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Bartłomiej Bolek, Adam Wylęgała, Małgorzata Rebkowska-Juraszek and Edward Wylęgała
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Preface

Glaucoma remains a leading cause of irreversible blindness worldwide, posing significant

challenges to visual function and quality of life. This Reprint aims to present the latest advancements

in glaucoma diagnostics and treatment, covering a wide range of topics from innovative diagnostic

techniques to personalized therapeutic strategies, ultimately promoting clinical excellence and

fostering interdisciplinary collaboration.

This Special Issue features research reflecting major breakthroughs in artificial intelligence,

imaging technologies, genetics, immunology, surgical innovations, and novel therapies. Several

studies explore the application of deep learning in glaucoma detection, including its role in

diagnosing high myopia-associated glaucoma and integrating few-shot learning with optical

coherence tomography angiography (OCTA) to enhance diagnostic accuracy. Additionally, papers

highlight the incorporation of genetic factors into risk prediction models, improving the precision of

disease progression monitoring and paving the way for personalized treatment approaches.

This Reprint also examines the systemic associations of glaucoma, particularly its relationship

with type 2 diabetes (T2D). Innovative Mendelian randomization studies provide new insights into

potential causal mechanisms. Furthermore, the role of immune system dysregulation in glaucoma

pathogenesis is increasingly recognized, with studies indicating that retinal microvascular changes

and immune dysfunction could serve as promising therapeutic targets.

Surgical innovations are another key focus of this Special Issue. Studies evaluate the

long-term efficacy of endocyclophotocoagulation (ECP) combined with phacoemulsification, Ahmed

valve implantation in complex glaucoma cases, and the impact of the Preserflo MicroShunt on

microvascular flow, offering valuable evidence for future minimally invasive surgical applications.

Additionally, emerging research highlights novel structural biomarkers for early diagnosis, the

association between olfactory dysfunction and glaucoma as a neurodegenerative disease, and the

potential of nicotinamide as a neuroprotective agent in glaucoma therapy.

This Reprint is intended for ophthalmologists, vision science researchers, biomedical engineers,

pharmaceutical developers, medical educators, and all healthcare professionals interested in the

latest advancements in glaucoma care. We extend our sincere gratitude to all of the internationally

recognized experts who contributed to this Special Issue, covering a wide spectrum from basic science

to clinical applications. We also appreciate the reviewers for their insightful feedback in enhancing

manuscript quality and the editorial team for their professional assistance in ensuring the successful

publication of this Special Issue.

By compiling these cutting-edge research findings, this Special Issue seeks to bridge the gap

between academia and clinical practice, facilitate the adoption of innovative technologies, and

ultimately improve treatment outcomes and visual health for glaucoma patients worldwide.

Da-Wen Lu

Guest Editor
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Olfactory Dysfunction and Glaucoma
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antonio.greco@uniroma1.it (A.G.)
* Correspondence: alessandro.lambiase@uniroma1.it; Tel.: +39-06-4997-5300

Abstract: Background: Olfactory dysfunction is a well-known phenomenon in neurological diseases
with anosmia and hyposmia serving as clinical or preclinical indicators of Alzheimer’s disease, Parkin-
son’s disease, and other neurodegenerative disorders. Since glaucoma is a neurodegenerative disease
of the visual system, it may also entail alterations in olfactory function, warranting investigation into
potential sensory interconnections. Methods: A review of the current literature of the last 15 years
(from 1 April 2008 to 1 April 2023) was conducted by two different authors searching for topics
related to olfaction and glaucoma. Results: three papers met the selection criteria. According to these
findings, patients with POAG appear to have worse olfaction than healthy subjects. Furthermore,
certain predisposing conditions to glaucoma, such as pseudoexfoliation syndrome and primary
vascular dysregulation, could possibly induce olfactory changes that can be measured with the Sniffin
Stick test. Conclusions: the scientific literature on this topic is very limited, and the pathogenesis of
olfactory changes in glaucoma is not clear. However, if the results of these studies are confirmed by
further research, olfactory testing may be a non-invasive tool to assist clinicians in the early diagnosis
of glaucoma.

Keywords: smell; olfaction; olfactory test; hyposmia; neurodegeneration; glaucoma; retinal ganglion
cells; pseudoexfoliation syndrome; olfactory dysfunction; olfactory disorders

1. Introduction

The sense of smell is one of the human senses that enables the perception of odors
or scents in the environment. Although often neglected in medical practice, an olfactory
dysfunction significantly impacts the quality of life [1]. Hyposmia or anosmia reduces
the enjoyment of food, social relationships, and work skills. In addition, alterations in the
sense of smell can expose people to the risk of damage from fumes, toxic substances, and
spoiled food.

In recent years it has been shown that olfactory dysfunction may be an early sign of
major neurodegenerative diseases such as Parkinson’s and Alzheimer’s [2–4]. In addition,
it seems that the deterioration of olfactory function could be associated with the progression
of these neurodegenerative disease and early cognitive impairment [1,5]. According to this
evidence, Knight and colleagues reported that better olfactory performance is associated
with a lower risk of progression of cognitive impairment and is a predictor of longevity [6].

The retina and optic nerve are highly specialized neural structures and direct ex-
tensions of the central nervous system. The interdependence of the brain, optic nerve,
and retinal tropism has been well documented [7], and thinning of the retinal nerve fiber
layer (RNFL), assessed with optical coherence tomography (OCT), has been confirmed
in many neurodegenerative diseases, such as Alzheimer’s [8,9], Parkinson’s [10], and
multiple sclerosis [11].

Biomedicines 2024, 12, 1002. https://doi.org/10.3390/biomedicines12051002 https://www.mdpi.com/journal/biomedicines
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Glaucoma is an optic neuropathy characterized by visual field defects and changes in
the optic nerve head and nerve fiber layer; it is the leading cause of irreversible bilateral
blindness, affecting approximately 80 million people worldwide [12].

Glaucoma shares some common pathogenetic mechanisms, particularly with Alzheimer’s
disease, such as mitochondrial dysfunction, neuroinflammation, and oxidative stress [13–16].
Over the years, evidence has shown that glaucoma should not be considered a purely ophthal-
mologic disease because it damages not only the optic nerve but also other brain structures
involved in vision [17,18].

Could glaucoma, as a neurodegenerative disease of the visual system, be associated
with early neurological olfactory damage, as well as Alzheimer’s and Parkinson’s diseases?

This review analyzed this medical hypothesis and reported the current scientific
evidence on these two potentially related topics.

2. Smell Dysfunction Causes

Several clinical conditions can cause olfactory dysfunction [1].

• Upper respiratory infections;
• Nasal and sinus conditions such as sinusitis, nasal polyps, or inflammation of the

nasal passages can interfere with the ability to smell by blocking airflow or affecting
olfactory receptors;

• Head trauma, including injuries to the head, especially to the frontal lobes or the area
around the nose, can damage the olfactory nerves and cause loss of smell;

• Aging: as people age, there may be a natural decline in the sense of smell due to
changes in the olfactory system;

• Medications: some medications, including certain antibiotics, antidepressants, and
antihypertensives, can cause olfactory dysfunction as a side effect;

• Toxic chemical exposure: exposure to certain chemicals or toxins, such as solvents,
pollutants, or heavy metals, can damage the olfactory system and cause loss of smell;

• Genetic factors: in rare cases, genetic conditions can affect a person’s ability to smell.
• Neurological conditions: neurological diseases, such as Alzheimer’s, Parkinson’s,

multiple sclerosis, or epilepsy, can affect the sense of smell.

The association between neurodegenerative diseases and smell issues is well estab-
lished in the literature [2–5,11,19–27]. It is estimated to be present in 90% of patients with
early Parkinson’s disease (PD) and 85% of patients with early Alzheimer’s disease (AD) [28].
Olfactory dysfunction has been reported as a prodromal symptom, which is often given
little clinical relevance. Hyposmia is already present in mild cognitive impairment and
tends to worsen as the disease progresses; odor identification is the most impaired among
the olfactory functions in these patients [3,5,19,29].

In PD, hyposmia is one of the first non-motor signs of the disease [28,30,31], and
olfactory hallucinations (phantosmia) are reported in up to 21% of cases [32]. In addi-
tion, the olfactory threshold has been proposed as a test to differentiate Lewy bodies
dementia (LBD) from Parkinson’s dementia, as patients with LBD have a much lower
olfactory threshold [33].

Although olfaction is compromised in both AD and PD, Rahayel and colleagues note
that olfactory identification and discrimination, which require higher cognitive functions,
are more impaired in AD. In contrast, the olfactory threshold is lower in PD [27].

The pathophysiology of olfactory dysfunction in neurodegenerative diseases is unclear.
In an immunocytochemical study, Brozetti et al. found that molecules classically asso-

ciated with neurodegeneration, such as α-synuclein, β-amyloid, and hyperphosphorylated
tau, were present in the olfactory neuroepithelia of healthy subjects. The researchers hy-
pothesize that these proteins are misfolded in response to an unknown stimulus and then
transported to the olfactory bulb, gradually forming pathological aggregates. This process
would cause the early olfactory impairment observed in diseases such as Alzheimer’s
and Parkinson’s [34].
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Furthermore, smell is not only impaired in AD and PD. In multiple sclerosis, olfactory
dysfunction has a prevalence of 27.2% [11], and there appears to be a correlation between
olfactory bulb volume reduction and hyposmia [35]. According to several meta-analyses,
many other neuropsychiatric disorders affect the sense of smell (Table 1). Specifically,
olfactory discrimination, impaired in schizophrenia but not in frontotemporal dementia,
may contribute to the differential diagnosis between these two disorders [36].

Table 1. Smell function involvement in neuropsychiatric diseases.

Alzheimer’s disease and
Mild cognitive impairment

Jung et al. 2019 [5].
Roalf et al. 2017 [19].

Rahayel et al. 2012 [27].
Kotecha et al. 2018 [3].

Mesholam et al. 1998 [2].

Parkinson’s disease

Mesholam et al. 1998 [2].
Rahayel et al. 2012 [27]

Sui et al. 2019 [4].
Lyu et al. 2021 [23].

Alonso et al. 2021 [20]
Trentin et al. 2022 [21]

Multiple sclerosis Mirmosayyeb et al. 2022 [11]

Epilepsy Khurshid et al. 2019 [22]

Rapid Eye Movement
Sleep Behavior Disorder Lyu et al. 2021 [23].

Autism-spectrum disorders Crow et al. 2020 [24]

Obsessive–Compulsive Disorder Crow et al. 2020 [24]

Severe anorexia nervosa Mai et al. 2020 [25]

Schizophrenia Carnemolla et al. 2020 [36]

Frontotemporal dementia Carnemolla et al. 2020 [36]
Kamath et al. 2019 [26]

Olfactory Dysfunction Evaluation

Different tests have been developed to test olfactory function. Electrophysiological
tests (olfactory evoked potentials, OEPs) are mainly used for research and legal pur-
poses [37]. In clinical practice, the sense of smell can be assessed with relatively simple,
non-invasive, and inexpensive tests.

The most widely used and established tests in clinical practice are the Sniffing Stick
Test (SST) and the University of Pennsylvania Smell Identification Test (UPSIT) [38].

The SST is a pen-like odor delivery device, designed and developed by Kobal and
Hummel [39,40]. This test assesses all three components of olfactory function, expressed in
a final score (threshold, discrimination, and identification Score, TDI score).

Odor identification tests ask the patient to identify a series of odors, one at a time,
by answering a multiple-choice questionnaire. Odor discrimination tests the individual’s
ability to identify which of the three odors presented is different from the other two. The
odor threshold is a measure of the lowest concentration of an odorant substance that the
subject can detect using serial dilutions [41,42].

The UPSIT (University of Pennsylvania Smell Identification Test) is a standardized
test to evaluate the olfactory function. It is a scratch-and-sniff test that presents various
odors in a multiple-choice format to identify the type of smell.

The UPSIT is widely used in clinical settings to assess the ability to identify different
smells and to detect changes or deficiencies in the sense of smell. It helps in diagnosing
various conditions related to olfactory dysfunction, such as anosmia (complete loss of
smell), hyposmia (reduced sensitivity to smell), or specific smell disorders (Table 2).
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Table 2. Smell dysfunctions [43].

Term Definition

Dysosmia General term for smell dysfunction

Quantitative smell dysfunction

Anosmia Sense of smell is absent or almost absent, with an impact on
daily life activity

Hyposmia Composite TDI score* < 10th percentile

Normosmia Composite TDI score* > 10th percentile

Hyperosmia Composite TDI score* > 90th percentile

Qualitative smell dysfunction

Olfactory intolerance Intolerance to common odors, unconfirmed with smell tests.

Parosmia Olfactory dysperception in the presence of a real odor stimulus

Phantosmia Olfactory dysperception in the absence of a real odor stimulus
* TDI-score: Threshold Discrimination Identification score.

This test provides a quantitative measure of olfactory function, aiding doctors in
determining the degree of impairment and monitoring the olfactory dysfunction of smell
over time.

3. Glaucoma and Neurodegeneration

Glaucoma is a heterogeneous group of diseases clinically characterized by specific
patterns of visual field loss and optic nerve head damage. Diffuse damage to highly
specialized neural structures and an insidious onset that causes noticeable symptoms only
in the late stages of the disease, make glaucoma the leading cause of irreversible blindness
worldwide [12]. Glaucoma is often associated with high intraocular pressure (IOP), which
is one of the major risk factors for developing the disease and the only therapeutic target for
medical and surgical treatment. For this reason, glaucoma has traditionally been considered
a purely ophthalmologic disease. Today, there is increasing evidence [17,18,44–46] that
glaucoma should be considered a multifaceted neurodegenerative disease in which IOP is
only one piece in a complex mosaic.

Specifically, apoptosis of the retinal ganglion cell (RGC) is the hallmark of glau-
coma, but it has been widely shown that other brain structures associated with vision are
also involved [17,47].

The RGC is a highly specialized neuron whose cell soma is located in the inner layers of
the retina. The axons of these cells converge to form the optic nerve, the chiasm (where they
partially cross over), and the optic tract and then form synapses in the lateral geniculate
nucleus. The primary visual pathway then continues through optic radiation to the primary
cerebral cortex, providing the conscious experience of vision.

Along the retino–geniculo–cortical pathways, visual stimuli are divided into two main
systems: the magnocellular and parvocellular systems. The magnocellular system has a
faster response time and seems to be specialized for visuospatial perception, motion, and
stereopsis, allowing for rapid detection and localization of a moving object in the visual
field. The parvocellular system, on the other hand, has a slower response time and provides
discriminative cues such as the shape, color, and contrast of the observed object. This
allows the object to be examined, recognized, and categorized [17,18]. This topographic
map is present in the retina, is replicated in the lateral geniculate nucleus, and is maintained
all the way to the visual cortex.

There is evidence in both animal models and humans that glaucoma damages both
the parvocellular and magnocellular pathways, but there is no agreement on which one is
more impaired [17,18].
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Loss of RGCs and their axons causes atrophy of the optic nerve head and inner retinal
layers, which can be detected by clinical examination and optical coherence tomography
(OCT), and also appears to affect the posterior brain structures of the visual system.

Damage to the posterior visual pathways is suggested by increased latency and
reduction of the electrical signal as measured by visual evoked potentials (VEPs) [47].

This widespread cerebral damage has been confirmed by nuclear magnetic resonance
(MRI) imaging studies. MRI morphometric analyses have documented that neurodegenera-
tion in glaucoma patients affects not only the optic nerve, chiasm, and optic tract, as might
be expected, but also the lateral geniculate nucleus of the thalamus, the optic radiations,
and the visual cortex [45,46] Specifically, in glaucoma, trophism and function of the primary
visual cortex, as assessed by functional MRI, correlate with both RNFL thickness and
perimetric defect [44].

This evidence suggests that the trophism of neurons involved in visual pathways is
interdependent, as has been demonstrated in other neurodegenerative diseases, and that
atrophy in glaucoma spreads to all the cerebral structures involved in vision. This would be
true both from the retina to the brain (anterograde neurodegeneration) and vice versa, from
the brain to the retina (retrograde neurodegeneration), via trans-synaptic degeneration [18].

The causes of RGCs loss are not fully understood.
According to the mechanical theory, ocular hypertension is thought to disrupt axoplas-

mic transport by mechanically compressing the optic nerve bundle through the pores of the
lamina cribrosa, [48] inducing apoptosis in RGCs. The lamina cribrosa is a diaphragm be-
tween the intraocular and subarachnoid compartments, and the delta between intraocular
and intracranial pressure, called the translaminar cribrosa pressure (TLCP) gradient, ap-
pears to be involved in the pathogenesis of glaucoma. Thus, not only increased IOP but also
decreased cerebrospinal fluid pressure can mechanically deform the lamina cribrosa [48]
and damage the optic nerve head.

As highly specialized neurons, RGCs are particularly susceptible to hypoxic injury.
Therefore, the ischemic theory suggests that impaired blood flow may promote neurodegen-
eration in glaucoma; accordingly, increased expression of hypoxia-induced factor 1alpha
(HIF-1alpha) has been found in retinal areas corresponding to perimetric scotomas [49].
In addition to the mechanical and ischemic theories, excitotoxicity, oxidative stress, and
neuroinflammation also play a role in neurodegeneration [48].

In excitotoxicity, there is an alteration in synaptic homeostasis with excessive glutamate
release from the presynaptic neuron and calcium ion accumulation at the postsynaptic
neuron. Excess calcium would activate lytic enzymes (lipase, endonuclease, and protease)
and nitric oxide synthetase, which would induce cell apoptosis.

Mitochondrial dysfunction and the reduction of antioxidant enzymes also appear to
play a role in glaucoma, as does neuroinflammation mediated by astrocytes, microglia, and
Müller cells [48].

Glaucoma has a multifactorial complex etiology, and the above pathogenetic mecha-
nisms have been described in other neurodegenerative diseases, particularly Alzheimer’s
disease [13–15]. In fact, cohort studies have shown an overlap between the risk of de-
veloping glaucoma and Alzheimer’s disease (Bayer et al. showed a 25.9% prevalence of
glaucoma in AD) [50].

Apoptosis is the common step that leads to loss of function, mainly affecting the limbic
system in AD and the visual pathways in glaucoma [13].

In line with these data, glaucoma therapy has now fully embraced neuroprotective
molecules, such as citicoline [7,51,52], that have been used in Alzheimer’s disease ther-
apy [53,54], and other neurotrophins have been studied in glaucoma research [55–57].

As previously mentioned, glaucoma is classically associated with ocular hypertension,
one of the main risk factors for developing the disease.

However, the relevance of primary neurodegeneration is particularly evident in cases
of normal tension glaucoma (NTG), where the intraocular pressure (IOP) lies within the nor-
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mal range, but the visual field loss often progresses independently, suggesting a pressure-
independent mechanism of neurodegeneration.

The pathogenesis of NTG remains unclear, but several mechanisms have been pro-
posed, including ischemic theory and increased TLCP gradient, which may contribute
significantly to neurodegeneration in these patients [58,59].

Specifically, microvascular endothelial dysfunction and abnormal vasoreactivity in
response to the sympathetic autonomic nervous system (PVD, primary vascular dysregula-
tion, according to Flammer and colleagues) have been observed, supported by an imbalance
between nitric oxide (NO, vasodilator) and endothelin-1 (ET-1, vasoconstrictor) [60]. Rey-
naud’s phenomenon, migraine, and silent cardiovascular and cerebrovascular diseases are
often associated with normal tension glaucoma [58,59]. Accordingly, Takahashi et al. found
a correlation between abnormal nailfold and optic disc vasoconstriction in response to the
cold-water provocation test in NTG patients [61].

NTG appears to be even more related to Alzheimer’s disease than glaucoma associated
with ocular hypertension. In fact, Tamura et al. found a high prevalence of glaucoma
(23.8%) in AD compared to healthy subjects (p = 0.0002), with no differences in intraocular
pressure [62]. In a 13-year retrospective cohort study, Chen et al. found an increased risk
of Alzheimer’s disease in normal tension glaucoma (Hazard Ratio 1.52) in the Taiwanese
population, supporting the link between these diseases [63].

Another shared feature between glaucoma and AD is the abnormal deposition of pro-
teinaceous aggregates [13]. Plaques of beta-amyloid and tangles of hyperphosphorylated
tau protein are the hallmarks of Alzheimer’s disease, and pseudoexfoliative glaucoma
(PXG) is associated with diffuse deposition of proteinaceous material (pseudoexfoliation
syndrome, PXS).

In PXS, these fibrillar deposits can be found in ocular and extraocular tissues, such as
the vascular endothelium, skin, heart, liver, lungs, kidneys, meninges, and gallbladder. The
ocular complications of PXS include glaucoma and zonular weakness with possible lens
dislocation following trauma or surgery [64].

According to the literature, pseudoexfoliation syndrome may be a marker of neurode-
generation and share features with Alzheimer’s disease [65]. In fact, both PXS and AD are
age-related disorders and involve abnormal protein misfolding and aggregation [13,64].
Furthermore, apolipoprotein E (APOE) and amyloid, which play a key role in the pathogen-
esis of Alzheimer’s disease [13,15,63], were also found in the fibrillar material of PXS [64].

Glaucoma and Alzheimer’s are very different diseases, and their pathogeneses are
still unclear, but their common features have attracted the attention of researchers.

Could there be a common pathogenetic mechanism that affects both the olfactory and
visual systems at the same time, causing glaucoma patients to experience early loss of smell
as described in other neurodegenerative diseases?

4. Smell Function and Glaucoma

Unfortunately, this topic has not been widely studied and reported in the literature.
After a literature search, just three articles analyzing glaucoma and olfactory dysfunc-

tion were identified and considered (Table 3).
Mozaffarieh and colleagues investigated olfaction in normal tension glaucoma (NTG) [66].

Thirty-six patients with NTG and 36 healthy controls matched for age and sex were enrolled;
in both groups, half of the subjects had signs compatible with vasospasm, such as migraine,
tinnitus, hypotension, and cold extremities. Olfaction was assessed by self-report and SST.
Subjects with vasospasm were significantly better at identifying odors than the others,
either by self-report or SST (p < 0.001), whether they were glaucomatous or healthy subjects.
The difference remained statistically significant even after the results were adjusted for age.
This study only uses the 12-item identification test in the olfactory dysfunction evaluation.
This is a substantial limitation. The authors speculate that subjects with PVD, who would
already have differential gene expression of ATP-binding cassette (ABC) proteins [67], may
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also have a different gene expression of odorant-binding proteins, which would result in
increased odor perception.

Table 3. Smell function and glaucoma.

Authors n Smell Test Outcomes

Mozaffarieh, M. et al. (2010) [66]

36 NTG patients and
36 healthy controls; half
participants in both groups
had PVD.

SST In both groups, subjects with PVD had better
smell outcomes (p < 0.001)

Gugleta, K. et al. (2010) [68] 30 POAG patients SST Olfactory threshold was significantly lower in
POAG than healthy controls (p = 0.01)

Dikmetas, O. et al. (2022) [69]

20 POAG patients

20 PXG patients SST

Complex olfactory abnormalities that affected
threshold, discrimination, and identification

differently in each group.
The PXG group showed the worst TDI score.

20 PXS patients

NTG = normal tension glaucoma; POAG = primary open-angle glaucoma; PXG = pseudoexfoliative glau-
coma; PXS = pseudoexfoliative syndrome; PVD = primary vascular dysregulation; SST = Sniffin Stick test; TDI
score = threshold discrimination identification score.

Subsequently, Gugleta et al. enrolled 30 patients with primary open-angle glaucoma
(POAG) and compared olfactory performance with a healthy control group [68]. While
the TDI score did not differ significantly between the two groups, the olfactory threshold
was significantly lower in POAG than in healthy controls (p = 0.01). Again, patients with
evidence of vasospasm, as assessed by a cold extremity and nail capillaroscopy, had a better
olfactory threshold compared to POAG patients without vasospasm (p = 0.036).

In a cross-sectional study published in 2022, Dikmetas and colleagues investigated
olfactory function in POAG and PXG [69]. The researchers included 20 patients with POAG,
20 with PXG, and 20 subjects with PXS without glaucoma. Olfactory performance was
assessed using the SST, and significant differences were found between the groups.

Specifically, odor identification was significantly lower in POAG compared to the
control group (p = 0.01) and in PXG compared to all others (p < 0.000 for POAG and PXS
p < 0.02 for healthy subjects).

Odor discrimination was significantly impaired in subjects with PXG compared to the
others (p < 0.000 for each group).

Finally, patients with POAG and PXG had a statistically significant impairment in
olfactory threshold compared to healthy controls (p = 0.033 and p = 0.001, respectively).

According to the TDI score, smell function was more compromised in PXG. Olfactory
sensitivity was also impaired in POAG compared to healthy subjects and in PXS compared
to POAG and healthy subjects.

These data may support that, in glaucoma, as in other neurodegenerative diseases,
complex olfactory abnormalities mainly affect odor sensitivity. Furthermore, different types
of glaucoma appear to be associated with different olfactory dysfunctions. The authors
hypothesize that a possible link between olfactory dysfunction and glaucoma may be
related to abnormal accumulation of tau protein, which has been demonstrated in both
murine models of Parkinson’s disease with olfactory dysfunction [70] and murine models
of glaucoma [71].

5. Discussion

The olfactory function has been studied in many neurodegenerative diseases, mainly
Alzheimer’s and Parkinson’s. However, there is little data on olfaction in glaucoma, a neu-
rodegenerative disease of the visual system. Nevertheless, the available data are interesting.

First, not all types of glaucoma affect olfactory function similarly. Mozaffarieh and
Gugleta found hyperosmia in their sample, while Dikmetas found reduced olfactory func-
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tion in patients with PXG compared with PAOG and in POAG compared with the healthy
control group [66,68,69].

PXG develops in the context of a PXS, and NTG is often associated with blood-flow
abnormalities in response to stimulation of the sympathetic nervous system (PVD, primary
vascular dysregulation, according to Flammer and colleagues) [60].

The significance of hyperosmia in patients with primary vascular dysregulation and
its possible association with NTG can only be cautiously speculated. The available data
suggest that patients with PVD are more likely to experience hyperosmia and may be
more prone to develop NTG, and a possible link between hyperosmia, vasospasm, and
neurodegeneration should be further investigated.

To summarize the results of these studies, certain predisposing conditions to glaucoma,
such as pseudoexfoliation syndrome and primary vascular dysregulation, may possibly
induce olfactory changes that can be measured with the Sniffin Stick test.

However, when the olfactory performance of PXS patients is compared with those
who developed glaucoma, the latter have worse olfactory function.

In addition, patients with POAG appear to have worse olfaction than healthy subjects,
although this is less pronounced than in people with PXG.

More evidence is needed to update clinical practice and incorporate olfactory testing
into glaucoma management, as these studies have some limitations. All three studies have
small sample sizes. Mozaffarieh and Gugleta focused on PVD, while Dikmetas studied
PXG, so the results of the three studies are not fully comparable. None of the studies
correlated olfactory function with the visual field, and the possible effects of glaucoma
medical therapy on olfaction are not explained. Finally, although the results of these
studies are statistically significant, there are no clear hypotheses to justify them. It could be
speculated that olfactory neural pathways may be particularly susceptible to non-specific
neurodegeneration. This may explain the evidence of olfactory dysfunction in a wide range
of neuropsychiatric disorders and possibly in glaucoma.

