoma
assessed the prevalence of toxicity when using beta-blocker eye drops with or without
preservatives [48]. The researchers found that patients using P drops reported significantly
more symptoms, such as pain during instillation (48% vs. 19%), foreign body sensation
(42% vs. 15%), stinging or burning (48% vs. 20%), and dry eye sensation (35% vs. 16%),
compared to those on PF drops. When patients were switched from P to PF drops, there
was a significant reduction in ocular symptoms and signs, highlighting the benefits of
PF formulations.

Chronic use of topical anti-glaucoma medications may interfere with wound healing
after glaucoma filtering procedures [56]. Histological specimens from patients undergoing
filtering surgery have shown reductions in goblet cells and increased inflammatory cells,
such as macrophages, lymphocytes, fibroblasts, and mast cells.

In comparison, Polyquad® (polyquaternium-1)-containing drops have fewer adverse
effects than BAK. For instance, OSDI scores were significantly lower in patients using
Polyquad®-preserved travoprost compared to BAK-preserved travoprost [57]. Addition-
ally, in vitro studies with human TM cells showed higher cell viability with Polyquad®-
preserved formulations versus BAK-preserved ones [58]. Interestingly, compared to
Polyquad®, BAK has been shown to be associated with dose-dependent reductions in
TM cell viability and increased levels of MMP-9, a factor in glaucoma pathogenesis [58].

3.2.2. Oxidative Agents

The most common oxidative agent used in ocular pharmacology is stabilized oxychloro
complex (SOC, Purite®). It disrupts microbial protein synthesis through the production of
chlorine dioxide. SOC is most suitable for chronic use because of its unique ability to break
down into components already found in the tears (Na+, Cl−, O2, and H2O). This property
enhances its tolerability, reduces toxicity, and improves patient compliance [51].

In a 12-month, randomized, multicenter, double-masked study, brimonidine-Purite®

0.15% and 0.2% were compared to brimonidine-BAK 0.2% in patients with glaucoma
or ocular hypertension. The results showed that brimonidine-Purite® 0.15% provided
comparable IOP reduction to brimonidine 0.2% with significantly lower incidence of
allergic conjunctivitis and hyperemia, higher patient satisfaction, and comfort ratings [59].

3.2.3. Ionic Tamponade Agents

These agents, such as SofZia®, are buffers that maintain the pH and osmolarity of the
solution and enhance its comfort and stability. SofZia® contains borate, sorbitol, propylene
glycol, and zinc and has both antibacterial and antifungal properties. It degrades quickly
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upon contact with cations on the ocular surface, resulting in less cytotoxicity compared to
BAK [60].

Kanamoto’s group, in 2015, studied the ocular surface tolerability of tafluprost with
0.001% BAK versus travoprost preserved with SofZia® in 195 patients with glaucoma. They
found that SPK and conjunctival hyperemia scores were lower in the tafluprost group
compared to the travoprost group (p = 0.038) [61].

3.3. Penetration Enhancers

Penetration enhancers are used in topical ocular medications to enable active ingredi-
ents to penetrate the ocular surface through the transcellular or paracellular routes. One
of the most common penetration enhancers used in anti-glaucoma medications is BAK.
Other examples include chelating agents, cyclodextrins, crown ethers, bile acids, salts,
cell-penetrating peptides, saponin, ethylenediaminetetraacetic acid (EDTA), paraben, and
Transcutol®. Each penetration enhancer, however, has its own specific side effects [62].

4. Discussion
4.1. Management of OSD Caused by Glaucoma Medications

Managing glaucoma patients with OSD requires a multi-faceted approach focused on
reducing ocular surface toxicity, improving tear film stability, and controlling inflammation.
Switching to PF medications, using supportive treatments for the ocular surface, and
regular monitoring are key components of this strategy. In addition, advanced therapies
and surgical options can be considered for patients with severe or refractory OSD.

4.1.1. Step 1: Modify Glaucoma Therapy

Transitioning to a PF version of the identical medication enhances OSD outcomes
while maintaining the same hypotensive effect. A 2010 study from Finland found that
replacing a P prostaglandin analog with a PF variant resulted in a significant reduction in
OSD symptoms such as itching (46.8% to 26.5%), irritation/burning/stinging (56.3% to
28.4%), dry eye sensation (64.6% to 39.4%), abnormal fluorescein staining of the cornea
(81.6% to 40.6%), conjunctival hyperemia (84.2% to 60%). Furthermore, TBUT increased
from 4.5 ± 2.5 to 7.8 ± 4.9 s [63].

Similarly, an Italian study also found that switching BAK-containing beta-blocker
formulations to PF versions resulted in a notable reduction of OSD symptoms, specifically,
burning and stinging (40% to 20%), foreign body sensation (31% to 14%), dryness sensation
(23% to 14%), and tearing (21% to 14%) [64].

Similar findings have also been reported even for combined PF brimonidine tartrate
medications and resulted in improved patient comfort, satisfaction, and adherence to
the treatment. When PF options are not available, one may try formulations containing
Polyquad® or SofZia® [65].

4.1.2. Step 2: Ocular Surface Lubrication, Anti-Inflammatory Treatment, and Other
Supplemental Therapies

The Dry Eye Workshop (DEWS) II Subcommittee’s recommendations have simplified
diagnosing DED. The diagnosis can be made if a patient exhibits a NITBUT (less than 10 s),
high tear osmolarity (>308 mOsm/L), ocular surface staining (more than five spots on the
cornea), accompanied by symptomatic evaluation using validated scoring systems like the
OSDI [66]. In the early stages of OSD, the elimination of P medications combined with
the use of PF artificial tears may be sufficient [67]. Proper eyelid hygiene with a frequent
cleansing routine and warm compresses may help alleviate associated blepharitis.

Anti-Inflammatory Treatment (Cyclosporine A and Topical Steroids)

In addition, clinicians may consider starting anti-inflammatory treatment using top-
ical steroids or cyclosporine A (CsA) drops. A 2023 South Korean randomized clinical
trial demonstrated that 0.05% topical CsA significantly improved OSD parameters, in-
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creased Schirmer’s test scores, TBUT, and TMH, and decreased ocular staining and MMP-9
positivity in treated eyes [68].

In some patients not responding to conventional treatment, the use of topical steroids
may be essential, though, physicians must be aware of their role in elevating IOP and
inducing cataracts. Carbon-20 ester steroids (loteprednol) are often preferred over carbon-
20 ketone steroids (prednisolone, dexamethasone, and fluorometholone) [69].

Omega-3 Fatty Acid Supplementation

According to a 2019 meta-analysis consisting of 17 randomized clinical trials, omega-3
fatty acid supplementation has been associated with decreased dry eye symptoms and
corneal staining along with increased TBUT and Schirmer’s test values [70].

Vitamin A Eye Gel

Vitamin A may offer a promising therapeutic option for individuals with dry eye
syndrome. The use of vitamin A palmitate as an eye gel has demonstrated beneficial effects
on the morphology of the conjunctival epithelium and density of goblet cells in patients
undergoing long-term treatment with topical PGAs [71].

Autologous Serum Eye Drops

Autologous serum eye drops, prepared by centrifuging a patient’s own blood to
separate the liquid and cellular components, may be used for moderate to severe OSD.
Studies have shown that autologous serum eye drops contain cytokines and biochemical
factors that are important for ocular surface health, including epithelial growth factor,
TGF-β, and fibronectin [72].

Cryopreserved Amniotic Membranes

For patients with refractory OSD, a self-retained sutureless cryopreserved amniotic
membrane (cAM) with a poly-carbonate ring frame can be placed under topical anesthetic
in the clinic for an average duration of five days. cAM exhibits anti-inflammatory properties
and promotes corneal healing through mechanical protection of the epithelial surface. In
a multi-center, retrospective study involving 89 eyes from 77 patients with moderate-to-
severe OSD, placement of a cAM for two days improved DEWS scores, corneal staining,
visual symptoms, and ocular discomfort at one-week, one-month, and three-month follow-
up [73]. Reported side effects include foreign body sensation and temporary blurred
vision.

4.1.3. Step 3: Surgical Treatment

Regarding patients who are intolerant to topical medications and show no improve-
ment with PF medications or oral CAIs, surgical procedures may be considered, such as
selective laser trabeculoplasty, trabeculectomy, glaucoma drainage devices (GDDs), and
minimally invasive glaucoma surgery (MIGS) [74]. However, each surgical intervention is
fraught with its own complications and must be considered carefully.

4.2. Future Directions in the Management of Ocular Surface Diseases

There are exciting new therapies and technologies in the pipeline for managing OSD
in patients using topical glaucoma medications. This study could be improved further by
conducting a detailed systematic literature review regarding the efficacy of these novel
treatments. A brief overview of some of these innovative therapies is described below, in-
cluding sustained-release drug delivery systems (extraocular and intraocular) [75], intense
pulsed light therapy, thermal pulsation devices, photobiomodulation, nanoparticles, gene
alteration, stem cell applications, umbilical cord blood serum eye drops, and acupuncture
(Table 5).
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Table 5. Future directions in the management of ocular surface disease in glaucoma.

Product Product Status Mechanism of Action

Extraocular Drug Delivery Systems

Gel-forming drops

A. SoliDrop® gel solution (Otero
Therapeutics) [76]

Preclinical

The higher viscosity gel-containing drops
stay on the surface of the eyes for a

longer period of time, thereby providing
greater surface protection.

Ocular inserts

A. Bimatoprost Ocular Ring®

(AbbVie) [77]
B. Topical Ophthalmic Drug Delivery

Device® (TODDD®, Amorphex
Therapeutics) [78]

Bimatoprost Ocular Ring® is in Phase 2,
and TODDD® is in Phase 1.

Ocular rings containing anti-glaucoma
medications may be inserted in the upper

and lower fornices for slow release,
thickening the precorneal tear film and

protecting the eye.

Passive Diffusion Contact
Lenses (PDCLs)

A. Vitamin-E CLs loaded with timolol
(University of Florida, USA) [79]

B. Methafilcon lenses loaded with
latanoprost (Harvard Medical
School, USA) [80]

Preclinical
Anti-glaucoma drug impregnated CLs

release active ingredients through passive
diffusion.

Molecular Imprinted Contact
Lenses (MICLs)

A. Timolol maleate loaded MICL
(University of Kerala, India) [81]

Preclinical

During the fabrication of MICLs,
molecular sites akin to drug receptor sites
are embedded in the polymer, increasing

loading and sustained release of
anti-glaucoma drugs.

Punctal Plugs (PPs)

A. Evolute® (travoprost-loaded, Mati
Therapeutics) [82]

B. OTX-TP® (travoprost-loaded,
Ocular Therapeutix) [83]

Evolute® is in Phase 2, and OTX-TP® is
in Phase 3.

PPs block tear drainage and increase tear
film contact time with the ocular surface.

Intraocular Drug Delivery Systems

Anterior Chamber (AC) Intracameral
Implants (II)

A. DURYSTA® (bimatoprost,
AbbVie) [84]

B. ENV515® (travoprost, Envisia
Therapeutics) [85]

C. OTX-TIC® (travoprost, Ocular
Therapeutix) [86]

D. iDose® (travoprost, Glaukos
Corporation) [87]

Phase 2 or 3

II are injected in the AC or anchored in
the trabecular meshwork (TM) and

slowly release medications over months.
They are either biodegradable hydrogel

or titanium implants.

Subconjunctival Implants (SI)

A. Eye-D VS-101® (latanoprost,
Biolight Life Sciences) [78,88]

Phase 1 or 2a
SI impregnated with glaucoma drugs are

injected subconjunctivally to provide
slow drug release.

Innovative Technological Devices

Intense Pulsed Light (IPL) Therapy

A. OptiLight® (Lumenis) [89,90]
Phase 4

High intensity light pulses are directed
around the eyes, which may destroy

abnormal blood vessels and alter
meibomian gland architecture

and function.
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Table 5. Cont.

Product Product Status Mechanism of Action

Thermal Pulsation Devices (TPD)

A. LipiFlow® (Johnson & Johnson
Vision) [91]

Phase 4

TPDs consist of disposable eyepieces
which direct heat and pressure over the

eyelids to liquefy and express meibomian
gland secretions.

Photobiomodulation

A. Low-level light therapy with
near-infrared light-emitting diodes
(Dankook University,
South Korea) [92]

B. Photobiomodulation With REd vs.
BluE Light (REBEL) Study (Aston
University, United Kingdom) [93]

Phase 2

Photobiomodulation uses a mask to emit
light over the face and eyelids. Blue light
inhibits microbial growth while red light

generates heat, promotes tissue repair,
and decreases inflammation.

Other Emerging Therapies

Nanoparticles

A. Timolol-loaded gold nanoparticles
(Uka Tarsadia University,
India) [94–96]

Preclinical

Nanoparticles consisting of certain
polymers, lipids, or metals may improve

drug bioavailability, enabling slow
release and reducing adverse effects.

Gene Therapy

A. Recombinant adeno-associated
virus (AAV) vector-mediated gene
therapy targeting prostaglandin
F2α synthesis in the AC [97]

B. Intravitreal injections of
AAV-F-iTrkB (AAV farnesylation
of the intracellular domain of
TrkB) [98]

Preclinical

Ocular gene therapy can target the TM to
increase AH outflow and offer

neuroprotection by limiting retinal
ganglion cell (RGC) loss.

Stem Cell Applications

A. Bone marrow-derived
Mesenchymal Stem Cells (MSCs)
injected into the AC [99]

B. Human-induced pluripotent stem
cells-derived RGCs [100]

C. Human adipose-derived MSCs
conditioned-medium ocular
instillation [101]

Preclinical

Stem cells can be used to improve TM
structure and function, promote RGC

survival, and improve corneal
barrier dysfunction.

Umbilical Cord Blood Serum (CBS)
Eye Drops

A. Singapore Cord Blood Bank CBS
eye drops (Singapore National Eye
Center) [102]

Phase 2 CBS drops contain high levels of growth
factors and anti-inflammatory cytokines.

Acupuncture

A. Niemtzow Acupuncture Protocol
(University of Pittsburgh, USA)
[103]

Phase 3

Acupuncture may downregulate
proinflammatory cytokines and increase
the release of acetylcholine in the lacrimal

glands, promoting tear secretion.

Legend: TODDD® = Topical Ophthalmic Drug Delivery Device®, PDCLs = passive diffusion contact lenses,
CLs = contact lenses, MICLs = molecular imprinted contact lenses, PPs = punctual plugs, AC = anterior chamber,
II = intracameral implants, TM = trabecular meshwork, SI = subconjunctival implants, IPL = intense pulsed light,
TPD = thermal pulsation devices, AAV = adeno-associated virus, AH = aqueous humor, RGC = retinal ganglion
cell, CBS = cord blood serum.

4.2.1. Sustained-Release Drug Delivery Systems

Sustained-release systems are broadly categorized into extraocular or intraocular
delivery platforms that offer a consistent drug concentration at the target site over a longer
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duration [75]. They offer promising alternatives to current challenges of ocular surface
toxicity, inadequate IOP control, and non-compliance.

Extraocular Drug Delivery Platforms

Extraocular systems include gel-forming eye drops, ocular inserts, contact lenses, and
punctal plugs [75]. Gel-forming formulations, such as SoliDrop® (Otero Therapeutics,
University of Pittsburgh, Pittsburgh, PA, USA) transform into a semi-solid gel upon contact
with tears, extending drug residence time [76].

Ocular inserts, such as Bimatoprost Ocular Ring® (AbbVie, Chicago, IL, USA) and
Topical Ophthalmic Drug Delivery Device® (TODDD) (Amorphex Therapeutics, Andover,
MA, USA), are placed in the conjunctival fornix, releasing the drug through diffusion and
bioerosion [77,78].

Contact lenses are well-tolerated and are used in various forms to deliver ocular medi-
cations with the added benefits of minimal interference with vision and prolonged drug
residence time. For example, contact lenses impregnated with timolol-vitamin E complex
and Methafilcon lenses loaded with latanoprost utilize passive diffusion [79,80]. Another
contact lens option uses molecular imprinting during the fabrication and polymerization
process to create drug receptor sites, enhancing drug retention and release [81].

Punctal plugs, such as Evolute® (Mati Therapeutics, Austin, TX, USA) and OTX-
TP® (Ocular Therapeutix, Bedford, MA, USA), are inserted in the lid puncta, delivering
travoprost through diffusion while maintaining tear film integrity [82,83].

Intraocular Drug Delivery Systems

Intraocular drug delivery devices are designed to be inserted in the eye for prolonged
drug release. They, however, require surgical intervention and may carry risks, such as
damage to the eye, hypotony, IOP spikes, retinal detachment, and endophthalmitis [75].

Among the intracameral implants, DURYSTA® (AbbVie) is an FDA-approved biodegrad-
able bimatoprost implant that lowers IOP for 4–6 months [84]. Similarly, ENV515® (Envisia
Therapeutics, Durham, NC, USA) and OTX-TIC® (Ocular Therapeutix) release travoprost over
a similar period [85,86]. Glaukos’ product iDose Travoprost® (Aliso Viejo, CA, USA) is inserted
within the TM, offering a year-long IOP control, but requires a more prolonged and invasive
procedure [87].

Another alternative, such as subconjunctival implant Eye-D VS-101® (Biolight Life
Sciences, Tel Aviv, Israel), offers a less invasive option and ease of injection, and still
provides sustained release of latanoprost over several months [78,88].

4.2.2. Innovative Technological Devices

New technological innovations in OSD management include intense pulsed light (IPL)
therapy, thermal pulsation devices, and photobiomodulation.

Intense Pulsed Light Therapy

During IPL treatments (OptiLight®, Lumenis, Yokneam, Isreal), protective eyepieces
cover the eyes and high intensity light pulses are directed above the eyebrows, lower
eyelids, zygomatic region, and nose, leading to destruction of abnormal blood vessels while
maintaining meibomian gland architecture and function [89]. IPL therapy consists of four
20 minute sessions at three-week intervals followed by maintenance therapy every three
to six months. A 2022 meta-analysis of 15 randomized controlled clinical trials found that
compared to controls, patients who received IPL treatments had improved OSDI scores,
standard patient evaluation of eye dryness (SPEED) scores, artificial tear usage, tear film
lipid layer, meibomian gland quality, meibomian gland expression, corneal fluorescein
staining, TBUT, and NITBUT [90].
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Thermal Pulsation Devices

Thermal pulsation devices such as LipiFlow® (Johnson & Johnson Vision, Jacksonville,
FL, USA) consist of disposable eyepieces with attached lenses that protect the cornea while
direct heat and pressure are applied over the eyelids to liquefy and express meibomian
gland secretions. Although IPL and thermal pulsation devices are FDA-approved, they
have not yet solidified their role in daily clinical practice. A 2022 meta-analysis found that
compared to controls, patients who received LipiFlow® treatments had improvements in
OSDI scores, SPEED scores, and meibomian glands yielding secretion scores [91].

Photobiomodulation

Photobiomodulation, also known as low-level light therapy, uses a mask that covers
the face and eyelids and emits light in the red (633 nm) or blue (428 nm) wavelength
for 15–30 min. Blue light has been shown to inhibit microbial growth while red light
generates heat, promotes tissue repair, and decreases inflammation. A US prospective
pilot study with 30 patients who received three 15 minute sessions at one-week intervals
of photobiomodulation with red light found a statistically significant improvement in
NITBUT, TMH, tear film lipid layer thickness, and Schirmer’s test [92]. A triple-masked,
randomized controlled trial, Photobiomodulation With REd vs. BluE Light (REBEL), is
currently being conducted at Aston University, United Kingdom [93].

4.2.3. Other Emerging Therapies

A number of emerging therapies that have shown promise in improving aqueous outflow
and neuroprotection include nanoparticles, gene therapy, and stem cell applications [94].
Umbilical cord blood serum eye drops and acupuncture may improve OSD as well.

Nanoparticles

Nanoparticles consisting of certain polymers, lipids, or metals may improve drug
bioavailability, enabling slow release while reducing adverse effects. In a lab study using New
Zealand white rabbits, timolol-loaded gold nanoparticles embedded in contact lenses led to
increased timolol concentrations in tear fluid, conjunctiva, and iris-ciliary muscles [95,96].

Gene Therapy

Preclinical ocular gene therapy alters gene expression via nanoparticles or viral vectors.
One arm targets the TM to increase AH outflow. A US study with 30 Brown Norway
rats utilized recombinant adeno-associated virus (AAV) vector-mediated gene therapy to
target de novo prostaglandin F2α synthesis in the AC and found a reduction in IOP over
12 months [97].

The second arm of gene research focuses on neuroprotection by targeting RGC cell
loss by increasing the expression of neurotrophins, such as brain-derived neurotrophic
factor (BDNF) and ciliary neurotrophic factor (CNTF), antioxidant genes, anti-inflammatory
genes, cell cycle regulators, and protease inhibitors. To prove this hypothesis, Japanese
investigators used optic nerve crush (ONC) glaucoma mouse models and injected them
with intravitreal injections of AAV-F-iTrkB (AAV farnesylation of the intracellular domain
of TrkB) and found increased axon regeneration [98].

Stem Cell Applications

Stem cells can be used to improve TM structure and function, promote RGC survival,
and improve corneal barrier dysfunction [94]. An animal study using a Long-Evans rat
model of ocular hypertension found that when bone-marrow derived mesenchymal stem
cells (MSCs) were tagged and injected into the AC, there was a significant decrease in
IOP and MSCs were located in the ciliary processes and TM [99]. In a study conducted
at the University of Pennsylvania, human-induced pluripotent stem cells (hiPSCs) were
differentiated to mature RGCs in vitro and then injected intravitreally into mice, and it
was found that hiPSCs integrated into the RGC layer for a successful transplantation rate
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of 94% at five-months follow up [100]. In a 2023 Japanese study, a conditioned-medium
containing factors secreted from human adipose-derived MSCs was shown to decrease
BAK-induced inflammation of human corneal epithelial cells in an in vitro model [101].
Next, the researchers, using a DED rat model, found decreased corneal fluorescein staining
and improved tear production [101].

Umbilical Cord Blood Serum Eye Drops

Umbilical cord blood serum (CBS), readily available from blood banks, can be used as
eye drops. These drops contain high levels of growth factors (epithelial growth factor and
TGF-β1) and anti-inflammatory cytokines. In an observational, longitudinal, interventional
study conducted in Singapore, 40 patients with refractory OSD were started on CBS eye
drops. On average, the patients used the CBS drops 2.23 times per day with an average
of 5.5-months follow-up and were found to show improvement in kerato-epitheliopathy
staining score, TBUT, and SPEED score [102].

Acupuncture

Acupuncture may be beneficial in OSD based on its ability to downregulate proin-
flammatory cytokines and increase the release of acetylcholine in the lacrimal glands
promoting tear secretion. A 2022 meta-analysis with 394 patients who underwent acupunc-
ture showed significant improvement in OSDI scores and Schirmer’s test scores, including
TBUT, compared to controls [103].

5. Conclusions

Clinicians must be aware of the close association and high prevalence between OSD
and long-term glaucoma therapy. If left unchecked, OSD may affect quality of life and
treatment adherence, thus negatively impacting glaucoma care. Initially, transitioning to PF
glaucoma medications is a crucial step, and combining with CsA or topical steroids may be
beneficial. For patients with refractory OSD or uncontrolled IOP, surgical interventions may
offer some benefits. Overall, a comprehensive and multifaceted management approach is
essential to optimize both ocular surface health and effective glaucoma treatment.
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Abstract: Ophthalmic disorders consist of a broad spectrum of ailments that impact the structures and
functions of the eye. Due to the crucial function of the retina in the vision process, the management
of eye ailments is of the utmost importance, but several unmet needs have been identified in terms
of the outcome measures in clinical trials, more proven minimally invasive glaucoma surgery, and
a lack of comprehensive bibliometric assessments, among others. The current evaluation seeks to
fulfill several of these unmet needs via a dual approach consisting of a molecular docking analysis
based on the potential of ripasudil and fasudil to inhibit Rho-associated protein kinases (ROCKs),
virtual screening of ligands, and pharmacokinetic predictions, emphasizing the identification of new
compounds potentially active in the management of glaucoma, and a comprehensive bibliometric
analysis of the most recent publications indexed in the Web of Science evaluating the management
of several of the most common eye conditions. This method resulted in the finding of ligands (i.e.,
ZINC000000022706 with the most elevated binding potential for ROCK1 and ZINC000034800307 in
the case of ROCK2) that are not presently utilized in any therapeutic regimen but may represent a
future option to be successfully applied in the therapeutic scheme of glaucoma following further
comprehensive testing validations. In addition, this research also analyzed multiple papers listed
in the Web of Science collection of databases via the VOSviewer application to deliver, through
descriptive analysis of the results, an in-depth overview of publications contributing to the present
level of comprehension in therapeutic approaches to ocular diseases in terms of scientific impact,
citation analyses, most productive authors, journals, and countries, as well as collaborative networks.
Based on the molecular docking study’s preliminary findings, the most promising candidates must
be thoroughly studied to determine their efficacy and risk profiles. Bibliometric analysis may also
help researchers set targets to improve ocular disease outcomes.

Keywords: glaucoma; molecular docking; retinal diseases; bibliometric analysis; ocular disease therapy;
micropulse laser therapy
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1. Introduction

The anterior section of the human eye is solely responsible for focusing a sharp image
of the visual world onto the retina. The primary symptom of retinal disorders is visual
impairment, which is not localized and may result from an abnormality at any point along
the visual pathway, such as optical aberrations, functional visual impairment, or cortical
disorders [1].

Central serous chorioretinopathy, age-related macular degeneration, diabetic macular
edema, diabetic retinopathy, glaucoma, and retinal vein occlusion are among the most
prevalent eye disorders in which inflammatory processes and oxidative stress are essen-
tial causative factors [2,3]. Retinal and choroidal vascular disorders constitute the most
common causes of visual impairment. The approximate worldwide prevalence of age-
related macular degeneration was 196 million in 2020, and due to the aging of the global
population, 288 million are anticipated for 2040 [4]. In 2012, the worldwide prevalence
of diabetic macular edema was 21 million and of diabetic retinopathy was 93 million. In
addition, retinal vein occlusion was the second most common retinal vascular condition,
with a worldwide estimated prevalence of 16.4 million individuals in 2008, and an im-
portant percentage of those suffering from it developed macular edema [5]. According to
studies, central serous chorioretinopathy develops approximately six times more often in
men than in women, with an incidence rate of 10 per 100,000 men per year [6]. Moreover,
57.5 million individuals in the world have primary open-angle glaucoma. Individuals over
the age of 60, persons with a family history of glaucoma, patients under treatment with
glucocorticoids, diabetics, those with high myopia, elevated blood pressure, and a central
corneal thickness of less than 5 mm, as well as those who have sustained an eye injury,
have an elevated risk of developing glaucoma. Glaucoma is anticipated to impact around
112 million individuals by 2040 [7].

Each of the aforementioned diseases has particular signs and mechanisms of disease
development, but they all share the same effect on the retina’s structure and functionality.
Given the essential role of the retina in the vision process, the treatment of eye conditions is
of the utmost importance. Successful approaches to improving the management of these
conditions seek to maintain or recover visual function, ameliorate symptoms, limit the
condition’s progression, and improve sufferers’ standard of living [8,9].

Due to its complexity, glaucoma is one of the most studied pathologies in the oph-
thalmologic field. Glaucoma represents an ensemble of degenerative eye conditions char-
acterized by damage to the optic nerve that, if neglected, can lead to permanent visual
deterioration. A disturbance in the production and outflow of aqueous humor causes high
intraocular pressure (IOP), which is the primary risk indicator for glaucoma [10].

To preserve vision, glaucoma treatments seek to reduce IOP and slow the progression
of the disease. The most common treatment is the application of topical eye medications
that either decrease or enhance aqueous humor discharge. Beta-blockers, inhibitors of
carbonic anhydrase, and alpha-agonists are among the compounds with beneficial pharma-
cological action in glaucoma. In certain instances, oral drugs may be recommended for IOP
reduction [11].

In conjunction with medication, laser therapy can be utilized to increase or decrease
the production of aqueous humor. Argon laser trabeculoplasty (ALT) and selective laser
trabeculoplasty (SLT) are widespread procedures that enhance fluid drainage by targeting
the trabecular meshwork [12]. Furthermore, micropulse laser therapy (MLT) has emerged
as a promising treatment approach for glaucoma. This novel strategy offers several benefits
for the treatment of glaucoma. Reducing thermal damage to adjacent tissues is one of the
primary benefits. By delivering laser energy in micropulses, MLT enables precise targeting
of the trabecular meshwork and additional structures associated with aqueous outflow
without causing substantial thermal damage. This not only reduces the possibility of com-
plications but also improves the patient’s comfort throughout the process. MLT’s capacity
to accomplish a more uniform distribution of energy is an additional advantage [13].
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Surgical procedures may be required when drugs and laser therapy are inadequate to
control IOP. Among the surgical techniques accessible are trabeculectomy, a procedure that
constructs a new drainage channel, and minimally invasive glaucoma surgery [11].

Rho kinases (ROCKs) have been identified as essential proteins in glaucoma patho-
genesis. ROCK1 and ROCK2 are involved in multiple cellular processes, such as the
modulation of cell contractility, cytoskeletal structure, and cell adhesion. In glaucoma, their
improper functioning has been linked to the development of elevated IOP and consequent
optic nerve injury [14].

The ROCK signaling pathway is triggered in the trabecular meshwork, an essential
tissue that influences the discharge of aqueous humor. Furthermore, elevated ROCK
activity disrupts the actin cytoskeleton, leading to reduced aqueous humor drainage and
increased IOP. In addition, it has been demonstrated that ROCKs induce inflammation,
fibrotic alterations, and oxidative stress in the trabecular meshwork, thus leading to the
progression of the disease [15].

Ripasudil and fasudil, both significant ROCK inhibitors, have emerged as prospective
therapeutic options for the treatment of glaucoma. These pharmacological compounds
demonstrated their beneficial impact by blocking the activity of ROCKs, resulting in
trabecular meshwork rest, enhanced discharge of aqueous humor, and a reduction in
IOP [16,17].

Given the implications of the ROCK pathway in glaucoma pathophysiology and the
identification of unmet needs in current glaucoma management, in particular the need
for better outcome measures in clinical trials [18], the present study was designed to take
a dual approach. Starting from two compounds with known and proven activity (i.e.,
IOP lowering, antioxidant activity, wound-healing activity, increasing drainage from the
eye) [16,17], an in silico examination was designed to evaluate the binding potential of
compounds without current medical applications to ROCK1 and 2, with the objective
of discovering potential uses for new compounds that will require further validation
and endorsement studies. The second section of the research is devoted to a thorough
and distinct bibliometric assessment of therapy management for ocular diseases, with
emphasis on certain more prevalent ocular pathologies, including glaucoma, but also on
laser therapies, in particular micropulse laser therapy, as can be seen in the search algorithm
used in Web of Science. By reviewing the recent scientific literature in a distinct manner,
publications addressing treatment strategies and therapeutic advances in ocular diseases
were assessed.

The current study provides a two-part investigation aimed at incorporating compu-
tational approaches (i.e., molecular coupling analysis, virtual screening of ligands, and
estimations of some pharmacokinetic parameters) to identify novel compounds not cur-
rently used in medical practice but with potential for future applications due to their
high binding affinities and at performing a comprehensive bibliometric analysis for the
evaluated field. The molecular docking study was based on ligands with demonstrated
biological action in the scientific literature (i.e., ripasudil and fasudil) and targeting key pro-
teins (i.e., ROCK1 and ROCK2) identified as being involved in the modulation of glaucoma
pathophysiological mechanisms.

The improvement brought to existing scientific information relies on the demand to
develop novel pharmacological strategies to enhance the care of glaucoma patients who do
not respond to the current standard of treatment. Furthermore, the contributions to the
field of study generated by the present bibliometric analysis are based on the distinct and
comprehensive design with emphasis on therapy, including micropulse laser therapy, a
topic less addressed in the literature. The results generated by the software and the inter-
pretation of the data contribute to providing an overview of the most relevant and prolific
journals, countries, authors, and organizations. The scientific information provided can be
an instrument that saves time for researchers in the pre-publication period, facilitating the
identification of significant journals, unmet needs, the status of contemporary comprehen-
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sion in this domain, and the possibility of opening new inter- and multidisciplinary as well
as international collaborative networks.