Although there are few studies on this topic, the possibility that olfaction may be
impaired in glaucoma remains attractive and is based on two well-established data in the
literature, namely olfactory dysfunction is an early marker in a variety of neurodegenerative
diseases, and glaucoma is not limited to the eye but is a complex neurodegenerative disease
of the visual system.

Expansion of the sample size and refinement of the protocol may overcome this lack
of evidence. If these speculations are confirmed in further research, olfactory testing may
be useful in the future to facilitate early diagnosis of glaucoma, e.g., by screening patients
with PXS and patients with Raynaud’s phenomenon or nail capillaroscopy alterations.

The SST can quantitatively measure olfactory dysfunction. In glaucoma, there appear
to be complex olfactory modifications that may alter the olfactory threshold, discrimina-
tion, and identification to variable degrees. The TDI score gives an idea of the overall
olfactory dysfunction but also provides a precise characterization of each of the olfactory
functions. This, combined with the quick administration (15–20 min), makes the SST the
most interesting test to assess olfactory function in glaucoma.

As olfactory testing is inexpensive and non-invasive, and glaucoma has a high so-
cial burden, it may be worthwhile to investigate further the possible links between the
visual and olfactory systems. It may be interesting to assess whether there is a correla-
tion between visual, cognitive, and olfactory function. Furthermore, recent works have
correlated pseudoexfoliation syndrome with neurosensory hearing loss [72] and possibly
glaucoma [73]. These data suggest that PXS may correlate with multisensory impairment
(hyposmia, glaucoma, and hearing loss), opening the possibility of a multidisciplinary
approach to screening for sense-organ disorders, which would likely have a positive impact
on the quality of life of these patients.
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Abstract: Glaucoma is a multifactorial pathology involving the immune system. The subclinical
immune response plays a homeostatic role in healthy situations, but in pathological situations,
it produces imbalances. Optical coherence tomography detects immune cells in the vitreous as
hyperreflective opacities and these are subsequently characterised by computational analysis. This
study monitors the changes in immunity in the vitreous in two steroid-induced glaucoma (SIG)
animal models created with drug delivery systems (microspheres loaded with dexamethasone and
dexamethasone/fibronectin), comparing both sexes and healthy controls over six months. SIG
eyes tended to present greater intensity and a higher number of vitreous opacities (p < 0.05), with
dynamic fluctuations in the percentage of isolated cells (10 µm2), non-activated cells (10–50 µm2),
activated cells (50–250 µm2) and cell complexes (>250 µm2). Both SIG models presented an anti-
inflammatory profile, with non-activated cells being the largest population in this study. However,
smaller opacities (isolated cells) seemed to be the first responder to noxa since they were the most
rounded (recruitment), coinciding with peak intraocular pressure increase, and showed the highest
mean Intensity (intracellular machinery), even in the contralateral eye, and a major change in
orientation (motility). Studying the features of hyperreflective opacities in the vitreous using OCT
could be a useful biomarker of glaucoma.

Keywords: optical coherence tomography; vitreous body; glaucoma; animal models; inflammation

1. Introduction

Chronic glaucoma is a leading cause of irreversible blindness in the world [1].
Increase in intraocular pressure (IOP) is a risk factor strongly associated with the onset
and progression of this optic neuropathy. However, several studies have indicated that
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the pathogenesis of the disease is multifactorial, and the immune perspective seems to
be of great relevance [2]. Residential glial cells are found to become activated in the early
stages of glaucoma. Elevated IOP triggers secondary responses responsible for retinal
ganglion cell (RGC) degeneration. Although the primary response may be favourable
in protecting the eye, the subsequent events that lead to long-lasting activation of glial
cells and adaptive immune responses can be destructive [3]. RGC death results in
irreversible visual field impairment [4,5] that is only detectable once 25–30% of RGCs
is lost, leading to delayed diagnosis. It is therefore essential to develop new tools and
markers to enable earlier detection. Furthermore, the association between autoimmunity
and progressive neuron loss in glaucoma may also allow the development of novel
therapeutic interventions that eventually offer a cure for the disease.

Immune cells present different morphologies based on their state of activation [6–8].
Soma size, analysed by in vivo fluorescence imaging, was proposed as a significant
marker of immune activation in the brain [6] and retina of glaucomatous mice [9].
Microglial activation (Iba1+ staining) appears to be the earliest detectable change in
the retina [10] that strongly correlates with and predicts the severity of glaucomatous
neurodegeneration [11]. Very few studies, however, have extensively analysed the
vitreous in entities with parainflammation [12]. Hyalocytes [13] are resident vitreous
cells that participate in immune regulation by means of phagocytic activity and their
contractile properties. In response to noxa, they are replaced and increase their mitotic
activity. All these changes are postulated as early biomarkers of value for diagnosing
ocular diseases [14].

Optical coherence tomography (OCT) is an objective, fast and cost-efficient technol-
ogy that allows in vivo acquisition of high-resolution cross-sectional images micrometres
from the eye structures. Latest-generation OCT systems allow non-invasive evaluation
of the vitreous in acute and chronic inflammatory processes under standard clinical
conditions. They also allow evaluation of the changes that occur after treatment [15–17].
In our previous paper on the use of computational OCT image analysis, we demonstrated
that hyalocyte-like Iba1+ cells were observed as hyperreflective opacities and described
their behaviour in the active/non-active state by characterising them in terms of size,
intensity, eccentricity and orientation in two chronic glaucoma models in rats with ocular
hypertension (OHT) [18].

This paper aims to corroborate the reliability of using computational OCT image
analysis of hyperreflective opacities in the vitreous as a biomarker of vitreous immu-
nity, in this case in two chronic steroid-induced glaucoma (SIG) rat models previously
developed by our research group by injecting biodegradable microspheres (Ms) loaded
with dexamethasone (MsDx) and a combination of dexamethasone and fibronectin (Ms-
DxF) (with sustained release of the active compounds) into the anterior chamber of the
eye [19,20]. Chronic exposure to glucocorticoids can raise IOP and is known to exert a
negative effect in the form of maladaptive glial cell alterations and neuron damage or
loss [21], leading to SIG [22]. We corroborate and validate the computational analysis of
the individual hyperreflective opacities as a better technique than the overall relative
measure of immunity using OCT. The study of eccentricity, intensity and orientation
characteristics of vitreous opacities using OCT is a reproducible and reliable method of
non-invasive assessment of SIG.

2. Materials and Methods
2.1. Data Collection

The dataset comprised images of the vitreoretinal interface obtained using OCT
(HR-OCT Spectralis, Heidelberg® Engineering, Heidelberg, Germany) in two previous
interventional studies on the generation of steroid-induced glaucoma models (MsDx and
MsDxF) [19,20], which detail the methodology followed. The experiment was previously
approved by the Ethics Committee for Animal Research (PI34/17) of the University
of Zaragoza (Spain) and was carried out in strict accordance with the Association for
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Research in Vision and Ophthalmology’s Statement on the Use of Animals. The MsDx
model was generated by injecting a 2-microlitre suspension (10% w) of biodegradable
PLGA microspheres [23] loaded with dexamethasone into the anterior chamber of Long–
Evans rats’ right eyes at 0 and 4 weeks [19]. The second model (MsDxF) was generated by
administering a 2-microlitre suspension (10% w) of biodegradable PLGA microspheres
co-loaded with dexamethasone and fibronectin at baseline in a single injection [20].
The left eyes did not undergo intervention. IOP (using a Tonolab® rebound tonometer)
measurement and OCT scans of both eyes were performed at 0, 2, 4, 6, 8, 12, 18 and
24 weeks. A cohort that did not undergo intervention served as the control and was
scanned at 0, 12 and 24 weeks.

2.2. Image Analysis

Images were acquired using a high-resolution OCT device with a plane power poly-
methylmethacrylate contact lens (thickness 270 µm, diameter 5.2 mm) (Cantor+Nissel®,
Northamptonshire, Northampton, UK) adapted to the rat cornea [24]. The retinal posterior
pole protocol with automatic segmentation, eye-tracking software and a tracking appli-
cation were used to ensure that the same points were re-scanned throughout this study.
“Enhance depth imaging” mode was disabled in all cases.

The raw OCT images were exported in Audio Video Interleave (AVI) format. In the
rodent version of this OCT device, the videos were composed of cross-sectional images
acquired from 61 3 mm long B-scans centred on the optic nerve. These cross-sectional
images had a resolution of 3 µm/pixel and an area of 2.906 mm2 (1536 × 496 pixels).
Therefore, each pixel had an area of 3.815 µm2. These videos were analysed using a custom
program implemented in MatLab (version R218a, MathWorks Inc., Natick, MA, USA).
The imaging data were analysed by a masked reader. Two different researchers, likewise
masked, performed OCT segmentation to verify reproducibility.

In order to measure the immune response, relative intensity in the vitreous/retinal
pigment epithelium (VIT/RPE) was quantified [15,25,26]. Our customised program
segments the vitreous and RPE by locating the inner limiting membrane (ILM) and
the inner and outer layers of the RPE using greyscale conversion (Figure 1). VIT/RPE
intensity was calculated as the mean of the pixel intensity in each region, giving VIT/RPE
relative intensity in each cross-sectional image. VIT/RPE relative intensity in each eye is
the mean of all B-scans.

The vitreous opacities in each cross-sectional image were analysed as they are
closely related to the immune cells. OCT analysis of hyperreflective opacities in the
vitreoretinal interface does not require a correction factor for histological correlation [27]
and ensures the characterisation of the actual opacity. These opacities were classified
according to size based on previous morphological analyses of retinal microglia and
histological analyses of hyalocytes [28]. Soma size can be used to discriminate between
non-activated and activated cells, as the morphology of microglia varies according
to their state of activation: the smallest cells (corresponding to early growth) have a
rounded or amoeboid morphology; resting (non-activated) cells have a thin cell body
with branched cellular processes; and reactive (activated) cells have a larger somatic size
and exhibit phagocytic activity and motility [6,7].

Our custom program automatically measured hyperreflective opacities and classified
them into groups according to their size: isolated cells (<10 µm2), non-activated cells
(10–50 µm2), activated cells (50–250 µm2) and cell complexes (>250 µm2). The size of the
opacities was calculated according to the number of pixels in each opacity. Background
intensity is lower than opacity intensity; therefore, background speckle noise was removed
to ensure the measurement of hyperreflective opacities (see Figure 1). In this way, the
physiological ocular phenomena were eliminated [29].
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Figure 1. OCT scan and 3D reconstruction of 61 right-eye B-scans in two models of steroid-induced 
glaucoma at 6 weeks’ follow-up. The black arrow indicates image sequencing by optical coherence 
tomography (serial slices). Abbreviations: MsDx: cohort with microspheres loaded with 
dexamethasone; MsDxF: cohort with microspheres loaded with dexamethasone and fibronectin 
injected into the anterior chamber; OCT: optical coherence tomography; RPE: retinal pigment 
epithelium. Red arrows show the vitreous opacities. 
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Background intensity is lower than opacity intensity; therefore, background speckle noise 
was removed to ensure the measurement of hyperreflective opacities (see Figure 1). In this 
way, the physiological ocular phenomena were eliminated [29]. 

Several parameters can be calculated for each opacity. The total cell area, calculated 
by the number of opacities and the area of each opacity, represented the overall immune 
response to the induced glaucoma model. The mean number of opacities was an indicator 
of immunity to noxa over time, allowing analysis of in situ resident immune cellularity 
and intra- or extra-ocular recruitment [30–33]. The mean area of opacities was calculated 
for all cells and for each group according to cell size, attaining reliable cell soma 
reproducibility. The changing proportion between the activated and non-activated cell 
populations was analysed by quantifying the cell percentage for each group. 

Figure 1. OCT scan and 3D reconstruction of 61 right-eye B-scans in two models of steroid-induced
glaucoma at 6 weeks’ follow-up. The black arrow indicates image sequencing by optical coherence
tomography (serial slices). Abbreviations: MsDx: cohort with microspheres loaded with dexametha-
sone; MsDxF: cohort with microspheres loaded with dexamethasone and fibronectin injected into the
anterior chamber; OCT: optical coherence tomography; RPE: retinal pigment epithelium. Red arrows
show the vitreous opacities.

Several parameters can be calculated for each opacity. The total cell area, calculated
by the number of opacities and the area of each opacity, represented the overall immune
response to the induced glaucoma model. The mean number of opacities was an indicator
of immunity to noxa over time, allowing analysis of in situ resident immune cellularity and
intra- or extra-ocular recruitment [30–33]. The mean area of opacities was calculated for all
cells and for each group according to cell size, attaining reliable cell soma reproducibility.

16



Biomedicines 2024, 12, 633

The changing proportion between the activated and non-activated cell populations was
analysed by quantifying the cell percentage for each group.

Opacity/cell intensity, calculated as the mean of the intensity of each pixel in the
opacity, is related to immune activation because it implies gene–protein expression prior
to soma remodelling. Eccentricity was also calculated: values close to 1 indicate linear,
elongated or flat cell morphology, while values close to 0 represent a rounded shape. Opac-
ity/cell orientation was used as an indirect parameter of motility or active displacement of
immunity towards the damage [7,9,11,34,35].

2.3. Statistical Analysis

All data were recorded in an Excel database and statistical analysis was performed
using SPSS software version 20.0 (SPSS Inc., Chicago, IL, USA). The variables under study
were eyes (intervened right eye versus non-intervened left eye), sex (male versus female),
type of steroid-induced glaucoma model (MsDx versus MsDxF) and control, number of
injections, IOP and vitreous signal features using OCT (VIT/RPE relative intensity, total
area, mean number of opacities, mean area of opacities, opacity percentage and opacity
eccentricity, intensity and orientation).

After checking for variable normality with the Kolmogorov–Smirnov test, we
performed a parametric test using multiple ANOVA comparisons and correlations
with Pearson’s P test. All values were expressed as mean ± standard deviations.
Values of p < 0.05 were considered to indicate statistical significance, and the Bonfer-
roni correction for multiple comparisons was calculated to avoid a high false-positive
rate. In Figures 2 and 3, statistically significant differences are indicated as follows: A
(MsDx–MsDxF), B (MsDx–control), C (MsDxF–control). Figures 4–9 show isolated
cells (<10 µm2; group 1), non-activated cells (10–50 µm2; group 2), activated cells
(50–250 µm2; group 3) and cell complexes (>250 µm2; group 4). Statistically significant
differences (p < 0.05) are indicated with alphabetic markers as follows: a (group 1–group
2), b (group 1–group 3), c (group 1–group 4), d (group 2–group 3), e (group 2–group 4) and
f (group 3–group 4).

3. Results
3.1. Microsphere Characterisation

Both microsphere formulations (MsDx and MsDxF) were spherical and had a mean
particle size of approximately 14 µm and a unimodal particle size distribution. The
microspheres’ surface was influenced by the production method: those prepared via
evaporation solvent from a simple emulsion (MsDx) had non-porous surfaces, according
to scanning electron microscopy (SEM), while the use of the double-emulsion technique
(MsDxF) produced small surface pores in the microspheres. Dexamethasone loading
was approximately 60 µg DX/mg Ms for the MsDx and approximately 72 µg DX/mg Ms
for the MsDxF. In both cases, sustained release of the active compounds was observed
for several weeks. For a more detailed description of these results, see previous studies
published by the research group [19,20,36].

3.2. Ophthalmological Analysis

A total of 280 OCT videos, obtained from 120 rats (60% females/40% males) at
different times of study follow-up, were analysed. MsDx (n = 43 rats): 49 videos from
the right eye (RE)/49 videos from the left eye (LE); MsDxF (n = 44): 44 RE/50 LE;
healthy controls (n = 32): 31 RE/57 LE. IOP progressively increased in both SIG models
and differences were found between the sexes. Glaucomatous and healthy males had
higher IOP levels than females throughout the study (data extracted from [19,20,37])
(Figure 2).
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Figure 2. Intraocular pressure curves (right eyes) in two steroid-induced glaucoma models and 
healthy controls for all right eyes (a), for the right eyes of the males (b) and for the right eyes of the 
females (c). Abbreviations: MsDx: cohort with microspheres loaded with dexamethasone; MsDxF: 
cohort with microspheres loaded with dexamethasone and fibronectin injected into the anterior 
chamber; IOP: intraocular pressure (data extracted from [37,38]). *: statistical significance (p < 0.05) 
between glaucoma models and healthy controls (ANOVA); A: significant differences between MsDx 
and MsDxF; B: significant differences between MsDx and healthy controls; C: significant differences 
between MsDxF and healthy controls. 

3.3. Computational Analysis 
3.3.1. VIT/RPE Intensity 

OCT analysis of the vitreous detected slightly higher VIT/RPE intensities in the 
injected right eyes in both SIG models in the final stages of this study (p > 0.05). The MsDx 
model generated with two injections showed a higher VIT/RPE signal than the MsDxF 
model generated with a single injection throughout the study; however, after the first 
injection (week 2), both SIG models showed similar VIT/RPE intensities to healthy 
controls (Figure 3a). Non-injected left eyes showed a slight increase in vitreous signal 
intensity versus healthy controls (Figure 3b). Healthy control animals’ IOP and vitreous 
signal intensity measurements were lower than those of both SIG animals (Figures 2 and 
3). Lastly, the influence of sex was analysed. In general, females with SIG showed slightly 
higher VIT/RPE OCT intensity than males and their healthy female counterparts. Healthy 
control males showed increased vitreous intensity at week 12 (16 weeks of life), after 
which vitreous intensity declined (Figure 3c,d). 

Figure 2. Intraocular pressure curves (right eyes) in two steroid-induced glaucoma models and
healthy controls for all right eyes (a), for the right eyes of the males (b) and for the right eyes of the
females (c). Abbreviations: MsDx: cohort with microspheres loaded with dexamethasone; MsDxF:
cohort with microspheres loaded with dexamethasone and fibronectin injected into the anterior
chamber; IOP: intraocular pressure (data extracted from [37,38]). *: statistical significance (p < 0.05)
between glaucoma models and healthy controls (ANOVA); A: significant differences between MsDx
and MsDxF; B: significant differences between MsDx and healthy controls; C: significant differences
between MsDxF and healthy controls.

3.3. Computational Analysis
3.3.1. VIT/RPE Intensity

OCT analysis of the vitreous detected slightly higher VIT/RPE intensities in the
injected right eyes in both SIG models in the final stages of this study (p > 0.05). The
MsDx model generated with two injections showed a higher VIT/RPE signal than the
MsDxF model generated with a single injection throughout the study; however, after the
first injection (week 2), both SIG models showed similar VIT/RPE intensities to healthy
controls (Figure 3a). Non-injected left eyes showed a slight increase in vitreous signal
intensity versus healthy controls (Figure 3b). Healthy control animals’ IOP and vitreous
signal intensity measurements were lower than those of both SIG animals (Figures 2 and 3).
Lastly, the influence of sex was analysed. In general, females with SIG showed slightly
higher VIT/RPE OCT intensity than males and their healthy female counterparts. Healthy
control males showed increased vitreous intensity at week 12 (16 weeks of life), after which
vitreous intensity declined (Figure 3c,d).
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differences between MsDx and MsDxF. 
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Figure 3. VIT/RPE signal intensity. (a) Right eye from both sexes; (b) Left eye from both sexes;
(c) males; (d) females. Abbreviations: RE: right eye; LE: left eye; MsDx: cohort with microspheres
loaded with dexamethasone (green); MsDxF: cohort with microspheres loaded with dexamethasone
and fibronectin injected into the anterior chamber (red); healthy CONTROL: cohort of healthy animals
non intervented (black); VIT: vitreous; RPE: retinal pigment epithelium. A: significant differences
between MsDx and MsDxF.

3.3.2. Correlation Analysis

A correlation study was performed with the aim of evaluating the influence of the
model on the VIT/RPE intensity. Both SIG models are induced by intraocular injections,
which involve rupture of the eye barrier and induce anterior chamber-associated immune
deviation (ACAID) [39,40]. However, no strong statistically significant correlations between
either injections or intensities analysed by OCT were found in any SIG model or in the
healthy cohort, which implies a lower level of immune involvement. The most relevant
results and correlations are shown in bold in Table 1.

MsDx cohort: Both sexes presented an inverse correlation between IOPs at different
times, which was moderate in females (IOP 0 w/6 w in the right eye and IOP 2 w/18 w in
the left eye) and strong in males (IOP 2 w/12 w; r = −0.825, p = 0.012). Eyes with initially
lower IOPs were more likely to present higher IOPs at later times [18]. Furthermore, IOP at
early stages (2 and 4 w) correlated directly with OCT intensity at the final stages (24 w in the
right eye and 18 w in the left eye). This suggests a greater anti-inflammatory effect exerted
by dexamethasone in the injected right eye, delaying the IOP/OCT intensity correlation
in both sexes (males IOP 2 w/OCT 24 w; r = 0.999, p = 0.029, and females IOP 8 w/OCT
18 w; r = 0.999, p = 0.012). The inverse correlation (possibly reflecting the protective effect of
dexamethasone) was observed in males at week 6 (IOP 6 w/OCT 6 w; r = −0.999, p = 0.030)
and in females at week 8 (IOP 2 w/OCT 8 w; r = −0.999, p = 0.019). This protection was

19



Biomedicines 2024, 12, 633

lost later when a direct correlation was found in males at week 8 (IOP 8 w/OCT 8 w;
r = 0.999, p = 0.028) and in females at week 18 (IOP 8 w/OCT 18 w; r = 0.999, p = 0.012).
This suggests earlier loss of anti-inflammatory action due to dexamethasone in males since
a direct IOP/OCT correlation was found earlier in this sex.

Table 1. Correlations in both steroid-induced glaucoma and healthy control animals. Abbreviations:
RE: right eye; LE: left eye; IOP: intraocular pressure; OCT: optical coherence tomography; w: weeks;
MsDx: cohort with microspheres loaded with dexamethasone; MsDxF: cohort with microspheres
loaded with dexamethasone and fibronectin injected into the anterior chamber; HC: healthy controls;
im: inverse moderate correlation; m: moderate correlation. In bold: statistically significant correlations.

Right Eye Left Eye

MsDx MsDxF HC MsDx MsDxF HC

IOP/IOP 4 w/6 w(m) 6 w/12 w (m) 4 w/8 w
(r = 0.934, p = 0.020) 2 w/18 w (im) 2 w/4 w (m)

4 w/6-8-24 w (m)

IOP/OCT

2 w/24 w
(r = 0.988, p = 0.002)

4 w/24 w
(r = 0.896, p = 0.040)

18 w/24 w
(r = 0.854, p = 0.031)

4 w/18 w
(r = 0.889, p = 0.043)

0 w/8 w
(r = 0.882, p = 0.020)

0 w/12 w
(r = −0.851, p = 0.032)

6 w/8 w
(r = 0.813, p = 0.049)

24 w/24 w (im)

MsDxF cohort: Females also presented a moderate inverse correlation (IOP 0 w/18 w)
and a direct correlation (IOP 0 w/12 w), supporting the more progressive and delayed
IOP increase in right eyes. This was also the case in left eyes (IOP 4 w/24 w; r = 0.919,
p = 0.010). However, males showed a strong direct correlation earlier (IOP 2 w/8 w;
r = 0.841, p = 0.002), which seems to imply a predisposition for an earlier IOP increase
in males in this model. No IOP/OCT correlations were found in the injected right eye.
However, male left eyes showed a strong inverse correlation at 12 w (IOP 0 w/OCT 12 w;
r = −0.851, p = 0.032) and a direct correlation at 8 w (IOP 0 w/OCT 8 w; r = 0.882, p = 0.020,
and IOP 6 w/OCT 8 w; r = 0.813, p = 0.049) and at 18 w (IOP 2 w/OCT 18 w; r = 0.999,
p = 0.022).

Healthy control cohort: An early and positive IOP correlation (IOP 4 w/IOP 8 w;
r = 0.934, p = 0.020) was observed in both sexes. Females showed an inverse correlation
according to IOP at early stages (IOP 0 w/6 w; r = −0.999, p = 0.021) and a direct IOP/OCT
correlation at the intermediate (IOP 12 w/OCT 12 w; r = 0.997, p = 0.049, in the left eye)
and late stages (IOP 18 w/OCT 24 w; r = 0.854, p = 0.031, in the right eye). In females, the
age-related degenerative process [41,42] produces higher vitreous OCT intensity (reflex of
immune involvement and/or activation) correlated with ocular normotension. But males
showed a moderate inverse correlation at the end of this study (IOP 24 w/OCT 24 w).

3.3.3. In Vivo Analysis of Vitreous Immunity

In our previous paper, we showed that the hyperreflective opacities in the vitreous
corresponded to hyalocyte-like Iba1+ cells [18,43] and that hypertensive eyes revealed many
hyalocyte-like cells surrounding the ciliary body, some of which migrated from the ciliary
body, crossing to the vitreous cavity [14]. In this study, the characteristics and behaviour of
the hyperreflective opacities were analysed individually using OCT image processing.

As a representation of total immune response [6,9], the total area of opacities/cells was
quantified. In both SIG models, induced eyes showed significantly increased total areas
(MsDx > MsDxF) versus healthy control animals (Figure 4a). To find out if the increase
in total cell area was because of an increased number or cell size, and thus an increase
in activated cells, the mean number of opacities was quantified over the study period. A
constant number of opacities (10–20) was found in the healthy control cohort, in contrast
to a higher and fluctuating number of opacities found in both SIG cohorts (approximately
45–35 opacities/cells in MsDx and MsDxF, respectively). Both SIG cohorts showed an initial
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increase, coinciding with the first intraocular injection and with OHT levels (Figure 4b).
The results of these two in-depth analyses concur with previous findings [18,26].
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Figure 4. Changes in total immune response (a) and cellular quantification (b) in both steroid-
induced glaucoma and healthy control animals. Abbreviations: RE: right eye; LE: left eye; MsDx:
cohort with microspheres loaded with dexamethasone; MsDxF: cohort with microspheres loaded
with dexamethasone and fibronectin injected into the anterior chamber; n: number; *: statistical
significance (p < 0.05), using ANOVA test.

To assess the reproducibility and reliability of the measurement, the hyperreflective
opacities or vitreous cell populations were divided, as we carried out previously in [18],
into isolated cells (<10 µm2), non-activated cells (10–50 µm2), activated cells (50–250 µm2)
and cell complexes (>250 µm2) [6,9] (Figure 5). This division based on size was possible
because the study of the vitreoretinal interface does not require a correction factor and
consequently can be measured directly.

Cell populations maintain similar sizes over time, implying reliability of measurement.
Complexes > 250 µm2 undergo the biggest variations, with peaks at the onset of damage.
Statistically significant differences (p < 0.05) were highlighted with alphabetic markers as
follows: a (group 1–group 2), b (group 1–group 3), c (group 1–group 4), d (group 2–group
3), e (group 2–group 4) and f (group 3–group 4).