2. Materials and Methods
2.1. Ligand Preparation

Ripasudil and fasudil, known Rho kinase inhibitors, were selected for the molecular docking
investigations. The structures of ripasudil and fasudil were downloaded in the Simulation
Description Format (.SDF) format from the PubChem online collection (https://pubchem.ncbi.
nlm.nih.gov/, accessed on 20 June 2023). An essential first step in the ligand preparation
process consisted of converting the ligands from the SDF format, which is not compatible
with AutoDockTools 1.5.7 (https://vina.scripps.edu/, accessed on 20 June 2023), into the
native AutoDockTools format, which is the Protein Data Bank, Partial Charge and Atom
Type (PDBQT) format, utilizing the Open Babel GUI 2.3.1 program (https://openbabel.
org/docs/current/GUI/GUI.html/, accessed on 20 June 2023) [19,20]. The second step
involved importing the ligands (i.e., in PDBQT format) into AutoDockTools, where the
necessary charges and rotatable bonds were added.

2.2. Protein Preparation

The structures of proteins were retrieved from the Research Collaboratory for Structural
Bioinformatics Protein Data Bank (PDB) (https://www.rcsb.org/, accessed on 23 June 2023).
Specifically, the following protein molecules with their corresponding PDB identifiers were
selected: 2ESM (ROCK1 bound to fasudil) [21] and 7JNT (ROCK2 complexed with a selective
inhibitor) [22]. The first step in the protein preparation process for molecular docking consisted
of removing the co-crystalized water and the co-crystalized ligands using Molegro Molecular
Viewer (http://molexus.io/molegro-molecular-viewer/, accessed on 23 June 2023). In the
second stage, the protein was imported into the software AutoDockTools, during which
hydrogens with polarity as well as Gasteiger charges were inserted. Finally, we saved the
protein in PDBQT format.

2.3. Molecular Coupling Assessments

The computational studies dealing with the assessment of molecular couplings were
conducted via AutoDockTools, a commonly utilized software application. Discovery Stu-
dio Visualizer 4.5 (https://www.3ds.com/products-services/biovia/products/molecular-
modeling-simulation/biovia-discovery-studio/visualization/, accessed on 26 June 2023)
was utilized to produce the 2D and 3D representations, which offer an in-depth representa-
tion of the evaluation outcomes (i.e., the bonds between protein and ligand and the spatial
arrangement of docked structures). The grid box size for all molecular docking simulations
was preset to 60 × 60 × 60 Ångstroms (Å). This box defines the region where the docking
instruments will examine potential arrangements. A verification process involving the re-
docking of the native ligand of the researched molecule (i.e., the compound that crystallizes
with the molecule) along with the comparison of the docked configuration to the native
position was conducted prior to docking the targeted ligands. Moreover, by comparing
the native molecule to the re-docked compound, the magnitude of similarities between the
atomic coordinates of the two positions is used to calculate the root mean square deviation
(RMSD). In general, docking methods that produce docking configurations with RMSD
values lower than 2 Å (i.e., lower values imply a better match) are efficient at anticipating
ligand poses. As calculated by the AutoDock-Tools 1.5.7 program, the RMSD for all docking
configurations of the re-docked native compound was lower than 2 Å in the current study.

An important criterion to evaluate the possible affinities and interaction strengths
in this context is the emphasis on intra-ligand and protein binding energies. Although
direct comparisons between several compounds may not always be possible using binding
energies’ absolute values, a given compound’s relative differences in binding sites to
a protein are likely to produce results with greater accuracy. This distinction makes
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identifying more advantageous binding conformations easier and boosts confidence when
choosing good candidates.

To calculate the binding free energy of the ligand-receptor complex, this scoring func-
tion integrates several energy factors, such as van der Waals interactions, hydrogen bonds,
electrostatic interactions, and torsional strain. The produced poses are sorted according
to how well they are projected to bind the chosen protein. Lower rating values in this
ranking algorithm denote more reliable and favorable interactions. While the molecular
docking process and scoring functions provide valuable insights into the protein–ligand
interaction and identify the most probable binding pose, it is essential to complement these
computational results with in vivo and in vitro studies. The results from these experimen-
tal approaches help validate the accuracy of the predicted binding poses and provide a
comprehensive understanding of the ligand’s interaction with the target protein [23].

2.4. In Silico Screening

The primary goal of the virtual screening investigation was to find novel compounds
that have potential Rho kinase inhibitor properties. Compounds with chemical structures that
are comparable were identified using the SwissSimilarity (http://www.swisssimilarity.ch/,
accessed on 27 June 2023) web-based instrument. The newly discovered compounds were
extracted from the ZINC online database in .SDF format and reformatted with OpenBa-
belGUI to a form appropriate for AutoDock Vina assessments (https://vina.scripps.edu/,
accessed on 27 June 2023), in which charges have been included and rotational bonds were
identified. Furthermore, the following stage of investigation consisted of docking them
to the targeted molecules in an attempt to identify compounds with significant binding
capacity and with prospects for future integration into thorough in silico, in vitro, and
in vivo investigations.

2.5. Estimates of Pharmacokinetic Data

The SwissADME (http://www.swissadme.ch/, accessed on 28 June 2023) online
tool was utilized for predicting some relevant pharmacokinetic properties of molecules
considered to have the greatest potential based on the results of the molecular coupling
and virtual screening of ligands examinations.

3. Results
3.1. Molecular Docking of Compounds against ROCK1

The preliminary step in the docking procedure is the reattachment of the molecule with
which the molecule of protein is co-crystallized. The grid-box dimensions and coordinates
are 60 × 60 × 60 Å, and X = 52.29, Y = 99.79, and Z = 28.53, respectively. The RMSD of
the re-docked compound compared to the native ligand is 0.88, which fits into the general
values accepted by the literature, indicating a good molecular docking algorithm. In the
case of 2ESM, the native ligand is represented by fasudil, a potent Rho kinase inhibitor.
The best re-docked position of the native ligand has a binding potential in the form of an
affinity of −8.3 kcal/mol for the evaluated protein. Figure 1 displays the values of affinity
for the protein of the top 9 docked poses and the docked arrangement of fasudil overlaid
on the co-crystallized framework.

The docking results in the case of ripasudil concluded that the best docking pose of
this compound had a higher affinity (−8.6 kcal/mol) for the protein compared to the native
ligand, fasudil (−8.3 kcal/mol). Figure 2 depicts the bonds between specific aminoacids
from the protein and the ligands. The illustration contains 2D representations of the
interactions and 3D diagrams of the ligands within the protein’s binding pocket.
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Figure 2. Comprehensive two-dimensional and three-dimensional interactions of ligand–ROCK1.

The two-dimensional representations show that fasudil is involved in interactions with
MET156, GLU154, MET153, ALA103, LEU205, VAL90, ALA215, and ASP202. Ripasudil
interacts with VAL90, LEU205, ALA215, GLU154, MET153, ALA103, MET156, ILE82, and
GLY83. The common amino acids that interact with fasudil and ripasudil include MET156,
MET153, ALA103, LEU205, VAL90, ALA215, and GLU154. Additionally, ripasudil interacts
with ILE82 through the fluorine atom, which could be responsible for the stronger binding
affinity of this compound for ROCK1.

In the context of our docking study, a compelling interaction in which both compounds
form essential hydrogen bonds with MET156, an amino acid residue located within the
binding region of the protein. It is essential to acknowledge from the stability of the
protein–ligand complex that the creation of these hydrogen bonds plays a crucial part in
coordinating the binding mechanism. It is vital that these hydrogen bonds with MET156
form because they increase the stability of the protein–ligand complex. This interaction will
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likely improve how strongly the compounds bind and how specifically they interact. This
emphasizes how vital MET156 is in ensuring the protein complex is stable, which could
potentially positively impact its therapeutic benefits.

3.2. Molecular Docking of Compounds against ROCK2

As in the case of ROCK1, the first step was to re-dock the protein’s (ROCK2) co-
crystallized ligand, N-[(3-methoxyphenyl) methyl]-5H-[1] benzopyrano[3,4-c]pyridine-8-
carboxamide. The grid-box dimensions and coordinates were set at 60 × 60 × 60 Å and
X = 47.05, Y = 68.16, and Z = 36.18, respectively. The RMSD value of the re-docked native
ligand compared to the co-crystallized was 1.065, a value within the acceptable range stated
in the literature. The best position of the re-docked compound presents a binding affinity
of −10.7 kcal/mol. Moreover, the affinity values of the top nine docked positions and
an overlay representation of the docked and co-crystallized structures are displayed in
Figure 3.
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Figure 3. The representation of the most elevated binding affinities of the re-docked native com-
pound for ROCK2 and the structural representation of the native ligand superimposed with the
re-docked ligand.

The docking results in the case of ripasudil concluded that the best docking position
of this compound presented a binding potential of −9.1 kcal/mol for the evaluated protein.
fasudil had a binding affinity of −8.7 kcal/mol. Ripasudil and fasudil showed lower
affinities for the protein than the native ligand. Figure 4 depicts the interactions between
the ligands and the protein. The illustration contains two-dimensional representations
of the interactions and three-dimensional models of the compounds within the protein’s
binding site.

According to the two-dimensional model, the native ligand interrelates to the follow-
ing amino acids: ASP232, PHE136, LEU123, PHE103, GLY101, ARG100, LYS121, ALA231,
LEU221, TYR171, MET172, ALA119, and VAL106. Fasudil interacts with MET172, ALA119,
LEU221, ALA231, VAL106, MET169, ASN219, ASP218, and ARG100. Ripasudil interacts
with MET172, GLU170, ALA119, LEU221, MET169, VAL106, ALA231, ASP218, ASN219,
and ASP232. The common amino acids interacting with fasudil and ripasudil are rep-
resented by: MET172, ALA119, LEU221, ALA231, VAL106, and ARG100. As for the
native ligand, it has two common amino acids with fasudil and ripasudil, namely, ALA119
and MET172.
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actions between different structures of fasudil and ripasudil with the substructures of the target
protein; (b) Interactions between different structures of the native ligand with the substructures of
the target protein.
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During the in-depth analysis of protein–ligand interactions, a notable observation
emerges. Although the three compounds’ chemical structures are different from those
of the native ligand, they share contact with MET172 via a hydrogen bond. This finding
underscores the pivotal role of this amino acid in establishing a stable complex between
the protein and the ligand. One of the amino acids that could play an essential role in
stabilizing the ligand–protein complex is represented by ASP218, which forms a hydrogen
bond in the case of fasudil. Additionally, in the case of ripasudil, interactions with ASN219
and ASP232 are evident. For the native ligand, interaction with PHE103 might also have a
crucial role in complex formation.

3.3. In Silico Screening of the Candidate with the Most Potential

Among the investigated molecules, ripasudil showed the highest affinity towards both
proteins (ROCK1 and ROCK2). Starting from the chemical structure of this compound,
a simulated screening of ligands via the SiwssSimilarity online tool has been conducted.
The objective of this specific investigation was to discover compounds with comparable
chemical structures to ripasudil and determine their affinity for ROCK1 and ROCK2 via
molecular docking studies.

SwissSimilarity’s digital platform analyzes and identifies similarities between com-
pounds using a range of chemical fingerprinting methodologies. In these systems, two- and
three-dimensional strategies of structural comparison are utilized. Furthermore, in order to
seek compounds with similar physicochemical properties, SwissSimilarity provides data
regarding the physical and chemical properties of the compounds [24].

To display and distinguish molecular structures, extended-connectivity chemical fin-
gerprints (ECFPs) are commonly used. As circular fingerprints, ECFPs contain information
about a molecule’s parts. The ECFP algorithm generates these fingerprints using a graph-
based methodology by analyzing all possible paths across atoms in a molecular structure
of a particular dimension. It has been demonstrated that ECFPs are widely utilized in a
variety of applications, such as virtual screening, compound library clustering, and similar-
ity research [25]. The screening method was set as ECFP, and the search was performed
on the ZINC (Lead-like) database (https://zinc.docking.org/, accessed on 20 April 2023).
From this search, twenty molecules presenting similarity values ranging between 0.722 and
0.475 were identified. Furthermore, a higher similarity score indicates a more significant
similarity to the parent substance.

Table 1 provides the scores of similarities, chemical structures, and affinities of the five
most prospective molecules, as determined by molecular docking evaluation, with regard
to their affinity to ROCK1.

ZINC000000022706 showed the most elevated affinity (−9.0 kcal/mol) for ROCK1,
surpassing the parent molecule ripasudil (−8.6 kcal/mol) and the native ligand fasudil
(−8.3 kcal/mol).

Ripasudil was kept as the parent compound in the screening process for ROCK2
because it has a higher affinity for the protein compared to fasudil. Table 2 provides
the scores of similarities, chemical structures, and affinities of the five most prospective
molecules, as determined by molecular docking evaluation, with regard to their affinity
to ROCK2.

ZINC000034800307 showed a higher affinity (−8.8 kcal/mol) for the protein than
fasudil (−8.7 kcal/mol) but a lower affinity than ripasudil (−9.1 kcal/mol) and the native
ligand (−10.7 kcal/mol). The observed values are also consistent with the average values
found in published research evaluating the binding potential of various compounds to
ROCK2 (i.e., −7.39 to −9.07 kcal/mol) [26].

Figure 5 depicts the interactions between the identified ligands and the target pro-
tein. The illustration contains two-dimensional representations of the ligands and three-
dimensional models of the compounds within the protein’s binding site.
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Table 1. Five compounds with the greatest affinity for ROCK1.

Compound Chemical Structure Binding Affinity (kcal/mol) Score of Similarity

ZINC000000022706
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In accordance with the two-dimensional representation, ZINC000000022706 inter-
acts with the following ROCK1 amino acids: GLY83, MET156, ALA103, GLU154, VAL90,
MET153, ALA215, and LEU205. Both ripasudil (parent compound) and ZINC000000022706
interact with VAL90, LEU205, ALA215, GLU154, MET153, ALA103, and MET156, indicat-
ing a similar binding process to ROCK1. Even though the parent compound additionally
interacts with ILE82, the binding affinity of ZINC000000022706 is higher, indicating a
more stable ligand–protein complex. A similar binding mechanism was revealed when
we examined the ZINC000000022706 protein’s interaction with fasudil in greater detail.
Specifically, most interactions occur through the isoquinoline ring, displaying a high resem-
blance. An exception to this pattern is observed with GLY83, which establishes its binding
to ZINC000000022706 via a sulfonyl group. Consequently, considering the comparable
binding energies, the significant number of shared amino acids, and the chemically akin
structure of ZINC000000022706 compared to fasudil, this substance emerges as a plausible
candidate with therapeutic potential. Given the elevated number of shared amino acids, it
is reasonable to assume that ZINC000000022706 could participate in comparable molec-
ular recognition processes, perhaps targeting similar biological pathways as fasudil. The
alignment of binding energies additionally offers a theoretical framework for assessing the
potency of these interactions.
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Table 2. Five compounds with the greatest affinity for ROCK2.

Compound Chemical Structure Binding Affinity (kcal/mol) Score of Similarity

ZINC000034800307
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Therefore, evidence of similar binding patterns to the protein as the parent compound
is apparent in the case of ZINC000000022706. Notably, the recurrence of hydrogen bond
formation with MET156 is a noteworthy observation. This recurrence substantiates the
hypothesis that ZINC000000022706 can potentially emerge as a therapeutic candidate
characterized by similar attributes to the parent compound.

ZINC000034800307 interacts with the following ROCK2 amino acids: ASP218, ALA231,
VAL106, LEU221, GLU170, MET172, MET169, and ALA119. Comparing the ligand–protein
interactions for both ZINC000034800307 and the parent compound, ripasudil, we can
see that both ZINC000034800307 and ripasudil interact with the following amino acids:
ASP218, ALA231, VAL106, LEU221, GLU170, MET172, MET169, and ALA119, indicating a
similar binding method to the protein. Ripasudil’s or fasudil’s interactions with ROCK2
and those with ROCK1 are similar, suggesting a possible inference even if the parent
chemical of ROCK2 is not included among the known medications with established effects
on the pathophysiology under study. A similar binding pattern is seen when the interaction
mode between the parent compound–protein and ZINC000034800307–protein is examined.
This resemblance encompasses both the chemical groups and the interacting amino acids.
Notably, the isoquinoline ring mediates the majority of interactions with the protein. There
are a few exceptions, though: ripasudil interacts with ASP232, ASN219, and ASP218
through the 1,4-diazepane ring in this scenario.
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In contrast, contact occurs through a piperazine ring in the instance of ZINC000034800307
instead of a 1,4-diazepane ring. The isoquinoline-mediated interactions have a recurring
motif, highlighting a consistent and possibly meaningful protein binding method. The
distinctive interactions with particular amino acids, such as ASP232, ASN219, and ASP218
in the case of ripasudil, and the piperazine ring in the case of ZINC000034800307, point
to structural modifications that may be responsible for the selectivity and affinity of these
interactions. Moreover, the comparable binding patterns and shared structural elements
between the interactions of ZINC000034800307–protein and the parent compound–protein
highlight the potential of ZINC000034800307 as a promising candidate for further investi-
gation. Its interaction similarities, especially the mode of interaction with protein residues
and functional groups, underscore the potential for targeted bioactivity, warranting deeper
exploration for potential therapeutic implications.

A parallel trend becomes apparent with ZINC000034800307, mirroring the findings elu-
cidated by ZINC000000022706. Precisely, a reminiscent mode of interaction with MET172
emerges. A hydrogen bond ensues between the ligand and this specific amino acid, substan-
tiating its instrumental function in bolstering the stability of the ligand–protein complex.

3.4. Computational Assessments of Relevant Pharmacokinetic Data for Newly Found Molecules

By utilizing SwissADME, important pharmacokinetic data for two possible Rho kinase
inhibitors has been evaluated. The findings of the computational ADME assessment are
outlined in Table 3.
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Table 3. The findings of the computational ADME evaluation of possible Rho kinase inhibitors.

Characteristics ZINC000000022706
(ROCK1)

ZINC000034800307
(ROCK2)

Formula C16H21N3O2S C14H17N3O2S

Molecular weight 319.42 g/mol 291.37 g/mol

Num. rotatable bonds 2 2

Num. H-bond acceptors 5 5

Num. H-bond donors 1 1

Log P 2.50 2.10

Gastrointestinal absorption High High

CYP2C19 inhibitor No No

CYP2C9 inhibitor No No

CYP2D6 inhibitor Yes No

CYP3A4 inhibitor Yes No

Lipinski Yes Yes

Ripasudil has a molecular weight of 359.8 g/mol and fasudil has a molecular weight of
291.37 g/mol, while the investigated compounds have a molecular weight of 319.42 g/mol
and 291.37 g/mol. Furthermore, the investigated compounds also have under five H-bond
donors (one for both), under ten H-bond acceptors (five for both), and Log P values of
2.50 (ZINC000000022706) and 2.10 (ZINC000034800307), which fall under Lipinski’s list
of five concepts [27], suggesting the fact that the identified molecules have good oral
bioavailability and drug-like characteristics. ZINC000000022706 is a CYP2D6 and CYP3A4
inhibitor, suggesting that it has the potential to alter drug metabolism and interactions
with other compounds processed by these enzymes. ZINC000034800307 does not affect the
investigated enzymes.

Utilizing digital models and algorithms, SwissADME can assess permeability, solubil-
ity, pharmacokinetics, and lipophilicity. Computational approaches to assessing the ADME
characteristics of a compound are beneficial to preliminary drug design, but they cannot
replace in vivo assays. In contrast, they seek to develop a rapid and cost-effective approach
to assessing the pharmacokinetic characteristics of small molecules [28].

The integration of advanced computational methodologies, including molecular dock-
ing, ligand-based virtual screening, and ADME evaluation, within the realm of glaucoma
research offers promising avenues for revolutionizing patient care and augmenting thera-
peutic options in clinical practice. These computational tools hold the potential to yield
profound insights into the intricate landscape of drug discovery and development, thereby
fostering the emergence of more efficacious and tailored treatment strategies for individuals
afflicted by glaucoma.

Molecular docking, for instance, empowers researchers to predict the binding affinity
and conformational preferences of potential therapeutic agents directed toward specific
protein targets, as exemplified by the case of ROCK1 and ROCK2 in glaucoma. Such
predictive capabilities facilitate the identification of novel molecular entities that exhibit a
heightened propensity to engage with these targets and elicit favorable modulatory effects
upon their biological functions.

Ligand-based virtual screening, tailored to the context of glaucoma, serves to substan-
tially broaden the array of candidate compounds warranting consideration. Through an
analytical lens rooted in structural and chemical similarity to established active agents,
this methodology effectively enlarges the repertoire of potential drug candidates, thus
augmenting the likelihood of discovering efficacious treatment regimens.

The judicious inclusion of ADME evaluations at the outset of the drug discovery
journey endows researchers with the capacity to discern and prioritize compounds with
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enhanced potential for favorable outcomes within clinical trials and eventual real-world
application. This anticipatory consideration of pharmacokinetic characteristics guides
the selection of candidates that hold promise for efficacious therapeutic interventions.
Furthermore, the integration of computational techniques, such as molecular docking and
virtual screening, offers the advantageous prospect of diminishing the reliance on early
stage animal testing.

The subsequent characteristics reflect the research’s strengths: estimates of the binding
capacity and the mechanism of interaction between a protein of interest and the ligand
with documented biological impacts, which can be used to guide the design of novel
ligands; evaluation of a large database of molecules for possible lead compounds; and a
comprehensive analysis of the physicochemical and pharmacokinetic properties of newly
discovered molecules.

4. Bibliometric Analysis

Bibliometric studies are essential in gaining a comprehensive understanding of publica-
tion trends, assessing the impact of the research, and understanding the research landscape
in a specific field. While the selection of the search algorithm is of utmost importance,
the choice of the source database is also crucial. The Web of Science (W.o.S) collection
of databases has been used for the present investigation due to its comprehensive accu-
mulation of documents across multiple fields, citation indexing capabilities, and global
coverage. The following search algorithm was used to identify relevant articles related to
therapy and micropulse in the field of ophthalmology: ALL = (ophthalmology OR retinal
diseases OR Diabetic macular edema* OR Retinal vein occlusion OR Glaucoma OR Central
serous chorioretinopathy OR Age related macular degeneration) AND ALL = (therapy
OR micropulse). A total of 43,450 documents were identified, of which 31,301 (70.04%)
were articles, 5927 (13.64%) were review articles, 3643 (8.38%) were meeting abstracts, and
2524 (5.81%) were proceeding papers. The remaining document types had fewer than
1000 classified documents each.

Regarding the language distribution of the identified documents, we found that
English is the most commonly used language, accounting for 95.94% (41,685) of the total
papers. German was the second most common language, accounting for 2.64% (1149) of
the complete paper count. The percentages for French and Portuguese were 0.757% (329)
and 0.168% (73). The other languages had fewer than 50 documents.

The identified documents were classified into 165 W.o.S categories, with the critical
caveat that a single manuscript might be allocated to more than one category. The fol-
lowing categories had the highest number of assigned manuscripts: “Ophthalmology”
30,317 documents; “Medicine Research Experimental” 2494; “Pharmacology Pharmacy”
2281; “Medicine General Internal” 1704; “Biochemistry Molecular Biology” 1349; “Genetics
Heredity” 1108; and “Cell Biology” 1037; other categories had under 1000 manuscripts
assigned to them. Figure 6 represents the tree map of the top 10 most populated categories
according to W.o.S.

Only English-language articles were considered for the present study, limiting the
number of papers assessed to 29,882. The analysis was performed using VOSviewer
version 1.6.19 [29,30] and the built-in analysis tools available within the W.o.S system.
Furthermore, the necessary information has been extracted from W.o.S as tab-delimited
files encompassing the complete record and cited documents’ references using the Ex-
port function.

The first paper indexed in W.o.S collection of databases matching the search algorithm
was published in 1945. For a more comprehensive approach targeting novel elements in
the management of ocular diseases (i.e., micropulse laser therapy), the years 2011–2023
were chosen as the period of bibliometric evaluation and science mapping research. For the
evaluated time period, we determined the most prolific nations, journals, authors, articles,
and organizations in the field under consideration.
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Figure 6. Treemap visualization of the Top 10 Categories.

The country collaboration system diagram was generated using VOSviewer to deter-
mine the collaborative relationships between countries. The size of each individual bubble
is determined by the number of published articles. The width of the band connecting two
nations is directly related to the collaboration between those countries, while the color of
each bubble is determined by the cluster in which the country was categorized. Countries
that often publish articles together are usually classified in the same cluster.

The median publication year and citation mapping of the journals examined were
determined as well. In the journal’s median publication year diagram, the color of each
sphere reveals the average publication year, and the size of the sphere is directly related
to the overall number of papers published in that journal. The bubbles in the map are
color-coded from dark blue to yellow. Darker colors represent an early publication year,
while lighter colors, specifically yellow, indicate a later publication year. This color gradient
visually represents the time distribution of the articles on the map. To improve precision,
the years are represented fractionally (e.g., 2005.50 indicates the midpoint of 2005). In the
context of the citation system diagram, the size of the sphere is directly correlated with
the total number of published papers, the sphere color shows the cluster, and journals
that frequently cite one another are typically grouped together. The width of the band
connecting two journals is proportional to the frequency of citations between them.

Lastly, the keyword co-occurrence network and the keyword bubble maps were
generated for each period. The hue of the keyword sphere diagram shows the mean
number of citations that an item containing the keyword has obtained. Moreover, darker
hues indicate fewer citations, whereas lighter hues, particularly yellow, indicate more
citations. The magnitude of each sphere indicates its frequency of occurrence. In the
keyword co-occurrence system diagram, the dimension of the spheres indicates the number
of occurrences, the width of the band linking two words is directly related to the number
of co-occurrences, and the color reveals the cluster, with frequently occurring keywords
typically clustered together.

186



Bioengineering 2023, 10, 983

4.1. Period 2011–2023
4.1.1. Assessment of the Most Prolific Nations

During the period under examination, the overall number of nations contributing to
scientific output rose from 103 to 151, indicating the growing interest of more countries in
this field. The United States remains the most significant contributor, with 6736 (35.02%)
published papers. The average citation/article published by the United States is 26.66,
indicating that these articles had a significant impact on the field. China occupies second
place in regard to the number of papers that have been published (2503, 13.01%), and
it has an average citation/article of 12.71. Ranked third is England, with 1555 (8.09%)
published documents and an average citation/article of 30.28, indicating the high impact of
these articles. Out of the top-ranked countries, France stands out with the highest average
citation/article (32.62). Table 4 lists the top ten nations in terms of publication prolificacy in
the discipline assessed from 2011 to 2023.

Table 4. Ten nations with the highest level of output and productivity.

Country Papers Citations Average Citation/Article Total Link Strength (TLS)

United States 6736 179,553 26.66 4451

China 2503 31,820 12.71 1151

England 1555 47,090 30.28 2482

Japan 1444 30,626 21.21 745

Germany 1432 39,223 27.39 2088

Italy 1188 25,012 21.05 1559

India 973 13,759 14.14 923

France 750 24,467 32.62 1572

Australia 739 22,583 30.56 1378

South Korea 713 12,330 17.29 354

4.1.2. Evaluation of the Most Productive Journals

A total of 1952 journals published documents that fit the search parameters between 2011
and 2023. The most productive journal of this period is Investigative Ophthalmology & Visual
Science, with a total of 896 (4.66%) published documents. Ranked second is Retina—The Journal
of Retinal and Vitreous Diseases, with a total of 799 (4.15%) published documents, and ranked
third is Graefe’s Archive for Clinical and Experimental Ophthalmology, with 615 (3.20%) published
documents. The journal Ophthalmology stands out with the highest total citations received
(compared to the other journals included in the top 10), 39,344, and also with the highest average
citation/article (66.24). Table 5 shows some of the most prolific journals that published papers
between 2011 and 2023.

4.1.3. Assessment of the Most Prolific Authors

During the evaluated period, 60,211 authors significantly supported scientific ad-
vancement. Bandello F., affiliated with Vita-Salute San Raffaele University, Italy, is the
most productive author of this period, with 112 published documents. Ranked second is
Hauswirth WW, with 92 published documents, affiliated with the University of Florida,
United States. Holz, F.G., has the highest average citation per document out of the authors
listed among the first ten, receiving a total of 4809 citations for the 73 published documents,
resulting in an average citation per document of 65.88. The ten most prolific authors of the
evaluated period are listed in Table 6.
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Table 5. Top 10 prolific journals and their metrics.

Journals No. of
Papers

No. of
Citations

Average No. of
Citations per Article IF IF without

Self-Citations Publishing Entity

Investigative Ophthalmology &
Visual Science 896 24,621 27.48 4.925 4.589

Assoc Research Vision
Ophthalmology Inc.,
Rockville, MD, USA

Retina—The Journal of Retinal and
Vitreous Diseases 799 17,913 22.42 3.975 3.617

Lippincott Williams &
Wilkins, Philadelphia,

PA, USA

Graefe’s Archive for Clinical and
Experimental Ophthalmology 615 8208 13.35 3.535 3.372

Springer,
Berlin/Heidelberg,

Germany

British Journal of Ophthalmology 610 13,254 21.73 5.907 5.565 BMJ Publishing Group,
London, UK

American Journal of Ophthalmology 601 19,127 31.83 5.488 5.128
Elsevier Science Inc.,

Amsterdam, The
Netherlands

Ophthalmology 594 39,344 66.24 14.277 13.741
Elsevier Science Inc.,

Amsterdam, The
Netherlands

European Journal of Ophthalmology 466 3257 6.99 1.922 1.743 Sage Publications Ltd.,
New York, NY, USA

BMC Ophthalmology 452 3712 8.21 2.086 1.992 BMC, London, UK

Ophthalmology and Therapy 415 1594 3.84 4.927 4.759 Springer Int Publ Ag,
Cham, Switzerland

PLoS ONE 322 6701 20.81 3.752 3.608 Public Library Science,
San Francisco, CA, USA

IF, impact factor.

Table 6. The most productive authors in the field between 2011 and 2023.

Authors’ Name Latest Affiliation Nation No. No. of Citations Average Citations
per Document

Bandello, F. Vita-Salute San Raffaele
University Italy 112 2034 18.16

Hauswirth, W.W. University of Florida United States 92 4404 47.87

Maclaren, R.E. University of Oxford England 91 2916 32.04

Liu, Y. - - 85 1043 12.27

Zhao, M.W. - - 83 613 7.39

Chhablani, J. University of Pittsburgh United States 81 1172 14.47

Sahel, J.A. National Institute of Health and
Medical Research (Inserm) France 76 3819 50.25

Shields, C.L. Jefferson University United States 75 2441 32.55

Freund, K.B. Vitreous Retina Macula
Consultants of New York United States 73 3476 47.62

Holz, F.G. University of Bonn Germany 73 4809 65.88

4.1.4. Citation Analysis

The number of published articles increased from 10,649 (1945–2010) to 19,233 (2011–2023).
The article that had the most citations during this period was published by Sawcer, S., in 2011
and titled “Genetic risk and a primary role for cell-mediated immune mechanisms in multi-
ple sclerosis” in the journal Nature, which has an impressive IF of 69.504. Ranked second
in terms of citations is the article titled “Intravitreal Aflibercept (VEGF Trap-Eye) in Wet
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Age-related Macular Degeneration”, published by Heier, J.S., in the journal Ophthalmology
in 2012. Table 7 presents the most cited articles of this period.

Table 7. Top 10 most cited articles in the period 2011–2023.

Main Author (Year) Title of the Paper Scientific Periodical IF C Ref.

Sawcer, S. (2011)
Genetic risk and a primary role for

cell-mediated immune mechanisms in
multiple sclerosis

Nature 69.504 1942 [31]

Heier, J.S. (2012) Intravitreal Aflibercept (VEGF Trap-Eye)
in Wet Age-related Macular Degeneration Ophthalmology 14.277 1562 [32]

Martin, D.F. (2012)
Ranibizumab and Bevacizumab for

Treatment of Neovascular Age-Related
Macular Degeneration

Ophthalmology 14.277 1315 [33]

Okita, K. (2011) A more efficient method to generate
integration-free human iPS cells Nature Methods 47.99 1298 [34]

Lim, L.S. (2012) Age-related macular degeneration Lancet 202.731 1216 [35]

Mintz-Hittner (2011) Efficacy of Intravitreal Bevacizumab for
Stage 3+Retinopathy of Prematurity.

New England Journal
of Medicine 176.082 909 [36]

Quigley, H.A. (2011) Glaucoma Lancet 202.731 848 [37]

Mandai, M. (2017) Autologous Induced Stem-Cell-Derived
Retinal Cells for Macular Degeneration

New England Journal
of Medicine 176.082 833 [38]

Tang, J. (2011) Inflammation in diabetic retinopathy Progress In Retinal and
Eye Research 19.704 763 [39]

Rofagha, S. (2013)
Seven-Year Outcomes in

Ranibizumab-Treated Patients in
ANCHOR, MARINA, and HORIZON

Ophthalmology 14.277 701 [40]

C, number of citations; Ref, references.

4.1.5. The Topic’s Most Involved Organizations

The count of active organizations rose from 4474 in 2011 to 11,369 during the current
period, indicating the increase in attention that this subject receives. The University of Cali-
fornia System remains the most active organization, with a total of 885 (4.60%) publications.
Ranked second is the University of London with 812 published documents, which is closely
followed by University College London with 749 publications. Table 8 presents the most
productive organizations during the 2011–2023 period.

Table 8. The most active organizations during the 2011–2023 period.

Affiliations Record Count % of 19,233

University of California System 885 4.60

University of London 812 4.22

University College London 749 3.89

Harvard University 608 3.16

Moorfields Eye Hospital NHS Foundation Trust 553 2.88

Johns Hopkins University 521 2.71

Harvard Medical School 515 2.68

Udice French Research Universities 456 2.37

University of Pennsylvania 389 2.02

Johns Hopkins Medicine 381 1.98
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4.2. Science Mapping
4.2.1. Networks of Collaboration between Nations

Figure 7 is an interconnected diagram displaying collaboration paths between nations.
For a country to be represented in the network map, a minimum requirement of 50 published
papers was imposed, thus guaranteeing a robust dataset, resulting in the inclusion of 45 nations
that met this condition. These nations were separated into four distinct groups. The red
cluster consists of 19 nations, led by Germany, based on published papers. Furthermore,
this cluster mainly contains countries from the European continent, indicating a strong
collaborative relationship between countries located in Europe. The green cluster consists
of 12 countries, and the United States leads based on the papers that have been published.
The blue cluster consists of eight nations, led by England. Furthermore, the yellow cluster
includes six countries, and China leads in terms of published documents. Strong collab-
orative relationships form between the United States and the following countries: China
(458), England (445), Germany (281), Canada (228), and Italy (214). A strong collaborative
relationship was also formed between England and the following countries: Germany (214),
Australia (145), Italy (144), and France (143).

4.2.2. Resource Average Publication Year and Citation System Diagram

Figure 8 depicts a node diagram showcasing the mean year of publication in the case of
journals that have published a minimum of 50 articles. Investigative Ophthalmology & Visual
Science, the most prolific scientific periodical of this time period, possesses an average publica-
tion year of 2015.53, indicating that during the 2011–2023 period, documents were published
steadily without a substantial increase near the end of the time frame. Retina—The Journal of
Retinal and Vitreous Diseases ranked second based on the papers that have been published
and possesses a mean publication year of 2016.41, whereas Graefe’s Archive for Clinical and
Experimental Ophthalmology, which is the third most prolific scientific periodical of this time
frame, encounters an average publication year of 2017.47, suggesting that more papers have
been released at the termination of the period. The majority of the period’s papers were
published towards the completion of the period in subsequent journals: Ophthalmology
and Therapy (2021.25), Clinical Ophthalmology (2020.27), Journal of Clinical Medicine (2021.10),
Frontiers in Medicine (2021.71), Ophthalmology Retina (2020.25), and International Journal of
Molecular Sciences (2020.90).

Figure 9 depicts a diagram of source citations. The journal requirements for inclusion
remained unchanged from the previous figure. The scientific periodicals are organized into
three separate clusters, with the red cluster containing 26 journals and being led on the basis of
published documents by the British Journal of Ophthalmology. Investigative Ophthalmology & Visual
Science, the most influential journal of this time frame, leads the group of 17 journals included in
the green cluster. Furthermore, the blue cluster consists of 15 scientific journals and is led by the
period’s second-highest-producing journal, Retina—The Journal of Retinal and Vitreous Diseases.
The red cluster and the blue cluster are closely intertwined, indicating that the subjects
found in journals included in these clusters are closely related, and they frequently cite
each other. To further validate this fact, on a closer analysis of the network map, we can
notice that articles from Retina—The Journal of Retinal and Vitreous Diseases were often cited
by articles from Ophthalmology (link strength: 994), the American Journal of Ophthalmology
(847), and Graefe’s Archive for Clinical and Experimental Ophthalmology.
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4.2.3. Keyword System Mapping and Terms Co-Occurrence System Diagram

Figure 10 depicts the bubble map of extremely regular terms utilized for searches in the
field in the period 2011–2023. Only words with a minimum occurrence of 200 are represented
in the figure. The following words had a high occurrence: “therapy (3279 occurrences,
17.92 average citations/document)”, “ranibizumab (2327, 17.27)”, “macular degeneration
(1651, 21.79)”, “bevacizumab (1503, 17.75)”, “glaucoma (1478, 12.72)”, and “optical coherence
therapy (1477, 20.21)”. Terms that had high average citations/document are represented
by: “indocyanine green angiography (209, 34.35)”, “mouse model (457, 31.56)”, “geographic
atrophy (236, 30.22)”, “in vivo (308, 29.99)”, “differentiation (309, 29.78)”, “Avastin (211,
28.20)”, and “intravitreal ranibizumab (250, 25.31)”.

Figure 11 depicts the network map of keyword co-occurrence. The inclusion criteria for
the terms were kept unmodified from the previous figure. A total of four clusters are formed.
The red cluster includes 41 terms that are mainly focused on treatment approaches, retinal
health, and various diseases. The green sphere contains 32 terms associated with glaucoma
medical management and therapy. Moreover, 28 keywords are contained in the blue cluster.
This cluster appears to focus on the topic of treatment approaches and conditions related
to the retina, particularly anti-vascular endothelial growth factor treatments. The yellow
cluster includes 17 terms that are mainly focused on various aspects related to retinal
disorders, particularly age-related macular degeneration and associated conditions.
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4.3. Discussions

The United States was the most prolific nation during the assessed time period, indi-
cating that authors from this country are highly interested in the evaluated topic. In 2010,
50% of the countries in the top 10 were from Europe, while in the period 2011–2023, the
number of European countries reduced to 40%. China is worth mentioning as it published
only 218 documents until 2010 but experienced a rapid increase in interest in the subject by
publishing 2503 articles in the period 2011–present.

A noteworthy observation emerges through an analysis of the co-authorship network
map. Starting in 2011, a distinct separation between the clusters became evident, indicating
that collaboration networks had solidified during the last decade.

Figure 12 shows the total number of papers published annually to illustrate the
increasing trend with regard to the number of published papers and researchers’ keenness
on this topic. Because the total number of papers released before 1990 was less than 40 per
year, the chart covers data from 1990 to 2023, thus providing better clarity. The number of
papers published has steadily increased throughout the years, reaching a record in 2021
with 2234 articles published. However, the number of published papers fell slightly in 2022
compared to the previous year, with a total of 2208. This could be the result of a temporary
decrease in research productivity or a shift in publication trends. More research would be
required to uncover the underlying variables that contributed to this slight decline.
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Although authors from countries grouped in the same cluster are more likely to
collaborate, we cannot ignore the fact that collaborative relationships are also formed with
authors from countries not located in the exact same group. Identifying the most prolific
nations in this scientific area of interest and the countries that are most likely to collaborate
should provide a solid foundation of knowledge and insights for authors interested in this
topic and those looking for potential collaborators.

Overall, the most productive journal is the American Journal of Ophthalmology, followed
by the journals Ophthalmology and Investigative Ophthalmology Visual Science. Although the
journals primarily focused on ophthalmology have published numerous influential and
highly regarded articles, the journals that focus on the broader medical field, like Nature
and Lancet, for example, should not be dismissed. Despite having fewer publications in
this topic area, these journals have a significant influence on the field of ophthalmology. The
metric we provided should be useful for future authors who are interested in publishing
articles in this field. Also, the bubble maps we provided for the last period should be useful
in identifying the journals that actively published during this period.

The present bibliometric analysis provides a powerful set of tools and measures that
provide insightful information about research output, impact, trends, and collaboration
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prospects, thus helping academics better understand this explored subject. One significant
advantage of this investigation is its analytical approach. The subjectivity of the authors
is not influenced by the use of quantitative tools, resulting in a more objective judgment.
Furthermore, bibliometric analysis is cost-effective and reproducible, making it a practical
and efficient tool. Another advantage of bibliometric analysis is the ability to study a
substantial number of documents. This enables a thorough analysis of the topic area
and a larger view of the research landscape. Moreover, the information systematized
and classified according to certain parameters constitutes an important time-saving tool
for authors during the pre-publication and research topic setting period, facilitating the
selection of journals publishing on the desired topic, the most prolific articles as a starting
point in identifying the current state of knowledge and unmet needs, as well as author
collectives and nations publishing more often in the field for the creation or improvement
of collaborative networks between authors interested in research in this field.

Although this field employs programs with a modern interface and efficient algo-
rithms, it is crucial to recognize that there is still room for progress. The most remarkable
advancement in this subject arises from the constant improvement of databases. As a
result, better and more complete article indexing would result in significant advances in the
field of bibliometric analysis. Another important feature contributing to its progress is the
precise and accurate indexing of author names. The accurate indexing of authors would
provide an accurate representation of their contribution to any given field and improve
the identification of significant collaboration networks, leading to more valuable tools for
future researchers.

5. Limitations
5.1. Molecular Docking Approach

The present in silico study has a number of limitations, such as its inability to reliably
estimate the biological effects of a compound and its focus on a single static interaction
between the ligand and the protein of interest, despite the fact that protein molecules are
extremely flexible and adaptable in the biological milieu and may undergo significant
conformational changes during compound binding.

Furthermore, the inability to assess the solvent effect may also have an impact on lig-
and binding. These limitations are noticeable at this initial phase of research investigation,
yet they may be addressed through further studies in the future, such as the use of more
advanced computational methods (e.g., molecular dynamics simulation, network phar-
macology, etc.). Still, all findings obtained will require additional experimental validation
prior to undergoing all the necessary steps for therapy approval.

Even though the most promising compounds selected and proposed for experimental
endorsement based on binding affinity to ROCK1 or ROCK2 do not contain fluorine atoms,
it is important to mention that among the first five results offered by SwissSimilarity’s
digital platform are compounds containing fluorine atoms. The incorporation of fluorine
atoms into compounds identified through ligand-based virtual screening poses challenges
due to their high electronegativity and potential for forming strong protein interactions.
Therefore, rigorous validation and optimization of the parent ligand and subsequent exper-
imental investigations are imperative. While fluorine can enhance compound stability, its
introduction can significantly influence metabolic behavior and toxicity, potentially altering
a compound’s viability as a drug candidate. Some fluorinated substances may exhibit
prolonged existence or distinct metabolic pathways, impacting safety profiles. Additionally,
the presence of fluorine may intricately affect synthesis, demanding specialized reagents
and conditions for fluorination reactions.

The present analysis proposes two candidates following the molecular docking study
based on the highest potential binding to the target proteins impacting glaucoma, ROCK1
and ROCK2, representing a preliminary step in drug design studies, a step that needs
to be confirmed by extensive computational studies (i.e., molecular dynamics, network
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pharmacology), in vivo in animal models, and clinical studies in different phases where
efficacy and safety profiles are evaluated.

5.2. Bibliometric Analysis

The present bibliometric analysis, which emphasizes solely English articles evaluating
treatments for ocular diseases, reveals a number of notable limitations. Primarily, the
accuracy of the analysis may be limited by language bias, as the exclusion of papers written
in languages other than English may exclude valuable perspectives and insights from
various research communities.

In addition, by focusing exclusively on article-type publications, the analysis may have
overlooked other valuable sources of data, such as case reports, books, and book chapters,
which might offer supplementary approaches and knowledge on ocular disease therapeutics.

The focus on ocular disease therapies in the articles selected could additionally result
in a low representation of broader studies investigating associated aspects, such as disease
etiology, pathogenesis, and diagnostics. In the setting of ocular diseases, this may impede
a comprehensive comprehension of the therapeutic landscape. Moreover, in the present
bibliometric research, a large number of documents are included, and as a result, there may
be some false positives among the initial results.

Lastly, bibliometric measures, such as citation counts, might not offer a comprehensive
evaluation of the quality and influence of the articles that were selected. Variations in citation
practices and the prominence of particular journals within the field may affect the perceived
value of individual articles, thereby influencing the results of the bibliometric analysis.

6. Conclusions

The dual approach in this article proposes two compounds with possible application
in the control of glaucoma conditions, but it is necessary that the results of this study be
coupled with extensive computational assessments, in vitro experiments, in vivo valida-
tion investigations, and a bibliometric analysis focused on therapy, including laser-based
therapy, for some of the most prevalent ocular pathologies, including glaucoma. These
findings suggest that the parent compound ripasudil and the compounds identified via
ligand-based virtual screening, ZINC000000022706 and ZINC000034800307, have similar
binding patterns and affinity for ROCK1 and ROCK2. The compounds also showed a higher
affinity for the proteins than fasudil, a known Rho kinase inhibitor. Due to the similarity in
ligand–protein interactions and favorable pharmacokinetic properties, ZINC000000022706
and ZINC000034800307 should be further researched as potential ROCK1 and ROCK2
inhibitors. Additional research is necessary to evaluate their efficacy and safety profiles for
possible future use as pharmacological agents, including experimental validations and a
thorough study of their pharmacokinetic profile.

Examining publishing patterns found a constantly growing trend in published publica-
tions, indicating increased researcher interest and active involvement. Moreover, the United
States has developed into the most prolific nation in this field, highlighting the region’s
substantial investment in authors. China has shown a tremendous increase in interest over
time, emphasizing its expanding prominence in the sector. The field of ophthalmology is
developing more structured and defined collaboration networks. These findings provide
useful insights into the dynamics of collaborative research and emphasize the necessity of
encouraging interdisciplinary collaboration.
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Abstract: Distal outflow bleb-forming procedures in ophthalmic surgery expose subconjunctival
tissue to inflammatory cytokines present in the aqueous humor, resulting in impaired outflow
and, consequently, increased intraocular pressure. Clinically, this manifests as an increased risk
of surgical failure often necessitating revision. This study (1) introduces a novel high-throughput
screening platform for testing potential anti-fibrotic compounds and (2) assesses the clinical viability
of modulating the transforming growth factor beta-SMAD2/3 pathway as a key contributor to post-
operative outflow reduction, using the signal transduction inhibitor verteporfin. Human Tenon’s
capsule fibroblasts (HTCFs) were cultured within a 3D collagen matrix in a microfluidic system
modelling aqueous humor drainage. The perfusate was augmented with transforming growth
factor beta 1 (TGFβ1), and afferent pressure to the tissue-mimetic was continuously monitored
to detect treatment-related pressure elevations. Co-treatment with verteporfin was employed to
evaluate its capacity to counteract TGFβ1 induced pressure changes. Immunofluorescent studies were
conducted on the tissue-mimetic to corroborate the pressure data with cellular changes. Introduction
of TGFβ1 induced treatment-related afferent pressure increase in the tissue-mimetic. HTCFs treated
with TGFβ1 displayed visibly enlarged cytoskeletons and stress fiber formation, consistent with
myofibroblast transformation. Importantly, verteporfin effectively mitigated these changes, reducing
both afferent pressure increases and cytoskeletal alterations. In summary, this study models the
pathological filtration bleb response to TGFβ1, while demonstrating verteporfin’s effectiveness in
ameliorating both functional and cellular changes caused by TGFβ1. These demonstrate modulation
of the aforementioned pathway as a potential avenue for addressing post-operative changes and
reductions in filtration bleb outflow capacity. Furthermore, the establishment of a high-throughput
screening platform offers a valuable pre-animal testing tool for investigating potential compounds to
facilitate surgical wound healing.

Keywords: glaucoma; intraocular pressure; microfluidics; inflammation; fibrosis; tissue-mimetic;
drug screening; organ modelling; three-dimensional aqueous outflow

1. Introduction

The efficacy of glaucoma surgery hinges on sustained improvements in aqueous
humor (AH) outflow to control intraocular pressure (IOP), and, consequently, further glau-
coma progression. AH outflow is a critical factor influenced by iatrogenic tissue damage
during surgery. Following the surgical insult, damaged tissue initiates a wound healing
response, exposing the subconjunctiva to acute surgical inflammation and endogenous
pro-inflammatory and pro-fibrotic cytokines in the AH [1]. This pro-inflammatory cas-
cade contributes to excessive wound healing and post-operative subconjunctival fibrosis,
ultimately impairing outflow capacity.
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A key player in this fibrotic cascade is the transforming growth factor-beta (TGFβ)
family of AH cytokines. Present at elevated levels in AH of glaucoma patients [2,3],
TGFβ induces alterations in the extracellular matrix (ECM) of the trabecular meshwork,
resulting in heightened resistance to aqueous outflow and subsequently elevated intraocular
pressure (IOP) [4–6]. Beyond the deleterious microenvironmental effects of TGFβ, similar
pathophysiological changes can be observed post-operatively in the filtration bleb [7,8].
Thus, specific targeting of cellular processes downstream of TGFβ may be an avenue
to mitigate fibrotic processes contributing to surgical failure while preserving processes
essential for normal wound healing and homeostasis.

Myofibroblasts, characterized by the increased expression of α-smooth muscle actin
(α-SMA), which is stimulated via the SMAD 2/3 pathway downstream of TGFβ, play a
crucial role in wound healing [9,10]. This fibroblast-to-myofibroblast transdifferentiation
leads to the formation of actin–myosin stress fiber bundles akin to those found in muscle
cells, earning them the moniker myofibroblasts. These cells exhibit increased ECM secretion
and contractile activity, critical in normal wound-healing processes [11]. After healthy
wound healing, myofibroblasts are deactivated or removed via apoptosis. However, in
bleb-forming procedures, excessive myofibroblast activity can be harmful, contributing
to scar tissue formation and impairing outflow tract patency, both of which contribute to
surgical failure [12–14]. Thus, drugs targeting TGFβ-mediated myofibroblast activity may
help maintain outflow patency throughout the post-operative period.

Despite substantial advancements in surgical glaucoma intervention, progress in
developing compounds to address post-operative fibrosis has been slow [15,16]. Current
strategies rely on local anti-metabolite treatments, such as mitomycin C (MMC) or 5-
fluorouracil (5FU). However, their short half-lives may yield insufficient anti-fibrotic efficacy
and the non-specific targeting of all cell types often leads to undesirable off-target effects,
including tissue thinning, leaks, and endophthalmitis [17,18]. Additionally, ocular steroid
therapy, used to control post-surgical inflammation, poses a major risk factor for cataracts
and paradoxically increases the risk of steroid-induced glaucoma [19]. Overall, these
interventions carry significant risks, necessitating the exploration of novel avenues to
address inflammatory changes after surgery.

The current drug development process begins with 2D cell culture and progresses
to animal models. However, cells in 2D cell culture are separated from physiological
factors affecting cellular behavior. In the eye, fibroblasts are typically associated with an
ECM that modulates cell growth and activity [20]. Additionally, fibroblasts are sensitive
to the “stiffness” of the surface on which they are grown, where solid plastic culture
plates have been known to inherently induce myofibroblast transdifferentiation, potentially
confounding experimental results [21–23]. Conversely, animal models do account for
the physiological context of fibroblasts within a perfused organ system. However, these
experiments tend to have significant ethical and financial cost associated with them, are
significantly more time-consuming than in vitro work, and, as such, have challenges that
prevent them from being applicable in the early drug screening process. In addition,
interspecies variability cannot fully mimic the conditions observed in humans [24,25].

Thus, the purpose of this study is to elucidate the effects of TGFβ on AH outflow
capacity in distal outflow bleb-forming procedures. We aimed to adapt previous methods
of in vitro blood vessel modeling [26] to develop a high-throughput drug testing platform
that better mirrors the subconjunctival environment to screen potential post-surgical anti-
fibrotic adjuvants. The current study introduces a novel perfused 3D collagen-based
subconjunctival tissue mimetic to assess the effects of TGFβ and fibrosis-modulating
treatments on AH outflow. In doing so, the model aims to better replicate the physiological
milieu afforded by animal models while providing a cost-effective and high-throughput
in vitro testing platform. This study hypothesizes that exogenous TGFβ1 will increase
outflow resistance within this novel in vitro model and using a small molecule to inhibit a
secondary messenger downstream of the TGFβ1 pathway will mitigate this effect.
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2. Methods
2.1. Primary Human Tenon’s Capsule Fibroblast (HTCF) Procurement and Culture

Primary HTCFs were obtained from 2–4 mm3 resections of Tenon’s capsule during
ocular surgeries at the Ivey Eye Institute, London, ON, Canada, before anti-metabolite treat-
ment [27]. This study adhered to the tenets of the Declaration of Helsinki. Ethical approval
(HSREB: 106783) was obtained for patient demographic data collection associated with
tissue explants. Informed consent was secured before tissue procurement, with no alter-
ation to patient surgeries. Samples were cultured in Dulbecco Modified Eagle’s Minimum
Essential Medium (DMEM, Gibco, Waltham, MA, USA, Cat# 12430054), supplemented with
10% Fetal Bovine Serum (FBS, Gibco, Waltham, MA, USA, Cat# A38403), 2mM L-glutamine
(Gibco, Waltham, MA, USA, Cat# A2916801), 1% amphotericin (Gibco, Waltham, MA, USA,
Cat# 15290018), and 1% penicillin/streptomycin (P/S, Gibco, Waltham, MA, USA, Cat#
15240096) from Sigma-Aldrich (Oakville, ON, Canada). Fibronectin (Sigma-Aldrich) was
used to coat 6-well culture plates (9.5 cm2) for seven days. Migrating fibroblasts were
trypsinized and stored in liquid nitrogen. HTCFs were incubated in DMEM with 10%
FBS at 37 ◦C in a 5% CO2 atmosphere until experimental use or up to the 5th cell passage
(Figure 1).
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Figure 1. Microfluidic workflow: Pre-clinical applicability is assessed through pressure changes
throughout the experiment within the microfluidic model. Fluorescent microscopy was used to link
morphological changes in hydrogel to functional changes in the model.

2.2. Microfluidic Slide Chamber Preparation

To covalently link collagen to the slide chamber, a µ-slide I microfluidic slide (Ibidi
#80176 Fitchburg, MA, USA) was salinized with vaporized 3-Aminopropyl-triethoxysilane
(APTES) (Sigma-Aldrich, Oakville, ON, Canada). APTES was heated to 150 ◦C, and
the fumes were pushed through the slide with a syringe pump (Harvard apparatus) for
one hour at a rate of 60 mL/h. Unfunctionalized APTES was purged with 10 mL PBS
(pH 7.4). After salinization, glutaraldehyde was bonded to the APTES by incubating a
6% glutaraldehyde (Sigma-Aldrich, Oakville, ON, Canada) solution for 30 min at ambient
temperature, followed by washing with 10mL PBS (Figure 2). Finally, the chamber was
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sterilized by perfusing 70% ethanol followed by PBS before manipulation in a sterile
hood [28,29].
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Figure 2. Cross section schematic of microfluidics chamber. APTES salinizes the hydroxide groups
on the slide, which then allows glutaraldehyde to bind with the silicon group. Glutaraldehyde
crosslinks with the loose unincorporated collagen (navy) anchoring it into the microfluidics chamber
to prevent extrusion of matrix and Tenon’s capsule fibroblast upon perfusion.

2.3. HTCF Preparation for Hydrogel Formation

HTCFs were grown until 90–100% confluent in a 25 mL Falcon flask, dissociated using
trypsin (Fisher Scientific, Waltham, UK), and quantified. The pellet was resuspended in
DMEM supplemented with 2% FBS to a concentration of 6.25 × 104 cells/µL. To create the
hydrogel, 80 µL of rat tail collagen solution (1.8 mg/mL), 8 µL Waymouth media (Gibco,
Cat# 15290018), and 8 µL sterile NaOH solution (0.275M) were mixed, and 4 µL of the cell
suspension was added [27]. A total of 50 µL of the collagen–HTCF liquid hydrogel was
cast into the functionalized microfluidics slide and incubated at 37 ◦C in 5% CO2 for 30 min
until solidified. The final HTCF concentration within the hydrogel was 2.5 × 106 cells/mL.

2.4. Perfusion Track Construction and Experimental Setup

The model utilized Sanipure BDP 1/8′ ID × 1/4′ OD tubing (Cole-pharma, Que-
bec, QC, Canada) and polypropylene connectors (Harvard Apparatus, Saint-Laurent, QC,
Canada) to construct the track (Figure 3). The track connected the syringe pump to the
blood pressure transducer and the tissue slide. Connectors and tubing were autoclaved
before assembly. The perfusate in the syringe pump comprised DMEM with 2% FBS, 1%
P/S, and 0.25 mmol/L ascorbic acid 2-phosphate (AA2P). Experimental compounds were
added to the perfusate according to the treatment groups. The track was primed with
media, and slides were connected bead-to-bead on the influent and effluent side to prevent
air bubbles.

Two runs were set up in parallel to account for pump error, allowing for paired com-
parison. For each run, equal lengths of tubing were measured to account for interference
from tubing friction. To test the tissue mimetic’s ability to modulate outflow resistance,
exogenous TGFβ1 at a concentration of 2 ng/mL was added to the perfusate to simulate
post-surgical aqueous humor conditions. This was compared to the tissue-mimetic perfused
with vehicle perfusate. To inhibit TGFβ1 mediated SMAD2/3 activity, TGFβ1 perfusate
was co-supplemented with 10 µM verteporfin (Sigma Aldrich, Oakville, ON, Canada), and
this was compared to the TGFβ1 only group.
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Figure 3. Microfluidics model (A) mimics anatomical qualities of surgical filtration bleb (B). Per-
fusate from the syringe pump mimics aqueous humor production in the ciliary bodies (red). The
surgical filtration bleb (orange) is modelled by the collagen hydrogel in the slide chamber. Finally, a
pressure gated one-way valve is down located downstream of the slide chamber to mimic episcleral
back pressure (purple). As the cells within the hydrogel proliferate, hydrodynamic changes lead to
impaired flow. Consequently, perfusate accumulates in the influent pressure column, which can be
read manually or measured through the pressure transducer upstream representing IOP.

2.5. Afferent Line Pressure Analysis

Afferent line pressure, serving as an analogue for intraocular pressure (IOP), was
measured in real-time with a blood pressure transducer (Harvard Apparatus 72-4498).
The pressure was measured at a rate of 10 readings per second, recorded on Labchart
8 (AD instruments). Raw data were down-sampled by 600 times to provide average
pressure readings every minute. Baseline afferent pressure was established by averaging
the readings in the first hour to account for system pressure equilibration (Pequil). Every
subsequent pressure value was normalized to Pequil to give pressure changes relative
to baseline (∆P). ∆P for vehicle control (∆Pv) and TGFβ1 (∆Pt) were compared to test
whether TGFβ1mediated changes to outflow resistance occurred. Differences in ∆P for
TGFβ1+ verteporfin treatment (∆Pvert) and ∆Pt were used to examine verteporfin’s ability
to attenuate TGFβ1mediated pressure changes. Afferent line pressure changes served as
the primary outcome to test whether a compound may have potential clinical applicability.

2.6. Tissue-Mimetic Fixation and Histological Staining

At the end of perfusion experiments, the tissue-mimetic was washed with PBS at
2.6 µL/min. The matrix was fixed by perfusing a 4% paraformaldehyde (Sigma, Oakville,
ON, Canada) solution [26] and blocked with a 2% bovine serum albumin (Sigma, Oakville,
ON, Canada) solution by perfusing tissue-mimetics for 1 h at 2.6 µL/min. Subsequently,
50 µL of anti-actin, α-smooth muscle—Cy3 mouse monoclonal antibody (5 µg/mL, C6198,
Sigma-Aldrich) was pushed into the slide chamber and allowed to incubate at 4 ◦C
overnight. Finally, the slide was stained with 50 µL of F-actin cytopainter (Abcam, Waltham,
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UK) and 50 µL Hoechst (Sigma-Aldrich, Oakville, ON, Canada) for 30 min and 10 min,
respectively, at ambient temperature.

2.7. Confocal Immuno-Fluorescent Microscopy

Z-stack microscopy was performed from the upper to the lower tissue margin of the
slide to assess three-dimensional structure. Z-stack steps were separated at intervals of
2.54 µm for a total height of 200 µm. Analysis of Z-stack was performed on ImageJ. The
number of cells was quantified by projecting the Hoechst (nuclear) channel into various
2D projections and using the particle measurement tool to identify shapes measuring at
least 10 × 10 pixels to quantify the number of nuclei visible. For FITC (F-actin) channels,
each slide within the stack was thresholded, and the area of staining was measured. The
average cellular content of F-actin was calculated by summing the total area of staining for
each slide in the FITC channels and dividing by the number of nuclei detected from the
DAPI channel. This allowed the comparison of average F-actin expression on a per-nucleus
basis to estimate the degree of myofibroblast transdifferentiation.

2.8. Western Blot

HTCFs were cultivated to confluency in 6-well plates, subjected to a 24-h serum star-
vation period, and treated with varied concentrations of verteporfin (Sigma Aldrich) up to
20 µM. Cells underwent a 48-h treatment period and were subsequently lysed in 250 µL
of lysis buffer (PhosphoSafe Extraction Reagent, Novagen, Oakville, ON, Canada) supple-
mented with a protease inhibitor cocktail (P2714, Sigma-Aldrich, Oakville, ON, Canada).

The raw lysate underwent homogenization through a 27 G needle, followed by cen-
trifugation at 13,000× g for 10 min to extract the supernatant. Protein content normalization
was achieved using a Pierce BCA protein assay kit (ThermoFisher, Rockford, IL, USA), to
enable loading of 10 µg of protein per well in a 10% polyacrylamide gel. Electrophoresis
ensued for 1 h, and an iBlot Gel Transfer Device (Invitrogen, Rockford, IL, USA) facilitated
protein transfer onto a nitrocellulose membrane.

The membrane was subsequently blocked with 5% (w/v) bovine serum albumin
(Sigma-Aldrich, Oakville, ON, Canada) solubilized in Tris-buffered saline (TBST) at ambient
temperature for 1 h. Afterwards, the membranes were incubated overnight at 4 ◦C involving
primary antibodies (0.5 µg/mL) against αSMA (ab5694, Abcam, Waltham, UK) and GAPDH
(Santa Cruz Biotechnology, Inc., Dallas, TX, USA), diluted in TBST containing 5% BSA
(w/vol). Washed membranes were then incubated with 1:3000 (v/v) dilutions of goat
anti-rabbit.t IgG conjugated with horseradish peroxidase (Santa Cruz Biotechnology, Inc.,
Dallas, UK).

Protein loading control utilized WesternBright Quantum chemiluminescent reagent
(Advansta, Inc., San Jose, UK) molecular markers in conjunction with GAPDH. Densito-
metric analysis and imaging were conducted using the ChemiDoc MP System (Bio-Rad
Laboratories, Inc., Hercules, UK) connected to Image Lab (Version 6, Bio-Rad).

3. Results
3.1. Analysis of Three-Dimensional Tissue Mimetic Structure

To assess cellular morphology and integration into the collagen matrix, slides were
imaged with light microscopy daily at pre-set regions of interest to observe cellular mor-
phology within the hydrogel. HTCFs within the chamber were observed for at least
5 days within the chamber with maximum cell density achieved approximately at days
3 to 4 (Figure 4A). Z-stack images confirmed hydrogel integrity after the 5-day run and
the presence of three-dimensional proliferation of HTCFs throughout the collagen matrix
(Figure 4B).
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Figure 4. Verification of three dimensional proliferation of cells within the hydrogel. Light mi-
croscopy of HTCFs within the collagen matrix perfused with perfusion media. Cells demonstrated
growth and proliferation within the slides (A). Confocal microscopy of slide after being perfused in
the model for 72 h. Cells were stained for F-actin stress fibres (FITC) and Hoest (Nuclear). HTCFs
demonstrate proliferation within the length (B) (i) width (ii), and height (iii) of the flow chamber
demonstrating growth three dimensionally.

3.2. Morphological Changes Due to TGFβ1 and Verteporfin Co-Treatment

HTCFs treated with TGFβ1 demonstrated increased proliferation and elevated pres-
ence of actin stress fibers compared to vehicle control (Figure 5). Interestingly, TGFβ1
treated HTCFs arrange themselves more uniformly with neighboring cells, suggesting
organized ECM contraction. HTCFs cotreated with verteporfin demonstrated decreased
area of fluorescence for F-actin and α-SMA resembling vehicle control.