Percentage of Opacities/Cells by Size

Changes in the proportion in the non-activated and activated state in both SIG cohorts
versus healthy eyes are shown in Figure 6. The healthy controls and both SIG cohorts
showed a population ratio ordered from lowest to highest as follows: isolated cells (less than
10 µm2) < complexes (more than 250 µm2) < activated cells (50–250 µm2) < non-activated
cells (10–50 µm2). A specular response was found between opacities of 10–50 µm2 (non-
activated cells) and 50–250 µm2 (activated cells) and between opacities of 50–250 µm2

(activated cells) and opacities > 250 µm2 (complexes). Dynamic fluctuations were observed
in both SIG cohorts, but on average, opacities 10–50 µm2 in size (non-activated cells) com-
prised approximately 40–50%. Both SIG cohorts maintained an anti-inflammatory profile
throughout the study, with the MsDx model exhibiting a lower proportion of activated
cells and higher cumulative intraocular dexamethasone release. This contrasts with the
non-steroid glaucoma models, which had a higher percentage of opacities 50–250 µm2 in
size (activated cells) [18].
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Figure 5. Cell subdivisions based on the mean area of vitreous opacities measured using OCT. Statis-
tically significant differences (p < 0.05) were highlighted with alphabetic markers as follows: a (group
1–group 2), b (group 1–group 3), c (group 1–group 4), d (group 2–group 3), e (group 2–group 4) and f
(group 3–group 4). Abbreviations: MsDx: cohort with microspheres loaded with dexamethasone; Ms-
DxF: cohort with microspheres loaded with dexamethasone and fibronectin injected into the anterior
chamber; isolated cells: < 10 µm2 (group 1); non-activated cells: 10–50 µm2 (group 2); activated cells:
50–250 µm2 (group 3); cell complexes: >250 µm2 (group 4).
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loaded with dexamethasone; MsDxF: cohort with microspheres loaded with dexamethasone and
fibronectin injected into the anterior chamber; isolated cells: opacities < 10 µm2 (group 1); non-
activated cells: 10–50 µm2 (group 2); activated cells: 50–250 µm2 (group 3); cell complexes: >250 µm2

(group 4). Data represented as percentages. Statistically significant differences (p < 0.05) were
highlighted with alphabetic markers as follows: a (group 1–group 2), b (group 1–group 3), c (group
1–group 4), d (group 2–group 3), e (group 2–group 4) and f (group 3–group 4).

Average Eccentricity of the Opacities/Cells

This analysis enhanced the characterisation of cell morphology as rounded morphology
(eccentricity close to 0) versus linear or flat morphology (eccentricity close to 1). In healthy
controls and both SIG cohorts, isolated opacities/cells (<10 µm2) presented the most rounded
or amoeboid morphology (eccentricity 0.85) as opposed to opacities/cells with progressively
larger sizes of 10–50 µm2 (non-activated), followed by those measuring 50–250 µm2 (activated
cells) and <250 µm2 (cell complexes), these being increasingly flat (eccentricity 0.95–1). How-
ever, both SIG cohorts showed higher roundness in isolated cells (0.4–0.7) than in healthy cells
(0.8) (Figure 7). In both SIG cohorts, the lower eccentricities coincided with increases in OHT
in the MsDx model at week 4 (both sexes) (Figure 2a) and week 18 (in males) (Figure 2b), and
in the MsDxF model at week 4 (both sexes) and week 24 (higher in females) (Figure 2c). The
MsDx model with the highest IOP levels showed the lowest eccentricities at those times. The
higher roundness of the isolated cells is related to recruitment to the noxa. Our findings were
in accordance with a previous study showing that the number of intravitreal cells was higher
in adult mice with experimentally elevated IOP [10].
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Figure 7. Mean eccentricity of vitreous opacity detected using in vivo OCT, according to size, in
both steroid-induced glaucoma and healthy control animals. Indirect study of cell soma morphology.
Abbreviations: MsDx: cohort with microspheres loaded with dexamethasone; MsDxF: cohort with mi-
crospheres loaded with dexamethasone and fibronectin injected into anterior chamber; isolated cells:
opacities < 10 µm2 (group 1); non-activated cells: 10–50 µm2 (group 2); activated cells: 50–250 µm2

(group 3); cell complexes: >250 µm2 (group 4). Statistically significant differences (p < 0.05) were
highlighted with alphabetic markers as follows: a (group 1–group 2), b (group 1–group 3), c (group
1–group 4), d (group 2–group 3), e (group 2–group 4) and f (group 3–group 4).
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Mean Intensity of Opacities/Cells

Under physiological conditions, the lowest intensity was quantified in isolated opaci-
ties/cells (<10 µm2) and progressively increased with size: opacities of 10–50 µm2 (non-
activated cells) followed by opacities of 50–250 µm2 (activated cells). However, in both
SIG cohorts, the greatest change in intensity was quantified in the smallest opacities/cells
(<10 µm2) (Figure 8) as a manifestation of activation of intracellular machinery and coin-
ciding with the increase in size. As soma size increased (activated cells with pseudopod
formation) [13,28,44,45], there was a relative decrease in mean intensity.
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immunity towards the damage [11,14,34,46]. The healthy control cohort did not 
experience any change. However, both SIG cohorts (MsDxF > MsDx) showed a change in 
orientation of the smallest opacities (<10 µm2: isolated ovoid cells) around 12 weeks 
(Figure 9), when both SIG cohorts experienced an increase in neuroretinal thickness, as 
found in our previous studies with these same models (Supplementary Figure S1) [19,20]. 

Figure 8. Mean intensity of opacities/cells based on size in both steroid-induced glaucoma and
healthy control animals. Abbreviations: MsDx: cohort with microspheres loaded with dexamethasone;
MsDxF: cohort with microspheres loaded with dexamethasone and fibronectin injected into the
anterior chamber; isolated cells: opacities < 10 µm2; non-activated cells: 10–50 µm2; activated cells:
50–250 µm2; cell complexes: >250 µm2. Statistically significant differences (p < 0.05) were highlighted
with alphabetic markers as follows: a (group 1–group 2), b (group 1–group 3) and c (group 1–group
4). Mean Orientation of the Opacities/Cells.

Orientation was analysed to measure an active shift (change in mean orientation) of
immunity towards the damage [11,14,34,46]. The healthy control cohort did not experience
any change. However, both SIG cohorts (MsDxF > MsDx) showed a change in orientation
of the smallest opacities (<10 µm2: isolated ovoid cells) around 12 weeks (Figure 9), when
both SIG cohorts experienced an increase in neuroretinal thickness, as found in our previous
studies with these same models (Supplementary Figure S1) [19,20].
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responses become destructive, disrupting the homeostasis of the retina and resulting in 
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Figure 9. Mean orientation of vitreous opacity detected using OCT, according to size, in both steroid-
induced glaucoma and healthy control animals. In vivo analysis for motility. Abbreviations: MsDx:
cohort with microspheres loaded with dexamethasone; MsDxF: cohort with microspheres loaded with
dexamethasone and fibronectin injected into the anterior chamber; isolated cells: opacities < 10 µm2

(group 1); non-activated cells: 10–50 µm2 (group 2); activated cells: 50–250 µm2 (group 3); cell
complexes: >250 µm2 (group 4). Statistically significant differences (p < 0.05) were highlighted
with alphabetic markers as follows: a (group 1–group 2), b (group 1–group 3), c (group 1–group 4),
e (group 2–group 4) and f (group 3–group 4).

4. Discussion

Glaucoma is a multifactorial pathology in which immunity seems to be an early and
important factor [47]. Elevated IOP triggers an innate immune response involving res-
ident immune cells, such as microglia, and the infiltration of macrophages/monocytes
and other secondary responses are responsible for RGC degeneration in glaucoma [7].
The primary response may be initially favourable in protecting the eye; it restores tissue
equilibrium and promotes tissue cleaning, healing and functionality. If there is a defect in
immune response pathways due to accumulating risk factors, prolonged and sustained or
restrained inflammatory stimulation, or “neo-antigens” generated with ageing, the phys-
iological homeostasis may be disrupted and the regulatory mechanisms are altered [48],
thereby converting beneficial immunity into a neurodestructive autoimmune process [49].
Proinflammatory markers [50] and early cytokine dysregulation have been demonstrated
independently and prior to the detection of RGC and axonal loss [7,51]. The subsequent
events that lead to long-lasting activation of glial cells and adaptive immune responses be-
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come destructive, disrupting the homeostasis of the retina and resulting in the dysfunction
of the immune-privileged status of the eye [3].

A possible therapeutic target for alleviating non-IOP-dependent factors could be mod-
ulating immunity. Controlling immune activation reduced optic nerve damage and reactive
microglia-mediated neuroprotection in mouse retina, but eliminating it proved disadvan-
tageous [7,52,53]. This study shows concordant results. Both SIG models showed lower
vitreous signal intensities and lower counts of hyperreflective opacities (Figures 3 and 4)
than those found in previous non-steroid glaucoma models [18], but computational analysis
of vitreous hyperreflective opacities revealed similar behaviour (Figures 6–9). However,
these SIG models developed significant neuroretinal damage with worse electroretino-
graphic functionality, reduced structural thickness and lower RGC counts [19]. In other
words, the presence of the steroid, which a priori could be thought to exert a protective
anti-inflammatory effect, did not; rather, it produced and worsened the glaucomatous
damage, as occurs in corticosteroid-induced glaucoma in humans [54]. Recent studies
suggest that the immunity activated in glaucoma may not be counterbalanced by efficient
immune suppression, and a greater stimulation response is characterised by increased
proliferation and proinflammatory cytokine secretion. The potent anti-inflammatory effect
of dexamethasone is well known. However, in this paper, it was used to generate two SIG
models via sustained release from biodegradable Ms. Dexamethasone exerts a beneficial
protective effect in a situation of overt and active inflammation [55], but in our study, we
started from animals with no acute inflammation to counteract, sustainedly creating a
potential imbalance in the delicate equilibrium of ocular immune privilege. Resident immu-
nity may have been altered by overriding ocular immune inhibitors [56], and the balance
tipped towards proinflammation with significant neuroretinal damage in both models.

Several research groups have tried to study immunity in vivo, but the need for ge-
netically modified animals or the development of highly complex technology was pro-
hibitive [48], and also ex vivo with dead animals as a result [57]. Enabled by the ability
of light to pass through different optical densities, OCT is a fast, non-invasive device
that provides in vivo scans of the neuroretinal structure and measurement of the retinal
layers [58,59]. However, OCT has the handicap of not being able to differentiate among
cell types within the neuroretinal thickness from glial, supporting or vascular cells. In
the retina [9], in vivo microglia tracking using cSLO imaging has been reported [60]. This
technique requires the use of animals genetically modified to express fluorescence, and thus,
it cannot be used on humans. Analysis of the vitreoretinal interface using OCT, however, is
nowadays a standard technique employed in ophthalmological clinics. Our group recently
demonstrated that vitreous immune cells can be detected as hyperreflective opacities at the
vitreoretinal interface and monitored using OCT imaging [18] in healthy and glaucomatous
animals, coinciding with another group, who also confirmed it by confocal immunofluores-
cence in retinal vascular disease [61]. In the first phase, we focused on VIT/RPE relative
intensity after a positive correlation with clinical vitreous turbidity was demonstrated [62]
and validated under different conditions [17,26,63]. In the second phase, deeper compu-
tational analysis was performed to characterise the hyperreflective opacities that were
confirmed by histology as hyalocyte-like Iba1+ cells (a microglial marker). Microglia and
macrophages undergo characteristic morphological changes with their function. In an inac-
tive situation, they are branched to sense changes in the microenvironment. The vitreous
medium’s high water content makes it ideal for the transmission of soluble molecules,
meaning that hyalocytes can easily and rapidly detect changes in the microenvironment [64]
to target the noxa. Dexamethasone is a soluble molecule that was injected into the anterior
chamber. It could target the vitreous chamber and modify the vitreous microenvironment,
causing both SIG cohorts to maintain an anti-inflammatory profile since a higher proportion
of non-activated cells were counted throughout the study (Figure 6). Furthermore, when
damaged, hyalocytes [13] are activated and change shape (the number/size of intracellular
organelles and, thus, the membrane content increase, facilitating detection by OCT imaging
as hyperreflectivity), proliferate and migrate. These cells were associated with areas of
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retinal nerve fibre layer degeneration in glaucomatous patients [46], and a study using
OCT detected a higher density of vitreous opacities close to areas of cell death [25].

Our previous paper on vitreous analysis in glaucoma detected increased intensity
(onset of intracellular machinery) in the smallest opacities and a change in orientation (onset
of displacement) as indicators of activation [18]. It suggested that the smallest opacities
would be the first detected changes and could serve as an early marker of immune activation
in the vitreous. This study of SIG corroborates these results. Eccentricity and intensity seem
to be related to the increase in IOP (Figures 2a and 7), while the change in orientation seems
to be related to the increase in retinal thickness (Figure 9 and Supplementary Figure S1).
Orientation is particularly relevant in the MsDxF cohort, which showed a marked change
(Figure 9), indicating cells are oriented towards a certain point (retinal damage). This change
in orientation coincided with an increase in the mean number of opacities (Figure 4b),
suggesting that more cells were directed to the same retinal area. At later stages, the
mean orientation returns to 0, which suggests that there could be more neuroretinal areas
damaged in different areas and, therefore, more orientations to be adopted by the cells,
nullifying the summation effect of the mean orientation. This hypothesis was confirmed by
the results observed at later stages in the MsDx cohort. MsDx showed a further increase
in cells (Figure 4b) but no change in orientation was observed, suggesting that these cells
took several orientations and cancelled out their effect, which coincided with the increased
neuroretinal damage evidenced by low RGC counts in our previous study [19]. It is possible
that the return to 0 orientation of the opacities/hyalocytes in the two models could indicate
“ageing or motility damage” because of the accumulation, repetition and chronicity of
oxidative stress [35].

In this SIG study, the ocular barrier is altered in both Ms models by means of an in-
traocular injection in the anterior chamber that triggers an inflammatory response (ACAID
response) [65]. In contrast to previous hypertensive models such as those induced by
episcleral vein sclerosis or unloaded microspheres, no direct correlation was found between
inducing injections, vitreous intensity or vitreous microglial or hyalocyte response [10].
This suggests that the pro-inflammatory effect of the intraocular injection was partly coun-
teracted by the anti-inflammatory effect of the initial release of dexamethasone. As with
non-SIG models [18], those animals with the lowest initial IOP had the highest IOP af-
ter the application of hypertensive stimuli, and in the MsDx cohort, higher IOP at week
2 correlated with higher vitreous signals detected by OCT at week 24 (r = 0.988, p = 0.002).
Similarly, in left eyes, an inverse correlation was found between baseline IOP levels and
vitreous OCT at week 12 (r = −0.851, p = 0.032), reflecting possible higher late contralat-
eral inflammatory vitreous activation in the more hypotensive (susceptible) non-induced
eyes. In this sense, different studies of glaucoma models have demonstrated stable, lower-
intensity immune activation in the retina [66] and vitreous of the contralateral eye after
OHT induction [18]. In this study, no increase in the number of opacities was observed in
contralateral eyes, which means the hyalocytes were resident (without recruitment), but
changes were detected in cell populations, eccentricity and intensity. Characterisation of
hyperreflective opacities/immune cells (hyalocyte-like Iba1+ cells) in the healthy control co-
hort was explored in depth in our previous paper [18,61]. In summary, healthy rats showed
a higher proportion of vitreous opacities in OCT, coinciding with sizes corresponding to
non-activated cells, consistent with an anti-inflammatory or steady state [61] of the eye and
immune inhibitory privilege [56,65]. A variable number of opacities corresponding to cells
activated to maintain homeostasis was also quantified [11].

Limitations and future perspectives: There is still a long way to fully achieve the
understanding of immune cell actions and cascades in both healthy and glaucomatous
eyes. The authors are aware that there remain many aspects and unknowns to resolve. The
obtained results could not be easily extrapolated to humans and more data are needed
regarding the effectiveness of this study. The limitations in the histologic phenotyping
of our study meant it could not clarify the paradigm of the infiltrative origin [67] of the
increased vitreous opacities, although previous groups demonstrated the involvement of
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blood-derived inflammatory cells [61]. It would be beneficial to perform a computational
study correlating the changes in the parameters of eccentricity, intensity and orientation
of the vitreous opacities with neuroretinal changes, and to corroborate our topographic
hypothesis of a change in orientation of those vitreous cells towards the RGC damage
cluster by means of whole-mount histological studies or with new in vivo damage detection
techniques [68,69]. Glaucoma therapies based on neuro-immunomodulatory targeting are
emerging and immune cells could be important candidates [35].

5. Conclusions

Our method of analysing vitreous opacities/hyalocytes using OCT could serve as a
promising imaging biomarker to detect immunity in the eye. It could help in the early
diagnosis of disease onset and progression applicable to glaucoma and, potentially, in
other multifactorial neurodegenerative diseases [70,71]. This study supports the previ-
ous evidence that simple, non-invasive in vivo analysis of glaucoma from the immune
perspective is possible. We corroborate and validate the computational analysis of the
individual hyperreflective opacities as a better technique than the overall relative measure
of immunity using VIT/RPE by OCT. A clear example is the MsDxF cohort, which hardly
exhibited any difference in vitreous signal intensity compared to the healthy control cohort,
but in which subsequent detailed analysis showed higher cell counts and the study of
eccentricity, intensity and orientation characteristics using OCT coincided with the clinical
milestones of increased IOP or neuroretinal change. In view of the above, we believe
that the individualised study of vitreous opacities is a reproducible and reliable method
and offers information that can be correlated with clinical data, which could serve as a
non-invasive biomarker in glaucoma diagnosis.
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Abstract: Glaucoma, a leading cause of irreversible blindness, poses a significant global health
burden. Early detection is crucial for effective management and prevention of vision loss. This study
presents a collection of novel structural biomarkers in glaucoma diagnosis. By employing advanced
imaging techniques and data analysis algorithms, we now can recognize indicators of glaucomatous
progression. Many research studies have revealed a correlation between the structural changes in the
eye or brain, particularly in the optic nerve head and retinal nerve fiber layer, and the progression of
glaucoma. These biomarkers demonstrate value in distinguishing glaucomatous eyes from healthy
ones, even in the early stages of the disease. By facilitating timely detection and monitoring, they
hold the potential to mitigate vision impairment and improve patient outcomes. This study marks an
advancement in the field of glaucoma, offering a promising avenue for enhancing the diagnosis and
possible management.

Keywords: diagnosis; structural; image; biomarkers; glaucoma

1. Introduction

Glaucoma stands as a pivotal concern in ophthalmology and is renowned for being
a leading cause of irreversible blindness globally. It impacted an estimated 80 million
people worldwide in 2020 and is still increasing till now, imposing a tremendous financial
burden on both the individual and society [1,2]. It is a group of chronic and progressive
retinal and optic neuropathies, characterized by irreversible morphological changes at the
optic nerve head (ONH) and the inner retinal layers and visual field defects, which are
associated with retinal ganglion cell (RGC) loss and an elevation of intraocular pressure
(IOP) [3]. Glaucoma may not have any symptoms in the early stages and the optic nerve
injury is already quite advanced when the patient presents with initial visual field defects,
which makes it “the silent thief of sight” [4]. In most cases, the central vision is the last
to be affected. As a consequence, glaucoma may remain undetected until it reaches a
moderate or severe stage, thereby causing treatment and diagnosis delays and resulting
in unaltered visual acuity change. A person may develop a heightened propensity for
incidents involving falls and collisions with objects while walking, as well as encounter
challenges while driving, by that juncture. This underscores the critical importance of
early detection and vigilant monitoring to thwart visual disability associated with this
condition. In this pursuit, the exploration and identification of glaucoma biomarkers have
opened new horizons for early diagnosis, understanding risk profiles, pinpointing damage
progression, and monitoring treatment response, with a hope of revolutionizing glaucoma
management [5].

Diving deeper, the article unfolds the role of structural biomarkers in enhancing the
specificity and sensitivity of glaucoma diagnosis [5]. It proposes innovative methodologies
such as optical coherence tomography (OCT) and magnetic resonance imaging (MRI) in
glaucoma research, showcasing how these methods complement traditional diagnostic
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approaches to offer a fuller, more accurate picture of the disease [6,7]. While elucidating the
challenges faced and proposing future directions, this narrative is set against the backdrop
of the newest findings in structural biomarker research, promising to significantly advance
the field of glaucoma diagnosis [5,7].

2. Traditional Diagnostic Methods

Diagnosing glaucoma involves a comprehensive assessment of various ocular parame-
ters to identify signs of optic nerve damage and associated vision loss [8]. The initial step
often includes measuring intraocular pressure (IOP) through tonometry, as elevated IOP
is a primary risk factor for glaucoma. However, the IOP is often influenced by corneal
properties such as corneal thickness, corneal curvature, and elastic properties; thus, addi-
tional examination of the cornea or using specific equations for modified-IOP calculation is
very important [9,10]. Among the glaucoma patients, almost one-third of the eyes have
normal IOP, underscoring the necessity of conducting further diagnostic imaging instead
of relying on the IOP readings [11]. Fundus photography allows for visualization of the
optic nerve head and adjacent tissue, enabling clinicians to detect structural abnormalities
indicative of glaucomatous damage like enlargement of the cup, disc hemorrhages, pallor
of the disc, neuroretinal rim thinning, and neovascularization. OCT uses laser beams to
provide high-resolution images in evaluating the ocular structures including the thickness
of the retinal nerve fiber layer and neuroretinal rim of the optic nerve head [12]. Perimetry
assesses peripheral vision and aids in identifying the characteristic patterns of visual field
loss associated with glaucoma such as nasal step, temporal wedge defect, classic arcuate
defect, generalized constriction, or tunnel vision defect with temporal crescent sparing [13].
Additionally, gonioscopy assesses the drainage angle of the eye, which is crucial in deter-
mining the risk of angle-closure glaucoma, and pachymetry for measuring central cornea
thickness plays an important role in glaucoma diagnosis [14].

However, the limitation of current methods for diagnosing glaucoma is the incapacity
to definitively diagnose the condition prior to significant glaucomatous damage. While
RGC apoptosis has been recognized as the initial stage of cellular demise in glaucoma, it is
approximated that a significant proportion of RGCs are lost prior to the detection of visual
field abnormalities by conventional clinical examinations. The progress and incorporation
of many diagnostic methods, such as imaging technology and functional tests, improve the
accuracy of early glaucoma diagnosis and allow prompt management to maintain visual
function [15].

3. Emerging Structural Diagnostic Biomarkers

In the quest for early and accurate diagnosis of glaucoma, structural biomarkers
have emerged as a pivotal area of research. These biomarkers offer a promising avenue
for detecting glaucoma at its nascent stage, potentially revolutionizing the approach to
managing this vision-threatening condition. In diagnosing and tracking the progression
of glaucoma, direct examination of the optic nerve and retinal nerve fiber layer is critical.
The progression of damage to the optic disc and retina are an extremely reliable predictor
of glaucoma-related functional impairment. Other ocular structures, including the scleral
spur, also play a role in the development of glaucoma. Nevertheless, a few patients present
with glaucomatous change, and a mere structural assessment fails to provide a sufficient
diagnosis [15]. The advancement of imaging devices has facilitated improved visualization
of the ganglion cell layer, nerve fiber layer, and optic disk head as potential diagnostic
biomarkers. And using a combination of different parameters, structural and functional
exams possess the capacity to enhance the early recognition and diagnosis of glaucoma. A
summary of the biomarkers and their utility for glaucoma diagnosis are shown in Table 1.
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Table 1. Summary of the biomarkers and their utility for glaucoma diagnosis.

Structural Biomarkers Findings Limitations Utility for Glaucoma Detection

Scleral spur length Shorter scleral spur length of POAG
eyes than the healthy

The increase of IOP cannot be
attributed only to the Schlemm’s canal

and scleral spur
Low

GCL/IPL thickness *
Decreased IPL and GCIPL thickness Still may be affected by highly myopic

eyes (GCIPL hemifield test provides a
superior diagnostic ability)

HighLess affected by the degree of myopia
and myopia-related optic disc change

than RNFL thickness

Vessel density and flow index
Decrease of vessel density and flow

density in deep retinal vascular plexus
and the whole retina

Superficial layer of retinal vasculature
to obscure the deeper vessels of the

retina
Artifacts

Ocular vascular changes in specific
conditions including smoking,

cardiovascular disease, hypoxia, and
hyperoxia

Moderate

FAZ-related parameters *
(perimeter and circularity index)

Higher FAZ perimeter
Lower circularity index Low

BMO-MRW *
Better determination of the borders of

the neuroretinal rim
Useful in myopic eyes

Affected by the diversity of disc size
and retinal blood vessels Moderate

BMO-MRA * Useful in different disc size Might not reflect the actual minimum
area

Lamina cribrosa morphology

Decreased laminar thickness
Posterior displacement of the laminar

insertion
Greater lamina cribrosa curvature

index

Need for prospective studies
evaluating lamina cribrosa changes

over time
Low–Moderate

Cortical thickness of the visual cortex Thinning cortex was majorly found in
the primary visual cortex High cost; time consuming Low

Fractional anisotropy (FA) values
and mean diffusivity (MD)

Elevated MD and reduced FA in
relation to the optic nerve and optic

radiation
High cost; time consuming Low

* GCL/IPL = ganglion cell layer (GCL) and inner plexiform layer (IPL). * FAZ = foveal avascular zone. * BMO-
MRW/MRA = Bruch’s membrane opening–minimum rim width (BMO-MRW) and minimum rim area (MRA).

3.1. Anterior Segment
Scleral Spur Length

Prior research has demonstrated that most of the resistance to the aqueous outflow is
situated within the internal region of Schlemm’s canal (SC) [16] and the scleral spur may
also play a significant role in maintaining the diameter of the SC lumen. To maintain the SC
lumen, the ciliary muscle’s force makes the scleral spur displace backward thus stretching
the trabecular meshwork and inner wall of the SC and widening the lumen [17,18]. An
additional finding was that the average length of the scleral spur was notably reduced
in eyes with POAG when compared to healthy eyes of the same age [19]. This suggests
that a shorter scleral spur could potentially serve as a risk factor in the advancement of
POAG, as it would lack the capacity to sustain the lumen of SC. Mu et al. reported using
swept-source optical coherence tomography (SS-OCT) to conduct observations and make
comparisons between the SC and scleral spur length of POAG and healthy individual
eyes [20]. The study revealed a significantly shorter scleral spur length of the POAG eyes
than the healthy eyes, and also a narrowing scleral spur opening in the POAG eyes. The
length of the scleral spur demonstrated a strong diagnostic capacity in distinguishing eyes
with primary open-angle glaucoma (POAG) from healthy eyes [20]. Meanwhile, there were
other variables that might potentially contribute to the increase in intraocular pressure
(IOP) associated with glaucoma. Therefore, it cannot be attributed only to the SC and
scleral spur.

3.2. Optical Coherence Tomography (OCT)

Optical coherence tomography (OCT) imaging is crucial for the detection and man-
agement of glaucoma [21–23]. OCT enables precise and non-invasive measurement of
alterations in important eye structures related to the diagnosis and the disease nature of
glaucoma, ranging from the front part of the eye like the anterior chamber angle to the back
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part, which includes the macula area, optic nerve head (ONH) and retinal nerve fiber layer
(RNFL) [24]. Innovative high-resolution imaging instruments have been developed, leading
to notable enhancements in scanning speed, decreased acquisition duration, elevated image
clarity, enhanced precision in segmentation, and diagnostic algorithms. These advance-
ments have led to more precise and consistent measures for early detection and better
surveillance of glaucoma [25]. Furthermore, OCT technical advancement has significantly
improved the visibility of deeper structures within the ONH, which are considered crucial
in understanding glaucoma etiology.