3.3. Afferent Line Pressure Changes

Initially, afferent line pressure was measured with an acellular collagen matrix, which
demonstrated no pressure changes after initial system equilibration, and afferent line pres-
sure remained constant for up to 72 h. Treatment of HTCF-containing collagen matrices
with TGFβ1 demonstrated continual increases in afferent line pressure throughout the ex-
perimental duration (Figure 6). The difference in afferent line pressure between TGFβ1 only
and VC was the greatest towards the end of the experiment, where the mean difference in af-
ferent line pressure between ∆Pv and ∆Pt was 18.74 mmHg (SE = 5.726 mmHg). Significant
pressure differences were achieved between VC and TGFβ1 after 26 h of perfusion.
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Figure 5. TGFβ1 leads to increased expression of F-actin stress fibres and α-SMA. Represented is
an overlay of all 2.54 µm images within the Z-stack overlayed into a two-dimensional image to depict
differences in fluorescent intensity between groups following the 72-h treatment period. Addition
of exogenous TGFβ1 in the perfusate leads to the increased fluorescent intensity from both FITC
(F-actin) and DAPI (α-SMA) channels. Verteporfin and TGFβ1 co-treatment attenuates the intensity
of both FITC and DAPI channels.

Bioengineering 2024, 11, x FOR PEER REVIEW 9 of 15 
 

 
Figure 6. Relative afferent line pressure is increased in HTCF subconjunctival tissue-mimetic 
treated with TGF-β1 (red). Verteporfin (green) co-treatment decreased afferent line pressure. Pres-
sure is measured in real-time with a blood pressure transducer representing model IOP. Relative 
pressure changes are normalized to average pressure values in the first hour of the experiment. Data 
shown are the means ± standard error (SEM) from N = 5 primary HTCF patient samples. (*) indicate 
significant differences between samples (* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001) by 2 way ANOVA. 

HTCFs co-treated with TGFβ1 and verteporfin demonstrated a significant delay in 
the generation of outflow resistance. The addition of verteporfin maintained afferent line 
pressure at levels similar to vehicle treated replicates up until 26 h after the start of the 
experiment. ΔPvert demonstrated a mean afferent line pressure reduction of 8.51 mmHg 
(SE = 7.21 mmHg) compared to ΔPt. A two-way ANOVA revealed that there was a statis-
tically significant difference between the effects of TGFβ1 and vehicle control (F(1, 8), p = 
0.011). However, two-way ANOVA revealed that there was overall not a statistically sig-
nificant difference between the effects of TGFβ1 and TGFβ1/verteporfin cotreatment (F(1, 
8), p = 0.272) over the entire experimental duration. 

3.4. Semi-Quantification of TGFβ1 Mediated Phenotypic Changes 
Three-dimensional Z-stack confocal microscopy was performed and quantification 

of cytoskeletal fluorescence to the number of nuclei was compared between cells treated 
with TGFβ1, TGFβ1 and verteporfin, and vehicle control. Vehicle control cells expressed 
49.4% of adjusted F-actin expression relative to TGFβ1 treated cells. 

Cells treated with TGFβ1 and verteporfin demonstrated 54.3% of adjusted F-actin 
expression relative to TGFβ1 alone (Figure 7D). Concurrent Western blot revealed de-
creased levels of αSMA expression and demonstrated dose-response starting at 10 µM of 
verteporfin (Figure 7E). 

Figure 6. Relative afferent line pressure is increased in HTCF subconjunctival tissue-mimetic
treated with TGF-β1 (red). Verteporfin (green) co-treatment decreased afferent line pressure. Pres-
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HTCFs co-treated with TGFβ1 and verteporfin demonstrated a significant delay in
the generation of outflow resistance. The addition of verteporfin maintained afferent line
pressure at levels similar to vehicle treated replicates up until 26 h after the start of the
experiment. ∆Pvert demonstrated a mean afferent line pressure reduction of 8.51 mmHg
(SE = 7.21 mmHg) compared to ∆Pt. A two-way ANOVA revealed that there was a sta-
tistically significant difference between the effects of TGFβ1 and vehicle control (F(1, 8),
p = 0.011). However, two-way ANOVA revealed that there was overall not a statistically
significant difference between the effects of TGFβ1 and TGFβ1/verteporfin cotreatment
(F(1, 8), p = 0.272) over the entire experimental duration.

3.4. Semi-Quantification of TGFβ1 Mediated Phenotypic Changes

Three-dimensional Z-stack confocal microscopy was performed and quantification of
cytoskeletal fluorescence to the number of nuclei was compared between cells treated with
TGFβ1, TGFβ1 and verteporfin, and vehicle control. Vehicle control cells expressed 49.4%
of adjusted F-actin expression relative to TGFβ1 treated cells.

Cells treated with TGFβ1 and verteporfin demonstrated 54.3% of adjusted F-actin
expression relative to TGFβ1 alone (Figure 7D). Concurrent Western blot revealed decreased
levels of αSMA expression and demonstrated dose-response starting at 10 µM of verteporfin
(Figure 7E).
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the slide (A). Cumulative cytoskeletal fluorescence (FITC) is summed to give total volume of fluores-
cence to account for the three dimensionalities of the cytoskeleton (B). Nuclei (DAPI) channels are
projected onto a flat image and counted to quantify number of cells on each slide (C). Cytoskeletal
fluorescence was normalized to the number of nuclei on the slide (D). Three technical replicates are
performed for parallel runs of VC/TGFβ1 and TGFβ1/TGFβ1–verteporfin cotreatment. Verteporfin
co-treatment also inhibits TGFβ1 mediated α-SMA (42 kDA) upregulation showing dose effect
starting at 10 µM. α-SMA was normalized to GAPDH (36kDA) (E).

4. Discussion
4.1. Development of a Three-Dimensional Flow Model

Three-dimensional tissue models more closely mimic the physiological milieu of
living tissues, thereby circumventing many limitations inherent to 2D cell culture. Knowing
that interstitial flow also affects tissue orientation and fibroblast transformation [26], the
primary aim of the study was to develop a novel three-dimensional subconjunctival tissue
mimetic and microfluidics platform in which potential novel antifibrotic compounds could
be rapidly screened. One benefit of developing a model with interstitial flow is that as
fibroblasts begin to transform, they begin to alter the properties of the hydrogel in which
they were seeded in. Pressure changes can be appreciated with the pressure transducer
upstream or by the height of media in the afferent line reservoir (Figure 3). In doing so, the
functional implications of these drugs can be appreciated, as HTCF-mediated changes in
overall outflow facility within the collagen matrix will directly affect afferent line pressure.

The model was composed of loose ECM similar to what HTCFs would reside in vivo.
This cellular hydrogel was then chemically locked to the inner surfaces of the flow cham-
ber as the APTES and glutaraldehyde irreversibly crosslink the collagen onto the slide
(Figure 2). Without this process, the collagen hydrogel would extrude through the system,
and perfusate would flow around, not through, the HTCF–collagen suspension. Over
the course of the experiment, fibroblasts within the hydrogel were integrated into the
ECM. TGFβ1 naïve fibroblasts are capable of generating a moderate amount of outflow
resistance within a collagen matrix as signified by afferent line pressure increases with
the vehicle control group. This effect was dramatically increased with the addition of
exogenous TGFβ1. The timeline over which afferent line pressure increased suggested that
fibroblast transdifferentiation into myofibroblasts slowly changed the characteristics of
the ECM, progressively increasing its resistance to outflow. As additional ECM proteins
were synthesized and remodeled through myofibroblast activity, microscopic flow channels
inside the hydrogel likely stenosed and overall tissue patency decreased, similar to the
failing filtration bleb (Figure 8) [30,31].

4.2. Phenotypic Effects of TGF β1 Are Reflected within the Model

TGFβs have a major role in fibroproliferative disease [32,33]. Previous research has
established that TGFβ2, another isotype, is found in high concentrations within the aque-
ous humor of patients with primary open-angle glaucoma and is implicated in instability
in the blood–aqueous barrier [2]. Meanwhile, TGFβ1 is upregulated as a consequence
of general wound healing as seen in surgical insult to tissue as well as neovascular glau-
coma [34–36]. Both isotypes have been implicated in overexpression of genes responsible
for ECM construction and stress fibre formation [37,38]. Canonically, TGFβ1 mediated
SMAD2/3 activity contributes to the contraction of fibrillar collagen and inhibits met-
alloproteinases expression responsible for extracellular matrix (ECM) degradation [39].
Clinically, dysregulation of the aforementioned pathway has been implicated in fibrotic
diseases in multiple organ systems [40,41].
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Figure 8. Verteporfin attenuates TGF-β1-mediated changes within HTCFs in the hydrogel. The
net effect of TGF-β1 leads to myofibroblastic transdifferentiation indicated by increased cell bulk and
α-SMA production. Myofibroblasts organize and contract ECM, lowering hydrogel permeability to
perfusate and increasing system pressure. Verteporfin attenuates TGF-β1 mediated myofibroblastic
transformation thereby lessening pressure increases.

In the presented model, exogenous TGFβ1 leads to increased myofibroblasts trans-
differentiation consistent with previous work [27]. This was evident as TGFβ1 treatment
alone was able to induce a-SMA upregulation (Figure 7E). Additionally, F-actin stress
fibres, which allow tension generation and ECM remodeling, are elevated in HTCFs treated
with exogenous TGFβ1 [42]. These biochemical findings correlate with the corresponding
pressure data, as remodeling the hydrogel reduced the patency of the matrix to perfusate
and reduce flow. As hydrodynamic resistance increased, the afferent pre-chamber pressure
rose as perfusate began to accumulate. Overall, these results reaffirm that TGFβ1 alone
can induce fibroblast transdifferentiation into its pathological myofibroblastic phenotype.
More importantly, the clinical implications of these pathological changes were able to be
captured by the microfluidics model through afferent line pressure increases.

4.3. TGFβ1 Mediated SMAD2/3 Inhibition Leads to Attenuation of Fibroblast Transdifferentiation

Verteporfin is a benzoporphyrin derivative and first made its pharmacological debut as
a photosensitizer in photodynamic therapy [43]. Recent work has shown that verteporfin is
also a potent inhibitor of the YAP/TAZ signaling pathway [44,45]. Inhibition of YAP/TAZ
augments inhibitory SMAD7 activity levels and prevents the SMAD2/3 complex from
translocating into the nucleus to induce transcription of myofibroblast-related genes [46,47].
Furthermore, increased SMAD7 leads to matrix metalloproteases upregulation that is
responsible for collagen degradation [48,49]. As discussed, the de novo deposition and
contraction of the ECM are major contributors to surgical failure. It was demonstrated
that YAP inhibition through verteporfin decreases contractility of trabecular meshwork
cells [50], and previous reports have shown that verteporfin mitigates kidney myofibroblast
transdifferentiation [51]. Likewise, this study revealed that verteporfin leads to decreased
TGFβ1 mediated a-SMA expression (Figure 7E) and F-actin stress fibre formation (Figure 5)
in HTCFs, suggesting that TGFβ1 mediated myofibroblast transformation is similarly
inhibited in HTCFs. Furthermore, it was demonstrated that inhibiting myofibroblast
transdifferentiation may have a tangible impact on outflow capacity as afferent line pressure
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increases were mitigated albeit only over the first 32 h of perfusion (Figure 6). Verteporfin
photodegrades readily and has an estimated half-life of 5–6 h; in turn, its inhibitory effect
could have been blunted as the experiment continued [52]. This is supported by the fact
that the greatest mean difference in pressure was observed in the first 32 h of the experiment
between TGFβ1 treatment and TGFβ1/verteporfin co-treatment.

This model does have several limitations relating to incomplete recreation of the
physiologic milieu within the filtration bleb. Firstly, inter-patient and cell line variability
leads to differing degrees of response to verteporfin leading to large standard deviation
between runs. Despite this, the trend suggests that afferent line pressure is attenuated with
verteporfin. Additionally, this fibroblast-only model is devoid of other immunomodulating
cells. These cells help with cellular debris clearance and alter the activity of signaling
molecules such as TGFβ1 in the subconjunctival tissues of the eye. Thus, future work
incorporating THP-1 monocytes into this model as a co-culture with the fibroblasts within
the collagen matrix is underway as macrophages are known to play a key role in wound
healing. Finally, the length of each experiment was limited by how much volume was in the
syringe pump as disconnecting to refill it with media would lead to system depressurization
and potential contamination. Despite these limitations, proof of principle was established
for this model. Future iterations of the model should incorporate a pneumatic pump system
that allows for the continuous addition of new perfusate media without depressurization
to provide uninterrupted perfusion of the system.

5. Conclusions

In this study, a three-dimensional HTCF collagen culture model was developed that
permitted the perfusion of culture media and the ability to measure changes in afferent
line pressure as an analogue for IOP. HTCFs in a collagen matrix were successfully used
as an in vitro model to demonstrate the potential clinical implications of deranged TGFβ
activity following a surgical-induced insult of the subconjunctival milieu. By incorporating
a three-dimensional tissue mimetic, the model was able to reflect the behaviour of a
filtration bleb while being able to monitor surrogate intraocular pressure when exposed to
exogenous TGFβ1 as seen in post-surgical AH. Exogenous TGFβ1 increased afferent line
pressure analogous to the clinical changes associated with impending surgical failure. The
effects of TGFβ1 activity were able to be transiently attenuated following treatment with
verteporfin. This model can serve as an in vitro platform for high-throughput screening of
drug candidates that may potentially attenuate post-operative reductions to subconjunctival
outflow capacity and pave the way for clinical translation and the benefit of future glaucoma
surgery patients.
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Abstract: Epidemiological and genetic studies provide strong evidence supporting an association
between myopia and glaucoma. The accurate detection of glaucoma in myopic eyes, especially
those with high myopia, remains clinically challenging due to characteristic morphologic features
of the myopic optic nerve in addition to limitations of current optic nerve imaging modalities.
Distinguishing glaucoma from myopia is further complicated by overlapping perimetric findings.
Therefore, longitudinal follow-up is essential to differentiate progressive structural and functional
abnormalities indicative of glaucoma from defects that may result from myopia alone. Highly myopic
eyes are at increased risk of complications from traditional incisional glaucoma surgery and may
benefit from newer microinvasive glaucoma surgeries in select cases.

Keywords: glaucoma; high myopia; myopia; optic disc; optical coherence tomography; perimetry;
cataract surgery

1. Introduction

The global prevalence of myopia is rapidly increasing, with particularly high rates
in Asia [1]. Approximately half the world population is predicted to have myopia by
2050 [2]. This increased prevalence raises additional concerns for vision-threatening ocular
sequelae related to myopia, including myopic degeneration, retinal detachment, cataract,
amblyopia, and glaucoma. A recent meta-analysis of 24 studies from 11 countries found a
20% increased risk of glaucoma for every one diopter increase in myopia [3].

Epidemiological studies provide robust data and support for myopia as a risk factor
for open-angle glaucoma. The Blue Mountains Eye Study was a population-based study
of Australian adults aged 49 or older in which glaucoma was observed more commonly
in myopes (4.2% of eyes with spherical equivalent −1.0 to −3.0 diopters and 4.4% of eyes
with spherical equivalent >−3.0 diopters) than those without myopia (1.5%) [4]. High
myopia, commonly defined as a spherical equivalent >−6.0 diopters and/or an axial
length > 26.5 mm, appears to confer an even greater risk of glaucoma. In the Beijing
Eye Study, a population-based study of Chinese adults aged 40 or older, glaucoma was
observed more frequently in eyes with marked (−6.0 to −8.0 diopters) and high myopia
(>−8.0 diopters) versus those with moderate myopia (−3.0 to −6.0 diopters; p = 0.075), low
myopia (−0.5 to −3.0 diopters; p = 0.001), emmetropia (−0.5 to +2.0 diopters; p < 0.001),
and hyperopia (>+2.0 diopters; p = 0.005) [5]. In a 10-year follow-up study, low, moderate,
and high myopia conferred a 3.2-, 4.2-, and 7.3-fold increased risk of glaucoma, respectively,
as compared with emmetropia (p < 0.01) [6].

In the Beijing Eye Study, glaucoma was diagnosed based upon morphologic assess-
ments of optic disc photographs. In general, myopic eyes often exhibit optic nerve features,
optical coherence tomography of the retinal nerve fiber layer (OCT RNFL) and ganglion
cell complex (GCC) thinning, and visual field defects that resemble, but are not always
indicative of, glaucoma, thereby complicating its detection. This review focuses on recent
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advances and research on myopia as it relates to the pathophysiology, diagnosis, and
surgical management of glaucoma.

2. Pathophysiology of Glaucoma in Myopic Eyes

The pathophysiology underlying the increased susceptibility of optic nerves in myopic
eyes to glaucomatous damage is not fully understood. Optic nerves are thought to be more
vulnerable to damage due to poor structural support for retinal nerve fibers in myopic
eyes, particularly those with high myopia. Axial elongation likely results in thinning of the
sclera and produces greater shearing forces across the stretched lamina cribrosa, leaving
the optic nerve more susceptible to injury [7].

Intraocular pressure (IOP) is well established as the main and only modifiable risk
factor for glaucoma and likely plays an important role in the pathophysiology of glaucoma
in myopic eyes. Recent Mendelian randomization studies suggest that myopia and primary
open-angle glaucoma (POAG) share a genetic basis, and that IOP is the primary mediator
underlying their bidirectional causal relationship [8,9]. In the Singapore Epidemiology of
Eye Diseases Study, eyes with myopia >−3.0 diopters and IOP ≥ 20 mm Hg were over four
times more likely to have POAG versus eyes without myopia and normal IOP. Eyes with
an axial length >25.5 mm and IOP ≥ 20 mm Hg were over 16 times more likely to have
POAG versus eyes with an axial length <23.5 mm and normal IOP [10]. Axial length may
therefore be a clinically relevant metric for risk stratification of myopic glaucoma suspects.
Importantly, myopic eyes, especially those with high myopia, may develop glaucoma
within the normal range of IOP due to underlying structural abnormalities in the sclera
and lamina cribrosa [7].

Recent studies offer mixed results regarding a possible genetic correlation between
POAG and myopia. Iglesias and associates analyzed data from the Australian & New
Zealand Registry of Advanced Glaucoma study (N = 798 POAG patients and 1992 control
patients) and the Rotterdam Study (N = 11,097) and did not find evidence supporting an
association between polygenic risk scores of POAG and myopia [11]. Using data from
the UK Biobank and Genetic Epidemiology Research on Adult Health and Aging (GERA)
cohort (N = 154,018), Choquet and colleagues performed a genetic correlation analysis and
found that patients with POAG had decreased mean spherical equivalents and a greater
probability of having myopia or high myopia when compared with patients without
POAG [8]. Additional studies in more diverse patient populations are needed to better
elucidate a potential genetic basis for the increased glaucoma risk in myopic individuals
that has been found in observational studies.

3. Diagnostic Structural and Functional Testing of Glaucoma in Myopic Eyes

Diagnosing glaucoma in a myopic eye presents numerous challenges, especially when
the IOP is within the normal range. Inherent differences in corneal biomechanics may
exist in eyes with high myopia as compared with emmetropic eyes and eyes with low
myopia, and should be taken into consideration when interpreting measured IOP values.
Importantly, rebound tonometry is likely influenced by corneal biomechanics to a greater
extent than Goldmann applanation tonometry, and may underestimate IOP in eyes that
develop glaucoma within the normal range of IOP [12]. Corneal biomechanical parameters
include corneal hysteresis, a biomarker that quantifies the viscous dampening of the cornea,
and corneal resistance factor, which is a largely IOP-independent measure of corneal
resistance. A meta-analysis of eleven studies using the Ocular Response Analyzer (ORA)
to evaluate corneal biomechanical indices observed significantly lower corneal hysteresis
and corneal resistance factor among eyes with high (≥−6.0 diopters; N = 1027 eyes) versus
low myopia (≤−3.0 diopters; N = 835 eyes), and found no difference in central corneal
thickness [13]. These findings suggest that high myopia may be associated not only with
decreased rigidity of the sclera, but also of the cornea. Clinicians may therefore consider
obtaining corneal hysteresis measurements in highly myopic patients, particularly in those
who exhibit glaucomatous progression despite seemingly “normal” IOP. Patients with
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myopia should also be asked about any history of corneal refractive surgery, which is
known to further influence the accuracy of IOP measurements due to its effects on corneal
biomechanical properties.

Clinically, myopic optic nerves may be difficult to differentiate from glaucomatous
optic nerves. Unique anatomical features of myopic optic discs can confound quantitative
structural and functional assessments, which can lead to overtreatment or undertreatment
in many cases. Myopic eyes often exhibit such characteristics as large-diameter optic discs,
optic disc tilting or torsion, and beta-zone peripapillary atrophy. Such features can result in
erroneous OCT measurements of the circumpapillary RNFL (Figure 1). In general, retinal
thinning is common in myopic eyes and may be misinterpreted as glaucomatous thinning
in the setting of a globally reduced circumpapillary RNFL measurement [14]. Kang and
colleagues found that average RNFL thickness decreases by approximately 1.3 microns for
every additional diopter of myopia [15]. Leung and associates observed an increasingly
temporal orientation of the superotemporal and inferotemporal RNFL bundles with higher
degrees of myopia, resulting in greater RNFL areas deemed “abnormal” in comparison with
a normative database [16]. As a result of this deviation, temporal sectors may appear more
robust while nasal sectors may appear thinner on circumpapillary RNFL measurements in
myopic eyes, and RNFL probability maps may demonstrate arcuate artifacts mimicking
glaucoma. Additionally, misalignment of the scan circle or the presence of extensive
peripapillary atrophy crossing its margin may result in erroneous measurements. Retinal
nerve fiber layer segmentation artifacts may also result from vitreopapillary traction or
peripapillary retinoschisis. Therefore, clinicians must exercise vigilance in identifying “red
disease”, whereby OCT RNFL may misclassify a healthy myopic nerve as “abnormal”
based upon limited normative databases in commercially available OCT machines that
exclude highly myopic eyes [14,17]. Specific attention must be paid not only to the global
and sectoral circumpapillary RNFL thickness, but also to b-scans, circumpapillary RNFL
plots, and RNFL and macular thickness maps [18].
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Figure 1. OCT RNFL demonstrating segmentation artifacts in a patient with high myopia, character-
istic of “red disease”.

While some studies suggest improved diagnostic accuracy of macular thickness over
circumpapillary RNFL in identifying glaucoma in highly myopic eyes [19,20], others do
not [21,22]. Like circumpapillary RNFL thickness, macular thickness is often globally
reduced in high myopes. Segmentation errors also occur with macular imaging in myopic
eyes. Hwang and colleagues observed a segmentation error rate of 9.7% in macular
thickness scans from 538 eyes with and without glaucoma while excluding those with
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macular pathology, and these errors were reproducible in 46% of eyes. A higher degree
of myopia was found to be significantly associated with the occurrence of segmentation
errors (p < 0.001) [23].

Advances in OCT RNFL imaging have the potential to improve glaucoma detection in
highly myopic eyes. Biswas and colleagues evaluated a new myopic normative OCT RNFL
database in 180 eyes with high myopia (average spherical equivalent −8.0 ± 1.8 diopters),
which showed improved specificity versus the standard normative database while maintain-
ing sensitivity for detecting glaucoma [24]. Baek and associates incorporated topographic
RNFL and ganglion cell–inner plexiform layer (GCIPL) parameters to develop a scoring
system to identify glaucomatous damage in the setting of myopia. This combined ap-
proach topographic scoring system outperformed individual RNFL and GCIPL thickness
parameters in both myopic and highly myopic eyes [25]. Kim and colleagues found that
swept-source OCT wide-field maps displayed better accuracy for diagnosing glaucomatous
defects in myopic eyes than spectral domain OCT, likely due to the former modality’s
wider area of measurement [26].

While OCT RNFL and macular imaging have largely supplanted the use of stereo-
scopic disc photographs in the longitudinal assessment of glaucoma, the latter remain
useful when following patients with myopia, particularly as OCT technology continues to
evolve (Figure 2). Future directions to improve glaucoma detection in myopic and highly
myopic eyes may include OCT angiography as well as artificial intelligence and deep
learning strategies.
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Figure 2. Optic disc photographs from a patient with high myopia demonstrating optic disc tilting
and extensive peripapillary atrophy, making optic nerve assessment difficult.

Myopia is known to cause various visual field abnormalities that mimic glaucoma but
typically do not progress over time as would glaucomatous defects in untreated eyes. A
key component of glaucoma evaluation in myopic eyes, therefore, is longitudinal follow-
up. Enlarged blind spots are common in high myopes (Figure 3), and tilted discs often
produce superotemporal visual field defects [27]. A retrospective study of myopic glaucoma
suspects aged 50 or younger found that myopia was associated with visual field defects
resembling glaucoma, such as nasal steps, arcuate defects, and paracentral scotomas [28].
Doshi and colleagues demonstrated nonprogressive visual field defects mirroring glaucoma
over a seven-year period in 16 myopic Chinese men (age range 25 to 66 years; mean 38.9),
only approximately half of whom were using IOP-lowering medications. The authors
postulated that visual field defects in myopic eyes may develop and progress during axial
elongation earlier in life and later stabilize in adulthood in this specific subpopulation [29].
Han and associates performed a retrospective longitudinal study in Korea with a minimum
follow-up of seven years and found that inferiorly tilted discs were more likely than
temporally tilted discs to produce localized, single-hemifield visual field defects and to
demonstrate visual field progression. Given that the large majority (92.5%) of visual field
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defects remained limited to the superior hemifield in eyes with inferiorly tilted optic discs
over the study period, the authors proposed that there may be a finite extent to which
progression can occur related to the focal vulnerability of a myopic optic nerve in the
direction of optic disc tilt [30]. The authors also suggested that a new visual field defect in
the opposite hemifield correlating to a previously healthy area of neuroretinal rim might be
more suggestive of true glaucoma.
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Interestingly, Lin and colleagues developed a classification system for visual field
defects observed in highly myopic eyes without maculopathy. The authors used a database
of 1893 visual fields from Chinese patients (mean age ± SD, 30.94 ± 9.75 years) enrolled in
a prospective longitudinal registry study of high myopia, defined as a spherical equivalent
≥−6.00 diopters or axial length ≥26.5 mm. Visual fields were classified as being normal or
as having high myopia-related abnormalities (i.e., enlarged blind spot, vertical step, partial
peripheral rim, or nonspecific), glaucoma-related abnormalities (i.e., nasal step, partial or
full arcuate, or paracentral), or combined defects (i.e., nasal step plus enlarged blind spot).
Two trained graders twice analyzed a common set of 1000 visual fields representing all four
categories. The intraobserver and interobserver agreements were found to be over 89%.
The authors observed that 10.8% of highly myopic eyes showed glaucoma-like visual field
defects, and the prevalence of such defects was associated with increased axial length [31].
Additional prospective studies are needed to better understand how morphologic features
of myopic optic discs, including tilt, torsion, and peripapillary atrophy, predispose certain
myopic eyes to the development and progression of visual field defects.

4. Surgical Considerations in Myopic Eyes

Numerous surgical options exist to treat glaucoma in myopic eyes, and each has its
advantages and disadvantages (Table 1). An inevitable trade-off between safety and efficacy
exists with regard to glaucoma surgery and is particularly relevant in highly myopic eyes.
Decreased scleral rigidity in high myopes increases the likelihood of hypotony-related com-
plications following glaucoma filtration surgery [32–34]. Hypotony maculopathy has been
reported to occur with a delayed onset of 14 years following trabeculectomy in the absence
of a bleb leak [35]. Given these risks, selective laser trabeculoplasty may be attempted
earlier in myopic and highly myopic patients, prior to incisional surgery. Caution should be
exercised when performing laser trabeculoplasty in myopic eyes with pigment dispersion
syndrome or pigmentary glaucoma, as severe IOP elevation may occur postoperatively
due to greater absorption of laser energy by the heavily pigmented trabecular meshwork
characteristic of these conditions. The use of lower energy settings and/or a limited extent
of treatment (i.e., 90 to 180 degrees, rather than 360 degrees) often mitigate this risk. If laser

218



Bioengineering 2023, 10, 1260

trabeculoplasty fails to control the IOP adequately or is not feasible, consideration may be
given to microinvasive glaucoma surgery (MIGS) as a first surgical intervention in highly
myopic eyes with early to moderate glaucoma. These newer procedures generally offer
an improved safety profile over traditional incisional glaucoma surgery [36]. Furthermore,
myopic eyes typically have wide open angles that facilitate trabecular and Schlemm’s
canal-based procedures. However, subconjunctival MIGS, such as the XEN gel stent, may
be associated with an increased incidence of hypotony and hypotony-related sequelae in
highly myopic eyes, akin to those observed with trabeculectomy [37,38].

Table 1. Advantages and disadvantages of glaucoma surgical procedures in myopic eyes.

Glaucoma Surgical
Procedure Advantages Disadvantages Special Considerations in Myopic Eyes

Microinvasive glaucoma
surgery (MIGS)

Improved safety
profile

Angle-based MIGS offer lower
efficacy and may not be

appropriate for patients with
advanced glaucoma

Hypotony may occur with
bleb-based MIGS

Perform preoperative gonioscopy to assess
angle anatomy in candidates for

angle-based MIGS

Use antimetabolites judiciously if performing
bleb-based MIGS to avoid hypotony

Tube shunt surgery Improved efficacy
Risk of hypotony and

hypotony-related
complications

Exercise caution while securing endplate to
thin sclera

Consider using valved or smaller surface
area nonvalved implant

Consider performing planned laser tube
ligature release if using nonvalved implant

Trabeculectomy Improved efficacy
Risk of hypotony and

hypotony-related
complications

Exercise caution during scleral flap
dissection as sclera may be thin

Use an increased number of, and tighter,
scleral flap sutures to avoid hypotony

Use antimetabolites judiciously to
avoid hypotony

Trans-scleral
cyclophotocoagulation Nonincisional

Risk of hypotony and
hypotony-related

complications

Consider alternative to retrobulbar or
peribulbar block to avoid risk of

scleral perforation

Consider scleral transillumination to confirm
ciliary body location

Angle-based MIGS may not offer sufficient IOP lowering in eyes with severe or
rapidly progressive glaucomatous damage, and trabeculectomy may be required in certain
cases. Intraoperative modifications to the standard trabeculectomy technique in highly
myopic eyes may include an increased number of, and tighter, scleral flap sutures and
cautious use of antimetabolites to mitigate the risk of hypotony in the early postoperative
period. Alternatively, the use of valved glaucoma drainage implants or smaller-surface-area
nonvalved implants may reduce the risk of hypotony and its sequelae. Additionally, scleral
flap dissection during trabeculectomy and endplate placement during glaucoma drainage
implant surgery must be performed carefully in the presence of thin sclera to avoid scleral
perforation. Consideration should be given to performing a planned laser tube ligature
release for nonvalved glaucoma drainage implants rather than allowing spontaneous tube
ligature as the latter strategy may be associated with a higher likelihood of hypotony,
anterior chamber shallowing, and other hypotony-related complications. During the early
postoperative course following traditional incisional glaucoma surgery, surgeons should
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maintain a lower threshold to perform anterior chamber injection of cohesive viscoelastic
in highly myopic eyes with hypotony to minimize complications.

Trans-scleral cyclophotocoagulation is a reasonable alternative to incisional glaucoma
surgery in highly myopic eyes. Cycloablation is generally associated with intraoperative
pain, typically requiring the use of a peribulbar or retrobulbar block to achieve adequate
anesthesia. However, peribulbar or retrobulbar blocks carry a risk of globe perforation in
highly myopic eyes, and a sub-Tenon’s block may be a safer alternative. Intraoperative
transillumination of the globe may be advisable during cyclophotocoagulation to confirm
the location of the ciliary body, which may vary in highly myopic eyes [39]. Cyclophoto-
coagulation is a nontitrable procedure that is associated with numerous risks, including
macular edema and hypotony. Surgeons should be aware of any history of previous
cyclophotocoagulation when performing subsequent glaucoma surgery in patients with
high myopia. Late hypotony with maculopathy has been described following uneventful
viscocanalostomy in a highly myopic eye with a history of prior cycloablation [40].

Special considerations also exist when planning and performing phacoemulsification
cataract surgery in myopic eyes with and without glaucoma. Patients should be counseled
about the increased risk of intraoperative and postoperative complications as well as post-
operative refractive surprises. In a study of 115 eyes with axial length ≥27 mm, Kora and
colleagues found that erroneous axial length measurement was the main contributor to
postoperative refractive errors [41]. Axial length may be overestimated by ultrasound biom-
etry in highly myopic eyes with posterior staphylomas, resulting in hyperopic surprises.
In patients with adequate fixation and without dense lens opacities, optical biometry is
more likely to provide accurate axial length measurements than ultrasound [42]. Newer
intraocular lens (IOL) calculation formulas, such as the fourth-generation Barrett Universal
II and modified Wang–Koch adjustment to the third-generation Holladay I, may further
reduce the risk of refractive surprises. Although published studies offer conflicting results,
the majority suggest more optimal refractive outcomes when using the Haigis or Barrett
Universal II formulas for IOL calculations in eyes with axial length <30 mm and the Barrett
Universal II formula in eyes with axial length >30 mm [43]. Novel IOL calculation formulas
that use artificial intelligence, including Kane and Hill-RBG3.0, appear to offer even greater
accuracy in eyes with high myopia [44]. A history of prior refractive surgery in myopic
eyes necessitates adjustment to standard formulas for intraocular lens (IOL) selection, and
intraoperative aberrometry may help provide more predictable refractive outcomes.

In general, high myopes are at increased risk for retinal detachment following cataract
surgery and should undergo preoperative dilated examination of the retinal periphery
to assess for lattice degeneration and/or breaks [45]. Intraoperatively, maintaining the
anterior chamber via careful wound construction to avoid leaks and using viscoelastic
and irrigation to avoid sudden decompression of the eye are essential to mitigate the
risk of vitreous movement. Additionally, a lower bottle height and shorter clear corneal
wound facilitate operating in a deeper anterior chamber. Use of a chopping technique
for nuclear disassembly may be preferable over a divide-and-conquer technique, both to
enable operating in a deep chamber and to reduce stress on the zonules, which are known
to be weaker in highly myopic eyes [43]. Surgeons should be alert to sudden posterior iris
bowing, anterior chamber deepening, and pupillary dilation, which are typical of lens–iris
diaphragm retropulsion syndrome [46]. This phenomenon, common in highly myopic
and/or vitrectomized eyes, results from reverse pupillary block and can be resolved by
gently separating the iris from the anterior capsule using a second instrument to permit
equilibration of pressure in the anterior and posterior chambers. Thorough irrigation
and aspiration to remove viscoelastic and residual lens particles from a deeper ciliary
sulcus space in a myopic eye is important to prevent IOP elevation in the immediate
postoperative period. Anterior capsular polishing is advisable to lower the risk of anterior
capsular contraction syndrome, which is more common in myopic eyes and can lead to
IOL subluxation [47,48].

220



Bioengineering 2023, 10, 1260

Laser keratorefractive surgery is commonly performed in myopic eyes, and patients
should be counseled preoperatively regarding the association between myopia and in-
creased risk of glaucoma. Obtaining preoperative baseline glaucoma testing, including
perimetry, OCT RNFL, and disc photography, is important in refractive surgery candidates
who are deemed glaucoma suspects based on optic disc morphology and/or family history.
Flap construction during laser-assisted in situ keratomileusis (LASIK), whether using a
femtosecond laser or microkeratome, is associated with acute, severe IOP elevation that can
further compromise an optic nerve with existing glaucomatous damage [49]. The newer
small incision lenticule extraction (SMILE) procedure may offer an improved safety profile
over LASIK in myopic glaucoma suspects given its flapless technique and generally lim-
ited postoperative steroid course. While photorefractive keratectomy (PRK) also avoids
creation of a flap and concomitant IOP spikes, prolonged postoperative treatment with
topical steroids required after PRK may result in IOP elevation in susceptible eyes. In-
terface fluid syndrome (IFS) is a rare postoperative complication that may develop after
LASIK, and less commonly SMILE, in which high IOP (often, but not always, resulting
from steroid use) causes an accumulation of fluid within the interface between the flap and
the stroma [50–52]. Patients typically present with decreased vision and corneal haze, with
or without visible fluid layering within the interface. A high degree of vigilance is required
to detect IFS as IOP readings may be artificially low, especially when measured using a
Goldmann applanation tonometer. Management of IFS consists of discontinuing steroids
and initiating IOP-lowering medications, and incisional glaucoma surgery may be required
in refractory cases [51]. The presence of an interface cyst or loose flap after LASIK or SMILE
can also result in falsely low IOP readings. In general, measuring the IOP using several dif-
ferent methods, such as dynamic contour tonometry or pneumotonometry, is recommended
in eyes with prior keratorefractive surgery given its effects on corneal biomechanics.

5. Conclusions

As myopia prevalence increases worldwide, our understanding of its complex patho-
physiologic relationship to glaucoma must improve to lessen the global burden of functional
glaucomatous vision loss in myopic eyes. Currently available imaging modalities of the
peripapillary RNFL and macula are limited in their glaucoma diagnostic utility in myopic
eyes due to nonrepresentative normative databases and artifacts resulting from character-
istic anatomic features of myopic eyes. Visual field defects that are typical in glaucoma
may also be observed in myopic eyes without glaucoma, further complicating its diagnosis.
Given these diagnostic challenges, longitudinal follow-up of myopic eyes using perimetry,
OCT RNFL, macular imaging, and disc photography is imperative to identify conversion
to, or progression of, glaucoma. Surgical options for myopic eyes with glaucoma have
expanded to include newer angle-based MIGS procedures, which may mitigate some of
the vision-threatening complications more commonly observed with traditional glaucoma
surgery, albeit with less efficacy. Myopic eyes are at increased risk of specific intraopera-
tive and postoperative complications associated with cataract surgery, requiring careful
surgical planning and modifications to standard phacoemulsification techniques. Laser
keratorefractive surgery is associated with a risk of intraoperative and postoperative IOP
elevation as well as unique complications that require a high degree of vigilance to detect.
Additional research and developments in ocular imaging and perimetry will enhance our
ability to more accurately detect glaucoma in myopic eyes, while advances in surgical
innovation will improve the safety profile of glaucoma operations and help preserve vision
in myopic patients.

6. Future Directions

Myopia represents a significant public health burden with the potential for far-reaching
clinical, economic, and societal impacts. Curbing the myopia epidemic will depend upon
the identification of risk factors and the development and implementation of strategies
to prevent myopia onset or detect its presence early and slow its progression. Various
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risk factors for myopia development and progression have been studied in recent years,
including environmental contributors such as urbanization [53] and decreased outdoor
time [54]. Targeted interventions include increasing outdoor time during childhood. While
robust evidence exists supporting the favorable effect of outdoor time on delaying or
preventing myopia onset, published studies offer mixed results regarding its impact on
reducing myopia progression [55]. Orthokeratology appears to correct low-to-moderate
myopia and slow its progression via corneal reshaping, but concerns exist regarding its
associated risk of infectious keratitis [56]. Low-dose atropine offers improved tolerability
and less rebound myopic progression following its discontinuation compared to higher
doses, but at the expense of decreased treatment effect [57]. Additional studies of myopia
prevention and control strategies in diverse patient populations and geographic regions
with long-term follow-up are needed to identify safe and effective interventions that can be
implemented on a global scale.

New strategies will also be necessary to improve early diagnosis of myopia as well as
of glaucoma in myopic eyes, given the constraints of existing diagnostic techniques. Artifi-
cial intelligence, machine learning, and deep learning have the potential to revolutionize
the future of myopia detection and prediction of disease progression. In addition, these
strategies may allow for early identification of potentially vision-threatening sequelae of
myopia, including glaucoma. Early work shows promise in using fundus photographs to
train artificial intelligence platforms to detect glaucoma in populations with a high preva-
lence of myopia [58]. Using other existing imaging modalities, including OCT and visual
fields, to train and validate artificial intelligence algorithms would transform our ability to
diagnose and predict glaucomatous progression, which is especially important in complex
clinical scenarios such as co-existing myopia and glaucoma. However, several limitations
to the widespread implementation of artificial intelligence currently exist. These include
reliance on a large number of high-quality images, the expense of imaging equipment, and
medicolegal considerations. Moreover, validation of artificial intelligence algorithms would
require data sharing among institutions, which may be limited by concerns regarding pa-
tient privacy and Health Insurance Portability and Accountability Act (HIPAA) compliance.
Surmounting these and other as-yet-unforeseen challenges relating to artificial intelligence
will require collaboration among clinicians, scientists, and regulatory agencies.
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Abstract: Over the last two decades, there has been growing interest in assessing corneal biomechanics
in different diseases, such as keratoconus, glaucoma, and corneal disorders. Given the interaction
and structural continuity between the cornea and sclera, evaluating corneal biomechanics may give
us further insights into the pathogenesis, diagnosis, progression, and management of glaucoma.
Therefore, some authorities have recommended baseline evaluations of corneal biomechanics in all
glaucoma and glaucoma suspects patients. Currently, two devices (Ocular Response Analyzer and
Corneal Visualization Schiempflug Technology) are commercially available for evaluating corneal
biomechanics; however, each device reports different parameters, and there is a weak to moderate
agreement between the reported parameters. Studies are further limited by the inclusion of glaucoma
subjects taking topical prostaglandin analogues, which may alter corneal biomechanics and contribute
to contradicting results, lack of proper stratification of patients, and misinterpretation of the results
based on factors that are confounded by intraocular pressure changes. This review aims to summarize
the recent evidence on corneal biomechanics in glaucoma patients and insights for future studies to
address the current limitations of the literature studying corneal biomechanics.

Keywords: glaucoma; corneal biomechanics; ocular biomechanics; corneal hysteresis; ocular response
analyzer; Corvis ST; Brillouin

1. Introduction

Glaucoma is a heterogeneous group of disorders characterized by progressive optic
neuropathy with subsequent visual field defects if left untreated. It is a leading cause of
irreversible vision loss worldwide, with an estimated global prevalence of 2.4–3.5% in
people above the age of 40 and a higher prevalence in African origin populations [1,2].
Although intraocular pressure (IOP) reduction is the only proven modifiable risk factor
in reducing the glaucoma progression [3], 30–57.1% of primary open-angle glaucoma
(POAG) patients have normal IOP (normal tension glaucoma, NTG) [4–7]. Furthermore,
ocular hypertension (OHT) patients may never develop glaucomatous damage [8]. Other
risk factors such as thinner corneas, high myopia, genetic susceptibility, vascular factors,
and family history have been postulated to contribute to glaucoma development and
progression [8–10].

From a biomechanical perspective, the stress (applied force) of IOP does not cause
glaucomatous damage itself, but rather the resulting strain (deformation) to the ocular
tissues, specifically to the peripapillary sclera and the optic nerve head, where retinal gan-
glion cell (RGC) axons are most vulnerable; thus, determination of the modulus of elasticity
(i.e., resistance to tissue deformation under applied stress) is critical to understanding
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the impact of IOP on ocular tissues and ultimately patient-specific susceptibility to the
development and progression of the disease [11–13]. While the direct determination of
the peripapillary scleral modulus is impractical clinically, given the overlying conjunctiva
and posterior location, the corneal modulus is routinely measured in clinical settings to
aid in the measurement of IOP and, more recently, to assist in glaucoma diagnosis and
management [11–13]. Furthermore, the corneal biomechanical properties indicate the
corneal capacity to dissipate energy from routine changes in IOP that may result from eye
movement, blinking, or head movement. Hence, altered or impaired corneal biomechanical
properties could increase the exposure of the optic nerve to IOP fluctuation and ultimately
result in greater susceptibility to glaucomatous damage [14,15].

Several devices have been developed for in vivo evaluation of corneal biomechanics.
These devices include the Ocular Response Analyzer (ORA; Reichert, NY, USA), the Corneal
Visualization Scheimpflug Technology (Corvis ST, Oculus, Wetzlar, Germany), and, more
recently, Brillouin microscopy (BM). Each device provides distinct sets of parameters for
assessing corneal biomechanics. The ORA primarily measures corneal hysteresis (CH) and
corneal resistance factor (CRF). These values are calculated based on applanation pressure
data obtained when an air jet is applied to the cornea [16]. The CH has shown promise as a
predictive factor for glaucoma development in individuals at risk of the disease: “glaucoma
suspects”. Moreover, CH has been associated with the rates of glaucoma progression and
visual field loss in diagnosed glaucomatous patients [16].

In contrast, Corvis ST offers a more detailed evaluation of corneal biomechanical
properties. It achieves this by directly visualizing corneal deformation and geometrical
changes caused by the air jet. The latest Corvis ST software (1.3r1538) provides information
on approximately 37 parameters [17]. An emerging method, BM, offers a non-contact
three-dimensional evaluation of corneal biomechanics. It relies on the light scattering and
is independent of the IOP. However, its application in evaluating corneal biomechanics in
glaucoma patients remains unexplored.

The purpose of this review is to provide an overview of the current modalities assess-
ing corneal biomechanics, the evidence of their relevance to glaucoma, and challenges in
assessing corneal biomechanics in glaucoma patients that may help direct future research
in this field.

2. Foundational Concepts in Corneal Biomechanics

A foundation of biomechanical principles and definitions is essential for a better
understanding of the parameters reported by each device. Stiffness is the measure of
the resistance of a specific material to being deformed when a certain force is applied to
it [18]. As more than 90% of the cornea is composed of stacked collagen fibrils lamellae
within the corneal stroma, the corneal stiffness is affected by collagen fibers’ thickness and
density. Factors such as age, diabetes, cross-linking, and glaucoma affect collagen density
and alter corneal stiffness [19]. Furthermore, corneal biomechanics is most frequently
described in the context of the stress–strain relationship. Stress is the force applied to a
specific area (stress = force/cross-sectional area) and describes the inner resistance of the
material when deformed. Strain is the deformation resulting from the applied force (stress)
(strain = elongation (difference in length upon deformation/original length). In the eye,
the IOP exerts pressure on the inner structures, including the cornea and lamina cribrosa,
creating stresses throughout the corneal thickness and in multiple directions [18].

In the case of linearly elastic materials, the relationship between stress and strain
is linearly proportional. The stress–strain slope defines the elastic modulus (Young’s
modulus), so the higher the slope, the more force is needed to deform a stiffer material [20].
However, the elastic modulus of the cornea is non-linear, and the J-shaped stress–strain
curve is different from that of linear elastic material [21].

Furthermore, IOP is a major confounding factor where the higher the IOP, the stiffer the
cornea. For example, an originally softer cornea will exhibit a stiffer behavior in the presence
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of a high IOP than an originally stiffer cornea at a lower IOP. This highlights the importance
of accounting for the role of IOP in the determination of corneal biomechanics [21,22].

The cornea also is characterized by being anisotropic and viscoelastic. Anisotropy is
described when a substance has mechanical properties depending on the direction of the
applied force. In other words, the biomechanical measures tested differ along different
corneal meridians [18]. Material elasticity is described as the ability of the substance to
return to its original form in a way similar to the deformation when the force was applied.
However, viscosity means that part of the applied force is lost to internal friction as heat [18].
The cornea is a viscoelastic material, and part of the applied stress is lost. Therefore, the
deformation during the loading phase differs from that during the unloading phase, and
the difference is defined as mechanical CH. As a result of its viscoelastic properties, the
corneal biomechanical response differs based on the rate of the applied stress, so the faster
the rate of the applied force, the stiffer the corneal biomechanical response. In clinical
settings, if the IOP is measured by air puff, the result will depend on the rate at which the
air jet is applied [18].

3. In Vivo Clinical Assessment of Corneal Biomechanics

Evaluation of corneal biomechanics is challenging given the non-linearity of the
corneal elastic modulus, anisotropy, and viscoelastic characteristics of the cornea. Sev-
eral devices have been developed to evaluate corneal biomechanics; however, each has
advantages and limitations.

3.1. Ocular Response Analyzer

In 2005, the ORA was introduced in clinical practice as the first device for evaluating
corneal biomechanical behavior in vivo [23]. It is a non-contact tonometer that uses an air
jet applied to the cornea’s central 3–6 mm, causing corneal deformational changes. Those
bi-directional changes are monitored by an advanced infrared electro-optical system that
detects the corneal surface’s infrared reflection during its deformation. Once the cornea
is applanated (first applanation event) in response to the air jet, the piston releasing the
air shuts down, allowing the cornea to return to its original form. The pressure at which
the cornea applanates is defined as P1. However, due to the piston inertia, the air pressure
continues to increase to its highest level (Pmax), causing further indentation of the cornea,
which becomes slightly concave. As the piston produces the air shut-off, the air pressure
subsequently decreases. Hence, the cornea returns to its original shape, gradually passing
through a second applanation event before returning to its initial convex configuration.
The air pressure at the second applanation event is defined as P2. Due to the corneal
viscoelastic properties, the P2 (unloading pressure) value is always smaller than the P1
(loading pressure) value, and the difference between both is known as CH (measured in
mmHg) (Figure 1).

The Goldmann-correlated IOP (IOPg) measured by the ORA was the average of P1
and P2 values. In contrast, the corneal-compensated IOP (IOPcc) was developed through
empirical investigation to compensate for corneal factors in measuring the IOP, presum-
ably producing more accurate IOP measurements, especially after refractive surgery [24].
Another parameter that the ORA reports is the CRF. The CRF is calculated based on this
equation: CRF = a (P1 − bP2) + d, where a, b, and d are constants [20,25,26]. The CRF was
developed to maximize correlation with the central corneal thickness (CCT). It should be
noted that all four parameters reported by the ORA are calculated based on P1 and P2.
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Figure 1. The applanation signal and air pulse pressure diagram was obtained over the course of
1 measurement. Applanation pressure 1 was the pressure at which the cornea reached a specific
applanation state on inward movement, and applanation pressure 2 was the pressure at which the
cornea passed through this applanation state on outward movement. The difference between these
two pressures was the “corneal hysteresis” parameter, which was the main output by the machine.
The image was obtained from http://www.reichert.com/ (accessed on 23 March 2023).

Previous studies have shown that CH is affected by age, CCT, diabetes status, kera-
toconus, and glaucoma [27–29]. An ex vivo study on rabbit eyes by Bao and colleagues
found IOP to be highly correlated with CRF and weakly correlated with CH [30]. Another
study by Touboul and colleagues concluded that CH was moderately dependent on IOP
and CCT [27]. Although several studies have evaluated the corneal biomechanics using
the ORA in different diseases, a lot of those studies did not account for the confounding
nature of IOP and CCT on the reported ORA parameters, which makes it hard to interpret
the results and draw a solid conclusion [20].

3.2. Corneal Visualization Scheimpflug Technology (Corvis ST)

In 2010, Oculus introduced Corvis ST as a non-contact method for in vivo assessment
of corneal biomechanics. It is based on combining bidirectional dynamic applanation as
in ORA and recording the deformational corneal changes through an ultra-high-speed
Scheimpflug camera. A single concentric air jet is applied to the cornea, which is sub-
sequently deformed, starting with an inward deformation phase, then the applanation
phase, and then the highest concavity phase before returning to its original shape and pass-
ing through a second applanation phase. The ultra-high speed (4300 frames/second)
Scheimpflug camera takes 140 images of the horizontal corneal meridian during the
32 milliseconds duration of the air jet. The images are further analyzed to report the
dynamic corneal response parameters (DCR). Although both ORA and Corvis ST use air
puffs, there is a difference between them. In the ORA, the air jet is variable depending on
the P1, while the air pressure is constant in the Corvis ST [18,25,31,32].

The Corvis ST reports several parameters (Figure 2); however, it may also be con-
founded by the IOP [20,26,31].
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Figure 2. Schematic diagrams of the ocular biomechanical parameters provided by Corvis ST.
(A) Cornea deformation during the Corvis ST measurement. From left to right: resting state before the
measurement; first applanation; highest concavity; and second applanation. (B) Graphs illustrating
SP-A1, ARTh, DA ratio 2 mm, inverse radius, and integrated radius. Lower values of SP-A1 and
ARTh indicate a more deformable cornea, whereas higher values of DA ratio 2 mm, inverse radius,
and integrated radius indicate a more deformable cornea. (C) Correlation between deformation
amplitude and whole eye movement. Deformation amplitude is the sum of whole eye movement
and pure corneal deformation named deflection amplitude. Yellow arrow: whole eye movement; Red
arrow: deflection amplitude; and Blue arrow: deformation amplitude. Reprinted with permission
from Wu N, Chen Y, and Sun X. Association Between Ocular Biomechanics Measured With Corvis ST
and Glaucoma Severity in Patients With Untreated Primary Open Angle Glaucoma. Transl Vis Sci
Technol. 2022;11(6):10. doi:10.1167/tvst.11.6.10 [33].

The applanation times (AT), lengths (AL), and velocities (AV) are recorded during
the inward (first applanation, designated #1, e.g., A1T, A1L, A1V) and outward (second
applanation, designated #2, e.g., A2T, A2L, A2V) phases of corneal applanation. The
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maximum corneal deformation during the air puff is known as maximum deformation (in
millimeters). The curvature radius highest concavity (radius HC) is the corneal radius of
curvature in millimeters at the highest corneal concavity, whereas the maximum inverse
radius is 1/radius HC. It should be noted that the higher the radius HC, the more resistance
to deformation, i.e., stiffer cornea, whereas the higher the inverse radius, the less resistance
to deformation, i.e., softer cornea. The integrated inverse radius (IIR) is the integrated sum
of the inverse concave radius between the first and second applanation [26,32]. During the
air puff, a whole-eye movement (WEM) occurs. The parameters that compensate for WEM
are known as “deflection” parameters, whereas those that do not compensate for WEM are
“deformation” parameters. For example, the maximum deformation amplitude (DA Max)
is the displacement of the corneal apex in the anterior–posterior plane.

In contrast, the maximum deflection amplitude (DeflAmpMax) is the DA Max minus
WEM [26,32]. The DA ratios 1 or 2 mm are the DA Max divided by the DA at 1 or
2 mm away from the apex. The higher the DA ratio, the softer the cornea because the
deformation occurs at the center but is limited at the periphery in a softer cornea. The
peak distance (PD) is the distance between the two corneal peaks at the time of the highest
corneal concavity. The Ambrosio Relational Thickness to the horizontal profile (ARTh) is
the quotient corneal thickness at the thinnest point of the horizontal meridian, and the
thickness changes [17,26,32,34]. The corneal biomechanical index (CBI) was developed using
statistical methods to enhance keratoconus detection and screening [35]. Biomechanically
corrected IOP (bIOP) compensates for the effects of CCT on IOP measurements. However,
a recent study by Matsuura and colleagues demonstrated that bIOP was significantly
associated with CH (p < 0.001). On the other hand, IOPcc measured by the ORA was not
significantly associated with CH but was significantly associated with CCT [36].

Recently, more parameters have been developed for a more accurate evaluation of
corneal stiffness, including the Stiffness Parameter at the first Applanation (SP-A1), Stiff-
ness Parameter at Highest Concavity (SP-HC), and Stress–Strain Index (SSI). Those pa-
rameters have been proposed to be heavily affected by corneal stiffness rather than the
IOP [31]. The SSI was developed in 2019 by Eliasy and colleagues for mapping the over-
all corneal stiffness [37]. Zhang and colleagues have reported that the SSI map values
demonstrated small fluctuations with IOP and CCT [38]. Pillunat and colleagues devel-
oped a novel parameter called biomechanical glaucoma factor (BGF) based on several
Corvis ST parameters, including DA ratio progression, HCT, Pachymetry slope, bIOP,
and Pachymetry [39]. Although a study by Fujishiro and colleagues demonstrated a
significant correlation between Corvis ST measurements (DA ratio, SP-A1, and inverse
radius) and ORA-measured CH, the correlation was weak to moderate. The authors
have suggested that the optimal model for calculating CH using Corvis ST parameters is:
CH = −76.3 + 4.6xA1T + 1.9xA2T + 3.1xDA + 0.016xCCT [17].

3.3. Brillouin Microscopy

The BM is a non-contact device that uses a different approach for evaluating corneal
biomechanics based on light scattering (Brillouin scattering) arising from the interaction
between light photons and acoustic phonons (thermodynamic fluctuations). Upon Bril-
louin interaction, the scattered light acquires a frequency shift related to the longitudinal
elastic modulus of the sample without needing any mechanical perturbation [40]. Un-
like previous methods, BM provides a non-contact, non-perturbative three-dimensional
(3D) mapping of the corneal elastic modulus. Furthermore, its novel elasticity metrics
enable distinguishing ectatic from normal corneas in vivo with previously unattainable
mechanical sensitivity [41,42]. The measurement, as currently performed, is also indepen-
dent of IOP [43] and thus may help solve the problem of the confounding effect of IOP on
corneal biomechanical measures. This is particularly an issue in glaucoma, where glaucoma
patients may have high IOP or lower treated IOP.

In vivo corneal biomechanics have never been evaluated in glaucoma patients using
BM. However, several studies have used BM to evaluate corneal biomechanics in kerato-
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conus, collagen cross-linking efficacy, and in vivo crystalline lens evaluation [44–47]. In
an ex vivo study, Scarcelli and colleagues reported that the keratoconic corneas had a
significantly lower Brillouin frequency shift in the cone area compared to normal corneas
(p < 0.001) [44]. However, there were no significant differences in the mean Brillouin fre-
quency in an area outside the cone compared to corresponding areas in normal healthy
corneas. In the most recent in vivo studies by Zhang and colleagues, motion-tracking
was introduced to enhance Brillouin measurement sensitivity [42]; they retrospectively
compared the corneal biomechanics of early keratoconus patients to healthy controls. They
reported a statistically significant reduction in the Brillouin frequency shift of keratoconic
corneas compared to normal corneas (p < 0.001), demonstrating the great potential of
mechanical metrics to identify the earliest stage of ectasia progression [41]. Further studies
are needed to evaluate the utility of the BM in other disease conditions, including different
types of glaucoma [46].

Other methods using ultrasound or optical coherence tomography (OCT) are be-
ing developed to evaluate corneal biomechanics, such as ultrasound elastography, OCT
elastography, and electronic speckle pattern interferometry [25,48].

4. Clinical Studies Measuring Corneal Hysteresis and Corneal Resistance Factor in
Glaucoma Patients

Several studies have evaluated the ORA parameters (CH and CRF) in different types
of glaucoma and OHT (Table 1) [49–74].

Table 1. Studies evaluating corneal hysteresis in glaucoma/ocular hypertension (OHT) patients
compared to healthy controls using the ocular response analyzer.

Study Number of Patients Prostaglandin Therapy in the
Glaucoma Group

Parameters That Were Significantly
Different between Study Groups

Glaucoma/OHT Healthy
controls

Kirwan and
colleagues,
2006 [49]

8 (CG) 42 Not reported

- CG eyes had a statistically
significantly lower mean CH
(6.3 mmHg) compared to
normal controls (12.5 mmHg)

Sullivan-Mee
and colleagues,

2008 [74]

99 (primary
glaucoma)
58 (OHT)
70 (GS)

71

- Glaucoma: 33% use PGA alone
and 40% used PGA with adjunct

- OH group: 31% used PGA alone
and 7% used PGA with adjunct

- Glaucoma group had a
significantly lower mean CH
(8.1 mmHg) compared to OHT
(8.9 mmHg), GS (8.9 mmHg),
and normal (9.7 mmHg).

- OHT group had a significantly
higher CRF (10.2 mmHg)
compared to glaucoma
(8.3 mmHg), GS (8.5 mmHg),
and normal (9.2 mmHg)

Mangouritsas
and colleagues,

2009 [51]
108 (POAG) 74

- 42.6% were treated with one
medication and 57.4% were
treated with >1 medication.
However, medication details
were not reported

- POAG eyes had a statistically
significantly lower mean CH
(8.9 mmHg) compared to
normal controls (10.9 mmHg)

Sun and
colleagues,
2009 [52]

40 (unilateral
CPACG) 40 - 8/40 used PGA

- CPACG eyes had a statistically
significantly lower mean CH
(6.8 mmHg) compared to the
fellow eyes (10.5 mmHg) and
normal controls (10.5 mmHg)
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Table 1. Cont.

Study Number of Patients Prostaglandin Therapy in the
Glaucoma Group

Parameters That Were Significantly
Different between Study Groups

Abibtol and
colleagues,
2010 [53]

58 (OAG-HTG) 75

- All patients were treated with
glaucoma medication. However,
no details were reported

- Glaucomatous eyes had a
statistically significantly lower
mean CH (8.7 mmHg) compared
to normal controls (10.4 mmHg)

Ayala, 2011 [63] 30 (POAG)
30 (PXG) 30

- POAG and PXG patients were
on glaucoma medications.
However, no details were
reported

- CH was significantly lower in
PXG compared to normal
subjects and POAG

- No significant difference in CH
between normal controls
and POAG

Narayanaswamy
and colleagues,

2011 [54]

162
(POAG-HTG

and NTG)
131 (PACG)

150

- Patients using medications were
not excluded. However, details
were not reported

- After adjusting for age, sex, and
IOP, CH was significantly lower
in PACG (9.4 mmHg) compared
to normal controls (10.1 mmHg)

- No difference in CH between
POAG and normal controls

Kaushik and
colleagues,
2012 [55]

36 (POAG-HTG)
18 (POAG-NTG)

101 (GS)
38 (OHT)

59 (PACD)

71

- Patients on any topical
ophthalmic treatment were
excluded from the study

- CH was significantly lower in
HTG (7.9 mmHg) and NTG
(8.0 mmHg) compared to
normal controls (9.5 mmHg)

- CRF was lowest In NTG
(7.8 mmHg) and highest in HTG
(11.1 mmHg)

Grise-Dulac and
colleagues,
2012 [56]

38 (POAG-HTG)
14 (NTG)
27 (OHT)

22 - Not reported

- NTG eyes had a statistically
significantly lower mean CH
(9.8 mmHg) compared to
normal controls (11.05 mmHg)

- NTG eyes had a statistically
significantly lower mean CRF
(9.5 mmHg) compared to normal
controls (11.00 mmHg) and HTG
(11.1 mmHg)

Derty-Morel
and colleagues,

2012 [57]
59 (POAG) 55 - Not reported

- African healthy controls and
POAG patients had a
significantly lower CH
compared to Caucasian normal
and POAG patients

Morita and
colleagues,
2012 [58]

83 (NTG) 83 - Not reported

- NTG eyes had a statistically
significantly lower mean CH and
CRF (9.2 mmHg and 8.9 mmHg,
respectively) compared to
normal controls (10.8 mmHg
and 10.6 mmHg, respectively)
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Table 1. Cont.

Study Number of Patients Prostaglandin Therapy in the
Glaucoma Group

Parameters That Were Significantly
Different between Study Groups

Cankaya and
colleagues,
2012 [59]

64 (PEX)
78 (PXG) 102

- 12/78: PGA alone
- 34/78: PGA and other

medications

- PXG eyes had a statistically
significantly lower mean CH
(6.9 mmHg) compared to
normal controls (9.4 mmHg) and
PEX eyes (8.5 mmHg)

- CRF was not significantly
different in PXG eyes
(9.5 mmHg) compared to the
control group (9.8 mmHg) and
PEX (9.3 mmHg)

Beyazyildiz and
colleagues,
2014 [60]

66 (POAG)
46 (PXG) 50

- POAG: 54%
- PXG: 63%

- PXG eyes had a statistically
significantly lower mean CH
(7.6 mmHg) compared to
normal controls (9.6 mmHg) and
POAG eyes (9.1 mmHg)

- CRF was significantly lower in
PXG eyes (9.0 mmHg) compared
to the control group (9.8 mmHg)
and POAG (10.1 mmHg)

Shin and
colleagues,
2015 [61]

97
(POAG-NTG) 89 - 47/97

- NTG eyes had a statistically
significantly lower mean CH and
CRF (9.9 mmHg and 9.7 mmHg,
respectively) compared to
normal controls (10.5 mmHg
and 10.5 mmHg, respectively)

Hussnain and
colleagues,
2015 [62]

322 (POAG) 1418 - Not reported
- POAG eyes had a statistically

significantly lower mean CH
(9.5 mmHg) compared to
normal controls (9.9 mmHg)

Yazgan and
colleagues,
2015 [64]

43 eyes (PEX)
30 eyes (PXG) 45 eyes - 17/30

- PXG eyes had a statistically
significantly lower mean CH
(6.8 mmHg) compared to
normal controls (10.3 mmHg)
and PEX eyes (8.2 mmHg)

- CRF was significantly higher in
the control group (10.3 mmHg)
compared to PEX (7.9 mmHg)
and PXG (7.9 mmHg)

Dana and
colleagues,
2015 [65]

37 eyes (POAG) 21 eyes - Not reported

- POAG eyes had a lower CH
(9.8 mmHg) and CRF
(10.3 mmHg) compared to
control eyes (11.0 and 11.6,
respectively)

Pillunat and
colleagues,
2016 [66]

48 (POAG-HTG)
38 (POAG-NTG)

18 (OHT)
44

- Patients were on topical
medications; however, details
were not reported

- POAG eyes had a statistically
significantly lower mean CH
(8.9 mmHg) and CRF
(9.07 mmHg) compared to OHT
(CH: 10.2 mmHg, CRF:
10.7 mmHg) and normal
controls (CH: 9.7 mmHg, CRF:
10.2 mmHg)
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Table 1. Cont.