Among these supplementary imaging instruments, spectral-domain optical coherence
tomography (SD-OCT) and swept-source OCT (SS-OCT) tend to be the most frequently
implemented. Assessing the peripapillary RNFL thickness, optic nerve head, and macular
ganglion cell–inner plexiform layer (GCIPL), SD-OCT permits clinicians to objectively
and precisely monitor RGCs, as well as their axons and dendrites [25,26]. SS-OCT allows
for a wider area in a single image, providing better imaging of the outermost temporal
boundary of RNFL defects and brings the utility of SS-OCT wide-field RNFL mapping for
early identification of glaucoma. Improved imaging and quantitative assessment of the
lamina cribrosa (LC) structural alterations brought on by glaucomatous damage can also
be provided by SS-OCT [24].

OCT angiography (OCTA) is a new method that allows for noninvasive and detailed
imaging of the small blood vessels in the retina, choroid, and optic disc area. It also offers
measurements of the amount of blood vessels in each layer, known as vascular density.
Previous research has shown a relation between glaucoma and the flow of blood in the
eyes, as well as the disparity between diastolic blood pressure and intraocular pressure
(IOP). This discrepancy is linked to a higher occurrence of glaucoma [27–36].

3.2.1. Segmented Inner Retinal Layer Thickness

Numerous studies have indicated the potential utility of circumpapillary retinal nerve
fiber layer (cpRNFL) measurements in the early detection of glaucoma [37]. Nonetheless,
it is crucial to note that the depth of cpRNFL can be affected by individual variations in
optic nerve head (ONH) structure, such as an oval-shaped and obliquely rotated ONH and
peripapillary atrophy, which are commonly observed in individuals with high levels of
myopia. However, when there is no concomitant disease, macular parameters are superior
in producing more consonant pictures with less variance in structure between people [38].
Kim EK et al. reported that the RNFL, ganglion cell layer (GCL), and inner plexiform
layer (IPL) changed as glaucoma progressed, which demonstrates that in individuals with
glaucoma, the RGC experiences many dendritic (IPL) and soma (GCL) alterations and RGC
axon damage induces rapid pathological alterations in RGC dendrites [4,39]. Slightly in
advance of axonal thinning or soma shrinking, morphological alterations in RGC dendrites
might be seen in pre-perimetric and early glaucoma [40]. These findings indicate that the
measurement of IPL thickness might be a biomarker to detect impairment of RGC function
in early glaucoma. Considering the structure–function correlation in segmented layers,
Kim’s study observed that IPL and GCIPL thickness have a stronger relationship than
RNFL and GCL. And the confidence interval of IPL thickness over the disease progression is
narrow. Therefore, measuring IPL thickness along with other segmented inner retinal layer
thicknesses may be useful for the early diagnosis and monitoring of glaucoma [4]. Kouros
et al. observed that global RNFL thickness had better performance in early glaucoma
detection than GCIPL thickness, but sector GCIPL thickness measurements (inferotemperal
and minimum GCIPL) had similar performance in sector RNFL thickness (inferior) [41].
Also, an asymmetry finding on the GCIPL thickness maps, the hemifield difference across
the horizontal raphe, demonstrated a good early glaucoma detection ability for the GCIPL
Hemifield Test [42,43].

36



Biomedicines 2024, 12, 1211

3.2.2. Vessel Density, Flow Index, and Foveal Avascular Zone Parameters

The mobility of red blood cells inside blood arteries is the primary source of the
signal fluctuation that OCTA detects between images [34]. The formation of a three-
dimensional representation of the kinetic contrast resulting from the flow of blood is
achieved through the acquisition of many photographs within a brief timeframe, which
allows for the viewing and partial measurement of microvascular perfusion. One thing
that should be brought to everyone’s attention is the fact that every OCT device that is
now on the market detects, represents, and analyzes OCTA signals and microvascular
perfusion using a distinct algorithm [35]. Consequently, the results from various OCTA
devices might not be directly comparable. However, most of the results can be applied to
practical instruments currently on the market [44].

In the OCTA optic disc scan, pre-perimetric glaucomatous eyes was found to have a
significant reduction in vessel density in the entire disc area, temporal region of the disc,
and in the peripapillary area. And the flow index of these areas showed a considerable
decrease compared to healthy individuals [45–47]. In the patients with unilateral peri-
metric glaucoma, the peripapillary and inferotemporal capillary beds were significantly
decreased compared to the unaffected eye and in healthy individuals [48–51]. Kumar et al.
reported that superior and temporal sectors of the OCTA images showed more vessel
density decrease in glaucoma eyes then healthy eyes [52]. And the asymmetry of vascular
density in bilateral eyes, measured by 4.5 × 4.5 mm disc-centered whole-image optic nerve
head scans, distinguished healthy people from those who may have glaucoma [53]. The
majority of research found a strong connection between the amount of vascular density
loss and the severity of glaucoma. Hence, OCTA can identify decreases in blood flow in the
ONH before any visible impairment to the visual field occurs. This indicates that OCTA
could be valuable for early identification of glaucoma and assessing the risk of glaucoma
development.

In the macular OCTA scans, the vessel density decrease is more noticeable in the
inferior macular region and superficial vascular plexus layer (internal limiting membrane
to inner plexiform layer)—which is now the most often employed OCTA parameter—than
in the deep retinal layer because of the projection artifacts from the superficial plexus, and
the wider field of the 6 × 6 mm scans centered on the fovea has a higher sensitivity in
identifying changes in glaucoma in patients than the 3 × 3 mm scans [29,54–58]. A study
using macular whole image vessel density found that a 0.11 µm/year faster decreasing rate
of RNFL was associated with every 1% loss of macular vessel density [59]. Several studies
also found a significant decrease of vessel density and flow density in deep retinal vascular
plexus and the whole retina, and the diagnostic ability of glaucoma of the vessel density
in the GCIPL might be better than in the superficial vascular plexus [49,60–65]. However,
still some studies found that macular vessel density performed no better than OCT GCC
thickness in distinguishing early glaucoma from healthy eyes [66–69]. Choi et al. reported
that foveal avascular zone (FAZ)-related parameters (perimeter and circularity index) had
a diagnostic value for discriminating glaucoma from healthy subjects. The circularity index
would decrease once the FAZ did not have a purely circular shape owing to the progression
of deterioration of the capillary network in the parafoveal region. The FAZ perimeter was
higher and the circularity index was lower in the POAG eyes. Compared with GCIPL and
RNFL thickness, the FAZ-related parameters have similar performance in distinguishing
normal and glaucoma eyes [60].

3.2.3. Bruch’s Membrane Opening–Minimum Rim Width (BMO-MRW) and Minimum Rim
Area (MRA)

The clinically identified optic disc margin for the neuroretinal rim assessment has no
solid anatomic foundation for two reasons: due to the invisible extensions of the Bruch’s
membrane (BM) within the disc margin from the image, and the optic nerve head’s (ONH)
rim tissue orientation not being traceable. The BM opening–minimum rim width (BMO-
MRW) is a parameter that measures the length from the inner limiting membrane to its real
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anatomical outer border, BMO. The advantages of BMO-MRW include that it considers the
expansions of BM that are clinically imperceptible but discovered by SD-OCT. Similar to
current methods for measuring peripapillary retinal nerve fiber layer thickness, BMO-MRW
measurement considers the varying path of axons across the location of measurement since
it is made perpendicular to the axis of the neural tissue [70,71]. Chauhan et al. reported
that compared to RNFL thickness, BMO-MRW produced better diagnostic results for
glaucoma with current confocal scanning laser tomography (CSLT) or SD-OCT based
ONH and RNFLT parameters, excluding the superiornasal quadrant, which exhibited a
greater sensitivity to RNFL thickness [71–73]. Jonas et al. reported that RNFL thickness
and BMO-MRW have comparable areas under the receiver operating characteristic curves
(AUROCs) in distinguishing perimetric glaucoma eyes to normal eyes and both showed
lower AUROCs in the pre-perimetric glaucoma group. If the specificity was fixed in 95% vs.
90%, RNFL thickness had a sensitivity of 84% vs. 84% and BMO-MRW had a sensitivity of
52% vs. 88% in distinguishing perimetric glaucoma to normal eyes. The BMO-MRW might
be influenced by the retinal blood vessels since they may enter the ONH irregularly [74].
Moreover, when it comes to a larger disc, which might have a thinner BMO-MRW in
general, a two-dimensional parameter, BMO–minimum rim area (MRA), might have a
better diagnostic capability. Introduced by Gardiner et al., BMO-MRA was calculated using
the total area of 48 trapeziums, each reaching the inner limiting membrane at an angle
above the BMO plane from an identified BMO point [75]. As a result, when comparing
different disc sizes, the BMO-MRA should be more beneficial than the BMO-MRW [76–78].

3.2.4. Lamina Cribrosa Morphology

The lamina cribrosa is a structure located deep within the eye, specifically within the
optic nerve head. It is essentially a sieve-like structure made up of collagen fibers through
which the retinal ganglion cell axons pass as they exit the eye to form the optic nerve.
These axons transmit visual information from the retina to the brain and were thought
to be vulnerable to the pressure gradient stress [79,80]. Over time, this pressure can lead
to structural changes in the lamina cribrosa, such as thinning or deformation, which can
impede the flow of nutrients to the optic nerve cells and cause damage to the nerve fibers
themselves. Previous experimental studies suggested that the morphological changes of
the lamina cribrosa precede the thinning of RNFL and defects of the visual field, which
means the structural change of the lamina cribrosa could be found in the earliest stage
of glaucoma [81,82]. Advanced image technologies including SS-OCT, enhanced depth
imaging OCT (EDI-OCT), and adaptive optics -OCT, or -scanning laser ophthalmoscopy
(SLO), improved the ability to evaluate the lamina cribrosa.

The lamina cribrosa thickness significantly influences the biomechanics of the optic
nerve head (ONH), playing a crucial role in glaucomatous optic nerve change. Studies
have shown that the mean laminar thickness was significantly thinner in glaucoma groups
(215.41 ± 38.96 µm) than in the control groups (349.08 ± 23.34 µm). And the diagnostic
value (as the area under the receiver operating characteristic curve) of the lamina cribrosa
thickness for detecting POAG and NTG (0.941, 0.981) was slightly higher than the diagnostic
performance of RNFL thickness measurement (0.928, 0.941) [83]. Besides the thinning of
lamina cribrosa, posterior bowing, also posterior displacement of the laminar insertion,
precedes the RNFL thinning in glaucoma patients. Another parameter which describes
the morphology, the lamina cribrosa curvature index (LCCI), may help in distinguishing
the glaucomatous optic neuropathy from the normal group and other neuropathies. It
is measured by dividing the lamina cribrosa curve depth (LCCD) by the width of the
anterior LC surface line and multiplying by 100 (introduced by Seung et al.) [84]. Jeong
et al. reported that the greater the LCCI, the faster the RNFL loss rate [79]. The normal
lamina cribrosa has a curve, that is, only when the posterior bowing surpasses a certain
threshold will the optic nerve axons get injured. Seung et al. suggested the threshold of
LCCI around 9.51 though it may differ among individuals and requires further refinement
in a future investigation of greater magnitude.
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3.3. Magnetic Resonance Imaging (MRI)

As a neurodegenerative disease, glaucoma causes damage not only to the retinal
ganglion cells but also their dendrites and axons, and involves damage along the visual
pathways to the brain, such as the optic tract, lateral geniculate nucleus (LGN), optic
radiation, and visual cortex [85–90]. Recent studies have focused on the MRI utility of
assessing the glaucomatous injuries within the brain, including atrophy and degeneration
of the visual cortex and visual pathway, and the diffusion tensor imaging (DTI)-derived
parameter, fractional anisotropy (FA) [91,92].

3.3.1. Morphometry

Anatomical magnetic resonance imaging (MRI) offers comprehensive details on the
morphological characteristics of different brain areas, often pertaining to size and shape.
With the advent of MRI scanners with field strengths of 3 Tesla or more, researchers can now
produce images of exceptional quality that clearly distinguish different brain tissues and
allow them to examine the relationships between different brain structures and biological,
psychological, and clinical parameters. Morphometry is the quantitative measurement of a
structure’s dimensions and forms [93].

In a series of studies investigating the effects of glaucoma on the brain, several key
findings were observed. Using voxel-based techniques, Bogorodzki et al. revealed that
individuals with a loss of vision in one eye only due to advanced open-angle glaucoma
exhibited a noticeable reduction in the thickness of the visual cortex compared to a normal
age-matched group [94]. Another study using high-precision magnetic resonance imaging
revealed a reduction in grey matter volume in patients with advanced glaucoma in a
number of brain regions, including the lingual, calcarine, postcentral gyrus, inferior frontal,
superior frontal gyrus, and Rolandic operculum, and also in the right cuneus, right inferior
occipital gyrus, right supramarginal gyrus, and left paracentral lobule [95]. The findings
collectively suggest that glaucoma can lead to structural changes in the brain, particularly
in regions associated with vision processing. These changes may vary depending on the
stage of the disease. Additionally, the cortical thickness of the visual cortex may serve
as a potential diagnostic marker for glaucoma, especially when considering age-related
changes in cortical thickness. Rodolfo et al. revealed that in an early glaucoma patient, a
thinning cortex was majorly found in the primary visual cortex in MRI and the RNFL and
GCL/IPL complex also showed morphological defects on OCT while the visual field exam
still remained normal [96]. Early detection and monitoring of these brain changes through
techniques like MRI could aid in the diagnosis and management of glaucoma.

3.3.2. Fractional Anisotropy (FA) Values and Mean Diffusivity (MD) of DTI

Postmortem examinations have shown the presence of glaucomatous neuronal de-
generation in all regions of the central visual pathways, resulting in significant visual
field impairments in both eyes. The quantitative measurement of anterior visual pathway
compression may be achieved by the utilization of diffusion tensor imaging (DTI), which
employs fractional anisotropy (FA) and mean diffusivity (MD). DTI measures the diffusion
of water molecules in tissues, particularly in the brain’s white matter tracts. It provides
information about the microstructural organization and integrity of white matter fibers by
analyzing the directionality and magnitude of water diffusion [97]. FA is a scalar value
derived from the diffusion tensor, representing the degree of anisotropy within a voxel [98].
High FA values indicate highly directional diffusion, typically found in intact white matter
tracts, while low FA values suggest disrupted or disorganized tissue structure. A drop in
FA and an increase in MD may suggest the presence of structural impairment in the optic
nerve axon among individuals diagnosed with glaucoma [99].

Prior research has demonstrated that individuals with glaucoma have notably elevated
MD and reduced FA in relation to the optic nerve and optic radiation. These findings are
consistent with the severity of glaucoma, as well as the morphological alterations observed
in the optic nerve head and retinal nerve fiber layer [100–103]. The MD values exhibited a
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greater magnitude at the proximal location of the optic nerve head in comparison to the
distal location. In contrast, a reduction in FA was seen solely in relation to the stage of
the patient, regardless of the location of the optic nerve. Furthermore, in the early stage
of glaucoma, there was a noticeable rise in comprehensive diffusivities at the proximal
location. Conversely, at the distal location, a decrease was observed in the diffusivity
that was the highest, whereas there was a rise in the diffusivities that were intermediate
and the smallest. The results indicate that DTI, which has a high sensitivity for FA and a
high specificity for MD, might be a useful additional diagnostic technique for evaluating
structural changes in retinal ganglion cells and optic nerves in glaucoma [96,104].

4. Conclusions

Glaucoma may not even have any symptoms in the early stages and does not cause
much restriction in daily life because the preservation of central vision comes at the expense
of peripheral vision, which is more affected. It is only in the late stages, when significant
and irreversible loss of vision has occurred causing weakened spatial perception and
difficulties in certain daily activities, that it may be noted and diagnosed. Therefore, early
diagnosis should be taken promptly.

The structural changes include the shortening scleral spur length, decreasing GCL/IPL
thickness, BMO-MRW/MRA, decreasing vessel density/flow density, FAZ parameters,
alteration of lamina cribrosa morphology, and the neurodegeneration noted from MRI.
Relying merely on a single biomarker may not adequately assess glaucomatous changes, but
combining multiple biomarkers and functional tests increases the sensitivity and specificity
of early glaucoma diagnosis. Further investigation is warranted to examine the diagnostic
and prognostic significance of these biomarkers combined with others, including perimetry
and electrophysiological tests.
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Abstract: Background: Glaucoma is a major cause of incurable ocular morbidity and poses significant
challenges in its management due to the limited treatment options and potential adverse effects.
Nicotinamide, a naturally occurring diet-rich nutrient, has emerged as a promising therapeutic
agent for glaucoma, offering neuroprotective effects and the potential modulation of intraocular
pressure (IOP) regulation pathways. This comprehensive review sought to analyze the current
literature on nicotinamide in glaucoma management, exploring its mechanisms of action, efficacy,
and safety profile. Methods: A systematic search of the PubMed database was conducted to identify
relevant records on the therapeutic actions of nicotinamide in ocular hypertension and glaucoma.
Publications evaluating nicotinamide’s effects on retinal ganglion cells (RGCs), optic nerve function,
IOP regulation, and neuroinflammatory pathways were included. Results: The literature review
revealed the preclinical evidence supporting nicotinamide’s neuroprotective effects on RGCs, the
preservation of optic nerve integrity, and the modulation of glaucoma-associated neuroinflammation.
Additionally, nicotinamide may exert IOP-lowering effects through its influence on ocular blood flow
and aqueous humor dynamics. Conclusions: Nicotinamide holds promise as a novel therapeutic
approach in glaucoma management, offering potential neuroprotective and IOP-lowering effects. The
authors recommend more research to determine the nicotinamide efficacy, safe dosing parameters,
and any long-term safety concerns in glaucoma patients.

Keywords: nicotinamide; glaucoma; intraocular pressure

1. Introduction

Glaucomas are a diverse group of conditions that cause irreversible vision loss and
affect over 70 million people all over the world [1]. The hallmark of glaucoma is a gradual
destruction of retinal ganglion cells (RGCs) and optic nerve injury, with abnormal intraocu-
lar pressure (IOP) being the primary cause [2]. As a result, glaucoma management requires
the administration of hypotensive pharmacological agents to reduce IOP or surgery [3].

Glaucoma presents as either open-angle, or closed-angle. Primary open-angle glau-
coma presents with an anterior chamber (AC) angle which is open/deep, suggesting that
the aqueous humor outflow is not impeded. In closed-angle glaucoma, the AC is narrow, or
even closed, suggesting that the aqueous humor outflow is actively impeded [1]. Glaucoma
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can be classified as either primary or secondary, depending on whether it develops inde-
pendently (primary) or as a consequence of another disease process. Given that glaucoma
often presents without noticeable symptoms in its initial stages, approximately 10–50% of
those affected are typically diagnosed only at advanced stages of the disease. Consequently,
a search for an effective therapeutic approach to glaucoma remains a top priority [4].
Currently, any vision loss caused by glaucoma cannot be retrieved by any known means.
Therefore, early detection and effective treatment are crucial. Due to the emergence of
better healthcare options to society, people are generally expected to live longer, and this
will come with a higher incidence and prevalence of glaucoma, highlighting the need for
improved detection methods and quality care to prevent unnecessary blindness [5].

The first line of management for glaucoma is prostaglandin analogues, closely fol-
lowed by beta-blockers, alpha-agonists, etc. [4]. All these therapies are currently aimed
at reducing intraocular pressure, but do little in terms of protecting the neural tissue
potentially damaged by the disease [4].

Nowadays, the goal of glaucoma research is to find intraocular-pressure-independent
techniques to reducing the likelihood and severity of glaucomatous optic nerve damage. Re-
cent advances in trial design and technology developments that allow for the early detection
of pathogenic alterations have revived interest in neuroprotection research. This increased
interest is fueled by a clearer knowledge of the processes behind RGC degeneration and
breakthroughs in basic research targeted at finding possible treatment targets [5].

While a definitive consensus on the precise cause of glaucomatous optic neuropathy
remains elusive, the cellular mechanisms leading to RGC death encompass the exposure
to neurotoxic substances like nitric oxide (NO) and glutamate, as well as the deprivation
of internal trophic factors, impairment of cellular self-repair processes, and intracellular
destructive pathways [6].

The rationale behind the treatment lies in restoring the balance between cellular
death and survival signals, thereby preserving visual function. Consequently, numerous
ongoing trials are investigating the potential benefits of neuroprotective agents including
Memantine, Brimonidine, nerve growth factor (NGF), and Nicotinamide [7]. Despite the
limited clinical validation confirming its therapeutic properties in glaucoma management,
Nicotinamide (Vitamin B3) is already advocated as an adjunct treatment for this disease
especially in sufferers experiencing the progression of visual field loss despite adequate
intraocular pressure control [8,9].

Nicotinamide is a water-soluble nutrient which is largely obtained by consuming
nutrient-rich foods such as poultry and fish [7]. Its chemical structure is shown below in
Figure 1.
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2. Materials and Methods

For this review, an electronic search was carried out using PubMed and Medline
databases for all published articles up to 20 May 2024. The comprehensive literature
analysis included articles published between 2000 and 2024, utilizing a combination of
the following terms: nicotinamide, glaucoma, intraocular pressure, nicotinamide riboside,
and neuroprotection. A total of five results were returned. Relevant cross-references from
the selected articles were also included in the review. Records which were not in English
language or out of scope as related to this manuscript were excluded. Moreover, records
without complete research data and those with errata were excluded. The literature search
was performed by three authors (I.G., M.Z., and S.B.). Any disagreements were resolved
through open discussion with senior authors.

3. Nicotinamide: Mechanisms of Action

Nicotinamide (NAM) is a substance that is water-soluble. It is part of the niacin
and/or vitamin B3 complex, together with nicotinic acid (NA) and nicotinamide riboside
(NR). It acts as a precursor to nicotinamide adenine dinucleotide (NAD+), and is crucial
for essential cellular activities [10]. These substances are precursors in the food for the
production of the beneficial molecules nicotinamide adenine dinucleotide without (NAD)
and with phosphate (NADP). Nicotinamide is an essential part of the glycolysis pathway.
It helps in the production of NAD+ which is necessary for generating ATP and controlling
cellular energy levels as well as several metabolic activities [11].

There are three types of vitamin B3, of which the most commonly encountered as a
component of human diet are NAM and NA. Upon intestinal absorption in the human
body, NA is converted into NAM [12]. A lesser proportion of NAM is retained in the
liver, as the majority is either removed as urine or utilized in the production of critical
substances such as NAD [13–15]. NAM is acquired through dietary sources, predominantly
found in eggs, beef, fish, and mushrooms, with lesser quantities present in vegetables.
Additionally, nicotinamide is derived from dietary tryptophan. Tryptophan is an essential
amino acid [16].

The properties attributed to NAM are manifold, encompassing anti-inflammatory,
neuroprotective, and antioxidant effects. Concerning its anti-inflammatory properties, it has
photoprotective properties on the skin, reducing hyperpigmentation, wrinkles, ultraviolet-
exposure-related immunosuppression, and sebum synthesis [12]. Consequently, it finds
application in dermatology for the treatment of conditions such as pemphigoid, acne, skin
cancer, and atopic dermatitis [17], as well as in rheumatology as an antipsoriatic agent [18].

Nicotinamide’s neuroprotective impact is due to its role in neuronal formation, sur-
vival, and function in the central nervous system. Its function in the production of NAD
emphasizes its critical position for cells prone to diminishing NAD amounts, notably neu-
ronal cells [13], which have been shown to decline with age [19]. As a result, nicotinamide
is expected to be of critical importance in neuronal development and neuroprotection, con-
tributing to both neuronal death and neuroprotective activity. Numerous studies emphasize
its role in neurological diseases and neurodegenerative illnesses [20].

Furthermore, NAM has antioxidant capabilities that maintain membrane integrity,
and prevent cellular damage, phagocytosis, programmed cell death, and the development
of venous thrombosis [21]. Furthermore, it appears to be implicated as a treatment factor
in three major neurodegenerative conditions. These are namely Alzheimer’s, Parkinson’s,
and Huntington’s diseases [14,22], and it has exhibited protective properties in multiple
investigative models of neurodegenerative conditions [23,24].

4. Potential Mechanisms through Which Nicotinamide May Exert Its Effects in
Glaucoma Management

Although raised IOP appears to be the primary cause of glaucoma, which might
hinder axonal transmission among the neuronal tissue that make up the second cranial
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nerve [25,26], other variables might also exacerbate RGC mortality, either independently or
in concert with increased IOP [27].

Impaired blood flow autoregulation leading to local hypoxia [1], glutamatergic system
overstimulation [28,29], abnormal immunological responses [30], oxidative stress [31,32],
and mitochondrial dysfunction [33–36] are some of the causes that may be linked to
RGC depletion.

Among these variables, oxidative damage and mitochondrial dysfunction are strong
reasons to investigate the possible utility of NAM and its riboside in treating glaucoma,
considering their anti-oxidative qualities and capacity to modulate mitochondrial activ-
ity [9,16,37]. Zeng has explored the possible impacts and processes of NR on a fibrosis and
oxidative stress model using cells from the human trabecular meshwork (HTM). The study
found that NR pretreatment boosted the survival and proliferation of HTM cells, protecting
them against oxidative stress and fibrosis [38].

Camalleri et al. observed that dietary supplementation with antioxidant compounds,
including a combination of forskolin, homotaurine, and spearmint extract, with selected
B vitamins, resulted in the restoration of impaired retinal parameters assessed through
electrophysiological examinations. Consequently, the authors suggested possible neuro-
protection alternatives independent of IOP, proposing that dietary supplementation might
attenuate inflammatory processes initiated by glial cell activation, thereby safeguarding
RGCs [39].

In glaucoma, the elevated mutation rate observed in mitochondrial DNA has proven
the presence of a mitochondrial dysfunction [40,41]. Furthermore, the activity of the mito-
chondrial respiratory complex I seems to be reduced by 18% in the lymphoblasts of primary
open-angle glaucoma sufferers when compared to a non-POAG group (p = 0.032), resulting
in comparable reductions in ATP production in both groups [42]. The redox imbalance in
glaucoma is worsened due to the astrocyte and RGC mitochondrial malfunction in [43],
that hampers the sustenance of the increased energy request due to metabolic stress in
cases of higher IOP [1].

Moreover, there is an age-related increase in NAD consumption, resulting in dimin-
ished NAD availability across various tissues. Notably, this reduction in NAD levels is
particularly pronounced in individuals with glaucoma [14,44,45].

A reduction in NAD levels increases the likelihood of mitochondrial malfunction,
making RGCs more vulnerable to extrinsic influences such a high IOP [14,45–47]. Notably,
individuals with POAG had a 30% lower plasma level of NAM, a precursor of NAD,
compared to age- and gender-matched controls [48,49]. However, systemic NR adminis-
tration causes a considerable rise in NAD bioavailability in numerous tissues, inclusive of
components of the central nervous system [24,50]. It, therefore, makes sense that dietary
supplementation with either NAM or NR, aiming at increasing the NAD bioavailability,
might offer a viable therapeutic strategy in the treatment of glaucoma [33,51].

5. Studies on the Use of NAM and NR in Glaucoma

There have been many animal studies looking at the potential of NAM as a neu-
roprotective agent in glaucoma. Williams et al. compared mitochondrial abnormalities
and lower NAD+ concentrations in DBA/2J mice, a glaucoma-like rodent model, to con-
trols [52]. They next showed that the supplementation of exogenous nicotinamide (at a
level comparable to 2.5 g daily in a 60 kg human) may restore the function of RGCs in
elderly mice prone to glaucoma mice, resulting in a tenfold reduction in the chance of
developing glaucoma [47,52].