Study Number of Patients Prostaglandin Therapy in the
Glaucoma Group

Parameters That Were Significantly
Different between Study Groups

Perucho-
Gonzalez and

colleagues,
2016 [67]

78 (PCG) 53 - Not reported

- PCG eyes had a statistically
significant lower CH
(8.5 vs. 11.3 mmHg) and CRF
(9.8 vs. 11.02 mmHg) compared
to controls

Perucho-
Gonzalez and

colleagues,
2017 [68]

66 (PCG) 94 - Not reported

- PCG eyes had a statistically
significant higher AME
(9.0 vs. 3.2), PAE (3.1 vs. 0.9),
and PME (30.8 vs. 7.5) compared
to controls

- PCG eyes had a statistically
significant lower CH
(8.5 vs. 11.1 mmHg) and CRF
(9.9 vs. 10.7 mmHg) compared
to controls

Park and
colleagues,
2018 [69]

95
(POAG-NTG) 93

- Patients on glaucoma
medications were excluded

- NTG eyes had significantly
lower CH (10.5 mmHg) and CRF
(10.1 mmHg) compared to
normal controls
(10.8 and 10.6 mmHg,
respectively)

Potop and
colleagues,
2020 [73]

79 eyes (POAG
regardless of

IOP)
68 eyes (OHT)

67 eyes
- Patients on glaucoma

medications were not excluded

- POAG eyes had lower CH
(8.5 mmHg) compared to OHT
(9.6 mmHg) and normal controls
(11.7 mmHg)

Aoki and
colleagues,
2021 [70]

68 (POAG) 68
- Patients on glaucoma

medications were not excluded
- CH was significantly lower in

POAG (8.9 mmHg) compared to
normal eyes (9.9 mmHg)

Rojananuangnit,
2021 [71]

272 (POAG)
143 (NTG)
48 (PACG)
30 (OHT)

465

- POAG: 414/434 eyes
- NTG: 141/143 eyes
- PACG: 46/74 eyes
- OHT: 24/44 eyes

- CH in OHT (10.1 mmHg) was
significantly higher than POAG
(8.74) and PACG (9.09 mmHg)

- No statistically significant
difference in CH between OHT
(10.1 mmHg) and NTG
(9.5 mmHg)

- The CH was significantly lower
in the glaucoma groups
compared to normal controls

Del Buey-Sayas
and colleagues,

2021 [72]

491 (Glaucoma
or GS) 574 - Not reported

- CH in glaucoma patients
(9.6 mmHg) is lower than in the
control group (10.7 mmHg) and
all forms of GS

CG: congenital glaucoma, GS: glaucoma suspect, OAG: open-angle glaucoma, POAG: primary open-angle
glaucoma, CPACG: chronic primary angle-closure glaucoma, HTG: high-tension glaucoma, NTG: normal-tension
glaucoma, PCG: primary congenital glaucoma, COAG: chronic open-angle glaucoma, PEX: pseudoexfoliation
syndrome, PXG: pseudoexfoliation glaucoma, PACD: primary angle-closure disease, PACG: primary angle-
closure glaucoma, CH: corneal hysteresis, CRF: corneal resistance factor, AME: anterior maximum elevation,
PAE: posterior apex elevation, and PME: posterior maximum elevation.

Most studies have reported that CH is lower in glaucoma/OHT patients compared to
healthy controls. This may reflect corneal biomechanical differences in glaucoma but may
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be confounded by IOP. For example, in cases of increased IOP, the tension on the cornea
increases, and its ability to dissipate energy decreases, resulting in smaller differences
between the P1 and P2 and, accordingly, a lower CH [20].

Several factors must be considered in interpreting the results of these studies. A
common misconception is to interpret CH/CRF values as parameters for corneal stiffness,
although both are parameters for elasticity and viscosity rather than purely elasticity param-
eters. In other words, low CH by itself does not mean a soft or stiff cornea [15,20]. Second,
some studies have evaluated CH/CRF in POAG without stratifying them into high-tension
glaucoma (HTG) and NTG, which have different biomechanical profiles [50,51,54]. Age
and diabetes status have further been reported to affect CH; therefore, any interpretation of
the results should consider adjusting for those factors [75,76].

The CH and CRF have been reported to differ among different types and stages of
glaucoma. In a study of 894 subjects, Rojananuangnit retrospectively compared CH in
glaucoma patients (POAG-HTG, POAG-NTG, primary angle-closure glaucoma (PACG),
and OHT) to normal controls. He reported that the mean CH was significantly lower
in POAG-HTG compared to POAG-NTG and OHT. However, the difference was not
statistically significant between POAG-HTG and PACG. In POAG-HTG and PACG, mean
CH was significantly different between different stages of glaucoma, being lower in more
severe stages of the disease. For example, the mean CH in the POAG-HTG severe stage
was 7.92 mmHg compared to 9.22 mmHg in the early stage and 8.74 in the moderate
stage (p < 0.001). In PACG, the mean CH was statistically significantly lower in the severe
stage (8.45) compared to the early stage (9.85) (p = 0.004) but not when compared to the
moderate stage (9.04, p = 0.2) [71]. In contrast, in a study of 49 patients, Yang and colleagues
compared the CH in POAG-HTG versus POAG-NTG and reported no significant difference
(10.11 mmHg versus 10.17 mmHg, respectively) (p = 0.81) [77]. A cross-sectional study of
162 subjects by Beyazyildiz and colleagues found that the mean CH was significantly lower
in pseudoexfoliative glaucoma (PXG) (7.6 mmHg) compared to POAG patients (9.1 mmHg)
and normal controls (9.6 mmHg) (p < 0.001). The CRF was also significantly lower in
PXG patients (9.0 mmHg) compared to POAG patients (10.1 mmHg) and healthy controls
(9.8 mmHg) [60].

Other studies have investigated the relationship between CH and glaucomatous struc-
tural changes. In a multicenter prospective study (EPIC-Norfolk Eye Study), Khawaja and
colleagues evaluated the association between CH and Heidelberg retina tomograph (HRT)
and Glaucoma Detection with Variable Corneal Compensation scanning laser polarimeter
(GDxVCC). They reported that the CH was positively correlated with HRT rim area and
GDxVCC-derived retinal nerve fiber layer (RNFL) thickness and modulation and negatively
correlated with the HRT-derived linear cup-to-disc ratio [78]. Another prospective study
by Wells and colleagues found that the CH was significantly correlated with the mean cup
depth in glaucoma patients [79].

Further work has studied the potential association between CH and structural glau-
coma progression. Wong and colleagues demonstrated that lower CH is significantly
associated with anterior lamina cribrosa displacement, suggesting lower CH could be a risk
factor for glaucoma progression [80]. Jammal and Medeiros measured the neuroretinal rim
by the OCT of the Bruch’s membrane opening minimum rim width (MRW) and correlated
it with baseline CH in 118 glaucomatous eyes. They reported that lower baseline CH was
associated with faster loss of neuroretinal rim and that for each one mmHg lower baseline
CH, the MRW loss was faster by −0.38 µ/year [81]. Radcliffe and colleagues reported
that eyes with optic disc hemorrhage—another potentially important sign of glaucoma
progression—have significantly lower CH (8.7 mmHg) compared to those without disc
hemorrhage (9.2 mmHg) (p = 0.002) [82].

Finally, lower CH has been associated with a higher chance of visual field progres-
sion. Medeiros and colleagues conducted a prospective longitudinal study, including
114 glaucomatous eyes, with a mean follow-up of 4 years to demonstrate the role of base-
line CH on visual field progression. They reported that the visual field index declined at
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a 0.25% faster rate annually per one mmHg lower CH [83]. Another prospective study
by Kamalipour and colleagues included 248 glaucomatous and glaucoma suspect eyes
with a mean follow-up of 4.8 years. They reported that for each one mmHg lower baseline
CH, there was a faster decline in the 10-2 visual field mean deviation (MD) (0.07 dB/year)
and 1.35 increased odds of visual field progression. However, there was no statistically
significant correlation between the CH and 24-2 visual field MD [84]. Chan and colleagues
reported that for each one mmHg decline in the CRF over time, the visual field MD declined
by a 0.14 dB faster rate annually (p = 0.007) [85]. A recent study reported that lower baseline
CH was associated with more rapid rates of optic nerve microvasculature loss in POAG
patients [86].

Lower CH has been proposed as a risk factor for the development of glaucoma in
glaucoma suspects. In a prospective study by Susanna and colleagues following up 287 eyes
identified as glaucoma suspects, 44 eyes developed visual field defects during the follow-up.
They demonstrated that baseline CH was significantly lower in patients who developed
glaucoma (9.5 mmHg) compared to those who did not develop glaucoma (10.2 mmHg)
(p = 0.01). They further demonstrated a 21% increased glaucoma risk for each one mmHg
lower baseline CH [87].

5. Clinical Studies Using Corneal Visualization Scheimpflug Technology (Corvis ST)
in Evaluating Corneal Biomechanics in Glaucoma Patients

While several studies have reported promising results for corneal biomechanical
biomarkers using Corvis ST in glaucoma patients, the results have shown differing and
sometimes conflicting results. Several studies have reported that glaucoma patients have
less deformable corneas than normal controls [88–90], whereas other studies reported the
reverse—more deformable corneas in glaucoma patients compared to controls [91,92]. This
discrepancy may be related to certain limitations in the development of the technology as
well as in the study design. For example, some studies drew conclusions based on corneal
stiffness parameters that may be more dependent and confounded by IOP. Other limitations
in the current literature include the inclusion of patients on chronic prostaglandin analogue
(PGA) therapy, which may alter corneal biomechanics. Topical PGA alters the expression
of matrix and tissue metalloproteinases, causing structural changes that may affect corneal
stiffness and biomechanical properties. Finally, glaucoma at high pressures (HTG) and
glaucoma at normal pressures (NTG) may have different biomechanical properties, and
some prior work has not stratified POAG patients in one classification or another [14,31]. A
recent meta-analysis by Catania and colleagues included six prospective studies comparing
the Corvis ST parameters between POAG-HTG versus normal controls. They concluded
that POAG-HTG patients had stiffer corneas than normal controls based on significantly
lower DA, PD, HCT, A1V, and A2T and significantly higher radius HC compared to healthy
controls [14].

It should be noted that mostof these factors were correlated strongly with IOP [31]. On
the other hand, factors such as SP-A1, SP-HC, or SSI, which were less affected by IOP, were
not included in their analysis [14]. Table 2 summarizes major studies evaluating corneal
biomechanics in glaucoma/OHT patients using Corvis ST [33,39,70,88–107].
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Table 2. Studies evaluating corneal biomechanics in glaucoma/ocular hypertension (OHT) patients
compared to healthy control using Corvis ST.

Study Number of Patients
Prostaglandin
Therapy in the

Glaucoma Group

Parameters
Evaluated *

Parameters That Were
Significantly Different
between Study Groups

Conclusion

Glaucoma/OHT Healthy
controls

Leung and
colleagues,
2013 [93]

101 glauco-
matous eyes
39 glaucoma
suspect eyes

40

PGAs were used, but
the exact number of

patients on PGA was
not reported

5 parameters

- A1L
- A2L
- A1V
- A2V
- DA

None of the five factors were statistically
significantly different between both groups

Salvetat and
colleagues,
2015 [88]

85 (POAG) 79 33/87 patients

10 parameters

- A1T
- A1L
- A1V
- A2T
- A2L
- A2V
- HCT
- DA
- PD
- Radius HC

- A1T was higher in
the POAG group
(p = 0.007).

- The A1V (p = 0.04),
A2T (p < 0.001),
A2V (p = 0.014), and
DA HC (p < 0.001)
were lower in the
POAG group.

POAG eyes have
less deformable
corneas than
controls

Wang and
colleagues,
2015 [89]

37 (POAG-
HTG) 36

Patients on glaucoma
medications were not

excluded from
the study

10 parameters

- A1T
- A1L
- A1V
- A2T
- A2L
- A2V
- HCT
- DA
- CCR
- PD

- A1T, A2V, and PD
were higher in the
POAG (p < 0.05).

- DA, A1V, and A2T
were lower in the
POAG (p < 0.05).

POAG eyes have
less deformable
cornea compared
to controls

Coste and
colleagues,
2015 [90]

37 (COAG) 19 Not reported

7 parameters

- DA
- A1T
- A2T
- HCT
- A1L
- A2L
- Corneal

velocity

- DA was
significantly lower
in the COAG group

- HCT was
significantly shorter
in the COAG group

Corneal
deformation is
lower in
glaucomatous
patients
compared to
controls

Lee and
colleagues,
2016 [94]

34
(POAG-HTG)

26 (POAG-
NTG)

61
79.5% were on

glaucoma
medications

10 parameters

- A1T
- A1L
- A1V
- A2T
- A2L
- A2V
- HCT
- DA
- PD
- Radius HC

- A2V (p = 0.001) and PD (p = 0.005) were
greater in the glaucoma group

- HCT was shorter in the glaucoma group
(p = 0.002)
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Table 2. Cont.

Study Number of Patients
Prostaglandin
Therapy in the

Glaucoma Group

Parameters
Evaluated *

Parameters That Were
Significantly Different
between Study Groups

Conclusion

Tian and
colleagues,
2016 [95]

42 (POAG-
HTG) 60 34/42 patients

10 parameters

- A1T
- A1L
- A1V
- A2T
- A2L
- A2V
- HCT
- DA
- PD
- Radius HC

- DA was
significantly lower
in the POAG
(p < 0.001).

- A1V, A2T, and PD
were lower in the
POAG group

Corneal
deformation is
lower in
glaucomatous
patients
compared to
controls

Wu and
colleagues,
2016 [108]

69 19

35/69
(treatment naïve)

34/69
(at least 2 years of

PGA therapy)

10 parameters

- A1T
- A1L
- A1V
- A2T
- A2L
- A2V
- DA
- PD
- Radius HC
- HCT

- After adjusting for
age, gender, IOP,
CCT, axial length,
and corneal
curvature, DA was
significantly lower
in treatment-naïve
POAG compared to
POAG on PGA
therapy and
controls

- Treatment-
naïve
POAG eyes
have less
deformable
corneas
compared
to patients
on PGA
therapy

Jung and
colleagues,
2017 [96]

136 (OAG) 75 82/136 patients

9 parameters

- A1L
- A1V
- A2L
- A2V
- DA
- PD
- Radius HC
- WEM
- DFA

- DA was smaller
compared to
controls (p = 0.03)

Corneal
deformation is
lower in
glaucomatous
eyes compared to
controls

Hong and
colleagues,
2019 [91]

80 (POAG-
NTG) 155

76% were on
glaucoma

medications but they
did not specify the

number

10 parameters

- A1T
- A1L
- A1V
- A2T
- A2L
- A2V
- HCT
- DA
- PD
- Radius HC

- A1V was
significantly higher
in the NTG group

NTG has more
deformable
corneas
compared to
controls

Miki and
colleagues,
2019 [92]

75 (POAG-
medically

controlled)
47

Mean number of
topical medications

was 1.8 ± 1.2.
However, % of eyes

that used
prostaglandin

analogues was not
specified

8 parameters

- A1T
- A1V
- A2T
- A2V
- HC DFA
- PD
- Radius HC
- WEM

- Glaucoma was
negatively
correlated with A1T,
A2T, radius HC,
and WEM

- Eyes with
medically
controlled
POAG are
more
deformable
compared
to normal
controls

239



Bioengineering 2023, 10, 1108

Table 2. Cont.

Study Number of Patients
Prostaglandin
Therapy in the

Glaucoma Group

Parameters
Evaluated *

Parameters That Were
Significantly Different
between Study Groups

Conclusion

Pillunat and
colleagues,
2019 [39]

70 (POAG-
NTG) 70 115/140 eyes

They used five
parameters (DA
ratio progression,
HCT, Pachymetry
slope,
biomechanically
corrected IOP,
Pachymetry) to
calculate Dresden
BGF

- The BGF was
statistically higher
in the NTG (0.67)
compared to
normal controls
(0.33) (p < 0.001).

- DA ratio
progression was
higher and HCT
was shorter in NTG
compared to
controls

- Using a
cut-off of
0.5 BGF,
NTG can
be differen-
tiated from
normal
controls
and
correctly
classified in
76% of eyes

- NTG eyes
may have
stiffer
corneas
with
reduced
viscoelastic
capability

Vinciguerra
and

colleagues,
2020 [97]

41
(POAG-HTG)

33
(POAG-NTG)

45 (OHT)

37

37/41 patients
(POAG-HTG)
23/33 patients
(POAG-NTG)

31/45
patients (OHT)

4 parameters

- SP-A1
- SP-HC
- Inverse

concave
radius

- DA ratio

- SP-A1 and SP-HC
were significantly
lower in NTG
compared to the
other three groups

- Inverse concave
radius and DA ratio
were significantly
higher in NTG
compared to the
other 3 groups

NTG eyes have a
more deformable
cornea compared
to HTG, OHT,
and controls

Miki and
colleagues,
2020 [98]

35 (POAG-
NTG) 35 0 (All patients were

treatment-naïve)

10 parameters

- A1T
- A1V
- A2T
- A2V
- HC DFA
- PD
- Radius HC
- DA ratio

1 mm
- Integrated

radius
- WEM Max

- A1T, A2T, and
radius HC were
significantly
smaller in NTG
compared to
controls

- PD, DA 1 mm, and
integrated radius
were significantly
larger in NTG
compared to
controls

Corneas of
untreated NTG
eyes are more
deformable
compared to
controls

Pradhan and
colleagues,
2020 [100]

29 (POAG
including

NTG)
32 (PXG)

33 0 (All patients were
treatment-naïve)

7 parameters

- A1L
- A1V
- A2L
- A2V
- DA
- PD
- Radius HC

- After adjusting for
IOP, there was no
difference in any
parameter between
the three groups

No difference in
corneal
deformability
between POAG,
PXG, and controls
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Table 2. Cont.

Study Number of Patients
Prostaglandin
Therapy in the

Glaucoma Group

Parameters
Evaluated *

Parameters That Were
Significantly Different
between Study Groups

Conclusion

Pradhan and
colleagues,
2020 [101]

27 (PXG)
14 (PXF +

OHT)
29 (PXF)

32 0 (All patients were
treatment-naïve)

7 parameters

- A1L
- A1V
- A2L
- A2V
- DA
- PD
- Radius HC

- DA and corneal
velocities were
significantly lower
in PXG and
PXF + OHT
compared to PXF
and normal controls

- After adjusting for
IOP and age, there
was no difference in
any parameter
between the four
groups

No difference in
corneal
deformability
between PXG,
PXF, PXF + OHT,
and controls

Jung and
colleagues,
2020 [99]

46
(POAG-HTG)

54 (POAG-
NTG)

61 32/46 in HTG
38/54 in NTG

7 parameters

- A1L
- A1V
- A2L
- A2V
- PD
- DA
- Radius HC

- A1V and DA were
smaller in HTG
compared to NTG
and controls

- Radius HC was
larger in HTG
compared to
controls

Eyes with
POAG-HTG have
less deformable
corneas
compared to NTG
and controls

Aoki and
colleagues,
2021 [70]

68 (POAG) 68 56/68 BGF

- No statistical
difference in BGF
between POAG
eyes (0.61) and
normal controls
(0.51)

- BGF is not
useful in
differentiat-
ing POAG
eyes from
normal
controls

Wei and
colleagues,
2021 [102]

45
(POAG-HTG)

49 (POAG-
NTG)

50

Several glaucoma
patients were on PGA,

but they did not
report a specific

number

19 parameters

- Max
inverse
concave
radius

- DAR 2mm
- DAR 1mm
- Integrated

radius
- SP-A1
- A1-DFL
- HC-DFL
- A2-DFL
- A1-DFA
- HC-DFA
- A2-DFA
- DFA Max
- WEM
- A1-DF

Area
- HC-DF

Area
- A2-DF

Area
- A1-dDFL
- A2-dDFL
- dDFL Max
- HC-dDFL

- Maximum inverse
concave radius and
DAR (1 and 2 mm)
were significantly
higher in NTG eyes
compared to
controls

- Integrated radius
and DAR 2 mm
were significantly
higher in NTG
compared to HTG

- SPA-1 was
significantly lower
in NTG compared
to HTG

- No significant
difference in any of
the parameters
between HTG and
normal controls

- NTG eyes
have more
deformable
corneas
compared
to HTG
and
controls

- No
difference
in corneal
deformabil-
ity between
HTG and
controls
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Table 2. Cont.

Study Number of Patients
Prostaglandin
Therapy in the

Glaucoma Group

Parameters
Evaluated *

Parameters That Were
Significantly Different
between Study Groups

Conclusion

Silva and
colleagues,
2022 [103]

61 eyes
(POAG)
32 eyes

(Amyloidotic
glaucoma)

37 eyes
(OHT)

53 eyes

72% (POAG)
59% (Amyloidotic

glaucoma)
59% (OHT)

14 parameters

- A1T
- A1V
- A2T
- A2V
- A1-DFL
- A2-DFL
- PD
- Radius HC
- DA HC
- HC-DFA
- SSI
- SP-A1
- DA ratio
- Integrated

radius

- Eyes with OHT had
significantly higher
SPA-1 compared to
POAG, and SSI
compared to
amyloidotic
glaucoma

- Eyes with
amyloidotic
glaucoma had
lower HC-DFA and
higher integrated
radius compared to
controls

- Eyes with
OHT have
less
deformable
corneas
compared
to POAG,
Amy-
loidotic
glaucoma,
and
controls

Zarei and
colleagues,
2022 [104]

66 eyes
(POAG-HTG)

21 eyes
(POAG-NTG)
26 eyes (PXG)

46 eyes
(PACG)

70 eyes

31 parameters

- A1T
- A1V
- A2T
- A2V
- HCT
- PD
- Radius HC
- A1-DA
- HC-DA
- A2-DA
- A1-DFL
- HC-DFL
- A2-DFL
- A1-DFA
- HC-DFA
- A2-DFA
- DFA Max
- WEM Max
- A1-DF area
- HC- DF

area
- A1-dArc

length
- HC-dArc

length
- A2-dArc

length
- dArc

length Max
- DA ratio

Max
- ARTh
- Integrated

radius
- SP-A1
- SSI
- CBI

- Radius indices were
lower in HTG, NTG,
and PXG compared
to controls

- Max inverse radius
and integrated
radius were higher
in PACG compared
to controls

Altered corneal
biomechanics in
different types of
glaucoma
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Table 2. Cont.

Study Number of Patients
Prostaglandin
Therapy in the

Glaucoma Group

Parameters
Evaluated *

Parameters That Were
Significantly Different
between Study Groups

Conclusion

Xu and
colleagues,
2022 [107]

113
(POAG-HTG)
108 (POAG-

NTG)

113 47/113 (POAG-HTG)
42/108 (POAG-NTG)

5 parameters **

- DA
- DA ratio
- Integrated

radius
- SPA-1
- SSI

- DA was higher in
the NTG compared
to HTG (p = 0.03)
but not when
compared to
controls (p = 0.93)

- No significant
difference between
three groups in DA
ratio, integrated
radius, SP-A1, and
SSI measurements

Based on Corvis
ST *** results,
NTG eyes have
more deformable
corneas
compared to HTG
but not when
compared to
controls

Wu and
colleagues,
2022 [33]

55
(POAG-HTG)

47 (POAG-
NTG)

51 0 (All patients were
treatment-naïve)

13 parameters

- A1T
- A1V
- A2T
- A2V
- HCT
- DA
- PD
- Radius HC
- SP-A1
- Integrated

radius
- ARTh
- DA ratio

2 mm
- WEM

- DA was
significantly higher
and A1T and HC
time were
significantly lower
in NTG, and HTG
compared to
normal controls

- Comparing NTG
and HTG, only A1V
was significantly
different being
lower in HTG

NTG eyes have
more deformable
corneas
compared to HTG
and normal
controls

- HTG eyes
have more
deformable
corneas
compared
to normal
controls

Vieira and
colleagues,
2022 [106]

70
(POAG-HTG)

16 (PXG)
23 (OHT)

37

All glaucoma patients
and 92.9% of OHT

were medically
treated. However,
details were not

reported

8 parameters

- A1L
- A1V
- A2L
- A2V
- PD
- Radius HC
- DA
- CSI

- OHT has
significantly higher
A1L, A2V and
lower A1V
compared to POAG
and PXG

Eyes with OHT
have stiffer
corneas
compared to
healthy controls,
POAG, PXG
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Table 2. Cont.

Study Number of Patients
Prostaglandin
Therapy in the

Glaucoma Group

Parameters
Evaluated *

Parameters That Were
Significantly Different
between Study Groups

Conclusion

Halkiadakis
and

colleagues,
2022 [105]

30
(POAG-HTG)

25 (OHT)
25

POAG and OHT were
medically treated but

details were not
reported

15 parameters

- A1T
- A2T
- A1L
- A2L
- A1V
- A2V
- HCT
- Radius HC
- HCC
- DA
- DA 2mm
- SP-A1
- Inverse

concave
radius

- A2T was the only
parameter that was
statistically
significantly
different between
groups being
shorter in POAG
(p = 0.048)

- Corneas of
POAG may
have
altered vis-
coelasticity
based on
reduced
A2T

POAG: primary open-angle glaucoma, HTG: high-tension glaucoma, NTG: normal-tension glaucoma,
COAG: chronic open-angle glaucoma, OAG: open-angle glaucoma, PXF: pseudoexfoliation syndrome,
PXG: pseudoexfoliation glaucoma, PACG: primary angle-closure glaucoma, PGA: prostaglandin analogues,
A1T: first applanation time, A1L: length of the flattened cornea in A1, A1V: first applanation velocity, A2T: second
applanation time, A2L: length of the flattened cornea in A2, A2V: second applanation velocity, DA: deformation
amplitude, HCT: time from start until cornea reaching the highest concavity, PD: peak distance, HC: highest
concavity, CCR: central curvature radius of the cornea at the highest concavity, WEM: whole eye movement,
DFA: deflection amplitude, DF area: area displaced as a result of corneal deformation in the horizontal section
analyzed, IOP: intraocular pressure, SP-A1: stiffness parameter at first applanation, SP-HC: stiffness parameter
at highest concavity, HCC: central curvature radius at the highest concavity, Max: maximum, mm: millimeter,
dDFL: delta deflection arc length, ARTh: Ambrosio relational thickness to the horizontal profile, CBI: Corvis
biomechanical index, SSI: stress–strain index, CSI: concavity shape index, and BGF: biomechanical glaucoma
factor. *: Apart from intraocular pressure or central corneal thickness. **: There was no separate statistical analysis
for HTG compared to NTG. ***: In addition to Corvis ST, a corneal indentation device was also used to evaluate
corneal stiffness and showed that the corneal stiffness in NTG was lower than that of HTG (p = 0.001) and controls
(p = 0.023).

Few studies compared the corneal biomechanics of OHT patients versus POAG pa-
tients using Corvis ST. Silva and colleagues demonstrated that OHT eyes had less de-
formable “stiffer” corneas based on significantly higher SP-A1 compared to POAG patients
(p = 0.04), although subjects were not stratified into HTG and NTG [103]. On the other
hand, a study by Vinciguerra and colleagues reported that NTG eyes had more deformable
“softer” corneas compared to those with OHT and HTG based on significantly lower SP-A1,
SP-HC, and higher DA ratio and inverse concave radius [97].

BGF is a summary metric developed by Pillunat and colleagues, composed of several
Corvis ST parameters. They proposed that a cut-off value of 0.5 may help differentiate
NTG eyes from normal healthy control, with an area under the curve (AUC) of 0.8 and
a sensitivity of 76% [39]. However, a larger study by Aoki and colleagues reported that
BGF was not a helpful parameter for differentiating POAG and normal controls with an
AUC of 0.61 [70]. In their cohort, they reported a higher AUC (0.7) for ORA-measured
CH [70]. However, they did not differentiate between HTG and NTG and included patients
on topical glaucoma medications. BGF has also been combined with anterior chamber
parameters in evaluating PACG patients in a retrospective study that showed that median
BGF was significantly lower in the PACG patients (6.2) compared to controls (6.6) (p < 0.001).
The anterior chamber volume and BGF combination had the highest AUC (0.93), potentially
improving PACG detection [109].

Limited literature is currently available about the potential association of Corvis ST
measurements and glaucoma severity with varying results. A study by Wu and colleagues
investigated the relationship between corneal biomechanics as measured by Corvis ST and
visual field changes. They reported that the shorter the WEM, the worse the MD (p = 0.02)
and the higher the pattern’s standard deviation (PSD) (p = 0.03) in NTG. However, these
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associations were not found in HTG [33]. Similarly, Bolivar and colleagues reported no
significant association between Corvis ST parameters and visual field MD or PSD in POAG
patients [110]. It should be noted that both studies were performed on treatment-naïve
patients [33,110]. In contrast, Hirasawa and colleagues reported significant correlations
between A1V and A2T and glaucomatous visual field defects [111]. Vinciguerra and
colleagues reported that in POAG eyes (HTG and NTG), there was a significant negative
correlation between DA ratio (p = 0.01) and inverse concave radius (p = 0.02) and MD
and a significant positive correlation between SP-A1 (p = 0.01) and SP-HC (p = 0.03) and
MD [97]. There was also a significant association between PSD and Corvis ST measurements.
Notably, both Hirasawa and Vinciguerra included patients on glaucoma medications,
including PGA, which may have confounded the results [97,111]. The contradictory results
may be explained at least in part by the inclusion of treatment-naïve patients in the first
two studies and treated patients in the last two. A prospective study by Qassim and
colleagues investigated the correlation between SP-A1 and the risk of glaucoma progression
in 228 glaucoma suspects. They demonstrated that the higher the SP-A1, the faster the rate
of RNFL and RGC loss (p < 0.001). They reported that patients with higher SP-A1 and
lower CCT had 2.9-folds increased risk of RNFL loss > 1 µm/year (p = 0.006) [112].

6. Prostaglandin Analogues-Induced Corneal Biomechanical Changes

There is growing evidence about the effect of PGA on ocular biomechanics related
to the mechanism of increased uveoscleral outflow. Several studies have demonstrated
that topical PGA therapy may result in increased matrix metalloproteinase expression
and decreased expression of tissue inhibitors of metalloproteinases, which subsequently
results in structural changes in the outer coat of the eye. These changes are hypothesized
to reduce the ocular stiffness and increase permeability to aqueous outflow, reducing the
IOP [31,113–115]. This same effect could result in corneal biomechanical changes that may
confound the accuracy of serial IOP readings.

There is a controversy about the effect of topical PGA on CH and CRF. A study by
Tsikripis and colleagues evaluated 108 POAG eyes on latanoprost with or without timolol.
They reported that the mean CH significantly increased in both groups, whereas CRF did
not change [116]. Another study by Meda and colleagues evaluated 70 eyes of 35 patients
treated with long-term PGA. The PGA therapy was stopped for six weeks in one eye of
each patient. They reported that cessation of PGA increased CH and CRF [117].

Using Corvis ST, Wu and colleagues compared the changes in corneal biomechanics
of treatment-naïve POAG patients versus POAG under chronic PGA therapy (for at least
two years) versus normal controls. Although they concluded that long-term PGA therapy
induces deformational changes based on the significant increase in the DA, this may be
related to the fact that DA inversely correlates with IOP. Hence, the measured increase in
DA may have been because of decreased IOP with PGA therapy [98,108,118]. Similarly,
Sanchez-Barahona and colleagues reported that three months of PGA therapy in treatment-
naïve POAG patients resulted in significant changes in corneal biomechanics based on
significant changes in A1T (p = 0.001), A2T (p = 0.001), and DA (p = 0.0003) [119]. However,
all three parameters are strongly affected by IOP, and changes may also be explained by IOP
reduction with PGA therapy. Therefore, future studies need to evaluate the PGA-induced
biomechanical changes using more recent parameters that are more heavily affected by
stiffness than IOP changes, such as SP-A1, SP-HC, SSI, and DA ratio [32,120].

On the other hand, Zheng and colleagues [121] studied the effect of travoprost on
rabbit cornea biomechanics and showed that topical PGA resulted in softer corneas with
decreased resistance to deformation. This raises the question of the actual IOP-lowering
effect of the PGA therapy since, theoretically, part of it may be related to measurement
artifacts with softer corneas that may underestimate IOP measurement [31]. However,
further studies are needed to better assess the IOP-lowering effect of PGA independent of its
effect on corneal biomechanics. Another ex vivo study investigated the effects of travoprost
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and tafluprost on rabbit corneas. The authors demonstrated a significant decrease in the
tangent modulus by almost 30% and increased interfibril spacing after PGA therapy [122].

7. Effect of Other Topical Anti-Glaucoma Medications on Corneal Biomechanics

Limited literature is available about the effect of IOP-lowering medications other than
PGA on corneal biomechanics. One study by Aydemir and colleagues [123] reported that
there was a statistically significant difference in the CH between patients on benzalkonium
chloride containing brimonidine (8.77 mmHg) compared to healthy controls (10.26 mmHg)
(p = 0.02). However, there was no difference in the CH or CRF between purite-containing
brimonidine and the control group. This study highlights the effect of preservative agents
on corneal biomechanics.

8. Conclusions

The biomechanical characterization of the cornea has emerged as an exciting frontier in
glaucoma diagnosis and management. However, the limitations of existing methods and the
weak to moderate agreement between the reported parameters limited their widespread use
in clinical practice. Additionally, studies of corneal biomechanics in glaucoma are further
limited by their inclusion of glaucoma subjects taking topical PGA, which may alter corneal
biomechanics, leading to contradicting results. Furthermore, some studies lack proper
patient stratification and sometimes misinterpret results due to reported factors that are
confounded by IOP changes. It is important to note that corneal biomechanical properties
are dynamic metrics and can change over time with age, corneal trauma, or surgery.

There is a clear need for a more robust measure of corneal biomechanics that can
more accurately determine the modulus of elasticity. New devices such as BM represent a
promising, novel approach to evaluating corneal biomechanical properties in glaucoma
patients independent of IOP.
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Abstract: The incidence of both cataract and glaucoma is increasing globally. With increasing patient
expectation and improved technology, premium intraocular lenses (IOLs), including presbyopia-
correcting and toric IOLs, are being increasingly implanted today. However, concerns remain
regarding the use of premium IOLs, particularly presbyopia-correcting IOLs, in eyes with glaucoma.
This systematic review evaluates the use of premium IOLs in glaucoma. A comprehensive search
of the MEDLINE database was performed from inception until 1 June 2023. Initial search yielded
1404 records, of which 12 were included in the final review of post-operative outcomes. Studies
demonstrated high spectacle independence for distance and good patient satisfaction in glaucomatous
eyes, with positive outcomes also in post-operative visual acuity, residual astigmatism, and contrast
sensitivity. Considerations in patient selection include anatomical and functional factors, such as the
type and severity of glaucomatous visual field defects, glaucoma subtype, presence of ocular surface
disease, ocular changes after glaucoma surgery, and the reliability of disease monitoring, all of which
may be affected by, or influence, the outcomes of premium IOL implantation in glaucoma patients.
Regular reviews on this topic are needed in order to keep up with the rapid advancements in IOL
technology and glaucoma surgical treatments.

Keywords: premium intraocular lens; glaucoma; multifocal intraocular lens; extended depth of focus
intraocular lens; toric intraocular lens

1. Introduction

Premium intraocular lenses (IOLs) are broadly considered to include presbyopia-
correcting IOLs (multifocal IOLs (MFIOLs), extended depth of focus (EDOF) IOLs, accom-
modative IOLs), and toric IOLs for astigmatism correction. Compared with traditional
monofocal IOLs, premium IOLs offer the benefit of better unaided visual acuity, greater
spectacle independence, and higher patient satisfaction. In recent years, significant tech-
nological advances have been made in cataract surgery and IOL technology, resulting in
more precise and predictable refractive outcomes [1]. Due to increasing patient expectation
and demand for spectacle independence, premium IOLs have been increasingly adopted in
clinical practice in recent years [2]. Global revenue from premium IOL usage is expected to
grow at a compound annual growth rate (CAGR) of 9.03% from USD 1.5 billion in 2021 to
USD 2.5 billion in 2028, compared to a 6.2% CAGR revenue growth for traditional IOLs [3].

While cataract is the most prevalent cause of reversible loss of vision, glaucoma
remains the leading cause of irreversible blindness, characterized by a progressive optic
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neuropathy with degeneration of retinal ganglion cells and visual field loss [4]. It is
estimated that one in five people undergoing cataract surgery have glaucoma or ocular
hypertension, with the incidence of both cataract and glaucoma increasing with age [5].
Despite their benefits, many surgeons traditionally exercise caution in implanting premium
IOLs, particularly presbyopia-correcting lenses, in patients with glaucoma. Concerns arise
regarding contrast sensitivity (CS) loss and subjective visual disturbances such as glares
and haloes, which may be more debilitating in patients with glaucomatous visual loss.
Pathological changes in glaucoma may also potentially interact with the optical effects
of MFIOLs [6]. However, advancements in premium IOL technology and development
are enabling improved visual and refractive outcomes, with reduced side effects and less
compromise to contrast sensitivity. More studies have also begun to report outcomes of
premium IOLs in eyes with glaucoma and associated glaucomatous visual field loss.

However, there has not been a recent systematic review of literature regarding the use
of premium IOLs in glaucoma patients, with the last extensive review published more than
a decade ago [6]. This systemic review aims to summarize the current available literature
reporting the surgical outcomes of premium IOL implantation in eyes with glaucoma.
Pre-operative considerations and patient selection factors will also be discussed.

1.1. Overview of IOL Types
1.1.1. Monofocal IOLs

Monofocal IOLs provide excellent outcomes for distant vision, with the benefit of
generally low cost and low frequency of photic phenomena such as glares and haloes [7].
They are the safest IOL choice for patients with pre-existing ocular pathology as they do
not split light. However, as they only provide one focus point, they fail to deliver spectacle
independence for near and intermediate vision.

Monovision is a surgical option correcting distant vision in the dominant eye while
the non-dominant eye is corrected for near or intermediate vision, relying on neural
adaptation to achieve a broader range of functional vision [8]. Generally utilizing monofocal
IOLs, this option has proven a cost-effective method to provide spectacle independence,
while avoiding the photic adverse effect caused by MFIOLs. It is best suited for patients
prioritising spectacle independence. However, it is also associated with loss of depth
perception and suboptimal vision at intermediate distances [8].

1.1.2. Multifocal IOLs (MFIOLs)

MFIOLs, first approved by the United States Food and Drug Administration (US
FDA) in 1997 [9], come in varying optical designs, such as diffractive, refractive, bifocal,
trifocal, or hybrid IOLs, and provide multiple focal points. Refractive MFIOLs, such as
the Mplus (Oculentis, GmbH, Berlin, Germany), achieves multifocality via light refraction
based on Snell’s law [10]. Their design is rotationally symmetrical, with two or more
concentric rings of different curvature radii and optical power on the front surface of the
lens [11]. However, the lens performance is influenced by IOL centration as this affects the
light percentage passing through the various optical zones [11]. Additionally, near visual
acuity (VA) also depends on pupil size due to the near focus zone of the MFIOL being
concentrically allocated [12].

Diffractive MFIOLs, such as the Acrysof ReSTOR (Alcon Laboratories, Fort Worth,
TX, USA) and the Tecnis (Abbott Medical Optics, Johnson & Johnson Vision, Santa Ana,
CA, USA), achieve multifocality via light interference based on the Huygens–Fresnel
principle [13]. They feature multiple concentric rings with diffractive micro-structures
separated by steps 2 µm in height that work independently regardless of pupil size, creating
diffractive wave patterns that can focalize light rays on two or more foci. However, as light
rays pass through multiple diffractive surfaces, this causes energy loss and reduces contrast
sensitivity and increases the frequency of glares and haloes in patients [14].

While both diffractive and refractive MFIOLs produce similar uncorrected visual
acuity, diffractive MFIOLs have been observed to provide better unaided near visual
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acuity [15,16]. Furthermore, refractive MFIOLs tend to cause more halo or glare symptoms
due to light scattering at the transitional zone between the distant and near focus of the
MFIOL [17]. Various studies [14–18] have shown that compared to traditional monofocal
IOLs, MFIOLs offer greater spectacle independence but have a higher risk of glare, halo,
and lower contrast sensitivity [19,20]. In patients with MFIOLs, more than a third of
patients may report increased glares and haloes [21], and multiple meta-analyses [20] have
reported a decrease in CS. However, some studies [22] continue to produce conflicting
results. There are also several contraindications to MFIOL implantation, such as corneal
aberrations, asymmetric capsulorrhexis, haptics deformation, or lens subluxation, all of
which can lead to IOL decentration, an increase in higher order aberrations, and diminished
object contrast discrimination [10].

1.1.3. Extended Depth of Focus (EDOF)

The Extended Depth of Focus (EDOF) technology, applied in IOLs such as the Tecnis
Symfony (Johnson & Johnson Vision, Santa Ana, CA, US), was first approved by the US
FDA in 2016. This recent innovation creates a single elongated focal point to enhance depth
of focus and range of vision [21], effectively providing satisfactory near and intermediate
vision while addressing limitations of MFIOLs, including negative photic phenomena such
as glares and haloes [23,24]. Higher order aspheric monofocal IOLs, which are designed
to provide improved intermediate vision, achieve this by redistributing power from the
periphery to the centre of the IOL, enhancing depth of focus [25,26]. The structure of EDOF
IOLs is based on a diffractive echelette design forming a step structure to achieve con-
structive interference of light from different lens zones to produce a novel light diffraction
pattern [27]. Image quality is further enhanced through proprietary achromatic technology
and negative spherical aberration correction [28]. Since 2016, several types of EDOF IOLs
have been made commercially available, including the Mini WELL (Sifi Medtech, Catania,
Italy), IC-8 (AcuFocus Inc., Irvine, CA, USA) and Wichterle Intraocular Lens-Continuous
Focus (Medicem, Kamenné Zehrovice, Czech Republic).

EDOF IOLs enhance correction of chromatic aberration and maintain good CS that
may be comparable to that of monofocal IOLs [21,29,30]. In terms of visual outcomes,
EDOF IOLs have demonstrated better near [27] and intermediate vision [31] compared to
monofocal IOLs, but worse outcomes than trifocal IOLs. However, there have been con-
flicting results regarding CS outcomes following EDOF implantation. Certain studies [27]
have demonstrated a decrease in CS in eyes with EDOF IOLs under scotopic conditions,
compared to eyes with monofocal IOLs. However, Pedrotti et al. [29] reported no significant
difference, while Mencucci et al. [32] reported that EDOF IOLs performed significantly
better than trifocal IOLs under both photopic and scotopic conditions.

1.1.4. Accommodative IOLs

Accommodative IOLs aim to preserve the ocular dioptric system accommodation
capacity that is lost after cataract extraction [14]. These are dynamic IOLs that act in-
dependently of pupil size, creating a pseudo-accommodative phenomenon via anterior
displacement of the lens optic plate, increasing the dioptric power of the eye and improving
spectacle independence [33]. The design structure includes single optic, dual optic, and
curvature change IOLs. They provide good far and intermediate vision as well as CS but
are limited at near visual acuity and have post-operative outcome variability, necessitat-
ing further correction for near vision, and they may also have a higher risk of capsular
contraction and opacification [34].

A recent review by Ong et al. [35] showed that accommodative IOLs had better near
visual acuity at 6 months compared to monofocal IOLs but had greater posterior capsular
opacification affecting distance visual acuity. Compared to MFIOLs, the optical plate in
accommodative IOLs maintains the same power in every point without any transition
areas, resulting in decreased adverse photic phenomenon such as glares, halos, blurs, and
glows [17,36,37].
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Accommodative IOL are advantageous for glaucoma patients as these lenses do not
decrease CS [34]. However, they have increased risk of capsular contraction, commonly
seen in pseudo-exfoliation patients, a condition associated with weakened zonules, further
decreasing functionality of IOL accommodative system [34].

1.1.5. Toric IOLs

Toric IOLs are astigmatism-correcting lenses that allow for a specific focal point.
Zvornicanin et al. [2] conducted a review of recent trials utilizing premium IOL in eyes with
cataract without any other ocular pathology and demonstrated a UDVA of 0.3 logMAR in
70–95% of patients, with a residual astigmatism of 1 D or less noted in 67–88% of patients,
and spectacle independence reported in 60–85% of patients.

2. Materials and Methods
2.1. Search Strategy

A literature search was performed in MEDLINE bibliographic database from inception
to 1 June 2023. The following key terms were utilized in combination: “multifocal*”,
“bifocal*”, “trifocal*”, “diffractive*”, “EDOF”, “extended depth of focus”. The detailed
search strategy is available in Supplementary Material (Table S1). References of sources and
previous reviews were hand-searched to identify additional relevant articles. Articles were
viewed through Rayyan (Qatar Computing Research Institute, Doha, Qatar) and duplicates
were identified and removed.

2.2. Study Selection

Studies which reported surgical outcomes of premium IOL implantation in glaucoma
eyes were shortlisted for data extraction. The article sieve was conducted by two indepen-
dent reviewers (ASYH, ED), and each article was reviewed by both reviewers who were
blinded to each other’s decisions. Disputes were resolved through consensus discussion
between the reviewers, followed by arbitration from a third reviewer if necessary. The
inclusion and exclusion criteria are listed in Table 1.

Table 1. Inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria

Population:

1. Patients with visually significant cataract
(unilateral or bilateral) and glaucoma.

Studies:

1. Randomized controlled trials, case series,
prospective and retrospective studies.

Interventional Arm:

1. Phacoemulsification or femtosecond laser
cataract surgery with premium IOL
implantation, performed with or without
concurrent glaucoma surgery.

Population

1. Primary surgeries other than phacoemulsification
with intraocular lens implant and glaucoma
surgery (e.g., corneal inlays);

2. Secondary surgeries;
3. Concomitant ocular pathology besides glaucoma:

keratopathy, maculopathy, retinopathy, optic
neuropathy, as well as any ocular condition that is
deemed to confound visual acuity assessment;

4. Non-visually significant cataracts (e.g., clear lens).

Studies

1. Non-published studies;
2. Studies not written in English.

Interventional Arm

1. Clear lens extraction or refractive lens exchange;
2. Extracapsular cataract extraction;
3. Intracapsular cataract extraction.

2.3. Data Extraction

For each included trial, two reviewers (ASYH, ED) extracted data at the longest point
of follow up, abstracted them into an Excel spreadsheet (Microsoft Corp, Albuquerque, NM,
USA), and checked for conflicting data entries. Differences were discussed and resolved
with a third reviewer where necessary.
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Data extracted included study characteristics, baseline patient information (age, gen-
der, type of pathology and surgery), baseline visual field parameters, Pre-operative intraoc-
ular pressure, and number of glaucoma medications. For continuous variables, mean and
standard deviation were abstracted. For categorical variables, frequency and percentages
were abstracted.

All outcomes pertained to surgical results following premium IOL implantation in eyes
with glaucoma. Primary outcomes included uncorrected and corrected distance and near
visual acuity. Secondary outcomes included spectacle independence, photic phenomena
(glares and haloes), astigmatism, contrast sensitivity, and patient satisfaction.

2.4. Quality and Risk of Bias Assessment

Assessments on the risk of bias and certainty of evidence was performed on the final
list of studies included in our review. Risk of bias was ascertained at the study level
and assessed by 2 reviewers independently and in duplicate. Conflicts were resolved by
consensus, with arbitration by a third reviewer if necessary.

An assessment of the methodology quality of the cohort studies was performed
using the domains of the Newcastle–Ottawa Scale [38], considering (1) the selection of
cohorts; (2) the comparability of cohorts; and (3) the assessment of outcomes. Studies with
<5 stars are considered low quality, 5–7 stars moderate quality, and >7 stars high quality.
Non-controlled trials (such as case reports and case series) included in this study were
assessed using the modified Newcastle–Ottawa scale [39] based on four domains: selection;
ascertainment; causality; and reporting.

3. Results

Our search yielded 1404 records in total. After screening based on title and abstract,
1391 references were excluded. Full-text assessment was performed on the remaining
13 records; 2 were not retrieved, and 1 additional study was included from citation searching
(Figure 1). Twelve studies [22,40–50] fulfilled the inclusion criteria.
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Figure 1. Preferred reporting items for systematic reviews and meta analyses (PRISMA) flow diagram.

3.1. Methodology Quality and Risk of Bias

The results of the risk of bias assessment conducted using the Newcastle–Ottawa
Scale [1] for cohort studies and modified Newcastle–Ottawa scale [2] for case results are
shown below (Tables 2 and 3).
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Table 3. Quality assessment using the modified Newcastle–Ottawa scale (M-NOS) for other included
studies (included studies: [11–14]).

* Selection Ascertainment Causality Reporting
Author (Year)

Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8

Bissen Miyajima 2023 [11] No Yes Yes No No No Yes Yes

Brown 2015 [12] No Yes Yes No No No Yes Yes

Ouchi 2015 [13] No Yes Yes No No No Yes Yes

Ferguson 2023 [14] No Yes Yes No No No Yes Yes

* M-NOS components.

All eight cohort studies [3–10] had high NOS ranks and the mean NOS score was
7.625. Three studies lost points because there was absence of a control group with non-
glaucomatous eyes. The findings of both reviewers were similar, regardless of whether the
material appeared biased.

1. Selection: (Question 1) Does/Do the patient(s) represent(s) the whole experience of
the investigator (center), or is the selection method unclear to the extent that other
patients with similar presentations may not have been reported?

2. Ascertainment: (Question 2) Was the exposure adequately ascertained? (Question 3)
Was the outcome adequately ascertained?

3. Causality: (Question 4) Were other alternative causes that may explain the observation
ruled out? (Question 5) Was there a challenge/rechallenge phenomenon? (Question
6) Was there a dose-response effect? (Question 7) Was follow-up long enough for
outcomes to occur?

4. Reporting: (Question 8) Is/Are the case(s) described in sufficient detail to allow other
investigators to replicate the research or to allow practitioners to make inferences
related to their own practice?

3.2. Patient Characteristics

The qualitative analysis included a pooled total of 399 glaucomatous eyes from 12 stud-
ies. The mean age was 73.8 years old, with a male-to-female ratio of 19:20. Three studies
originated from the USA, four studies from Japan, three studies from Spain, one study
from Australia, and one study from the UK. Three studies [40,41,49,50] reported on EDOF
IOL outcomes, six studies [22,42,44–47] reported on toric IOL outcomes, one study [48]
reported on MFIOL outcomes, and one study [43] reported outcomes from EDOF, bifocal,
and trifocal IOL implantation. Study characteristics (author, publication year, sample size,
age range, IOL type, surgery type, and outcomes) were extracted and summarized in
Tables S2–S4 (Supplementary Material).

3.3. Surgical Outcomes from Trials
3.3.1. Spectacle Independence

Five studies [22,40,43,49,50] reported on spectacle independence in glaucomatous
eyes. Ferguson et al. [40] implanted 52 eyes with mild open angle glaucoma with EDOF
non-toric or toric IOLs (AcrySof IQ Vivity/AcrySof IQ Vivity Toric, Alcon Laboratories, Fort
Worth, TX, USA) and demonstrated a high rate of spectacle independence post-operatively
in both toric and non-toric IOL groups (spectacle independence rates: 92% for distance
tasks; 50% for intermediate tasks; and 38% for near tasks). Ouchi et al. [22] implanted
15 eyes (11 patients) with coexisting ocular pathologies (including 4 glaucoma eyes—1 with
acute angle closure glaucoma; 3 with normal tension glaucoma) with MFIOLs (LENTIS
MPlus LS-313MF30 and the LENTIS Mplus Toric LU-313MFT (Oculentis GmbH, Berlin,
Germany)). All patients were completely spectacle independent for distance vision. For
distance vision, 11 patients (100%) rated their quality of vision as 4 or higher (very good
or good) among 5 items, and 7 patients (64%) rated it as 5 (very good). For near vision,

258



Bioengineering 2023, 10, 993

the results of the glaucoma patients were not individually shared and thus not reported
in this review. Of note, however, is that Ouchi et al. included only a small sample size of
glaucoma eyes (4/15 eyes with coexisting ocular pathology). Sanchez-Sanchez et al. [43]
implanted bifocal (AcrySof ReSTOR +3.00, Alcon Laboratories, Fort Worth, TX, USA) and
trifocal (AcrySof Panoptix, Alcon Laboratories, Fort Worth, TX, USA, Fine Vision PhysIOL,
Liege, Belgium) IOLs in nine patients with glaucoma (77.8% Bifocal Lens; 22.2% Trifocal
Lens) and in nine patients with pre-perimetric glaucoma (77.8% Bifocal Lens; 22.2% Trifocal
Lens). A total of 68% of patients achieved spectacle independence for distance tasks, 89%
for intermediate tasks, and 56% for near tasks. Rementeria-Capelo et al. [49] evaluated
visual outcomes in 25 control patients and 25 study patients with ocular pathology. Study
patients included six patients with glaucoma and two with ocular hypertension undergoing
bilateral combined iStent and cataract surgery with EDOF IOL (AcrySof IQ Vivity; Alcon
Laboratories, Fort Worth, TX, USA). All study patients were spectacle independent for
distance. For near vision, the results of the glaucoma patients were not individually shared
and thus not reported in this review. Of note, however, is that Rementería-Capelo et al. [49]
included only a small sample size of glaucoma eyes (8/25 study patients). Kerr et al. [50]
implanted an EDOF IOL (AcrySof IQ Vivity; Alcon Laboratories, Fort Worth, TX, USA)
in 32 glaucomatous eyes (29 with primary open angle glaucoma; 3 with secondary open-
angle glaucoma) and a monofocal IOL (Clareon/SN6Atx/SN60WF; Alcon Laboratories,
Fort Worth, TX, USA) in 26 glaucomatous eyes (23 with primary open angle glaucoma;
3 with secondary open angle glaucoma), with a trans-trabecular micro-bypass stent (iStent;
Glaukos Corp., San Clemente, CA, USA)) or Schlemm canal microstent (Hydrus Microstent;
Ivantis, USA) concurrently implanted in 14 eyes in the EDOF group. In the EDOF group,
spectacle independence was high, with 13 patients never requiring spectacles, 3 patients
rarely requiring spectacles for distance and intermediate activities, and 7 patients never
requiring spectacles for near activities. Spectacle independence for intermediate and near
activities was significantly better in the EDOF group compared to the monofocal group; the
number of patients in the monofocal group always requiring spectacles for intermediate
and near activities was 4 and 11, respectively.

In summary, five studies reported high spectacle independence rates for distance
vision. These results were consistent across different IOL types (including bifocal, trifo-
cal, and toric IOLs) and observed also in studies examining outcomes of premium IOL
implantation in combination with glaucoma surgery. For near vision, specific outcomes for
glaucomatous eyes were not reported in two out of the five studies. In the remaining three
studies, the results varied for near vision.

3.3.2. Contrast Sensitivity

Five studies [22,40,41,43,49] reported CS outcomes following premium IOL implanta-
tion in glaucomatous eyes. Sanchez-Sanchez et al. [43] reported that patients with glaucoma
implanted with MFIOLs had poorer monocular visual acuity than healthy controls and
lower contrast sensitivity values at high spatial frequencies—at 12 cycles per degree, binoc-
ular CS values for healthy, glaucoma, and pre-perimetric glaucoma eyes were 2.11, 1.87,
and 2.05, respectively. However, there was no clinically significant difference in CS between
patients with pre-perimetric glaucoma and healthy controls. Ouchi et al. [49] demonstrated
that even after MFIOL implantation, CS in all eyes with various ocular pathologies includ-
ing glaucoma patients (a prior history of acute glaucoma, NTG) were still comparable to
those of normal healthy subjects. Ferguson et al. [40] showed favorable CS results following
EDOF IOL implantation: mean binocular mesopic CS achieved was 1.76 ± 0.16 at a spatial
frequency of 1 cycle-per-degree (cpd). Bissen-Miyajima et al. [41] evaluated outcomes of
diffractive EDOF IOLs (Symfony®, models ZXR00V and ZXV150-375, Johnson and John-
son Surgical Vision, Santa Ana, CA, USA) in 16 NTG eyes and demonstrated that their
post-operative visual function was mostly comparable to those of normal eyes following
implantation of the same IOLs, with post-operative CS within the normal range, except
for four eyes at 18 cycles per degree. Rementeria-Capelo et al. [49] showed no difference
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in CS after EDOF IOL implantation in all patients in both control and study groups with
glaucoma and ocular hypertensive patients.

In summary, five studies have demonstrated that post-operative CS values in glauco-
matous eyes remained comparable to healthy subjects after MFIOL and EDOF implantation.
However, one study [43] observed that glaucoma patients implanted with MFIOLs had
poorer monocular visual acuity and lower CS at high spatial frequencies compared to
healthy controls and patients with pre-perimetric glaucoma.

3.3.3. Visual Acuity

All 12 studies reported visual acuity outcomes. Kamath et al. [48] reported outcomes
following AMO Array MFIOL (Allergan Medical Optics) implantation in 81 eyes (70 pa-
tients) with ocular pathology (study group), including 11 glaucomatous eyes and 6 eyes
with ocular hypertension. The control group had implantation of monofocal IOL of similar
design (AMO SI-40NB) and included 12 glaucomatous eyes. Within the study group, 29%
achieved an Uncorrected Distance Visual Acuity (UDVA) of ≥6/12, while 82% achieved
≥N8 near vision, and 24% achieved ≥both 6/12 and N8 vision. Within the study group,
94% achieved a Best Corrected Visual Acuity (BCVA) of ≥6/12, while 88% achieved a BCVA
of ≥N8 for near vision, and 88% achieved a BCVA of ≥both 6/12 and N8 near vision. Takai
et al. [44] compared the post-operative refractive status in 20 eyes (20 patients) implanted
with toric (10 eyes) and non-toric (10 eyes) IOLs during combined cataract surgery and
micro-hook ab interno trabeculectomy. This study showed that the mean Uncorrected
Visual Acuity (UCVA) of the Toric IOL group (logMAR 0.23 ± 0.25) was significantly better
than that of the non-toric IOL group (logMAR 0.45 ± 0.26) at 3 months post-operatively
(p < 0.05). Bissen-Miyajima et al. [41] showed that the post-operative visual outcomes
(distance-corrected visual acuity, contrast sensitivity) of glaucoma patients following EDOF
IOL implantation was almost comparable to those of normal eyes with the same IOLs
implanted and were within normal ranges. Ichioka et al. (2021) [46] investigated the
effect of toric IOL implantation on visual acuity and astigmatism in 20 POAG eyes with
a pre-existing corneal astigmatism of −1.5 D, following combined cataract surgery with
micro-hook ab interno trabeculotomy. Post-operatively, the logMAR UCVA was signifi-
cantly better in the toric group (toric, 0.07 ± 0.07; non-toric, 0.33 ± 0.30; p = 0.0020). Ichioka
et al. (2022) [42] investigated outcomes of toric IOL implantation on visual acuity and
astigmatism in 18 POAG eyes, with a pre-existing corneal astigmatism of −1.5 D, follow-
ing combined iStent implantation and cataract surgery. Pre-operatively, both groups had
similar logarithm of the minimum angle of resolution (logMAR) UCVAs; post-operatively,
the logMAR UCVA was significantly better in the toric group (non-toric, 0.45 ± 0.31; toric,
0.14 ± 0.15; p = 0.021). Ferguson et al. [40] implanted 52 POAG eyes with an EDOF IOL—
(AcrySof IQ Vivity; Alcon Laboratories, Fort Worth, TX, USA) and showed favorable UDVA
and Uncorrected Intermediate Visual Acuity (UIVA) at 4 months post-operatively. The
mean binocular UDVA and CDVA were 0.03 ± 0.12 LogMAR and −0.06 ± 0.07 LogMAR,
respectively. The mean UIVA and UNVA were 0.18 ± 0.12 LogMAR and 0.31 ± 0.18 Log-
MAR, respectively. A total of 85% of the subjects achieved ≥20/25 UDVA, and 77% of
the subjects achieved ≥20/32 UIVA at 4 months post-operatively. Lopez-Caballero [45]
compared 26 eyes undergoing iStent implantation and phacoemulsification with implan-
tation with the AcrySof toric IOL (Alcon Laboratories, Fort Worth, TX, USA) in the study
group and 41 eyes undergoing isolated phacoemulsification with toric IOL implantation in
the control group. Toric IOLs were also implanted in patients with advanced visual field
damage (control group: 13 mild glaucoma, 17 moderate glaucoma, 11 severe glaucoma;
study group: 11 mild glaucoma, 7 moderate glaucoma, 8 severe glaucoma). There were
39 POAG, 1 closed angle glaucoma, and 2 pseudo-exfoliation glaucoma patients in the
control group, while 18 POAG, 3 close angle glaucoma, 2 pseudo-exfoliation glaucoma, and
3 pigmentary glaucoma patients were included in the study group. Despite severe visual
field loss, patients still achieved excellent uncorrected post-operative vision in eyes tar-
geted for emmetropia (0.04 LogMar in the cataract group and 0.03 in the combined surgery
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group). Brown et al. [47] implanted AcrySof toric IOLs (Alcon Laboratories, Fort Worth, TX,
USA) in 126 eyes of 87 patients with glaucoma and corneal astigmatism. The UDVA was
0.04 ± 0.08 logMAR for all eyes, and 98% of all eyes achieved an UDVA of Snellen’s 20/40
or better, with 76% achieving 20/25 or better and 47% achieving 20/20. The CDVA for
all eyes was 0.01 ± 0.03 logMAR post-operatively. Rementeria-Capelo et al. [49] reported
excellent visual acuity results in all patients in both the control and study groups after
EDOF implantation, with both groups achieving a mean binocular uncorrected visual
acuity better than 0.0 logMAR. Statistically significant differences were only found for
uncorrected monocular acuity and at the +2.5 D value of the defocus curve, although these
differences were unlikely to be clinically relevant. Monocular UDVA was better in the
control group (−0.01 ± 0.07) compared with the study group (0.03 ± 0.08), p = 0.027. There
were no other statistically significant differences in DVA, with an uncorrected binocular
acuity of −0.06 ± 0.06 for the control group and −0.05 ± 0.06 for the study group. Kerr
et al. [50] implanted EDOF IOLs (AcrySof IQ Vivity; Alcon Laboratories, Fort Worth, TX,
USA) in 32 glaucomatous eyes and monofocal IOLs (Clareon/SN6ATx/SN60WF; Alcon)
in 26 glaucomatous eyes. UIVA (0.06 ± 0.16 versus 0.39 ± 0.10 LogMAR; p < 0.001) and
UNVA outcomes (0.29 ± 0.10 versus 0.55 ± 0.18 LogMAR; p < 0.001) were significantly
better in the EDOF group than in the monofocal group, respectively.

In summary, all studies showed excellent visual acuity results. In studies [40,44,46]
comparing toric and non-toric IOLs, glaucomatous eyes implanted with toric IOLs showed
better UCVA results. Studies on EDOF IOLs generally showed favorable UDVA and UIVA
outcomes. However, one study [49] showed that UDVA was still better in the control group
with normal eyes compared to the study group. Another study [43], examining bifocal
and trifocal IOLs in 38 patients (9 glaucoma, 9 pre-perimetric glaucoma, 11 healthy), also
showed that healthy patients had statistically better monocular UDVA, CDVA, and LCVA
than patients with glaucoma for all values, except for binocular 10% contrast-corrected VA.
Excellent uncorrected post-operative visual results were achieved even when toric IOLs
were implanted in patients with advanced visual field damage.