Chou et al. studied D2 mice utilizing flickering-light-pattern electroretinography
(F-PERG) to determine the effect of nicotinamide supplementation (equivalent dosage
of 2 g per day) on RGC function. The adaption of F-PERG declined with age and was
significantly poorer in untreated D2 mice (p < 0.01). Furthermore, they found that, utilizing
immunohistochemical methods, the treated group had a higher RGC density than the
control group [53].

48



Biomedicines 2024, 12, 1655

Zhang et al. administered mice with nicotinamide riboside or phosphate-buffered
saline (PBS) daily for five days to see how NR treatment affected NAD levels in RGCs.
In comparison to the PBS-injected control group, NR treatment almost quadrupled NAD
levels in the retina (p < 0.01) [54].

Tribble et al. conducted another investigation on mice with ocular hypertension and
found that nicotinamide therapy was effective. They demonstrated that nicotinamide may
increase mitochondrial activity and have a neuroprotective impact on defective RGCs.
Using a retinal explant model, they also investigated the protective benefits of nicotinamide
(NAM) against an acute, axon-specific damage. Retinas dissected and cultivated in solutions
diluted with two doses (100 mM or 500 mM) of NAD showed the reduced loss of retinal
RGCs and less shrinkage of cell nuclei as compared to retinal explants cultured ex vivo
without NAM supplementation [9].

Yu et al. examined RGC alterations in rat models of chronic ocular hypertension.
After providing NADPH and N-acetylcysteine (NAC), they detected decreased glutathione
(GSH) production, apoptosis, axonal damage, and peroxidation in RGCs. Furthermore,
electrophysiological function increased while Müller cell gliosis was decreased [55].

Boodram evaluated the impact of dietary nicotinamide supplementation on axonal
microtubule degradation, which seems to play an important part in the development
of glaucoma. They discovered that administering 550 mg per day in a mouse model
of glaucoma protected the volume of retinal nerve fibers [56]. Kim et al. assessed a
direct administration approach using NAM extracellular vesicles (EVs) in mice glaucoma
models. A quantitative study of dendritic integrity demonstrated NAM’s ability to protect
RGCs [57].

6. Clinical Evidence on the Use of NAM or NR in Glaucoma

Hui et al. carried out a randomized, double-blind, case–control investigative study
on 57 POAG patients, separated into two categories. One set of mice received NAM at
1.5 g/day for 6 weeks, then half the starting dose for the remaining 6 weeks, whereas
another set group received a placebo for 3 months. After 12 weeks, the groups changed
treatments. Assessments, including comprehensive eye examinations, visual field tests,
and electroretinography, were performed at the beginning and every six weeks [8].

Out of the 49 participants who took part in the study, those who received NAM
showed improved electroretinographic characteristics associated with the inner retina
(p = 0.02). Slight changes in automated perimetry were observed. In the group that took
3 g/day of NAM, there was a greater improvement in the mean deviation (MD) of ≥1 dB
from the baseline compared to the placebo group (27% vs. 16%, p = 0.02). Patients who
took a high dose of NAM had fewer decreases in MD of ≥1 dB when compared to the
placebo group (4% vs. 12%, p = 0.02). However, after 12 weeks, no significant difference was
observed in the average MD between the placebo and treatment groups (p = 0.53). NAM
supplementation did not have any effect on the intraocular pressure (IOP), mean arterial
pressure, visual acuity, or retinal nerve fiber layer thickness. However, this research was
limited by an inadequate follow-up period, different forms of glaucoma in the participants,
and incomplete ocular pressure data during the study [8].

Moraes et al. conducted a double-masked experiment on POAG, assessing the effects
of NAM- and pyruvate (PYR)-fortified diets. Thirty-two participants with moderate POAG
were placed into two groups: one group received up to 3000 mg/day of dietary NAM
and PYR for 6 weeks, while the second group received a placebo for the same time period.
Participants were subjected to four visual field tests spanning two weeks at the beginning
and conclusion of the research, with two extra tests administered four weeks in and
one week after supplementation finished.

The treatment group had a significantly average improvement on the total deviation
plot (p = 0.005), and a threefold higher probability of improving the thresholds of the tested
points (p = 0.02), notwithstanding the initial sensitivity, and higher rates of improvements
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in the pattern standard deviation (PSD). However, there were no significant changes in the
visual field indices, mean deviation, ocular coherence tomography, nor MoCA scores.

The findings revealed that the locations exhibiting improvement initially had an
intermediate sensitivity, indicating that supplementing may be improving the function
of the defective RGCs. Despite the apparent functional gains, the study’s brief length
precludes the extrapolation to long-term effects, and no information on IOP behavior in
either group was found [58].

Leung et al. performed a randomized clinical study at the Chinese University of
Hong Kong to assess the outcome of 300 mg of NR augmentation on 125 POAG patients
who were randomly allocated to receive either NR or a placebo over 24 months. Ocular
examinations of the retinal nerve fiber layer (RNFL) and visual field (VF) tests are planned
at the beginning of the research, after one month, four months, and then every two months
until the 24-month period is completed. The major aim is to establish if NR may delay
the pace of RNFL thinning over 24 months by evaluating the VF progression and OCT
parameters [59].

Thus far, four important ongoing clinical studies deserve to be noted.
Garthway-Heath et al. are carrying out a random-sampled, placebo-controlled, mul-

ticenter, phase 3 trial at the University College of London, to measure the reduction in
average visual field sensitivity over 27 months in POAG sufferers administered an increas-
ing dose of NAM (from 1.5 g per day for 6 weeks, then rising to 3.0 g daily) compared to
those receiving placebo tablets, as well as to assess the safety of NAM and its effects on
mitochondrial activity (NCT05405868) [60].

Another prospective, randomized, placebo-controlled, double-masked trial led by
Jennie Nyman at Umea University, Sweden and the Australian Centre for Eye Research
(NCT05275738) aims to assess the VF progression indices, with the participants to be
administered 3.0 g/day of NAM or a placebo over a two-year period [61].

Furthermore, Kolomeyer is conducting another work of clinical research that intends to
assess the changes in vision and visual function after six months of therapy. POAG subjects
are being administered GlaucoCetin containing NAM, while a control group receives a
placebo. The trial will also evaluate improvements in quality of life, electrophysiological
responsiveness, and contrast sensitivity (NCT04784234 [62]).

Finally, Columbia University is conducting an interventional, randomized clinical
trial to investigate changes in the central visual field, RNFL, and RGC layer using optical
coherence tomography in 188 OAG patients that will be taking pyruvate and nicotinamide
versus placebo for a total of 20 months (NCT05695027) [63].

7. Safety Profile

Nicotinamide is considered a dietary supplement rather than a drug formulation.
The oral administration of this substance results in efficient absorption and distribution
throughout the body’s tissues. It undergoes hepatic metabolism and renal excretion. The
recommended daily nicotinamide intake is about 15 mg, and the occurrence of negative
effects is uncommon, even at the high levels used in pharmacological treatments. Even
when these negative effects occur, they are generally mild and may include gastrointestinal
discomfort [58], headache, nausea, tinnitus [8], and vertigo. These complaints were reported
to resolve spontaneously after stopping NAM administration [64]. Only one serious adverse
event of drug-induced liver injury (DILI) has been reported related to the use of NAM. A
73-year-old woman who was participating in the NCT05695027 trial, dosing over the first
3 weeks, with 1 g/day of nicotinamide and 3 g/day of calcium pyruvate in the first week,
2 g/day of each component in the second week, and 3 g/day for each element in the third
week, experienced severe acute transaminitis within 5 weeks of treatment. However, the
DILI appeared to be idiosyncratic and not related to the pharmacological properties of the
drug [65]. Concerns have been raised about its safety in long-term use due to a hypothesis
of increased cell proliferation and tumorigenesis following the erased intracellular NAD.
Maric et al. has reported a higher prevalence of neoplastic growths in the mammary glands
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of murine models treated with NR, but the study lacked statistical analysis, and the dose
used (400 mg/kg) was extremely high compared to typical human doses [66].

On the opposite hand, NAD may actually prevent cancer, as it is a substrate for the
DNA-repair enzyme PARP-1, which prevents cancer-promoting mutations [67]. Addi-
tionally, NAD supplementation has been shown to improve the effectiveness of tumor
immunotherapy [68]. A human study found that nicotinamide boosted the metabolism and
survival of natural killer cells, aiding in remission in non-Hodgkin lymphoma patients [69].
Moreover, no increased tumor incidence has been reported among subjects taking high
doses of nicotinamide for dermatological disorders or cancer prevention, nor in diabetic
patients on high doses for prolonged periods [70,71]. Glaucoma management needs to be
personalized and tailored to the severity of the disease and the individual needs of the
patients to ensure a proper quality of life. It is imperative that patients undergo pertinent
testing, examinations, differential diagnosis, and treatment to provide the best clinical
outcomes and treatments for each patient [72–74].

While generally well-tolerated, nicotinamide can pose risks for certain individuals. Peo-
ple with pre-existing liver disease or a history of jaundice should exercise caution due to the
potential worsening of liver function. Similarly, those with diabetes may experience blood
sugar fluctuations, so monitoring blood sugar levels is crucial [75]. Nicotinamide might also
interact with medications that affect blood clotting or how the body breaks down certain
drugs, so it is important to consult a doctor before taking it alongside other medications.

8. NAD Fortification and Supplementation in the Body

Multiple compounds have been reported to increase NAD levels in the body. Van der
Muelen et al. [76] carried out a study on bifidobacterial metabolism. They reported that
sugar consumption and subsequent succinic acid production resulted in the production of
NAD+. Apigenin has also been shown to upregulate NAD dehydrogenase quinone [77],
and increase the activation factor of NAD [77]. Resveratrol is another compound, and it
has been reported to show synergistic activities with other compounds, promoting the
production of NAD+, thereby prolonging good health [78]. Nicotinamide is, however, a
drug of choice because of its ability to augment the activity of other NAD+-promoting com-
pounds [77]. Glaucomatous damage results from increased pressure intraocularly and can
begin at any point in the disease progression [79]. Hence, NAM supplementation/intake is
advised at all times.

9. Review Summary

A summary of the sampled publications used in this paper is shown in Table 1 below.

Table 1. Summary of sampled studies.

Author Type of
Study Study Sample Methods Conclusion

Hui et al. [8] In vivo 57 glaucoma patients Change in inner retinal
function

Nicotinamide
supplementation can improve

inner retinal function.

Tribble et al. [9] In vivo Murine models
Optical coherence

tomography of the outer
RGC layer

A nicotinamide-enriched diet
significantly reduced RGC loss

compared to normal diet.

Chou et al. [53] In vivo 10 DBA/2J mice Electroretinogram (PERG)
of RGC function

NAM-fed D2 showed
increased RGC density (2.4×),
and larger RGC soma size (2×)

when compared to controls

Zhang et al. [54] In vivo Murine models PERG of RGC function

Mice treated with NAM
precursors showed

significantly preserved RGC
function.
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Table 1. Cont.

Author Type of
Study Study Sample Methods Conclusion

Nzoughet et al. [48] In vitro 34 POAG patients

Liquid chromatography
and mass spectrometry

was used to assess NAM
levels in blood plasma
compared to controls.

Plasma NAM levels were
significantly lower in the
glaucoma cohort when

compared with controls.

Williams et al. [47] In vitro Murine models

Metabolites of age- and
glaucoma-compromised

RGCs were studied (outer
retina).

NAD and NAD+ levels were
found to be reduced,

suggesting they play a role in
keeping RGCs healthy.

Zeng et al. [38] In vitro Human trabecular
meshwork cells (HTM)

Hoechst staining and MTT
assays were used to assess

HTM viability.

NAM had a protective effect
on oxidative stress, prolonging

HTM viability.

Sasaki et al. [37] In vitro Mouse models

Axonal degeneration in
extracted dorsal root

ganglia (DRG) from rat
embryos

NAM synthesized from
different precursors slowed the

rate of axonal degeneration.

Tribble et al. [9] In vitro Murine models
Observed nuclear

shrinkage in cultured RGC
axons

NAM fortification resulted in
less RGC axon loss and

shrinkage.

10. Limitations to This Study

Nicotinamide is a novel therapy for glaucoma management. Hence, the literature
on its efficacy and comparative use is relatively scarce. The authors suggest that this
review should spur further research on this nutrient. Moreover, while this review correctly
describes the usefulness of Nicotinamide as a drug, as shown in its safety profile above,
there still needs to be concern about the clinically safe dosing and treatment regimen.

Another limitation encountered in the course of this review was the relative paucity of
data evidenced by the low number of records returned by the search criteria. The authors
attempted to widen the search net but the records returned were not relevant to this study.

11. Conclusions

The quest for new treatments to enhance glaucoma management is ongoing. Studies
have indicated that NAM and nicotinamide riboside (NR) support mitochondrial health
and may shield RGCs from stressors like increased IOP. These protective effects have been
confirmed in various experimental models of axonal injury. Short-term NAM supplemen-
tation has improved retinal function and visual field sensitivity in clinical settings. NR is
currently being evaluated in glaucoma patients, though no results have been published
yet. While these compounds generally have a good safety record, their long-term effects
are still unclear. Additionally, there is no definitive pharmacokinetic study that estab-
lishes the bioavailability of NMN when administered orally or topically. As a result, the
bioavailability of NMN remains uncertain and could potentially limit its effectiveness
and use.
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Abstract: Background: this study aimed to assess the effectiveness and safety of phaco-endocyclophotocoag
ulation (phaco-ECP) in patients with glaucoma over five consecutive years. Methods: Thirty-eight patients
(38 eyes) with primary and secondary glaucoma were enrolled to undergo phaco-ECP (Endo Optiks
URAM E2, Beaver-Visitec International, Waltham, MA, USA). The primary outcome measures were
intraocular pressure (IOP) reduction, success rates, glaucoma medication use, and visual acuity after
phaco-ECP. An IOP reduction of 20% compared to the baseline value without re-intervention was consid-
ered a successful treatment. Complete success was defined as a cessation of antiglaucoma medications.
Secondary outcome measures included intraoperative and postoperative complications. Measurements
were performed preoperatively and in the first week and 1, 3, 6, 12, 18, 24, 30, 36, 42, 48, 54, and 60 months
postoperatively. Results: The mean ± SD values of IOP preoperatively, at 12, 24, 36, 48, and 60 months
postoperatively were 22.6 ± 6.7 mmHg, 15.9 ± 3.9 mmHg (p < 0.001), 15.9 ± 2.9 mmHg (p < 0.001),
15.6 ± 2.7 mmHg (p < 0.001), 15.5 ± 3.8 mmHg (p < 0.001), and 15.2 ± 2.6 mmHg (p < 0.001), respectively.
The mean IOP at the last follow-up was reduced by 32.7%. The decrease in the number of antiglaucoma
medications was statistically significant at each follow-up visit compared to the baseline. The qualified
success rate was 40.6%. All patients at the 60-month follow-up visit required the use of antiglaucoma
medications—none of the patients achieved complete success. During the follow-up period, nine patients
(28.3%) that required retreatment due to nonachievement of the target IOP were considered failures. Six
patients (15.8%) were lost from the follow-up. A total of 23 patients were evaluated 60 months after their
phaco-ECP. Complications directly associated with the procedure, such as corneal edema (25.6%), IOP
spikes (20.5%), IOL dislocation (2.6%), and uveitis (12.8%), were observed in our patients. Hypotony was
not observed in any of our patients. Conclusions: The phaco-ECP procedure was effective, well-tolerated,
and safe for reducing IOP in glaucoma patients with cataracts over a long-term follow-up. Randomized,
larger-scale studies are required to validate the results obtained.

Keywords: cyclodestruction; glaucoma; endocyclophotocoagulation; transscleral cyclophotocoagula-
tion; cataract

1. Introduction

Cyclodestructive techniques are used to treat moderate and severe manifestations of
glaucoma [1–3]. These methods induce a decrease in intraocular pressure (IOP) by atten-
uating the production of aqueous humor through partial damage to the non-pigmented
epithelium of the ciliary body. In comparison to the commonly used transscleral diode
laser cyclodestruction (TSCPC), endocyclophotocoagulation (ECP) for glaucoma treatment
allows for direct visualization of the ciliary processes, precise laser application, and has
demonstrated superior safety and selectivity over TSCPC [4–6]. More recently, to enhance
the safety profile of existing cyclophotocoagulation methods, two innovative approaches
have been introduced: micropulse cyclophotocoagulation and ultrasound cycloplasty. In
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the former, each laser pulse is divided into extremely short-duration phases, thereby mini-
mizing heat accumulation and reducing the disruption of the non-pigmented epithelium
and adjacent tissues [2,7–10]. In the latter, high-intensity focused ultrasound technology is
utilized, and energy is delivered via a specially designed probe. This technique enables
precise focusing of ultrasound energy at the desired depth, minimizing uncontrolled ab-
sorption and thereby reducing damage to adjacent tissues [11–13]. In juxtaposition to the
transscleral methodology, ECP enables the precise titration of diode laser therapy target-
ing the ciliary body through direct visualization via endoscopy. This ability to directly
observe the target tissue represents the foremost benefit of this method. Nonetheless, it is
an invasive procedure typically indicated for patients with glaucoma who are concurrently
undergoing cataract surgery [14,15].

To date, only one study with a follow-up period exceeding 36 months has assessed
the effectiveness of endoscopic cyclophotocoagulation (ECP) or its combination with pha-
coemulsification (phaco-ECP). This study aims to assess the effectiveness and safety of the
phaco-ECP treatment in glaucoma patients over a consecutive 60-month follow-up period.
The primary outcome measures included post-procedure intraocular pressure (IOP) re-
duction, success rates, glaucoma medication usage, and visual acuity. Secondary outcome
measures encompassed any procedure-related complications or postoperative adverse
events. The extended period between surgery and the last follow-up visit enables a more
precise determination of the effectiveness of the procedure and the need for reintervention,
which is crucial in glaucoma management for the preservation of visual acuity.

2. Materials and Methods

This was a non-randomized, prospective, single-arm, single-center, follow-up clinical
study. It received approval from the institutional review board of the Medical University
of Silesia (KNW-0022-KB1-131-16) and followed the tenets of the Declaration of Helsinki.
Patients were recruited between November 2016 and September 2018. All enrolled patients
provided written informed consent prior to participating in the study.

Inclusion criteria for the study encompassed adult patients (≥18 years) with uncon-
trolled glaucoma (IOP > 21 mmHg, despite the maximum tolerated doses of antiglaucoma
medications) or intolerance to glaucoma medications despite well-controlled IOP. Exclusion
criteria included pregnant women, ocular and non-ocular disorders that can significantly
affect the visual field other than glaucoma or cataract, and patients less than 18 years of age.
Comprehensive ophthalmic examinations were conducted, which involved measurements
of IOP using the standard Goldmann applanation tonometer (GAT), an assessment of the
number of antiglaucoma medications, a and determination of best-corrected logMAR visual
acuity. These examinations were performed preoperatively and at 1 day, 1 week, 1, 3, 6, 12,
18, 24, 30, 36, 42, 48, 54, and 60 months postoperatively. The IOP measurements adhered to
the guidelines set forth by the World Glaucoma Association for the design and reporting of
glaucoma surgical trials [16]. Visual field tests were performed using a Humphrey Visual
Field Analyzer III (Carl Zeiss Meditec, Dublin, CA, USA) set for a full threshold 24-2 testing
strategy preoperatively and at 12, 24, 36, 48, and 60 months postoperatively. To measure VF
loss the mean deviation (MD) parameter was used. Glaucoma stages of patients in the study
group were based on the MD (early glaucomatous loss—MD ≤ 6 dB; moderate glaucomatous
loss—6 dB > MD ≤ 12 dB; advanced glaucomatous loss—MD > 12 dB) [17]. The study
considered a treatment successful (qualified success) if there was a 20% reduction in IOP and
the IOP remained below 21 mmHg during the 60-month period of follow-up visits compared
to the baseline value without requiring additional surgical intervention [16]. Complete success
was defined as a cessation of antiglaucoma medications. Failure was defined as the IOP not
being reduced by at least 20% from the baseline and above 21 mmHg (over two consecutive
visits), and/or the necessity for further glaucoma surgical intervention. In cases where IOP
was not sufficiently lowered during follow-up and the number of antiglaucoma medications
was reduced compared to the baseline, additional medications were added. If needed, further
glaucoma surgery was performed based on the patient’s clinical conditions.
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Standard phacoemulsification surgery was performed, with intraocular lens implan-
tation in the capsular bag. An ECP (Endo Optiks URAM E2, Beaver-Visitec International,
Waltham, MA, USA) probe was carefully introduced into the sulcus, and diode laser treat-
ment was applied between 270 and 360 degrees, continuing until whitening and shrinkage
of the ciliary processes were observed. The power was initially set at 250 mW and was then
adjusted based on the observed effect.

All surgical procedures were executed by one unchanging surgeon (E.W.). Postoperative
management involved a reassessment of intraocular pressure (IOP), with adjustments made
to the preoperative antiglaucoma medication regimen based on these readings. Subsequent to
surgery, patients were administered topical ofloxacin (five times a day for two weeks) and
dexamethasone (five times a day for two weeks, followed by three times a day for two weeks).
Statistical analyses were carried out using Statistica Software version 13 (TIBCO Software
Inc., Palo Alto, CA, USA). Group comparisons for specific parameters were conducted using
either the Wilcoxon signed-rank test or a paired t-test, contingent upon the data distribution.
Kaplan–Meier survival curves were employed to evaluate the qualified and complete success
of the treatment over time. The results of IOP are visually represented through a scatter plot,
illustrating preoperative IOP on the x-axis versus 60-month postoperative IOP on the y-axis.
A p-value of ≤0.05 was deemed statistically significant.

3. Results

Thirty-eight patients (38 eyes) diagnosed with primary and secondary glaucoma
were included in this study of phaco-ECP. Detailed patient characteristics can be found
in Table 1. The glaucoma stages of the patients enrolled in the study, based on their VF,
are presented in Table 2. Preoperatively, sixteen of our patients had early glaucomatous
loss, thirteen of our patients had moderate glaucomatous loss, and 9 of our patients
had advanced glaucomatous loss. Throughout the follow-up period, nine eyes (28.3%)
required re-treatment due to not achieving the target IOP and were categorized as failures.
Among these, three eyes (7.9%) underwent TSCPC surgery approximately 23 months
later, two patients (5.3%) received UCP treatment around 30 months post procedure, one
patient (2.6%) underwent trabeculectomy 18 months after the initial intervention, and
microshunt implantation was performed in two patients (5.3%) approximately 42 months
later. Additionally, one patient (2.6%) had non-penetrating deep sclerectomy 24 months
following the phaco-ECP. Six patients (15.8%) were lost to the follow-up during the study
period. Of these, three patients died from causes unrelated to glaucoma, while three
patients discontinued their participation in the study visits due to reasons of a medical or
non-medical nature that were unrelated to glaucoma. As a result, a total of 23 patients were
included in the evaluation at the 60-month follow-up following their phaco-ECP.

The mean ± SD values of IOP preoperatively at 1 day, 1 week, 1, 3, 6, 12, 18, 24, 30, 36,
42, 48, 54, and 60 months postoperatively are presented in Table 3. A statistically significant
reduction in IOP was observed at each follow-up timepoint compared to the baseline. The
mean IOP at the last follow-up showed a reduction of 32.7% (Table 3). The qualified success
rate was 40.6% (13 out of 32 eyes). Among the patients who did not achieve qualified
success, nine eyes required additional surgical interventions. Furthermore, ten patients
did not meet the minimum IOP reduction success criterion. At the 60-month follow-
up, all patients still required antiglaucoma medications, and none achieved complete
success. Visual representations of the data are provided as the Kaplan–Meier survival
curves (Figures 1 and 2) and a scatter plot (Figure 3). It is important to note that patients
lost to the follow-up were excluded from the analysis of success rates.
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Table 1. Demographic characteristics. Demographic data, type of glaucoma, and history of prior
glaucoma surgeries of patients enrolled in the study.

Demographic Characteristics

Age (years)

Mean ± SD 78.03 ± 9.13
Range 52.00–98.00

No. (%)

Gender

Female 24 (63.2)

Male 14 (36.8)

Type of glaucoma:

Primary open-angle glaucoma 26 (68.4)

Secondary open-angle glaucoma

Post-penetrating keratoplasty glaucoma 1 (2.6)

Exfoliative 3 (7.9)

Pigmentary 0 (0.0)

Uveitic glaucoma 1 (2.6)

Neovascular glaucoma 1 (2.6)

Other 3 (7.9)

Primary angle-closure glaucoma 3 (7.9)

Secondary angle-closure glaucoma 0 (0.0)

Aniridic glaucoma 0 (0.0)

Prior glaucoma surgeries:

Trabeculectomy 4
Deep sclerectomy 1
Surgery (tube/stents) 0
Transscleral cyclophotocoagulation 0
Ultrasound Cyclo Plasty 0

SD—standard deviation, MD—mean deviation.

Table 2. Glaucoma staging of patients enrolled in the study.

Glaucoma Staging

No. (%)
Early glaucomatous loss MD ≤ 6 dB 16 (42.1)
Moderate glaucomatous loss 6 dB > MD ≤ 12 dB 13 (34.2)
Advanced glaucomatous loss MD > 12 dB 9 (23.7)

The mean ± SD values of the number of antiglaucoma medications taken preopera-
tively and 1 day, 1 week, 1, 3, 6, 12, 18, 24, 30, 36, 42, 48, 54, and 60 months postoperatively
are presented in Table 3. A statistically significant reduction in the number of antiglau-
coma medications was observed at each follow-up timepoint compared to the baseline.
Before undergoing phaco-ECP, three patients required systemic carbonic anhydrase admin-
istration. During the 60-month follow-up, thirteen eyes maintained the same number of
antiglaucoma medications as at baseline. Conversely, other patients showed a reduction
in their number of antiglaucoma medications at the last follow-up compared to baseline.
None of the patients experienced an increase in the number of antiglaucoma medications
compared to their preoperative regimen during the last visit. In a few cases, systemic
carbonic anhydrase was added during follow-up just before surgical re-intervention to
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lower intraocular pressure, and these cases were considered treatment failures. None of the
eyes required systemic carbonic anhydrase at the 60-month follow-up.

Table 3. Intraocular pressure and number of hypotensive medications taken after phaco-ECP—60-
month follow-up.

Mean IOP ± SD p-Value
Number of

Hypotensive
Medications ± SD

p-Value % IOP
Reduction No. Patients

Preop 22.6 ± 6.7 3.4 ± 0.9 - 38

1 day 18.4 ± 5.0 0.009 1.4 ± 1.4 <0.001 18.6 38

1 week 18.4 ± 7.3 0.007 1.6 ± 1.2 <0.001 18.5 38

1 month 16.4 ± 5.5 <0.001 1.9 ± 1.1 <0.001 27.3 38

3 months 16.8 ± 6.1 0.003 1.7 ± 0.9 <0.001 25.4 38

6 months 15.6 ± 3.7 <0.001 2.0 ± 1.2 <0.001 31.0 38

12 months 15.9 ± 3.9 <0.001 2.2 ± 1.1 <0.001 29.5 38

18 months 16.9 ± 5.0 <0.001 2.5 ± 1.2 <0.001 24.9 36

24 months 15.9 ± 2.9 <0.001 2.6 ± 1.2 0.001 29.4 35

30 months 16.6 ± 4.1 0.001 2.6 ± 1.3 0.005 26.4 33

36 months 15.6 ± 2.7 <0.001 2.6 ± 1.3 0.005 30.7 31

42 months 15.9 ± 4.5 0.006 2.3 ± 1.3 0.001 29.7 27

48 months 15.5 ± 3.8 0.001 2.1 ± 1.3 0.002 31.3 25

54 months 15.5 ± 2.8 <0.001 2.8 ± 0.9 0.013 31.4 23

60 months 15.2 ± 2.6 <0.001 2.7 ± 1.1 0.009 32.7 23Biomedicines 2024, 12, x FOR PEER REVIEW 5 of 13 
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Figure 3. Scatter plot of preoperative IOP (x-axis) versus 60-month postoperative IOP (y-axis).
Each point represents one eye showing the preoperative IOP and the postoperative IOP. Orange
line indicates no change. Yellow diagonal line represents 20% IOP reduction. phaco-ECP—phaco-
endocyclophotocoagulation, IOP—intraocular pressure.