3.3.4. Astigmatism

Five studies [42,44–47] reported astigmatism outcomes. Ichioka et al. 2021) [46]
included 20 POAG eyes (20 patients) with pre-existing corneal astigmatism exceeding
−1.5 D implanted with either non-toric (n = 10) or toric IOLs (n = 10). Post-operatively,
residual astigmatism was significantly less in the toric IOL group compared to the non-
toric IOL group (toric, −0.63 ± 0.56 D vs non-toric, −1.53 ± 0.74 D, p = 0.0110; toric,
70% of eyes vs non-toric, 10% of eyes had 1.0 D or less astigmatism). Vector analyses
showed the post-operative centroid magnitude of astigmatism was less in the toric IOL
group (0.23 D at 83 degrees) than the non-toric IOL group (1.03 D at 178 degrees). Takai
et al. [44] showed that the mean absolute residual cylinder in the non-toric IOL group
(2.25 ± 0.62 D) was significantly greater than that of the toric IOL group (1.30 ± 0.68 D)
(p < 0.05). Post-operatively, 60% of eyes in the toric IOL group and 10% in the non-toric
IOL group had an absolute astigmatism level of 1.5 D or less. Brown et al. [47] showed
that toric IOLs can reliably reduce astigmatism and improve uncorrected vision in eyes
with cataract and glaucoma. Astigmatism improved from 1.47 ± 1.10 D to 0.31 ± 0.37 D
post-operatively. The residual cylinder was 1.00 D or less in 97% of eyes, 0.75 D or less
in 90% of eyes, and 0.50 D or less in 83% of eyes. Ichioka et al. (2022) [42] included
18 POAG eyes with pre-existing corneal astigmatism exceeding −1.5 D implanted with
non-toric (n = 10) or toric (n = 10) IOLs. Astigmatism decreased significantly in the toric
group post-operatively compared to the non-toric group (non-toric, −2.03 ± 0.63 D; toric,
−0.67 ± 0.53 D; p = 0.0014) Vector analyses showed the post-operative centroid magnitude
and confidence eclipses of astigmatism was less in the toric group (0.47 D at 173◦ ± 0.73 D)
than the non-toric group (1.10 D at 2◦ ± 1.91 D). Post-operatively, 78% of eyes in the toric
group had 1.0 D or less refractive astigmatism compared with 11% in the non-toric group.
Lopez-Caballero [45] compared 26 eyes with iStent and toric IOL implantation in the study
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group and 41 eyes undergoing isolated phacoemulsification with toric IOL implantation in
the control group. The mean post-operative refractive cylinder was 0.26 D in the control
and 0.11 D in the iStent group.

In summary, studies have demonstrated that toric IOLs provide predictable and good
astigmatism outcomes in glaucomatous eyes undergoing standalone cataract surgery or in
combination with selected glaucoma surgeries.

3.3.5. Patient Satisfaction

Five studies [22,40,43,49,50] reported on patient satisfaction via visual questionnaires.
Ferguson et al. [40] implanted 52 eyes (26 patients) with POAG, with EDOF non-toric or
toric IOLs (AcrySof IQ Vivity or AcrySof IQ Vivity Toric (Alcon Laboratories, Fort Worth,
TX, USA)) and found that 85% of subjects reported they would choose the same lens
again. Sanchez-Sanchez et al. [43] concluded that MFIOLs may be implanted in patients
with pre-perimetric glaucoma with little fear of patient dissatisfaction. Interestingly,
Rementeria-Capelo et al. [49] reported that all patients in the study group (including
glaucoma patients) had a higher satisfaction with their visual performance than patients
in the control group (average satisfaction in control group: 3.52 ± 0.51; study group:
0.84 ± 0.37, 52% (p = 0.016), and patients in the control group reported greater difficulty
in reading newspapers (p = 0.030). All patients stated they would undergo surgery again
with the same type of IOL. Kerr et al. [50] implanted EDOF IOLs (AcrySof IQ Vivity;
Alcon Laboratories, Fort Worth, TX, USA) in 32 glaucomatous eyes and monofocal IOLs
(Clareon/SN6Atx/SN60WF; Alcon) in 26 glaucomatous eyes. Patient satisfaction was
significantly higher in the EDOF group for distance, intermediate, and near vision than
in the monofocal group. All EDOF patients were “very satisfied” with their distance and
intermediate vision compared to 9/13 (69.2%) and 6/13 (46.2%) in the monofocal group,
respectively. For near vision, 12/16 (75.0%) in the EDOF group were “very satisfied” with
their unaided near vision compared to 5/17 (38.5%) in the monofocal group (p = 0.059).
Patients who received an EDOF lens were more likely to report that they would choose
the same lens again (16/16 (100%) in the EDOF group compared to 10/13 (76.9%) in the
monofocal group; p = 0.085).

Ouchi et al. [22] evaluated outcomes of 11 patients (15 eyes with coexisting ocular
pathologies, 1 eye with past history of acute angle closure of Aulhorn classification stage 3
glaucoma, and 3 NTG eyes of Aulhorn classification stage 3) that underwent implantation
of LENTIS Mplus (Oculentis GmbH). No patient reported poor or very poor vision quality.
For distance vision, all 11 patients (100%) rated their quality of vision as 4 or higher (very
good or good) among 5 items. For near vision, all 11 patients (100%) rated their quality of
vision as 3 (acceptable) or higher.

In summary, studies have suggested a high level of patient satisfaction following
the implantation of various premium IOLs in glaucoma patients, with two studies [49,50]
reporting higher post-operative satisfaction in glaucomatous eyes compared to control eyes
and a high percentage of patients stating they would choose the same IOL again.

3.3.6. Glares and Haloes

Three studies reported on glare outcomes. Ferguson et al. [40] implanted 52 POAG
eyes with EDOF non-toric or toric IOLs and assessed glares and haloes reported on a scale
of 1–5 (1 = not at all, 5 = extremely). Subjects reported a mean response of 2.6 ± 1.3 when
asked if they noted glare/halos in dim light situations. However, 65% of the subjects
reported not being bothered or only having very little dissatisfaction with glare/halo
symptoms. Bissen-Miyajima et al. [41] evaluated outcomes of diffractive EDOF IOLs in
16 NTG eyes. Most cases reported the severity of glares, halos, and starbursts as none,
mild, or moderate. Only one subject reported severe halos and another reported severe
starburst. Kerr et al. [50] implanted EDOF IOLs in 32 glaucomatous eyes and monofocal
IOLs in 26 glaucomatous eyes. Most participants did not experience any photic phenomena
(glares/halos/starbursts), and there was no significant difference in the incidence of photic
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phenomena between both groups. Seven patients in the EDOF group reported glare,
compared to six patients in the monofocal group.

Overall, across the three studies examining EDOF IOL implantation, despite subjects
often reporting at least some level of glare or halo effects, many were not significantly
bothered by these symptoms. There was no significant difference in photic phenomena
between EDOF and monofocal IOLs in glaucomatous eyes. However, in one study, ocular
pathology appeared to be associated with an increased incidence of halos.

4. Discussion: Considerations in Premium IOL Implantation in Glaucoma

Published literature has discussed a range of factors that may be considered when
contemplating premium IOL implantation in glaucoma eyes.

4.1. Contrast Sensitivity

Contrast sensitivity (CS) is the measure of an individual’s ability to detect a difference
in luminance between two areas [51] and, in this context, may be affected by various factors
including both the IOL and glaucoma. Decreased CS in glaucoma patients have been
well documented [51–53]. Already in early disease, patients begin to lose retinal ganglion
cells and retinal nerve fibre layer (RNFL) thickness, resulting in structural and functional
changes causing a decrease in contrast sensitivity (CS). Glaucoma preferentially affects
CS more than visual acuity (VA), and the decrease in CS correlates with the degree of
structural and functional glaucomatous damage [51]. CS losses occur even in individuals
with minimal or no field loss (<3 dB) and a relatively good VA (0.3 log MAR or better) [53].
CS has been found to correlate with visual field (VF) sensitivity and affects vision-related
quality of life [53,54]. At mesopic levels, CS is correlated with visual field loss and affects
glaucoma patients ability to perform daily activities and negatively impacts their quality of
life [55].

MFIOLs, particularly refractive MFIOLs [6], have been shown to result in decrease in
CS, where the mesopic CS is worse than photopic sensitivity, and where the loss is greater
at higher compared to lower spatial frequencies after MFIOL implantation [56].

Farid et al. [19] stated that as the amount of light energy in focus at any given focal dis-
tance is reduced, out-of-focus light is superimposed, and approximately 18% of transmitted
light in diffractive IOLs (which may vary depending on IOL design) is lost to higher orders
of diffraction that are never focused on the retina. As a result, patients with multifocal IOLs
may experience glare and halos, as well as reduced contrast sensitivity.

Hence, while MFIOLs may be considered in patients with early glaucoma or controlled
ocular hypertension, they should be avoided in patients with uncontrolled and advanced
glaucoma [18]. Cao et al. [20] found that both refractive and diffractive MFIOL subgroups
had a lower CS, and Hawkins et al. [51] showed that reduced CS is significantly correlated
with visual field losses in patients with glaucoma.

Nonetheless, studies implanting MFIOLs in glaucomatous eyes have shown promising
results. Sanchez Sanchez et al. [43] found no clinically significant difference in CS between
eyes with pre-perimetric glaucoma and healthy controls after MFIOL implantation. Ouchi
et al. [22] showed that following MFIOL implantation, CS in all eyes with ocular pathologies
were comparable to that of healthy eyes, and concluded that with careful case selection,
sectorial refractive MFIOL may be effective in eyes with concurrent ocular pathology.
Furthermore, ongoing developments in IOL technology such as IOL asphericity, used both
in monofocal IOLs and premium IOLs today, have also improved CS outcomes after cataract
surgery. Trueb et al. [57] demonstrated that eyes implanted with the aspheric AcrySof
IQ IOL had better photopic and mesopic CS at medium and high spatial frequencies
than in eyes implanted with the spherical AcrySof SN60AT IOL. Deshpande et al. [58]
demonstrated that the optical design of aspheric IOLs reduced spherical aberrations and
increased CS. Alternatively, accommodative IOLs may be considered advantageous as
these lenses do not depend on pupil size and do not decrease CS [34]. However, they
have increased risk of capsular contraction, commonly seen in pseudo-exfoliation patients,
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a condition associated with weakened zonules, further decreasing the functionality of IOL
accommodative system [34].

4.2. Glaucomatous Visual Field (VF) Defects

The severity, extent, and location of glaucomatous VF defects are also considered
when deciding if a glaucoma patient would benefit from premium IOLs.

Studies have utilized Octopus 101 autoperimetry, Goldmann manual perimetry, fre-
quency doubling technology matrix perimetry, the automated Esterman binocular field test,
and Humphrey Visual Field 30-2 perimetry testing in exploring visual field outcomes after
MFIOL implantation.

Prior reviews have suggested that only glaucoma suspects and ocular hypertensive
patients with no optic disc or visual field damage who have been stable for a longer period
of time should be candidates for MFIOL implantation [6,34]. In addition, good control and
stability of visual field damage, with no evidence of progression, has also been suggested
to be a necessary prerequisite for premium IOL implantation in glaucomatous eyes [34].
With respect to lens choice, two recent studies [19,59] have shown that MFIOLs decrease
the mean deviation (MD) of visual field tests with the Humphrey field analyzer (Carl
Zeiss Meditec, Jena, Germany) compared to diffractive bifocal IOLs, monofocal IOLs or
phakic eyes.

Farid et al. [19] demonstrated a significant depression of approximately 2 dB in HVF
10-2 testing in healthy eyes which underwent diffractive MFIOL implantation compared to
monofocal IOL implantation. Aychoua et al. [59] demonstrated similar results on HVF 30-2
testing and concluded that it was likely due to reduction in differential light sensitivity [60].
Kang et al. [61] supported this finding, showing that patients with MFIOLs (3M diffractive
bifocal IOL) have greater reduction of visual field on the Goldmann manual perimetry,
compared to patients with monofocal IOLs, and this was reflected across different spot
sizes and intensities.

However, Bi et al. [62] examined differences in Octopus 101 autoperimetry results
between patients with MFIOLs (AcrySof ReSTOR SA60D3) and patients with monofocal
IOLs (AcrySof SN60AT) and found no significant difference between the two groups.

4.3. Glaucoma Subtype

The varying characteristics of different subtypes of glaucoma may also influence
the decision of premium IOL implantation in eyes with glaucoma. Within the spectrum
of angle-closure disease, primary angle closure suspects (PACS) have no glaucomatous
nerve damage nor functional visual defects, may experience angle opening after cataract
extraction, and may benefit from premium IOLs. It should be noted however, that prior
laser peripheral iridotomy is associated with a higher risk of zonulysis [63] and lens
subluxation [64,65], which would pose challenges to premium IOL implantation. Eyes with
established primary angle closure glaucoma (PACG) have functional VF defects and are
also at a higher risk of disease progression compared to eyes with POAG [66,67], and this
should be taken into consideration, even if there is only mild disease severity at baseline.
In addition, angle-closure disease is associated with shorter axial length. This may increase
the risk of refractive surprise and may be a consideration when choosing premium IOLs,
although this may be much less of a concern today given the significant improvements in
biometry and lens calculation methods.

Pseudo-exfoliation glaucoma (PXG) is a form of secondary open angle glaucoma that
arises due to the deposition of extracellular material in the anterior chamber, trabecular
meshwork, and other tissues in the eye [34], resulting in raised IOP and glaucomatous
optic nerve damage. These eyes have poorly dilating pupils, a higher risk of zonular
instability, a higher risk of uncontrolled IOP post-operatively [68], and may experience
greater post-operative inflammation from vascular instability [69]. These factors are likely
to pose challenges to premium IOL implantation and diminish their benefit with suboptimal
post-operative refractive outcomes. First, intra-operatively, poorly dilating pupils limit
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the view of axis markings on toric IOLs and require additional pupil maneuvering during
surgery. Second, zonular dialysis, posterior capsule rupture [70], and vitreous loss [71,72]
which may occur during surgery often precludes the implantation of premium IOLs in
these eyes. Third, the increased risk of posterior capsular opacification and capsular
phimosis over time, with progressively weakening zonular support, has been shown to
lead to a higher rate of IOL subluxation [73]. PXG is associated with significant IOL axis
misalignment [74] and has been identified as the most common cause of IOL dislocation,
often occurring less than a decade even after uncomplicated cataract surgery [75,76]. Late
in-the-bag spontaneous intraocular lens dislocation [77] and progressive IOL decentration
are not uncommon [78]. Hence, premium IOLs, which require precise centration and
whose refractive outcomes are particularly affected by anterior capsule phimosis and
zonulysis, have been mostly avoided in PXG eyes [34,79]. PXG eyes have an increased risk
of refractive surprise after phacoemulsification: Manoharan et al. [80] analyzed refractive
outcomes of phacoemulsification cataract surgery in glaucoma patients and showed that
the odds of refractive surprise being greater than ±1.0 D were higher in patients with
pseudo-exfoliation glaucoma (n = 23 eyes) compared with patients without glaucoma
(OR = 7.27, p = 0.0138). Fourth, PXG has a greater risk of progression compared to other
glaucoma subtypes following cataract surgery, the result of uncontrolled IOP and greater
IOP fluctuation post-operatively [81]. Hence, implantation of premium IOLs even in PXG
eyes with mild glaucoma should be cautioned against. Finally, the higher rate and greater
severity of post-operative inflammation, iritis, and cellular precipitates [71] in these eyes
may compromise visual acuity and reduce the benefit of premium IOL implantation in
eyes with PXG.

4.4. Ocular Surface Disease (OSD)

OSD has been found to be present in 59% of glaucoma patients [82], with its incidence
related to previous or ongoing conjunctival inflammation and scarring, tear film instability,
advanced age, and the use of chronic anti-glaucoma medications. Glaucoma itself is
associated with dry eye disease (DED), with approximately 11% of 5 million Americans
over 50 years old found to have coexisting glaucoma and DED [83]. Untreated POAG
patients also have a higher risk of ocular surface disease due to a 22% lower basal tear
turnover rate, compared to patients without glaucoma [84]. The severity of OSD appears to
increase with worsening glaucoma severity and results in decreasing quality of life [85].
Chronic anti-glaucoma medications themselves are a risk factor for OSD [83]. Prostaglandin
analogues, for example, have been associated with meibomian gland dystrophy (MGD) [86],
which leads to unstable tear film and fluctuating vision.

Severe OSD and DED are associated with inaccurate biometry and topography, which
may result in inaccurate IOL selection [87,88]. Hence, the ocular surface would need to
be carefully evaluated and optimized prior to biometry to ensure accurate ocular mea-
surements and IOL power calculation, which is crucial in premium IOL selection. Post-
operatively, OSD would still require continual management to ensure maximal visual
benefit from premium IOL implantation. Fortunately, the IOP-lowering effect of cataract
surgery itself may reduce the glaucoma medication burden post-operatively, thereby allevi-
ating OSD and improving patients’ quality of life after surgery [89].

4.5. Axial Length (AL) and Anterior Chamber Depth (ACD)

Successful pseudo-phakic rehabilitation after combined cataract and glaucoma surgery
requires accurate IOL power calculation, which depends on precise measurements of the
AL and ACD [90]. Eyes with glaucoma are associated with extremes in AL, with open
angle glaucoma associated with high myopia [91] and increased AL [92], while angle-
closure eyes have been shown to have shorter ALs [93]. Extreme ALs may, in the past,
have been associated with increased risk of IOL calculation errors; however, modern IOL
formulae have proven accurate even for extreme axial lengths, and they may lessen the
influence of AL on the accuracy of IOL power calculations [94,95]. In a network meta-
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analysis, Lu et al. [95] investigated eight formulae: including Barrett Universal II, Kane,
SRK/T, Hoffer Q, Haigas, Holladay I, Hill-Radial Basis Function (RBF 3.0) and Ladas Super
Formula (LSF) used for IOL power calculations in eyes with PACG and found no significant
differences in outcomes among all the above formulae. Studies have also shown that greater
changes in ACD may occur post-operatively in eyes with a pre-operatively shallow ACD
(<2.5 mm) and a shorter AL (<23 mm), and that this was associated with a higher risk of
refractive error after cataract surgery [96].

4.6. Type of Glaucoma Surgery
4.6.1. Combined Phacoemulsification and Trabeculectomy Surgery

Combined phacoemulsification and trabeculectomy surgery (“phacotrabeculectomy”)
improves visual acuity and minimizes the post-operative IOP spikes and morbidity that
may occur in a two-stage operation [97,98]. Previous studies have shown that phacotra-
beculectomy can provide an IOP reduction that is not inferior to that of trabeculectomy
alone [99,100], with visual outcomes following this procedure being comparable to those
obtained with phacoemulsification alone [101,102]. However, they have a higher risk of
complications such as hypotony, hyphema, and anterior chamber shallowing compared
to phacoemulsification alone [103], and they are also associated with surgically induced
astigmatism which may affect refractive outcomes [104]. There are also various aspects
of phacotrabeculectomy surgery that may affect the post-operative ocular characteristics
and refractive status of the eye, thus increasing the risk of refractive surprises that may
therefore preclude the implantation of premium IOLs in glaucoma eyes.

First, multiple studies [105–107] have suggested a greater risk of myopic shift and my-
opic refractive surprise following phacotrabeculectomy compared to phacoemulsification
alone. Chan et al. [107] demonstrated that phacotrabeculectomy was more likely to have an
IOL prediction error of >1.00 D (p = 0.02) and a myopic shift of >0.50 D or 1.00 D (p = 0.03
or 0.02, respectively) post-operatively. This observed myopic shift may be attributed to the
trabeculectomy surgery itself [108–110]. While Muallem et al. [108] and Zhang et al. [110]
assessed the performance of ocular biometry via contact A-scan ultrasonography, and Tan
et al. [109] and Zhang et al. [110] performed calculations using early generation IOL, Yeh
et al. [111], using the Haigis formula, also found a higher frequency of myopic surprise
(>1.0 D) in post-trabeculectomy eyes with pre-operative IOP <9 mm Hg despite the use of
laser interferometry as well as modern biometry and IOL prediction formulae. Addition-
ally, post-operative myopic surprises appeared to be associated with IOP spikes—37.5%
of eyes with pre-operatively low IOPs and subsequent IOP spikes experienced myopic
surprises of over 1 D. These refractive changes after trabeculectomy surgery are likely to
negatively affect the accuracy and predictability of visual outcomes following premium
lens implantation in phacotrabeculectomy surgery.

Second, despite its overall good safety profile, phacotrabeculectomy has its associated
complications, including hypotony and hypotonous maculopathy, hyphema, anterior
chamber shallowing, and visual field wipeout. The frequency of these complications are
higher than that of phacoemulsification alone [103,112,113], with many potentially causing
refractive errors or even persistent visual loss after surgery [114,115].

Third, changes in AL and ACD [116–118] have been reported to occur after trabeculec-
tomy surgery, thus increasing the risk of IOL power calculation errors [107,119] despite
accurate pre-operative ocular biometry measurements [120]. A decrease in ACD may cause
the eye to be more myopic post-operatively, while a decrease in AL would render the eye
more hyperopic [106]. Studies have demonstrated a decrease in AL after phacotrabeculec-
tomy; Poon et al. [121] showed that phacotrabeculectomy resulted in a mean decrease in
AL of 0.16 ± 0.15 mm in PACG and 0.16 ± 0.11 mm in POAG eyes (p = 0.96), as well as an
increase in ACD of 1.41 ± 0.91 mm in PACG, and 0.87 ± 0.86 mm in POAG eyes (p = 0.04).
Law et al. [122] demonstrated that AL reduction following phacotrabeculectomy (117 (57)
microm) was significantly larger than that following cataract surgery alone (75 (38) microm,
p < 0.02), and this correlated significantly with post-operative IOP (p < 0.002). This decrease
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in AL is likely due to the effect of the trabeculectomy surgery itself, as demonstrated
in a number of previous studies [116,117,123]. Factors that may affect AL include post-
operative IOP changes and methods used to measure AL. Studies [116,123,124] have shown
that the magnitude of AL change may depend on the magnitude of IOP change. Studies
that use applanation ultrasound have reported larger reductions in AL after trabeculec-
tomy [116,117,125], and different methods used to measure AL may explain disparity
between studies, with any difference possibly being due to avoidance of globe indentation
with the non-contact method, in contrast to contact ultrasonic biometry that may underesti-
mate AL in soft, post-trabeculectomy eyes [116–118,123,126]. Francis et al. [127] utilized
non-contact optical biometry and found a small but statistically significant decrease in AL
following trabeculectomy, but with a difference less than that seen in the above-mentioned
studies [116]. Of note, however, Zhang et al. [110] obtained AL measurements of patients
undergoing phacoemulsification after prior trabeculectomy using both non-contact and
contact methods of AL measurement and found no significant difference in either mean AL
or mean ACD measured by both methods.

Lastly, keratometry readings may be affected by trabeculectomy surgery [125,128,129].
Various studies have demonstrated astigmatism, superior steepening, or superior flattening,
with effects lasting up to 12 months post-operatively [104,117,122,129–135]. Trabeculec-
tomies performed in the superior quadrant may induce the axis of corneal astigmatism
to fall at the meridian of the scleral flap, causing a with-the-rule (WTR) corneal astigma-
tism [104,130,136]. Hong et al. [137] reported a shift of astigmatism at the vertical meridian
from +2.17 D to a −1.72 D over 12 months after a combined triple procedure of a trabeculec-
tomy, extracapsular cataract extraction, and IOL implantation. A study that evaluated
keratometric changes after trabeculectomy revealed induced WTR astigmatism with a
mean of 0.81 ± 1.08 D at the post-operative month three which tends to resolve within one
year [134].

In comparing post-trabeculectomy patients undergoing standalone cataract surgery
and patients undergoing phacotrabeculectomy, Bae et al. [106] found that IOL power pre-
diction was less accurate in OAG patients undergoing cataract surgery post-trabeculectomy
(CAT group) or undergoing combined phacotrabeculectomy surgery (CCT group) com-
pared to OAG patients undergoing standalone cataract surgery (OC group). A prior tra-
beculectomy resulted in larger refractive prediction error, while combined trabeculectomy
resulted in a slight myopic shift post-operatively. In the CAT group, the large mean absolute
error (MAE) could have been due to contact A-scan ultrasonography used to measure AL
as these softer, post-trabeculectomy eyes were more susceptible to deformation, thereby re-
sulting in a falsely shorter AL measurement and greater myopic refractive surprise [111]. In
the CCT group, the mean error was approximately −0.40 D, which was statistically greater
than that in the OC group. Phacotrabeculectomy causes a greater IOP change compared
to staged cataract surgery following prior trabeculectomy (6.61 versus 0.59 mmHg) [128],
thus potentially causing greater AL, ACD, and keratometry changes [113,124].

In summary, biometric changes may occur after trabeculectomy surgery and should
be a consideration in patients undergoing phacotrabeculectomy or standalone cataract
surgery after prior trabeculectomy. AL, ACD, and keratometry are primary determinants
in IOL power calculations; hence, post-operative changes in these biometric measurements
may lead to increased risk of post-operative refractive surprise and IOL power calculation
errors [127,138], although some studies have demonstrated that post-phacotrabeculectomy
AL and keratometric changes may effectively negate each other’s effect [139]. Standalone
cataract surgeries performed much later (at least 3–6 months [118]) after initial trabeculec-
tomy surgery may allow refractive outcomes and ocular measurements to stabilize, thereby
not precluding the use of premium IOLs (particularly toric IOLs) in these patients. The use
of non-contact optical biometry [38], such as laser interferometry and modern biometry
formulae [140], may provide more accurate IOL power calculation for eyes undergoing
combined phacotrabeculectomy.
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4.6.2. MIGS (Minimally Invasive Glaucoma Surgery)

MIGS are a newer spectrum of surgical techniques and devices which have emerged
rapidly in recent years. Most share common characteristics, including having a micro-
invasive approach, minimal tissue trauma, at least modest efficacy, as well as a more
rapid post-operative recovery and higher safety profile compared to traditional glaucoma
surgeries [141]. MIGS can be classified based on the site of anatomical intervention and
augmentation, including (1) angle-based MIGS, where trabecular outflow is increased by
bypassing the trabecular meshwork and directing aqueous humor into Schlemm’s canal;
(2) subconjunctival MIGS, where a drainage pathway is created into the sub-Tenon’s space;
and (3) suprachoroidal MIGS, where uveoscleral outflow is increased via implantation of
suprachoroidal shunts [142]. Premium IOL implantation, as explained in the aforemen-
tioned sections, requires refractive neutrality and ocular biometric stability of surgical
procedures. A number of studies have examined refractive outcomes following cataract
surgery and monofocal IOL implantation with MIGS. However, few have reported results
of premium IOL implantation in this context.

Angle-based MIGS bypass the resistance to aqueous outflow at the level of the tra-
becular meshwork, through microstenting, micro-incisions, and viscodilation [143]. Mi-
crostenting options include the iStent series. The first-generation iStent (Glaukos Corp.,
San Clemente, CA, USA) was introduced in 2012, with clinical trials demonstrating its
efficacy when implanted in combination with cataract extraction. Samuelson et al. [144]
showed significant IOP reduction after iStent and cataract surgery compared to cataract
surgery alone, with similar safety profiles. Scott et al. [145] demonstrated that combined
iStent and cataract surgery is likely to be a refractively neutral procedure—80% and 95%
of eyes achieved target refraction within ±0.5 D and ±1.00 D, respectively. Manoharan
et al. [80] demonstrated no difference in refractive outcomes in glaucoma patients who
underwent combined phacoemulsification with iStent compared to phacoemulsification
alone. The later iteration of the iStent, the iStent Inject (Glaukos Corp., San Clemente, CA,
USA), achieved US FDA approval in 2018. Ang et al. [146] demonstrated minimal influence
of iStent inject implantation on the MAE (−0.13 ± 0.08 D), with 82.8% of eyes achieving a
post-operative refraction within 0.5 D of target in combined iStent inject implantation and
phacoemulsification in Asian eyes with NTG. Ioannidis et al. [147] concluded too that the
iStent inject device is refractively neutral—73.9% and 98.9% of eyes were within 0.5 D and
1.0 D of the target refraction, respectively. Trabecular bypass stents would not be expected
to impact refractive outcomes, given that multiple studies [40,42,45,144] have demonstrated
the refractive neutrality of this device. Other angle-based MIGS include micro-incision
options, such as the Trabectome and Kahook Dual Blade. The Trabectome (NeoMedix, Inc.,
Tustin, CA, USA) was FDA approved in April 2004 [148]. Luebke et al. [149] demonstrated
no difference in refractive outcomes between patients undergoing combined trabectome–
cataract surgery compared to cataract surgery alone. Refractive outcomes following Kahook
Dual Blade (New World Medical, Rancho Cucamonga, CA, USA) surgery, a goniotomy
procedure, was also studied by Sieck et al. [150], who demonstrated no difference in refrac-
tive outcomes of glaucomatous patients undergoing phacoemulsification with or without
KDB goniotomy.

Subconjunctival MIGS options include the XEN45 Gel Stent (Allergan, Dublin, CA,
USA) and Preserflo Microshunt (Santen Co., Japan). The XEN45 Gel Stent was FDA
approved in 2016 [148], and Grover et al. [151] demonstrated a significant reduction in IOP
and medication use with a good safety profile, thus offering XEN45 as a MIGS option for
patients with refractory open-angle glaucoma. Bormann et al. [152] compared refractive
changes after surgery between trabeculectomy and the XEN45, showing that the SIA was
nearly similar in both groups (0.75 ± 0.60 diopters after TE and 0.81 ± 0.56 diopters after
XEN; p = 0.57).

Suprachoroidal MIGS procedures aim to take advantage of the uveoscleral pathway
to reduce IOP, not being subject to an episcleral venous pressure floor [142]. As they
have the most potential to alter the AL of the eye, they may result in post-operative
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refractive surprises. Although there are no US FDA-approved suprachoroidal MIGS at
present, there are multiple devices in the investigational pipeline, such as the iStent Supra
(Glaukos Corporation, San Clemente, CA, USA) and the MINIject (iStar Medical, Wavre,
Belgium) [142]. Previously, the Cypass (Alcon, Ft. Worth, TX, USA) showed significant
IOP and medication reduction when combined with cataract extraction [153] but was
withdrawn from the market in 2018 when 5-year data from the COMPASS-XT study
suggested a significantly increased rate of endothelial cell loss [154]. While there are no
formal published studies to support these claims, there have been numerous independent
accounts on various platforms reporting myopic surprises after combined Cypass and
cataract extraction, with anecdotal accounts reporting myopic shifts of between 1.00 D to
3.00 D [155].

As largely refractively neutral surgeries with a high safety profile, angle-based MIGS
appears less subject to confounding factors that may influence post-operative refractive
outcomes; hence, it may potentially be favorable to the implantation of premium IOLs.
Toric IOL implantation appears suitable in angle-based MIGS, with studies demonstrat-
ing good refractive results and spectacle-free outcomes following cataract extraction and
toric IOL implantation with Tanito microhook trabeculotomy (TMH) [44,46] and iStent
implantation [45–47]. Subconjunctival MIGS, performed ab internally without requiring
conjunctival closure, is less likely to induce significant SIA, resulting in more predictable
and consistent refractive outcomes, which contrasts with trabeculectomy which increases
WTR astigmatism post-operatively [127].

4.7. Functional and Structural Monitoring of Glaucoma

MFIOLs may affect the sensitivity of investigative tests for glaucomasu progression,
including visual field assessment and optic nerve imaging. Inoue et al. [156] reported that
diffractive MFIOLs may cause wavy artifacts on OCT imaging. Aychoua et al. [59] reported
that patients with diffractive MFIOLs (Tecnis® Multifocal ZM900; AMO, AT LISA® 809M;
CarlZeiss Meditec, Jena, Germany) demonstrated a clinically relevant reduction in visual
sensitivity (with a lower mean deviation of 2 dB, compared to monofocal IOLs) as assessed
with standard automated perimetry, and the study concluded that the reduction was likely
related to the MFIOL design, as opposed to patients’ pseudo-phakic status. Furthermore,
in patients with posterior eye segment changes, the visualization of macula and the optic
nerve may be impaired after both toric and MFIOL implantation, and this could pose
difficulties in later diagnostic or therapeutic procedures [157].

5. Conclusions

Overall, few studies have explored the use of premium IOLs in glaucoma patients,
with some studies including only a small number of glaucomatous eyes. However, results
thus far are promising. Studies have demonstrated high spectacle independence (especially
for distance vision), contrast sensitivity comparable to that of healthy subjects, and excellent
visual acuity results. Toric IOLs have been shown to provide good visual and refractive
outcomes in eyes undergoing selected glaucoma surgeries and in eyes with ocular hyper-
tension and incipient glaucoma, with high levels of patient satisfaction post-operatively.
However, there may currently be insufficient evidence to support the safety of premium
IOL implantation in patients with advanced glaucoma. Caution should be applied when
cataract extraction is combined with certain glaucoma surgeries as there may be additional
intra- and post-operative factors that influence the quality of vision after surgery.

Premium IOLs may confer greater benefit with appropriately chosen patient pro-
files [158] and may be recommended for certain patients with glaucoma, depending on the
disease severity and type of visual field deficit. Specifically, premium IOLs tend to have
better outcomes in glaucoma suspects, patients with ocular hypertension, and glaucoma
patients with early, well-controlled disease. IOL selection should be individualized accord-
ing to the patient’s desired refractive outcome, visual expectations, subtype of glaucoma,
type and severity of glaucomatous visual field defect, presence of ocular surface disease,
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and type of glaucoma surgery. Regular reviews on this topic are necessary given the rapid
advancements in both IOL technology and glaucoma surgical treatment [159].
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