The best-corrected logMAR visual acuities ± SD values preoperatively and 1 day,
1 week, 1, 3, 6, 12, 18, 24, 30, 36, 42, 48, 54, and 60 months postoperatively are presented in
Table 3. There were statistically differences in this parameter at each significant follow-up
timepoint compared to the baseline.
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The VF mean deviation ± SD values preoperatively and 12, 24, 36, 48, and 60 months
postoperatively were −9.07 ± 7.50 dB, −9.59 ± 10.26 dB (p = 0.215), −9.44 ± 8.71 dB (p = 0.255),
−10.26 ± 9.41 dB (p = 0.483), −9.21 ± 8.01 dB (p = 0.937), and −9.46 ± 10.03 dB (p = 0.191),
respectively.

Table 4 lists the postoperative complications encountered during the study. Corneal
edema was observed in ten patients (26.3%), which resolved over time without corneal
decompensation. An IOP spike occurred in eight patients (21.1%). In one patient (2.6%),
there was an IOL dislocation (subluxation) 36 months post-procedure. Three patients (7.9%)
developed macular edema, while four patients (10.5%) experienced the development of an
epiretinal membrane approximately 46 months after the phaco-ECP procedure. One patient
(2.6%) encountered a full-thickness macular hole 12 months after the initial procedure.
Anterior uveitis was observed in five patients (13.2%) immediately after the procedure. Five
patients (13.2%) required Nd:YAG capsulotomy due to a secondary cataract approximately
24 months after the procedure. Notably, no other significant intraoperative or postoperative
complications were observed.

Table 4. Intraoperative and postoperative complications after phaco-ECP—60-month follow-up.

Complications

No. (%)

Epithelial defects 0/38 (0.0)

Corneal edema 10/38 (26.3)

Corneal decompensation 0/38 (0.0)

IOP spike 8/38 (21.1)

IOL dislocation 1/38 (2.6)

Hypotony, choroid
detachment 0/38 (0.0)

Macular edema 3/38 (7.9)

Macular hole 1/38 (2.6)

Epiretinal membrane 4/38 (10.5)

Retinal detachment 1/38 (2.6)

Phthisis bulbi 0/38 (0.0)

Uveitis 5/38 (13.2)
phaco-ECP—phaco-endocyclophotocoagulation, IOP—intraocular pressure, IOL—intraocular lens.

4. Discussion

To summarize, this is one of the longest long-term prospective single-center studies
of glaucoma patients who have undergone phaco-ECP. At the final follow-up, the mean
intraocular pressure (IOP) demonstrated a reduction exceedingly greater than a quarter.
The qualified success rate was observed to be reasonable. The incidence of adverse events
aligns with the findings reported in prior publications [15,18–21].

Lowering intraocular pressure (IOP) continues to be the principal and evidence-based
strategy in the therapeutic management of glaucoma [22,23]. This can be achieved through
various strategies, including pharmacological and surgical interventions aimed at reducing
aqueous humor production and improving outflow. Within these approaches, inducing
targeted damage to the non-pigmented epithelium of the ciliary body using methods like
laser photocoagulation, cryotherapy, or ultrasound energy has been commonly practiced.
Among these interventions, transscleral cyclophotocoagulation (TSCPC) stands out as the
most prevalent and efficacious technique. The mechanism of action of TSCPC involves
the destruction of the pigmented ciliary body epithelium, leading to indirect destruction
of the non-pigmented cells and an increase in uveoscleral outflow [24,25]. This method
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is primarily used in severe cases of refractory glaucoma when prior pharmacological or
surgical interventions, such as filtration or seton procedures, have proven ineffective [26].

Cyclodestruction techniques, including TSCPC, come with two major limitations in
glaucoma treatment. Firstly, there is a lack of selectivity for the target tissue, which may
lead to potential damage to adjacent structures. Secondly, predicting the therapeutic effect
in relation to the applied dosage can be challenging. Additionally, TSCPC entails the risk of
complications such as pain, conjunctival burn, scleral thinning, and uveitis [24,27–29]. While
rare, more serious complications include hypotension, choroidal detachment, choroiditis,
retinal detachment, and, extremely rarely, phthisis bulbi [7].

To address these challenges and enhance the safety profile of existing cyclophotocoag-
ulation methods, two innovative approaches have emerged: micropulse cyclophotocoag-
ulation and ultrasound cycloplasty, briefly mentioned in the introduction. In contrast to
the transscleral methodology, endoscopic cyclophotocoagulation (ECP) enables the precise
modulation of diode laser therapy, targeting the ciliary body by directly visualizing the
tissue via endoscopy. The ability to directly observe the target tissue is the primary advan-
tage of this method and has been proven to possess superior safety and selectivity over
TSCPC [4–6]. Nonetheless, it is an invasive procedure typically indicated for patients with
moderate glaucoma who are concurrently undergoing cataract surgery [14,15].

It is imperative to acknowledge that this procedure is not devoid of side effects. The
most frequently observed complications include IOP spikes, heightened inflammation
(in comparison to phacoemulsification without ECP), and the potential for intraocular
lens dislocation [30,31]. In our study, corneal edema was noted in ten patients (26.3%),
which spontaneously resolved over time without corneal decompensation or the need for
corneal grafting. IOP spikes manifested in eight patients (21.1%), successfully managed
with topical IOP-lowering medications, negating the necessity for further intervention. In
one patient (2.6%), IOL dislocation (subluxation) was observed 36 months post-procedure,
resulting in a decline in visual acuity. However, surgical intervention was not pursued, as
the patient chose not to undergo the procedure. Hypotony was not observed in any of our
patients. Macular edema occurred in three patients (7.9%) one month after the procedure
and resolved within two months through pharmacotherapy, involving topical nonsteroidal
anti-inflammatory drugs and oral carbonic anhydrase inhibitors. Epiretinal membranes
were detected approximately 46 months after the initial procedure in four of our patients
(10.5%), but surgical intervention was not required during the study follow-up due to
the minimal progression of the condition. One patient (2.6%) developed a full-thickness
macular hole 12 months after the initial procedure, necessitating subsequent vitrectomy
surgery. Uveitis occurred in five of our patients (13.2%) approximately one month after the
procedure. In four cases, it was minor and resolved after treatment with the topical steroid
dexamethasone, without further complications. One patient developed fibrinous anterior
uveitis with posterior synechiae formation, requiring intensive treatment with systemic
prednisone therapy and subconjunctival steroid injections, which yielded positive results.
No other significant intraoperative or postoperative complications were observed. The
incidence of major complications in our study is comparable to the results published to
date [15,18–21].

It is widely known that glaucoma is a progressive disease, and surgical interventions
often need to be repeated periodically to maintain proper glaucoma control. Longer
observation periods yield more data regarding the effectiveness of the procedure. Therefore,
a crucial question in glaucoma management is how long a given procedure will suffice for
maintaining proper glaucoma control. Moreover, there is a commonly held opinion that the
ciliary body can regenerate after cyclodestruction, potentially leading to an increase in IOP
and decreasing the long-term efficacy of the procedure, with the necessity of reperforming
that procedure. In analyzing the limited literature on ciliary body regeneration, which
is primarily based on animal studies, it remains challenging to definitively prove this
opinion. A few studies have shown some epithelial regeneration in pars plicata [27] and the
reperfusion of the ciliary processes [5,28], particularly in favor of ECP [5]. However, authors
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consistently conclude that the capillary network regeneration of the ciliary processes is
mostly incomplete, and the regenerated epithelium is always disorganized, with a lack
of a well-developed pigment epithelial layer, which may result in limited functionality
concerning secretory function [27].

Many studies on ECP exhibit limited follow-up data, with our search identifying only
one available study reporting 60-month outcomes and four studies presenting data with a
36months follow-up period. Other studies related to phaco-ECP have shorter follow-up
durations. Oberfeld et al. [20] reported a 12% success rate at 60 months after phaco-ECP,
with an 18% reduction in intraocular pressure (IOP) among the 9 patients who remained
in the study out of the initial 78 enrolled. After 36 months, the same authors reported
27 patients still in the study, with a 25% reduction in IOP and a 34% success rate. Other
studies with 36 months of follow-up showed a 25% reduction in IOP and a 40% success
rate [18], a 26% reduction in IOP and a 45% success rate [19], or a 13% reduction in IOP with
a 70% success rate [15,21]. Similarly, studies with a 24-month follow-up period reported
IOP reductions ranging from 30% to 40% [32,33].

In our study, a decrease in IOP and the number of antiglaucoma medications was
statistically significant at each follow-up time point. The mean IOP at the 60-month follow-
up was reduced by 32.7%, with a qualified success rate of 40%. These results exceed
those of the only available 5-year study conducted by Oberfeld et al. [20]. We attribute
this difference to the extent of the ciliary process treatment, which in their study covered
90–360 degrees, whereas in our study it spanned 270–360 degrees. Other studies mentioned
above, although with shorter follow-up durations, have reported higher success rates and
IOP reductions, like our findings at the 36-month post-procedure mark, where the success
rate of our study reached 60%.

It is crucial to recognize the limitations associated with assessing intraocular pressure
(IOP), particularly the presence of regression to the mean, an inherent challenge in non-
randomized studies such as this one. To minimize the influence of IOP measurement
variability, we conducted multiple assessments in accordance with the recommendations
of the World Glaucoma Association [16]. While this approach helps mitigate the impact of
regression to the mean, it remains a factor that warrants consideration when interpreting
the results. Throughout the follow-up period, no significant changes in visual acuity were
observed. While there was no statistically significant loss in the visual field (VF) at each
follow-up time point within the study group, individual patient analyses revealed that
a minority experienced substantial VF deterioration, typically necessitating re-treatment.
Regarding different glaucoma subtypes, whether patients were treatment-naïve or had
previously undergone surgical interventions, we did not identify any significant differences
in outcomes following phaco-ECP.

It is noteworthy that phaco-ECP, due to its similar approach and low complication
rate, should be compared to other glaucoma surgeries commonly performed in conjunction
with phacoemulsification, such as an iStent injection, Hydrus Microstent implantation
(HMS), or trabecular excision using a Kahook Dual Blade (KDB) as part of Microinva-
sive Glaucoma Surgery (MIGS). At the time of writing, publications directly comparing
phaco-ECP to different combined procedures are limited. One publication that compared
phaco-ECP with phaco-trabeculectomy showed similar IOP reductions at 24 months post
operation [34]. With a shorter one-year follow-up period, Moghimi et al. [35] conducted
a comparison between phaco-ECP, phaco-trabeculectomy, and phaco-viscocanalostomy,
demonstrating the comparable effectiveness between the first two procedures and the
superior effectiveness of the latter. Regarding trabeculectomy, it is noteworthy that com-
mon opinion and published clinical studies indicate a decreased success rate when it is
combined with cataract surgery compared to when performed as a standalone procedure.
This decrease is attributed to increased inflammation and bleb fibrosis [36,37]. In the afore-
mentioned earlier study by Oberfeld et al. [20], notable for its extensive follow-up duration,
a comparative analysis was conducted between phaco-ECP, phaco-KDB, and PEcK (com-
bined phacoemulsification, ECP, and KDB). This study revealed similar results between the
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phaco-ECP and phaco-KDB groups but a greater reduction in the PEcK group [20]. Other
published studies on ECP and MIGS compare combined phaco-ECP with or without other
MIGS (KDB, iStent), presenting superior results in triple procedures [38,39]. Studies of
MIGS procedures combined with cataract surgery in terms of extended observation, like
our study with a 60-month follow-up, are limited and consist mainly of non-comparative
studies or studies comparing phaco-MIGS to phaco alone. The Manchester iStent study
even presented 7-year results, with a success rate of 46% of patients and a 20% IOP re-
duction after 60 months [40]. Arriola-Villalobos et al. reported outcomes from the same
procedure, with a 16% decrease in IOP and a success rate of 40% among the 13 patients
who completed 60 months of follow-up [41]. In contrast, while the two studies concerning
iStent demonstrate a high success rate for that procedure, the HORIZON study, which
focused on HMS procedures, presents quite the opposite results. After 5 years, there was
a 6% reduction in IOP, and this was not statistically significant compared to phaco-alone
procedures [42]. However, the authors found a reduced need for medication to achieve
IOP control and a decreased need for incisional IOP-lowering procedures. The limited
availability of studies with a 60-month follow-up period presents challenges in drawing
definitive conclusions regarding the long-term effectiveness of these procedures and their
comparison to phaco-ECP. More studies on MIGS, including phaco-ECP, with extended
follow-up durations are undoubtedly necessary to provide a comprehensive assessment.
This will help address the question of the most effective and safe treatment option for
patients with uncontrolled glaucoma and concomitant cataract. It is important to note that
comparing and analyzing the aforementioned studies is complicated due to variations in
methodology, particularly in terms of defining a successful outcome.

The current study has several limitations, including its retrospective, noncomparative
design and a moderate number of cases. Analyzing the results, these facts should be
acknowledged and data validation is necessary from larger-scale studies. Nevertheless,
it stands as one of the longest clinical studies and has the largest number of follow-up
patients in the literature.

In conclusion, regarding ECP studies with a 60-month follow-up, only one study is
available. Our study, conducted over the same follow-up period, demonstrates a reasonable
success rate and IOP reduction, along with a favorable safety profile. By amalgamating this
information from 60 months of follow-up data with our results after 36 months (where the
success rate stands ranges from 40–70%) we can present a more comprehensive picture of
the duration of ECP’s effects, which is satisfactory, in our opinion. These findings support
its suitability as a viable option for patients with uncontrolled glaucoma and cataract. For
this type of patient, when the cataract is operable, a combined procedure is recommended.
In terms of patients with controlled glaucoma and operable cataract, despite this not being
the primary focus of the study, and based on our experience, ECP is also a viable option to
reduce the number of medications. However, in such cases, it is advisable to avoid inducing
hypotony. Therefore, the number of drops and preoperative IOP should not be excessively
low (low or mid-teens), considering that we are reducing the IOP by 30% with this method.
Using this information, clinicians can determine the suitability and duration of a particular
procedure in the treatment of glaucoma for individual patients. This is invaluable for the
preservation of vision in glaucoma patients.

5. Conclusions

The phaco-ECP procedure is effective, well-tolerated, and safe for reducing the IOP in
glaucoma patients with cataracts over a long-term follow-up. Randomized, larger-scale
studies are required to validate the results obtained.
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IOP Intraocular Pressure
MD Mean Deviation
SS-OCT Swept-Source Optical Coherence Tomography
ECP Endocyclophotocoagulation
phaco-ECP Phaco-endocyclophotocoagulation
TSCPC Transscleral Cyclophotocoagulation
µCPC Transscleral Microcyclophotocoagulation
UCP Ultrasound Ciliary Plasty
KDB Kahook Dual Blade
MIGS Microinvasive Glaucoma Surgery
HMS Hydrus Microstent implantation
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Abstract: Background: This study assessed the efficacy and safety of Ahmed valve implantation
in patients with aniridic glaucoma for three consecutive years. Methods: Six adult patients (seven
eyes) with Ahmed valve (AV) implants for aniridic glaucoma were enrolled in the study. The
primary outcome measures were intraocular pressure reduction, glaucoma medication use, success
rates, and visual acuity after AV implantation. A 30% reduction in IOP from baseline without
the need for re-intervention was considered an effective treatment. The cessation of antiglaucoma
medications was defined as complete success. Intraoperative and postoperative complications
were included as secondary outcome measures. Measurements were performed preoperatively,
at the first week, and 1, 3, 6, 12, 18, 24, 30, and 36 months postoperatively. Results: A total of
seven eyes (6 patients) were evaluated 36 months after AV implantation. The mean ± SD values
of IOP preoperatively at 1 day, 1 week, and 1, 3, 6, 12, 18, 24, 30, and 36 months postoperatively
were 30.4 ± 4.0 mmHg, 14.6 ± 4.6 mmHg, 16.1 ± 4.6 mmHg, 20.7 ± 7.0 mmHg, 14.5 ± 2.7 mmHg,
16.5 ± 5.9 mmHg, 16.2 ± 4.0 mmHg, 16.3 ± 4.3 mmHg, 17.2 ± 10.1 mmHg, 17.6 ± 6.9 mmHg, and
18.2 ± 5.5 mmHg, respectively. At the last follow up, the mean IOP was reduced by 40.2%. The
qualified success rate was 85.7%. One patient (one eye) at the last follow-up visit did not require
antiglaucoma medications, resulting in a complete success rate of 14.3%. Intra- and postoperative
mild or moderate subconjunctival bleeding was observed in all the patients. No other major/minor
intraoperative or postoperative complications were noted. Conclusions: In long-term follow up, the
AV implantation procedure is well-tolerated and relatively safe for reducing IOP in adult aniridia
patients with glaucoma. These results should be validated through studies involving a larger
patient cohort.

Keywords: Ahmed valve; aniridia; glaucoma; glaucoma drainage device; intraocular pressure

1. Introduction

Aniridia is a profoundly visually impairing rare genetic disorder primarily caused
by a heterozygous mutation in paired box 6 (PAX6) [1,2]. This condition leads to the
underdevelopment or abnormal development of the iris, and is associated with various
ocular abnormalities, including keratopathy, cataract, nystagmus, foveal hypoplasia, op-
tic nerve hypoplasia, and glaucoma. Secondary glaucoma usually develops during the
first two decades of life with prevalence from 6% to 75% [3–5], or even higher [6]. Rudi-
mentary iris stroma extends forwards onto the trabecular meshwork, at first resembling
anterior synechiae, followed by forming a sheet that results in eventual angle closure [3].
Other mechanisms implicated in the pathogenesis of glaucoma involve the absence of the
Schlemm canal [7]. Various surgical techniques, including goniosurgery, trabeculotomy,
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trabeculectomy, the use of glaucoma drainage devices (GDD), and cyclodestructive proce-
dures, have been employed to address this type of glaucoma, yielding variable degrees of
success [8–16].

The purpose of this study was to evaluate the long-term outcomes and complication
rates of Ahmed valve (AV) implantation in patients with glaucoma secondary to congenital
aniridia. The primary outcome measures encompassed reductions in intraocular pressure
(IOP), changes in the usage of glaucoma medications, success rates, and alterations in visual
acuity following the AV implantation. Additionally, secondary outcome measures involved
the evaluation of both intraoperative and postoperative complications.

2. Materials and Methods

This study was a retrospective, single-arm case series, conducted in a noncompara-
tive manner at a single center. The study received approval from the institutional review
board of the Medical University of Silesia (Approval number: KNW/0022/KB1/131/16)
and adhered to the principles of the Declaration of Helsinki. Patients who underwent
AV implantation procedure (model FP7, New World Medical, Rancho Cucamonga, CA,
USA) for aniridic glaucoma operated upon between November 2008 and April 2019 were
included in the study. All patients provided informed consent for the AV implantation pro-
cedure. The study enrolled participants who met the following inclusion criteria: congenital
aniridia, adult patients (≥18 years), AV implantation due to uncontrolled aniridic glaucoma
(IOP > 21 mmHg, despite maximum tolerated doses of antiglaucoma medications), intol-
erance to glaucoma medications despite well-controlled IOP, 36-month follow-up period.
Exclusion criteria encompassed the following: pregnant women, patients aged <18 years.
Patients with a history of other treatments/surgeries for glaucoma were not excluded from
the study.

A retrospective review of medical and surgical records was performed to collect the
following data: complete ophthalmic examination with IOP measurements, number of
antiglaucoma medications, and best-corrected log MAR visual acuity recorded preopera-
tively and at 1 day, 1 week, and 1, 3, 6, 12, 18, 24, 30, and 36 months after surgery.

All follow-up time points and IOP measurements in our clinic are always made accord-
ing to the World Glaucoma Association Guidelines on Design and Reporting of Glaucoma
Surgical Trials—the average of three measurements obtained with the standard Goldmann
applanation tonometer (GAT) [17]. Data also extracted were age, sex, concomitant ocular
disorders, history of other intraocular surgeries, lens status, intraoperative complications,
postoperative complications, and re-interventions.

Treatment was deemed successful (qualified success) if, during 36-month follow-up
assessments, there was a 30% reduction in IOP compared to the baseline value, and this
reduction was achieved without requiring surgical re-intervention. Increased IOP was
counted as a failure if it occurred at two consecutive follow-up visits. IOP spikes to 3 months
after AV implantation were not considered as a failure. Complete success was defined as
cessation of antiglaucoma medications.

In cases where IOP was not adequately reduced during follow up, additional ocular
hypotensive medications were added. In the event of failure to achieve IOP control with
up to three topical medications, the planned intervention in the study group was to be
transscleral cyclophotocoagulation (TSCPC).

AV implantation procedure was performed under peribulbar or general anesthesia.
All the plates were implanted at the superior temporal quadrant of the eye. First, a traction
suture was placed into the superior limbal cornea. A 10 mm conjunctival and a fornix-
based opening were created in the superior temporal quadrant. The plate was placed in
sub-Tenon space 8–9 mm from the limbus between the lateral and superior rectus muscles
and sutured to the superficial sclera with 8-0 Prolene nonabsorbable sutures. Next, the
tube was trimmed to extend 2–3 mm into the anterior chamber. A 23-gauge needle was
used to penetrate sclera 2–3 mm posterior to the corneal limbus, directed parallel to the
iris surface. The tube was inserted bevel up through the tunnel into the anterior chamber
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and secured to the sclera using one 10-0 nylon anchoring suture. The silicone tube near the
limbus was then covered with a 5 × 6 mm full-thickness donor sclera graft, sutured with
four 7-0 absorbable (polyglactin) sutures. The conjunctiva was closed using interrupted
10-0 nylon sutures. A subconjunctival steroid and antibiotic injection were performed. All
the procedures were performed by two experienced surgeons (D.T. and E.W.).

In the first week after surgery, anti-glaucoma medication was withdrawn in all but one
patient. At subsequent follow-up visits, they were added as needed, depending on IOP.

Postoperatively, patients were treated topically with dexamethasone (five times a day
for two weeks and tapered over two months) and ofloxacin (five times a day for two weeks).
Statistical analysis utilized Statistica Software version 13 (TIBCO Software Inc., Palo Alto,
CA, USA). Datasets were compared based on data distribution, with the Wilcoxon signed-
rank test or paired t-test applied for relevant parameters. Kaplan–Meier survival curves
assessed treatment success over time, and IOP results were visualized using a scatter plot
comparing preoperative IOP (x-axis) with 3-year postoperative IOP (y-axis). A significance
level of p ≤ 0.05 denoted statistical significance.

3. Results

Six adult patients (seven eyes) with aniridic glaucoma were enrolled for AV im-
plantation. Patient characteristics are detailed in Table 1. None of the patients required
reoperation throughout the follow-up period due to failure to achieve the target IOP. In
the data collected, there were three follow-up time-points not available due to patient
missed visits (case n6—day 1 visit; case n4—18-month visit; case n1—30-month visit). The
mean ± SD values of IOP preoperatively at 1 day, 1 week, and 1, 3, 6, 12, 18, 24, 30, and
36 months postoperatively were 30.4 ± 4.0 mmHg, 14.6 ± 4.6 mmHg, 16.1 ± 4.6 mmHg,
20.7 ± 7.0 mmHg, 14.5 ± 2.7 mmHg, 16.5 ± 5.9 mmHg, 16.2 ± 4.0 mmHg, 16.3 ± 4.3 mmHg,
17.2 ± 10.1 mmHg, 17.6 ± 6.9 mmHg, and 18.2 ± 5.5 mmHg, respectively (Tables 1 and 2,
Figure 1). The mean IOP at the final follow up exhibited a reduction of 40.2% (Table 2).
The qualified success rate was 85,7% (six eyes). One patient (one eye) (at 30- and 36-month
follow-up visit) did not achieve IOP reduction at two consecutive follow-up visits; this
was considered a failure and qualified for TSCPC. However, the procedure was canceled
because the patient had an intraocular pressure of 18 mmHg on the day of admission to the
laser procedure. In further follow up, already beyond the three-year period of the study,
the patient maintained an effectively lowered IOP, and at the 84-month visit 16 mm IOP
was recorded with two antiglaucoma medications.

Table 1. Patient characteristics and intraocular pressure outcome. IOP—intraocular pressure; LE—
lens extraction; LE + IOL—lens extraction with intraocular lens implantation; PKP—penetrating
keratoplasty; TSCPC—transscleral cyclophotocoagulation; Trab—trabeculectomy.

Case Age (Years) Gender Prior Surgeries Lens Status Preoperative
IOP (mmHg)

Postoperative IOP
36 Months (mmHg)

1 53 M LE, TSCPC Aphakic 30 18

2 52 M LE Aphakic 30 19

3 37 F LE + IOL, TSCPC, Trab Pseudophakic 36 16

4 40 F LE + IOL, Trab Pseudophakic 27 14

5 48 F LE + IOL, PKP Pseudophakic 35 30

6 50 F LE + IOL, PKP, Trab Pseudophakic 30 17

7 40 F LE + IOL, Trab Pseudophakic 25 14
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Table 2. Intraocular pressure and number of hypotensive medications after AV implantation.

Mean IOP ± SD Number of Hypotensive Medications ± SD % IOP Reduction

Preop 30.4 ± 4.0 4.0 ± 1.0 -

1 day 14.6 ± 4.6 0.2 ± 0.4 52.0

1 week 16.1 ± 4.6 0.1 ± 0.4 46.9

1 month 20.7 ± 7.0 0.3 ± 0.5 32.1

3 months 14.5 ± 2.7 0.8 ± 0.8 52.3

6 months 16.5 ± 5.9 0.8 ± 0.8 45.8

12 months 16.2 ± 4.0 1.3 ± 0.5 46.9

18 months 16.3 ± 4.3 1.5 ± 1.3 46.6

24 months 17.2 ± 10.1 1.8 ± 1.1 43.5

30 months 17.6 ± 6.9 1.4 ± 0.9 42.2

36 months 18.2 ± 5.5 1.3 ± 0.6 40.2
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At the 36-month follow up, one patient (one eye) no longer needed antiglaucoma
medications. The complete success rate was 14.3% (Figures 2 and 3—Kaplan-Meier survival
curves, Figure 4—scatter plot).
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low up.

The mean ± SD values of the number of antiglaucoma medications preoperatively
and at 1 day, 1 week, and 1, 3, 6, 12, 18, 24, 30, and 36 months postoperatively were
4.0 ± 1.0, 0.2 ± 0.4, 0.1 ± 0.4, 0.3 ± 0.5, 0.8 ± 0.8, 0.8 ± 0.8, 1.3 ± 0.5, 1.5 ± 1.3, 1.8 ± 1.1,
1.4 ± 0.9, and 1.3 ± 0.6, respectively (Table 2, Figure 5). Before AV implantation, two
patients required systemic carbonic anhydrase therapy. However, none of the patients
needed systemic carbonic anhydrase treatment at the 36-month follow-up visit. Five
patients had reduced the number of antiglaucoma medications they were taking, and two
had maintained the same number of medications at the last follow-up visit compared to
the baseline. Importantly, none of the patients required more antiglaucoma medications
compared to their preoperative regimen at the last visit. None of the patients required
systemic carbonic anhydrase during the 36-month follow up.
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AV—Ahmed valve.

The mean best-corrected log MAR visual acuity preoperatively at 1 day, 1 week, and 1,
3, 6, 12, 18, 24, 30, and 36 months postoperatively were 1.64 ± 0.32, 1.72 ± 0.23, 1.64 ± 0.35,
1.33 ± 0.23, 1.53 ± 0.37, 1.57 ± 0.30, 1.58 ± 0.35, 1.90 ± 0.76, 1.56 ± 0.15, 1.52 ± 0.22, and
1.53 ± 0.25, respectively.

Table 3 provides a comprehensive list of both intraoperative and postoperative com-
plications. An IOP spike was observed in two patients (28.6%). Intra- and postoperative
mild or moderate subconjunctival bleeding was observed in all the patients. No other
major/minor intraoperative or postoperative complications occurred (Figure 6. Aniridia
patient after AV implantation).
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Table 3. Intraoperative and postoperative complications after AV implantation.

Complications No. %

Intraoperative

Scleral/iris perforation 0/7 0

Anterior chamber shallowing 0/7 0

Subconjunctival hemorrhage 7/7 100

Postoperative

Early

Conjunctival hyperemia 3/7 42.9

Subconjunctival hemorrhage 7/7 100

Epithelial defects 2/7 28.6

IOP spike 3/7 42.9

Hypotony, choroid detachment 0/7 0

Hyphema 0/7 0

Uveitis 0/7 0

Vitreous hemorrhage 0/7 0
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Table 3. Cont.

Complications No. %

Late

Tube exposure 0/7 0

Diplopia/strabismus 0/7 0

Hypotony, choroid detachment 0/7 0

Corneal decompensation 0/7 0

Retinal detachment 0/7 0

Phthisis bulbi 0/7 0

4. Discussion

Glaucoma secondary to aniridia is difficult to control with intraocular pressure-
lowering medication. Frequently a surgical approach is needed, and few types of proce-
dures are performed; however, the success rate is highly variable. Studies report the use
of (1) aqueous drainage devices, (2) angle surgeries, especially before the angle closure is
extensive, (3) filtering operations, and (4) cyclodestructive procedures.

Cyclocryotherapy and transscleral diode laser cyclophotocoagulation (TSCPC) are the
two most common cyclodestructive methods described in the literature in aniridia-related
glaucoma. The efficacy of the first method is mediocre/average, with a relatively high
complication rate. Wallace and associates report that in six of nine procedures (performed in
one or more sessions), IOP control was achieved; nonetheless, authors add that they would
now prefer performing trabeculectomy or seton implantation before cyclocryotherapy [16].
Wiggins and associates evaluated different types of glaucoma surgeries in aniridia [7]. In
the cyclocryotherapy group, 5 of 20 of the performed procedures were successful. The
authors reported complications of this procedure, like phthisis bulbi and cataract. In
their study, other glaucoma surgeries like trabeculotomy, trabeculectomy, and Molteno
implant placement were performed, with a conclusion that the best results occurred after
Molteno implants in aniridia patients, and authors advocate this method. Another study
concerning cyclocryotherapy treatment reported that four (50%) of eight aniridic eyes had
a “devastating complication developed, three of which represented phthisis and the fourth
which represented a retinal detachment followed by phthisis” [18]. TSCPC is another type
of cyclodestructive procedure which is used in patients with aniridia. The efficacy is similar
to cyclocryotherapy; however, the complication rate is lower, with no literature reports of
phthisis bulbi [14]. Three patients in our study had TSCPC before AV implantation. We
did not observe any major complications postoperatively. However, due to worsening IOP
control, these patients underwent AV implantation (an average of two years after TSCPC)
and were enrolled in the study. The above-mentioned cyclodestrutive methods usually
need to be repeated to achieve proper IOP control.

Therapeutic goniotomy is usually unsuccessful [10,19]. However, a few authors
reported success of this procedure as a prophylactic before glaucoma develops [8,19].
Compared to goniotomy, better effectiveness in the treatment of aniridic glaucoma is
achieved with trabeculotomy [10]. Adachi and associates reported that ten (83%) of twelve
eyes obtained lOP control after the first or second trabeculotomy with a mean follow up of
around ten years.

Trabeculectomy is a frequently performed procedure in aniridia, usually as a primary
surgical approach. However, results in this type of glaucoma are unsatisfactory. In a
previously cited paper, Wiggins and associates analyzed the efficacy of trabeculectomy
with or without fluorouracil in aniridia patients [7]. The results were poor—out of fifteen
procedures only one was successful. Similarly, in a different study, cited above, all five
patients initially treated with trabeculectomy needed another glaucoma surgery in less than
a one year follow up [9]. Durai and associates compared trabeculectomy to the Aurolab
Aqueous Drainage Implant [11]. Again, the results of trabeculectomy were mediocre
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(the probability of failure at 2 years was 58.3%) and the efficacy of the Aurolab Aqueous
Drainage Implant was definitely better (the probability of failure at two years was 11.1%).
As mentioned in the description of patients’ characteristics, three of our patients had
trabeculectomy before AV implantation. In these few cases, the efficacy of this procedure
lasted longer, with an average of five years until AV implantation.

Few studies report the usage of different types of GDD in aniridic glaucoma. In a study
mentioned earlier conducted by Wiggins and associates, out of five eyes with Molteno
implants, only one required reoperation during a mean of 28 months’ follow up [7]. The
same implant used by Molteno and associates allowed successful IOP control (defined as
IOP < 20 mm Hg without medical treatment) in all three aniridia patients in a mean follow
up of 5 years [13]. Billson and associates also reported reasonable IOP control with Molteno
GDD over a three-year follow-up period in two patients [20]. In the study mentioned
earlier conducted by Adachi and associates [9], the authors also implanted Molteno GDD
with comparably good results—a success rate of 83% (five of six eyes had IOP < 21 mm Hg
in the mean follow-up period of 10.4 years).

Only one study reported the effectiveness of treatment with Baerveldt GDD for
aniridia, with a surgical success in 7 of 8 eyes over 11–39 months of follow up [21].

Two studies published so far have reported the results of AV implantation in aniridia-
related glaucoma. Almousa and associates reported successful IOP control in seven of eight
eyes over a mean follow up of 37.4 months [22]. In one eye, persistent vitreous hemorrhage
and subsequent irreparable total retinal detachment occurred after the procedure. But,
apart from this one, no other complication related to AV implantation, including tube
exposure, were noted. In the second study, Demirok and associates implanted AV in
six eyes, and the success rate was 66.6% at 12 months and 50.0% at the last follow up
(range 12–36 months) [23]. In one patient, authors reported tube exposure at 1 month
post operation and retinal detachment associated with vitreous hemorrhage. No other
major complications were noted. In both studies presented above, there was no distinction
between pediatric and adult patients.

The decrease in IOP and the number of antiglaucoma medications was significant at
each follow-up time point in our study. The mean IOP at 36-month follow up was reduced
by 40.2%. The surgical success rate was particularly high at 85.7%, which aligns with
previously published results [22,23]. Furthermore, our study reported a low occurrence
of major complications. We observed an IOP spike in two patients (28.6%) at one month
postoperatively, which is common in GDD implantations. Nevertheless, at the following
visit, IOP normalized. In all our patients, subconjunctival hemorrhage occurred both
intraoperatively and postoperatively, which was related to the AV implantation procedure
itself. We did not observe other major/minor intraoperative or postoperative complications,
such as vitreoretinal hemorrhage, as reported in similar studies [22,23]. In our study group,
none of the patients had tube exposure, which is one of the most threatening complications
for the surgeon.

The current study has several limitations, including its retrospective, noncompara-
tive design, the small number of cases, and the fact that it only involves adult patients.
Nevertheless, it is the second largest clinical study and the most numerous adult study in
the literature. Similar obstacles are common in aniridia studies due to the specificity of
this condition.

Our results and the studies presented above reveal how challenging is to treat aniridic
glaucoma. According to aniridia experts and a review of the literature, topical intraocular
pressure lowering medications should be the first option in the treatment of aniridic
glaucoma [24]. Prophylactic goniotomy could be considered when the rudimentary iris
extends onto the trabecular meshwork and before glaucoma occurs. In cases of congenital
or early-developing glaucoma, many clinicians recommend trabeculotomy. For more
advanced stages of aniridic glaucoma, it appears that the GDD is the superior way to
achieve that goal. Larger, randomized, and comparative studies are needed to determine
the best surgical method for aniridia-related glaucoma.
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5. Conclusions

The AV implantation procedure is relatively safe and well-tolerated for reducing IOP
in adult aniridia patients with glaucoma in long-term follow up. These results should be
validated through studies involving a larger patient cohort.

Author Contributions: Conceptualization, B.B. and D.T.; Methodology, B.B. and D.T.; Formal Analy-
sis, D.T.; Investigation, B.B.; Resources, B.B.; Data Curation, B.B and D.T.; Writing—Original Draft
Preparation, B.B.; Writing—Review & Editing, B.B., D.T., and E.W.; Visualization, B.B. and D.T..;
Supervision, E.W.; Project Administration, B.B. and E.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding. The APC was funded by Medical University of
Silesia in Katowice and University of Silesia in Katowice.

Institutional Review Board Statement: This study adhered to the principles outlined in the Declara-
tion of Helsinki, and received approval from the Medical University of Silesia board (KNW/0022/KB1/
131/16).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are available from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AV Ahmed valve
IOP Intraocular pressure
TSCPC Diode laser transscleral cyclophotocoagulation
GDD Glaucoma drainage device
IOP Intraocular pressure
GAT Goldmann applanation tonometer
SD Standard Deviation

References
1. Gehring, W.J. The master control gene for morphogenesis and evolution of the eye. Genes Cells 1996, 1, 11–15. [CrossRef]

[PubMed]
2. Lagali, N.; Wowra, B.; Fries, F.N.; Latta, L.; Moslemani, K.; Utheim, T.P.; Wylegala, E.; Seitz, B.; Käsmann-Kellner, B. PAX6

Mutational Status Determines Aniridia-Associated Keratopathy Phenotype. Ophthalmology 2020, 127, 273–275. [CrossRef]
3. Nelson, L.B.; Spaeth, G.L.; Nowinski, T.S.; Margo, C.E.; Jackson, L. Aniridia. A review. Surv. Ophthalmol. 1984, 28, 621–642.

[CrossRef] [PubMed]
4. Gramer, E.; Reiter, C.; Gramer, G. Glaucoma and frequency of ocular and general diseases in 30 patients with Aniridia: A clinical

study. Eur. J. Ophthalmol. 2011, 22, 104–110. [CrossRef] [PubMed]
5. Netland, P.A.; Scott, M.L.; Boyle, J.W.; Lauderdale, J.D. Ocular and systemic findings in a survey of aniridia subjects. J. Am. Assoc.

Pediatr. Ophthalmol. Strabismus 2011, 15, 562–566. [CrossRef]
6. Tsai, J.H.; Derby, E.; Holland, E.J.; Khatana, A.K. Incidence and prevalence of glaucoma in severe ocular surface disease. Cornea

2006, 25, 530–532. [CrossRef]
7. Wiggins, R.E.; Tomey, K.F. The Results of Glaucoma Surgery in Aniridia. Arch. Ophthalmol. 1992, 110, 503–505. [CrossRef]

[PubMed]
8. Chen, T.C.; Waltoii, D.S. Goniosurgery for prevention of aniridic glaucoma. Arch. Ophthalmol. 1999, 117, 1144–1148. [CrossRef]
9. Adachi, M.; Dickens, C.J.; Hetherington, J.; Hoskins, H.D.; Iwach, A.G.; Wong, P.C.; Nguyen, N.; Ma, A.S. Clinical experience of

trabeculotomy for the surgical treatment of aniridic glaucoma. Ophthalmology 1997, 104, 2121–2125. [CrossRef]
10. Okada, K.; Mishima, H.K.; Masumoto, M.; Tsumamoto, Y.; Tsukamoto, H.; Takamatsu, M. Results of filtering surgery in young

patients with aniridia. Hiroshima J. Med. Sci. 2000, 49, 135–138.
11. Durai, I.; Pallamparthy, S.; Puthuran, G.V.; Wijesinghe, H.K.; Uduman, M.S.; Krishnadas, S.R.; Robin, A.L.; Palmberg, P.; Gedde,

S.J. Outcomes of Glaucoma Drainage Device Implantation and Trabeculectomy With Mitomycin C in Glaucoma Secondary to
Aniridia. Am. J. Ophthalmol. 2021, 227, 173–181. [CrossRef] [PubMed]

12. Grant, W.M.; Walton, D.S. Progressive changes in the angle in congenital aniridia, with development of glaucoma. Am. J.
Ophthalmol. 1974, 78, 842–847. [CrossRef] [PubMed]

79



Biomedicines 2023, 11, 2996

13. Molteno, A.C.B.; Ancker, E.; Van Biljon, G. Surgical Technique for Advanced Juvenile Glaucoma. Arch. Ophthalmol. 1984, 102,
51–57. [CrossRef]

14. Kirwan, J.F.; Shah, P.; Khaw, P.T. Diode laser cyclophotocoagulation: Role in the management of refractory pediatric glaucomas.
Ophthalmology 2002, 109, 316–323. [CrossRef]

15. Fieß, A.; Shah, P.; Sii, F.; Godfrey, F.; Abbott, J.; Bowman, R.; Bauer, J.; Dithmar, S.; Philippin, H. Trabeculectomy or Transscleral
Cyclophotocoagulation as Initial Treatment of Secondary Childhood Glaucoma in Northern Tanzania. J. Glaucoma 2017, 26,
657–660. [CrossRef] [PubMed]

16. Wallace, D.K.; Plager, D.A.; Snyder, S.K.; Raiesdana, A.; Helveston, E.M.; Ellis, F.D. Surgical results of secondary glaucomas in
childhood. Ophthalmology 1998, 105, 101–111. [CrossRef]

17. Shaarawy, T.M.; Sherwood, M.B.; Grehn, F. Guidelines on Design and Reporting of Surgical Trials; WGA Guidelines on Design and
Reporting of Glaucoma Surgical Trials; World Glaucoma Association: Amsterdam, The Netherlands, 2009.

18. Wagle, N.S.; Freedman, S.F.; Buckley, E.G.; Davis, J.S.; Biglan, A.W. Long-term outcome of cyclocryotherapy for refractory
pediatric glaucoma. Ophthalmology 1998, 105, 1921–1927. [CrossRef] [PubMed]

19. Walton, D.S. Aniridic glaucoma: The results of gonio-surgery to prevent and treat this problem. Trans. Am. Ophthalmol. Soc. 1986,
84, 59–70. [PubMed]

20. Billson, F.; Thomas, R.; Aylward, W. The use of two-stage molteno implants in developmental glaucoma. J. Pediatr. Ophthalmol.
Strabismus 1989, 26, 3–8. [CrossRef]

21. Arroyave, C.P.; Scott, I.U.; Gedde, S.J.; Parrish, R.K.; Feuer, W.J. Use of glaucoma drainage devices in the management of glaucoma
associated with aniridia. Am. J. Ophthalmol. 2003, 135, 155–159. [CrossRef]

22. Almousa, R.; Lake, D.B. Intraocular pressure control with Ahmed glaucoma drainage device in patients with cicatricial ocular
surface disease-associated or aniridia-related glaucoma. Int. Ophthalmol. 2014, 34, 753–760. [CrossRef] [PubMed]
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The Preserflo MicroShunt Affects Microvascular Flow Density
in Optical Coherence Tomography Angiography
Jens Julian Storp 1,*, Hannah Schatten 1,2, Friederike Elisabeth Vietmeier 1, Ralph-Laurent Merté 1,
Larissa Lahme 1, Julian Alexander Zimmermann 1, Verena Anna Englmaier 1, Nicole Eter 1

and Viktoria Constanze Brücher 1

1 Department of Ophthalmology, University of Muenster Medical Center, 48149 Muenster, Germany;
friederikeelisabeth.vietmeier@ukmuenster.de (F.E.V.); ralph-laurent.merte@ukmuenster.de (R.-L.M.);
larissa.lahme@ukmuenster.de (L.L.); julian.zimmermann@ukmuenster.de (J.A.Z.);
verenaanna.englmaier@ukmuenster.de (V.A.E.); nicole.eter@ukmuenster.de (N.E.);
viktoria.bruecher@ukmuenster.de (V.C.B.)

2 Augenklinik Roth am St. Josef-Hospital, 53225 Bonn, Germany
* Correspondence: jens.storp@ukmuenster.de; Tel.: +49-251-83-56001

Abstract: Intraocular pressure (IOP) lowering surgery has been shown to alter microvascular density
in glaucoma patients. The aim of this study is to report changes in retinal flow density (FD) over
the course of treatment with the Preserflo MicroShunt, using optical coherence tomography angiog-
raphy (OCTA). 34 eyes from 34 patients who underwent Preserflo MicroShunt implantation were
prospectively enrolled in this study. OCTA imaging was conducted at the superficial (SCP), deep
(DCP) and radial peripapillary plexus (RPC) levels. The progression of FD and IOP was assessed at
different time points from baseline to six months postoperatively for the entire patient population,
as well as disease severity subgroups. The Preserflo MicroShunt achieved a significant reduction in
IOP over the course of six months (median: 8 mmHg; p < 0.01). FD values of the SCP and DCP did
not show significant fluctuations, even after adjusting for disease severity. FD of the RPC decreased
significantly over the course of six months postoperatively from 42.31 at baseline to 39.59 at six
months postoperatively (p < 0.01). The decrease in peripapillary FD was strongest in patients with
advanced glaucoma (median: −3.58). These observations hint towards dysfunctional autoregulatory
mechanisms in capillaries surrounding the optic nerve head in advanced glaucoma. In comparison,
the microvascular structure of the macula appeared more resilient to changes in IOP.

Keywords: surgery; device; intraocular pressure; IOP; vessel density; MIGS; LIGS; glaucoma; severity

1. Introduction

Glaucoma is a global leading cause of blindness [1]. The “mechanical theory” of
glaucoma progression regards intraocular pressure (IOP) as one of the main risk factors
associated with the disease [2]. The majority of therapeutic interventions therefore target
IOP reduction, which can be achieved by topical medication, non-penetrating procedures,
or penetrating surgery. In the recent past, the need to reduce the postoperative care
burden has given rise to new microinvasive approaches [3], which have been coined
“MIGS” (microinvasive glaucoma surgery) or “LIGS” (less invasive glaucoma surgery).
The Preserflo MicroShunt (Santen, Miami, FL, USA), an 8.5 mm long tubular structure
with a 350 µm outer diameter and 70 µm lumen made from biocompatible (poly)styrene-
block-isobutylene-block-styrene, represents a novel LIGS device and has been shown to
effectively lower IOP in glaucoma patients [3–7].

The “mechanical theory”, however, falls short in explaining the occurrence of normal-
tension glaucoma and the fact that in some patients, simply lowering IOP does not halt the
progression of the disease [1,8]. In response, the “vascular theory” of glaucoma develop-
ment was proposed, according to which glaucoma is considered to result from inadequate
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blood supply to the eye. According to this theory, the development of glaucoma cannot
be attributed solely to increased IOP but also to changes in systemic and microvascular
perfusion [9,10].

Studies using optical coherence tomography angiography (OCTA), a new imaging
technology that allows for the quantification of retinal microvasculature [11], have identified
distinct changes in in glaucoma patients [12–18] and after IOP lowering surgery [19–24].
Bridging the gap between mechanical and vascular theories, these studies highlight the need
for a comprehensive understanding of microvascular alterations attributed to less invasive
glaucoma surgeries, particularly those involving devices like the Preserflo MicroShunt. Our
study seeks to contribute to fill this gap in knowledge by quantifying longitudinal changes
in retinal microvascular parameters associated with Preserflo MicroShunt implantation in
glaucoma patients. Through this exploration, we aim to provide valuable insights into the
microvascular dynamics influenced by this less invasive surgical approach, furthering our
understanding of glaucoma management beyond the conventional mechanical paradigm.

This study aims to quantify longitudinal changes in retinal microvascular parameters
associated with implantation of the Preserflo MicroShunt in glaucoma patients.

2. Materials and Methods
2.1. Design and Setting

All procedures were carried out in compliance with the 1964 Helsinki Declaration and
its later amendments. This study was approved by the ethics committee of the Medical
Association of Westfalen-Lippe and the University of Münster (No.: 2015-402-f-S). Data
for this monocentric trial were collected from glaucoma patients visiting the Department
of Ophthalmology at the University Hospital Münster, Germany, between August 2020
and November 2022. General patient information was retrieved from electronic patient
files stored in the digital documentation system FIDUS (Arztservice Wente GmbH, Darm-
stadt, Germany).

2.2. Patient Examination

All patients older than 18 years of age, who were scheduled to receive Preserflo
MicroShunt implantation due to glaucoma, were eligible for study inclusion. The following
inclusion criteria were used: confirmed diagnosis of glaucoma, and the absence of any
further retinal or neurological diseases. Individuals who had media opacities that precluded
high-quality imaging, those with vitreoretinal or corneal disease, or who had undergone
vitreoretinal or corneal surgery in the past were not allowed to participate in the study.
Patients with previous glaucoma treatment, including surgery, were not excluded. If severe
surgery-related complications that could distort retinal imaging, such as a central choroidal
detachment or persistent hyphema, were present at the first follow-up, patients were
excluded from the study.

In compliance with the guidelines of the World Glaucoma Association, all fellow eye
surgeries were excluded from the database of this study [25].

All participants signed an informed consent form after having the study protocol
thoroughly described to them, prior to enrolling. Patients were scheduled for re-visits
at 1 month, 3 months, and 6 months after surgery. At baseline and each follow-up visit,
all patients underwent a thorough ocular examination that included IOP assessment,
refraction measures, slit lamp biomicroscopy, funduscopy, and OCTA imaging. At baseline,
participants also received perimetric testing with the automated Humphrey visual field
analyzer (HFA II, model 750, Carl Zeiss Meditec AG, Jena, Germany) with the standard
program of the 30–2 Swedish interactive threshold algorithm (SITA fast). The occurrence of
adverse events, as well as the frequency of postoperative 5-Fluorouracil (5-FU) injections
were noted throughout the follow-up visits.
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2.3. Surgical Procedure

To ensure that there is no conjunctival hyperemia on the day of surgery, patients at
our clinic discontinue using all glaucoma eye drops four weeks before Preserflo implanta-
tion. Instead, they are given corticosteroid eye drops three days before surgery and oral
azetacolamide for four weeks. They then receive intravenous acetazolamide and mannitol
2–3 h before surgery in an effort to reduce the pre- to postoperative pressure gradient. The
subsequent surgery for implanting the Preserflo Microshunt has been thoroughly described
elsewhere [5,26,27]. In brief, mitomycin-C (MMC) 0.2 mg/mL is given to the bare sclera
for 3 min, by inserting sponges into the conjunctival flap after the conjunctiva and Tenon’s
capsule have been separated. A 2 mm deep scleral tunnel is formed using a 1 mm lance
after rinsing with a balanced salt solution. A 25-gauge needle is then directed along this
tract to enter the anterior chamber, producing a tunnel between the anterior chamber and
the subconjunctival pocket located 3.5–4 mm from the limbus. The microshunt is retained
inside the scleral pocket and introduced ab externo into the tunnel, with its tip reaching
about 1–2 mm into the anterior chamber. Tenon’s capsule and conjunctiva are sealed after
the device’s flow is verified by the appearance of drips at its outside end.

2.4. OCTA Imaging

OCTA technology has been thoroughly explained elsewhere [11]. In brief, OCTA
devices apply a very high scanning rate to capture images of retinal vessels. In contrast
to static tissue, blood movement in retinal vessels causes variations in signal amplitude
between subsequent B-scans [11]. On the basis of these differences, the internal decor-
relation algorithm generates en face views of the retinal microvasculature for different
retinal layers and regions. In the present study, both the macula and the peripapillary
sectors were measured. For OCTA imaging, the spectral-domain (SD) RTVue XR Avanti
system (Angiovue/RTVue-XR Avanti, Optovue Inc., Fremont, CA, USA) was employed.
Eyes were imaged without topical dilatation. The macula was angiographically imaged
using 3 mm2 scans, and papillary scans were performed using 4.5 mm2 images. Imaging
was conducted using the device’s internal follow-up and tracking function to consistently
map the same retinal region of each patient over the course of the study. The AngioVue
algorithm automatically determined flow density (FD), which equals the ratio of bright
pixels to the total number of pixels per scan, and is provided as a percentage value (%) for
distinct retinal layers and sublocations.

OCTA imaging was conducted by an experienced examiner under identical circum-
stances for each patient and at the same site. Each papillary and macular slab underwent
at least three consecutive images. The image with the greatest quality index (QI) among
the three generated photos was chosen for study inclusion. If there were multiple photos
with the same QI, one was randomly selected. Scans with artifacts or missing data were
rejected. Images had to have a signal strength index (SSI) of 50.0 and a QI of 7. Manual
sector segmentation was performed if necessary.

Each macular image contained FD data of the superficial (SCP) and deep macular
plexus (DCP). In addition to these two, the FD values of the radial peripapilarry capillaries
(RPCs) were extracted. Figure 1 depicts the OCT angiograms of the layers analyzed in the
present study.

The FD values for the whole en face images of the macular and peripapillary plexus,
as well as IOP development before and after Preserflo MicroShunt implantation, were
analyzed longitudinally. Statistical analysis investigated fluctuations in FD and IOP over
the course of the entire follow-up period, comparing baseline values to distinctive follow-
up intervals: one month, three months, and six months after surgery. Further subgroup
analyses investigated changes in FD and IOP in accordance with disease severity. The
latter was determined through perimetric testing on the basis of the Hodapp–Parrish–
Anderson classification [28]. Our rationale for investigating disparities based on disease
severity stems from the well-established correlation between visual field loss and the
severity of glaucoma. Despite the complexities associated with the non-linear nature of
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these changes, our primary objective is to address the inquiry into vascular alterations
concerning glaucoma severity.
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Figure 1. Representative en face angiograms of the regions analyzed using optical coherence tomog-
raphy angiography (OCTA). (A): Superficial capillary plexus (SCP). (B): Deep capillary plexus (DCP).
(C): (Peri)papillary capillary plexus with radial peripapillary capillaries (RPCs).

2.5. Statistical Analysis

Statistical analysis was carried out in IBM SPSS Statistics, version 28.0. The Shapiro–
Wilk test was used to assess the distribution of the data. The data did not follow a normal
distribution. Therefore, IOP and OCTA measures were evaluated using Wilcoxon signed-
rank test. For the statistical calculations of IOP and OCTA metrics, only patients with
complete datasets were included. Since the study was exploratory, no adjustment for
multiple testing was applied. All analyses are exploratory and should be considered as
such. All p-values less than 0.05 were regarded as statistically significant.

3. Results

34 eyes from 34 patients were included in this study. All patients were pseudophakic
at time of study inclusion. Further patient characteristics are summarized in Table 1. The
median follow-up time was 115 (interquartile range (IQR): 33–226) days.

Table 1. General patient characteristics.

Characteristics Study Cohort

Eyes—n 34
Patients—n 34
Age (years)—median 67 (61–73)
Gender (M:F)—n (%) 17 (50%):17 (50%)
Study eye (R:L)—n (%) 16 (47%):18 (53%)
Disease severity groups—n (%)

early 16 (47%)
moderate 3 (9%)
advanced 15 (44%)

Type of glaucoma—n (%)
POAG 26 (76%)
PEX glaucoma 8 (24%)

Previous surgery—n (%)
none 19 (56%)
total 15 (44%)

SLT 10 (29%)
SLT + MIGS 3 (9%)
TE 2 (6%)

Spherical equivalent −1.63 (−2.38–0.38)
Visual acuity (LogMar) 0.2 (0.3–0)
Arterial hypertension—n (%) 12

treated—n (%) 10
Diabetes mellitus—n (%) 2

treated—n (%) 2
Data are presented as median (25–75% interquartile range), or as absolute and relative values. Abbreviations:
n = number, % = percentage, M = male; F = female, R = right, L = left, POAG = primary open angle glau-
coma, PEX = pseudoexfoliation, LogMar = logarithm of the minimum angle of resolution, SLT = selective laser
trabeculoplasty, MIGS = microinvasive glaucoma surgery, TE = trabeculectomy.
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3.1. IOP Development

The median IOP reduction for the entire study cohort over the follow-up period was 8
(IQR 3–12) mmHg (p < 0.001; Figure 2, Table 2). Based on disease severity, IOP reduction
was greatest in patients with advanced glaucoma, followed by patients with moderate
and early glaucoma (Table 2). Due to the small sample size, caution is advised when
interpreting IOP development data for moderate glaucoma eyes.
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Table 2. IOP reduction at 6 months postoperatively in comparison to baseline for the entire patient
population and by disease severity subgroups.

IOP Baseline IOP 6 Months IOP Reduction

Total study population (mmHg) n = 34 n = 25 n = 25
22 (18–28) 15 (11–16) 8 (3–12)

Disease severity groups
early (mmHg) n = 16 n = 12 n = 12

6 (3–7)22 (18–25) 14 (9–16)
moderate (mmHg) n = 3 n = 2 n = 2

7 (6–7)21 (19–25) 14 (13–15)
advanced (mmHg) n = 15 n = 11 n = 11

22 (18–27) 12 (9–15) 11 (6–14)
Data are presented as absolute numbers and median (25–75% IQR). Abbreviations: mmHg = millimeter mercury.

3.2. Postoperative Development

The median amount of supplemental medication dropped from 3 (IQR 3–4) at baseline
to 1 (IQR 0–1) at follow-up (p < 0.01). 18 patients (53%) required supplemental medication
after surgery and during the follow-up period. Of these, 11 patients (32%) administered
carbonic anhydrase inhibitors, 6 (18%) took alpha agonists, and 1 (3%) continued therapy
with carbonic anhydrase inhibitors and beta blockers.

Over the course of follow-up, 13 eyes (38%) were affected by hypotony (IOP ≤ 5 mmHg),
with 6 eyes (18%) showing peripheral choroidal detachment. Central choroidal detachment
was not observed in any patient. In all cases, hypotony resolved spontaneously, or with
the support of topical steroid therapy during the first two weeks after surgery. 1 patient
(3%) required revision surgery during the follow-up period to reposition the Preserflo
Microshunt.
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3.3. Injections of 5-FU

25 eyes (74%) received at least one subconjunctival injection of 5-FU during the follow-
up period (range: 0–5; median: 2; interquartile range (IQR): 0–3).

3.4. Flow Density

FD of the SCP decreased from 32.54 (IQR 21.10–43.98) at baseline to 32.87 (IQR 24.42–
41.32) at six months postoperatively; however, this change was not statistically significant
(p = 0.78). Similarly, while FD at the three-month interval was significantly increased in the
DCP compared to baseline, there was no significant change in DCP FD between baseline
(44.82; IQR 36.72–52.92) and the six-month time point (46.82; IQR 40.89–52.75) (p = 0.10).
On the contrary, FD of the RPC changed significantly over the course of follow-up from
42.31 (IQR 32.65–51.97) at baseline, to 37.29 (IQR 27.09–47.49) at the three-month interval
(p < 0.01), to 39.59 (IQR 25.72–53.46) after six months postoperatively (p < 0.01) (Figure 3).
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At the level of the SCP, the absence of substantial fluctuations in FD development
remained, irrespective of disease severity. In the DCP of early glaucoma eyes, a significant
increase in FD from baseline to month three with a subsequent reduction could be seen. The
RPC showed a significant reduction of FD over the course of the entire follow-up period in
eyes with advanced glaucoma, having a median FD of 37.73 (IQR 32.20–43.26) at baseline,
which decreased to 34.15 (IQR 23.43–44.87) at six months postoperatively (p < 0.01). This
was not seen in early disease eyes (baseline: 46.18; six months postoperatively: 45.34;
p = 0.18) (Figure 4). Due to the small sample size, FD development for moderate glaucoma
eyes is not displayed.
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4. Discussion

The Preserflo MicroShunt has been shown to effectively lower IOP in glaucoma
patients during long-term follow-up, irrespective of glaucoma subtype [5–7,29–32]. Recent
studies have identified changes in retinal microvasculature related to IOP-lowering surgery
in glaucoma patients [19–22,33]. This study represents the first trial to investigate changes
in retinal FD in glaucoma patients related to treatment with the Preserflo MicroShunt.

In the present study, peripapillary FD in glaucoma eyes significantly decreased after
the implantation of the Preserflo MicroShunt at the three- and six-month follow-up intervals.
The reduction in FD was most apparent in eyes with advanced glaucomatous damage.
FD of the macular layers, on the other hand, appeared less affected. Despite a temporary
increase, FD of the DCP patients did not appear to be significantly altered at the latest
follow-up in comparison to baseline, even when differentiating between disease severity
groups. On the level of the SCP, no changes were detected throughout the follow-up period,
even when differentiating between severity subgroups.

The exact relationship between IOP fluctuations and OCTA metrics has yet to be fully
understood. The majority of studies in this field of research have investigated the effect of
trabeculectomy on retinal vascular architecture [20,21,33]. The focus on this treatment can
be attributed to the fact that trabeculectomy, being the gold standard for penetrating glau-
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coma surgery, is firstly, widely used in the treatment of glaucoma and secondly, expected to
cause significant and lasting reductions in IOP, thus increasing the likelihood of detecting
possible changes in retinal FD related to alterations in IOP. Recently, however, a few other
works have investigated changes in retinal FD in less invasive glaucoma treatments [19,34].
The present study contributes to this area of expertise by providing the first data on the
effect of the Preserflo MicroShunt, as one of the representatives of LIGS procedures.

The results from the current literature on microvascular changes after IOP-lowering
interventions are as diverse as the treatment options for glaucoma. While some authors
have attributed changes in FD to IOP fluctuations [34,35], others found no relation between
IOP and changes in FD [16,36,37]. Some have described an increase in FD in certain retinal
layers after IOP-lowering surgery [19–22,33], while others have contrarily described a
decreasing effect or no effect at all [23,24,38,39]. The field of OCT angiographic research
has, all in all, yielded non-unanimous results in clinical settings. It is, however, important
to note that comparing trials investigating the effect of IOP reduction on FD is challenging,
as different trials may apply different inclusion criteria, surgical techniques, and OCTA
devices. Aside from clinical trials, an experimental approach by Patel et al. investigated
the effect of big IOP changes on OCTA metrics. Patel et al. [40] evaluated the effect of
IOP variations on retinal FD in six healthy Macaca mulatta (rhesus monkey) eyes. Every
10 min, they experimentally increased IOP by 10 mmHg, going up to a maximum of
60 mmHg before lowering it again. Each time they reached a 10 mmHg increment, OCTA
imaging was conducted. Only when IOP reached 50 mmHg did the authors notice a
statistically significant decline in FD, with a progressive restoration to baseline when IOP
was once more lowered to 10 mmHg. This work strongly suggests a reciprocal relationship
between IOP and retinal FD. At the same time, it implies that noticeable changes in FD only
emerge at high IOP levels. This rationale explains the increase in FD after IOP-lowering
interventions noticed by several authors [19,20,33,34], and it may also explain why others
have not observed such trends. In these cases, the reduction in IOP may simply not have
been big enough to cause significant changes in FD.

In the present study, retinal FD around the optic nerve head decreased significantly
only in patients with advanced glaucoma. Eyes with early disease did not experience
such changes. This observation could be related to differences in the amount of absolute
IOP reduction in those subgroups. The IOP reduction over 6 months was smaller in early
glaucoma eyes than in advanced glaucoma eyes, which could, in turn, translate into a lesser
impact of IOP on FD in the early glaucoma subgroup. However, the findings by Patel et al.
suggest that the differences in IOP reduction seen in this study between individual severity
subgroups would most likely not be sufficient enough to cause a significant difference
between these groups. On the other hand, they might lead to an increase in FD rather
than a decrease. This suggests that the mere differences in IOP do not sufficiently explain
the observations made in the present study. We believe that the changes observed can
be better explained through the vascular autoregulatory mechanisms of the retina, which
have been shown to dysfunction in glaucoma patients [41–43]. The findings of this trial fit
with the current understanding of autoregulatory mechanisms in retinal perfusion, which
sees a negative correlation between glaucoma severity and ocular blood flow [44]: eyes
with early glaucomatous damage can still cope with moderate changes in IOP; however,
advanced glaucomatous damage is associated with a reduced autoregulatory response
to changes in IOP, which in this study, counterintuitively resulted in a reduction in FD
around the optic disc. It can be postulated that we did not observe an increase in FD either
because the deficient autoregulatory mechanisms in advanced glaucoma have led to a
paradox reduction in FD in those eyes, or because autoregulatory mechanisms are delayed
in advanced glaucoma, which would mean that a longer follow-up period could possibly
reveal a postponed increase in FD.

While the question of the exact influence of glaucoma surgery on retinal microvascu-
lature remains part of an ongoing discussion, the present study presents new data on the
influence of a moderate IOP decrease on retinal FD. Belonging to LIGS, the reduction in IOP
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caused by the Preserflo MicroShunt is expected to be less than what would otherwise be
anticipated from classical penetrating glaucoma surgery, such as trabeculectomy [3]. In this
trial, the Preserflo MichroShunt achieved a median decrease in IOP of 8 (IQR 3–12) mmHg
over a follow-up period of 6 months. This amount is comparable to previous studies [5–7].
The comparably short follow-up duration of only 6 months should, however, be taken
into account when interpreting IOP development in the present analysis. Typically, IOP
reduction is greatest directly after surgery, followed by a consecutive increase in IOP to
a level that is lower than it used to be at baseline. This development was also seen in the
analysis of the present study cohort and should be considered when comparing the results
of this study to other IOP-lowering interventions.

The quantitative assessment of longitudinal changes in retinal microvascular parame-
ters subsequent to Preserflo MicroShunt implantation yields valuable insights with potential
implications for clinical practice. The identified microvascular alterations might function as
potential biomarkers, providing critical information for predicting outcomes post-Preserflo
implantation. Notably, the observed impact of surgery on the RPCs in patients with ad-
vanced glaucomatous damage suggests that preoperative analysis of this specific vascular
layer could aid in decision-making, guiding the selection of appropriate candidates for
Preserflo implantation. Considering instances in which the FD of the RPC is already low
before surgery, caution against the risk of further reduction might be advised. In such cases,
alternative IOP-modifying therapies could turn out to be more beneficial. Additionally, our
findings contribute to a broader understanding of microvascular dynamics in less invasive
glaucoma treatments, serving as a foundational basis for further research.

Limitations

This study has limitations, notably the lack of explicit assessment of ocular perfusion
pressure and reliance on visual field grading for glaucoma severity. This hinders our ability
to directly comment on autoregulatory mechanisms, introducing uncertainty in character-
izing individual patients’ vascular responses. In addition, although the design of this study
minimizes the impact of differences in baseline characteristics between individuals on its
outcomes by assessing intra-individual development of IOP and FD, possible confounding
effects of baseline vessel diameter, as well as magnification errors, should be considered.

As recent studies have demonstrated, IOP is not expected to change significantly six
months after Preserflo MicroShunt implantation [5–7,29]. Therefore, changes in retinal
OCTA metrics related to sudden changes in IOP after the latest follow-up are not expected
in this study population either. Yet, there have been reports describing late changes in
retinal FD occurring beyond the follow-up duration of six months [22]. We therefore cannot
fully rule out that further changes in retinal microvasculature in this study population
might become visible in the future.

It is important to note that 53% of study participants required supplemental IOP-
lowering medication after Preserflo surgery. These medications might have influenced FD
values at the postoperative visits, as some studies demonstrated effects of antiglaucomatous
medication on ocular blood flow [45–47].

In addition, this study only included patients with POAG and PEX glaucoma. Other
glaucoma subtypes, such as normal-tension glaucoma, pigment dispersion glaucoma, or
secondary glaucoma might yield different results, especially considering the fact that the
exact mechanism between IOP fluctuations and FD alterations is not yet fully understood.

Further prospective studies with larger patient cohorts and longer follow-up periods
investigating the effect of Preserflo MicroShunt implantation on retinal FD are needed to
validate the results presented in this trial and elaborate on late effects of this treatment on
OCTA metrics.

5. Conclusions

To summarize, while peripapillary FD in glaucoma eyes decreased significantly fol-
lowing Preserflo MicroShunt implantation, FD in the macular layers appeared to be less
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affected. While the FD of the RPCs for the entire population over six months saw a median
reduction of −2.72, the decrease was greater in patients with advanced glaucoma (−3.58)
than in patients with early glaucoma (−0.84). This observation might hint towards reduced
autoregulatory responses in capillaries surrounding the optic nerve head in comparison
to their macular counterparts—especially in eyes with an advanced disease state. It is
still unclear whether these changes in FD ought to be considered a result of or a cause of
glaucoma progression.
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21. Güngör, D.; Kayıkçıoğlu, Ö.R.; Altınışık, M.; Doğruya, S. Changes in optic nerve head and macula optical coherence tomography
angiography parameters before and after trabeculectomy. Jpn. J. Ophthalmol. 2022, 66, 305–313. [CrossRef] [PubMed]

22. Ch’ng, T.W.; Gillmann, K.; Hoskens, K.; Rao, H.L.; Mermoud, A.; Mansouri, K. Effect of surgical intraocular pressure lowering on
retinal structures—Nerve fibre layer, foveal avascular zone, peripapillary and macular vessel density: 1 year results. Eye 2020, 34,
562–571. [CrossRef] [PubMed]

23. Reitemeyer, E.; Pahlitzsch, M.; Cornelius, A.; Pilger, D.; Winterhalter, S.; Maier, A.B. Stabilization of macular, peripapillary and
papillary vascular parameters after XEN and trabeculectomy visualized by the optical coherence tomography angiography. Sci.
Rep. 2022, 12, 17251. [CrossRef] [PubMed]

24. Zéboulon, P.; Lévêque, P.M.; Brasnu, E.; Aragno, V.; Hamard, P.; Baudouin, C.; Labbé, A. Effect of Surgical Intraocular Pressure
Lowering on Peripapillary and Macular Vessel Density in Glaucoma Patients: An Optical Coherence Tomography Angiography
Study. J. Glaucoma 2017, 26, 466–472. [CrossRef] [PubMed]

25. Shaarawy, T.M.; Sherwood, M.B.; Grehn, F. World Glaucoma Association Guidelines on Design & Reporting Glaucoma Trials; Kugler
Publications: Amsterdam, The Netherlands, 2009.

26. Schlenker, M.B.; Durr, G.M.; Michaelov, E.; Ahmed, I.I.K. Intermediate Outcomes of a Novel Standalone Ab Externo SIBS
Microshunt with Mitomycin C. Am. J. Ophthalmol. 2020, 215, 141–153. [CrossRef] [PubMed]

27. Kerr, N.M.; Ahmed, I.I.K.; Pinchuk, L. Minimally Invasive Glaucoma Surgery. Springer: Singapore, 2021; PRESERFLO MicroShunt;
pp. 91–103.

28. Hodapp, E.; Parrish, R.K.; Anderson, D.R. Clinical Decisions in Glaucoma; Mosby Incorporated: Maryland Heights, MO, USA, 1993.
29. Pillunat, K.R.; Herber, R.; Haase, M.A.; Jamke, M.; Jasper, C.S.; Pillunat, L.E. PRESERFLO™ MicroShunt versus trabeculectomy:

First results on efficacy and safety. Acta Ophthalmol. 2022, 100, 779–790. [CrossRef] [PubMed]
30. Baker, N.D.; Barnebey, H.S.; Moster, M.R.; Stiles, M.C.; Vold, S.D.; Khatana, A.K.; Flowers, B.E.; Grover, D.S.; Strouthidis, N.G.;

Panarelli, J.F.; et al. Ab-Externo MicroShunt versus Trabeculectomy in Primary Open-Angle Glaucoma: One-Year Results from a
2-Year Randomized, Multicenter Study. Ophthalmology 2021, 128, 1710–1721. [CrossRef]

31. Nobl, M.; Freissinger, S.; Kassumeh, S.; Priglinger, S.; Mackert, M.J. One-year outcomes of microshunt implantation in pseudoex-
foliation glaucoma. PLoS ONE 2021, 16, 0256670. [CrossRef]

32. Batlle, J.F.; Corona, A.; Albuquerque, R. Long-term results of the PRESERFLO MicroShunt in patients with primary open-angle
glaucoma from a single-center nonrandomized Study. J. Glaucoma 2021, 30, 281–286. [CrossRef]

33. Shin, J.W.; Sung, K.R.; Uhm, K.B.; Jo, J.; Moon, Y.; Song, M.K.; Song, J.Y. Peripapillary microvascular improvement and lamina
cribrosa depth reduction after trabeculectomy in primary open-angle glaucoma. Investig. Ophthalmol. Vis. Sci. 2017, 58, 5993–5999.
[CrossRef]

34. Holló, G. Influence of Large Intraocular Pressure Reduction on Peripapillary OCT Vessel Density in Ocular Hypertensive and
Glaucoma Eyes. J. Glaucoma 2017, 26, 7–10. [CrossRef]

35. Wang, X.; Chen, J.; Kong, X.; Sun, X. Immediate Changes in Peripapillary Retinal Vasculature after Intraocular Pressure Elevation
-an Optical Coherence Tomography Angiography Study. Curr. Eye Res. 2020, 45, 749–756. [CrossRef] [PubMed]

36. Zhang, Q.; Jonas, J.B.; Wang, Q.; Chan, S.Y.; Xu, L.; Wei, W.B.; Wang, Y.X. Optical coherence tomography angiography vessel
density changes after acute intraocular pressure elevation. Sci. Rep. 2018, 8, 6024. [CrossRef]

37. Mansouri, K.; Rao, H.L.; Hoskens, K.; D’Alessandro, E.; Flores-Reyes, E.M.; Mermoud, A.; Weinreb, R.N. Diurnal variations of
peripapillary and macular vessel density in glaucomatous eyes using optical coherence tomography angiography. J. Glaucoma
2018, 27, 336–341. [CrossRef] [PubMed]

38. Lommatzsch, C.; Rothaus, K.; Koch, J.M.; Heinz, C.; Grisanti, S. Retinal perfusion 6 months after trabeculectomy as measured by
optical coherence tomography angiography. Int. Ophthalmol. 2019, 39, 2583–2594. [CrossRef] [PubMed]

39. Hong, J.W.; Sung, K.R.; Shin, J.W. Optical Coherence Tomography Angiography of the Retinal Circulation Following Trabeculec-
tomy for Glaucoma. J. Glaucoma 2023, 32, 293–300. [CrossRef]

91



Biomedicines 2023, 11, 3254

40. Patel, N.; McAllister, F.; Pardon, L.; Harwerth, R. The effects of graded intraocular pressure challenge on the optic nerve head.
Exp. Eye Res. 2018, 169, 79–90. [CrossRef]

41. Luo, X.; Shen, Y.M.; Jiang, M.N.; Lou, X.F.; Shen, Y. Ocular Blood Flow Autoregulation Mechanisms and Methods. J. Ophthalmol.
2015, 2015, 864871. [CrossRef]

42. Pillunat, L.E.; Stodtmeister, R.; Wilmanns, I. Pressure compliance of the optic nerve head in low tension glaucoma. Br. J.
Ophthalmol. 1987, 71, 181–187. [CrossRef]

43. Fuchsjäger-Mayrl, G.; Wally, B.; Georgopoulos, M.; Rainer, G.; Kircher, K.; Buehl, W.; Amoako-Mensah, T.; Eichler, H.G.; Vass,
C.; Schmetterer, L. Ocular blood flow and systemic blood pressure in patients with primary open-angle glaucoma and ocular
hypertension. Investig. Ophthalmol. Vis. Sci. 2004, 45, 834–839. [CrossRef]

44. Hwang, J.C.; Konduru, R.; Zhang, X.; Tan, O.; Francis, B.A.; Varma, R.; Sehi, M.; Greenfield, D.S.; Sadda, S.R.; Huang, D.
Relationship among visual field, blood flow, and neural structure measurements in glaucoma. Investig. Ophthalmol. Vis. Sci. 2012,
53, 3020–3026. [CrossRef]

45. Feke, G.T.; Bex, P.J.; Taylor, C.P.; Rhee, D.J.; Turalba, A.V.; Chen, T.C.; Wand, M.; Pasquale, L.R. Effect of brimonidine on retinal
vascular autoregulation and short-term visual function in normal tension glaucoma. Am. J. Ophthalmol. 2014, 158, 105–112.
[CrossRef]

46. Tsuda, S.; Yokoyama, Y.; Chiba, N.; Aizawa, N.; Shiga, Y.; Yasuda, M.; Yokokura, S.; Otomo, T.; Fuse, N.; Nakazawa, T. Effect of
topical tafluprost on optic nerve head blood flow in patients with myopic disc type. J. Glaucoma 2013, 22, 398–403. [CrossRef]

47. Siesky, B.; Harris, A.; Brizendine, E.; Marques, C.; Loh, J.; Mackey, J.; Overton, J.; Netland, P. Literature review and meta-analysis
of topical carbonic anhydrase inhibitors and ocular blood flow. Surv. Ophthalmol. 2009, 54, 33–46. [CrossRef]

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

92



Citation: Chiang, Y.-Y.; Chen, C.-L.;

Chen, Y.-H. Deep Learning

Evaluation of Glaucoma Detection

Using Fundus Photographs in Highly

Myopic Populations. Biomedicines

2024, 12, 1394.

https://doi.org/10.3390/

biomedicines12071394

Academic Editor: Masaru Takeuchi

Received: 28 April 2024

Revised: 14 June 2024

Accepted: 19 June 2024

Published: 23 June 2024

Correction Statement: This article

has been republished with a minor

change. The change does not affect

the scientific content of the article and

further details are available within

the backmatter of the website version

of this article.

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomedicines

Article

Deep Learning Evaluation of Glaucoma Detection Using
Fundus Photographs in Highly Myopic Populations
Yen-Ying Chiang 1, Ching-Long Chen 2 and Yi-Hao Chen 1,2,*

1 Graduate Institute of Life Sciences, National Defense Medical Center, Taipei 114, Taiwan;
h200345@hotmail.com

2 Department of Ophthalmology, Tri-Service General Hospital, National Defense Medical Center,
Taipei 114, Taiwan; doc30881@mail.ndmctsgh.edu.tw

* Correspondence: doc30879@mail.ndmctsgh.edu.tw; Tel.: +886-2-87927163

Abstract: Objectives: This study aimed to use deep learning to identify glaucoma and normal
eyes in groups with high myopia using fundus photographs. Methods: Patients who visited Tri-
Services General Hospital from 1 November 2018 to 31 October 2022 were retrospectively reviewed.
Patients with high myopia (spherical equivalent refraction of ≤−6.0 D) were included in the current
analysis. Meanwhile, patients with pathological myopia were excluded. The participants were then
divided into the high myopia group and high myopia glaucoma group. We used two classification
models with the convolutional block attention module (CBAM), an attention mechanism module
that enhances the performance of convolutional neural networks (CNNs), to investigate glaucoma
cases. The learning data of this experiment were evaluated through fivefold cross-validation. The
images were categorized into training, validation, and test sets in a ratio of 6:2:2. Grad-CAM visual
visualization improved the interpretability of the CNN results. The performance indicators for
evaluating the model include the area under the receiver operating characteristic curve (AUC),
sensitivity, and specificity. Results: A total of 3088 fundus photographs were used for the deep-
learning model, including 1540 and 1548 fundus photographs for the high myopia glaucoma and
high myopia groups, respectively. The average refractive power of the high myopia glaucoma group
and the high myopia group were −8.83 ± 2.9 D and −8.73 ± 2.6 D, respectively (p = 0.30). Based
on a fivefold cross-validation assessment, the ConvNeXt_Base+CBAM architecture had the best
performance, with an AUC of 0.894, accuracy of 82.16%, sensitivity of 81.04%, specificity of 83.27%,
and F1 score of 81.92%. Conclusions: Glaucoma in individuals with high myopia was identified from
their fundus photographs.

Keywords: glaucoma; myopia; artificial intelligence; fundus photographs

1. Introduction

In recent years, the prevalence of myopia has increased rapidly particularly in East
and Southeast Asian countries, such as Singapore, China, Taiwan, Hong Kong, Japan, and
South Korea [1]. Based on surveys, since 2015 [2], approximately 1.406 billion people (22.9%
of the total population) globally can develop myopia. Further, approximately 163 million
people (2.7% of the total population) have high myopia (spherical equivalent refraction
[SER] of <−5.0 D). According to the development trend of high myopia, considering
environmental and lifestyle changes, the incidence of high myopia worldwide can reach
approximately 10% by 2050. Thus, it is a public health issue that cannot be ignored.
Glaucoma is a progressive optic neuropathy [3]. Injured optic nerve causing visual field loss
is commonly irreversible [4,5]. Globally, >76 million people are diagnosed with glaucoma,
which reduces the quality of life, impairs vision, and has an increasing incidence [6,7].
The severity of visual field defects will further increase with age [8,9]. Patients with
glaucoma require long-term treatment and examination to avoid continued degradation
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and loss of visual field. Myopia is an important risk factor for glaucoma. The risk of
developing glaucoma increases alongside myopia severity [10,11]. A meta-analysis study
by Ahnul Ha et al. included seven studies reporting risk estimates for high myopia and
revealed that the pooled odds ratio for developing glaucoma was 4.142 (95% confidence
interval [CI]: 2.567–6.685) [12]. As the population of individuals with high myopia increases,
it is extremely important to accurately diagnose glaucoma. However, clinicians often
encounter challenges when diagnosing patients with glaucoma who present with high
myopia. This is caused by the structure and function similarities between glaucoma and
myopia [13].

Axial elongation because of high myopia changes the retinal structure and function,
including morphology similar to that seen in patients with glaucoma, such as disc size,
shape, neuroretinal rim shape, and pallor [14,15]. As high myopia worsens, the axial length
of the eye elongates, and the optic disc stretches horizontally into an oval shape on fundus
photography. Further, the condition may cause sagittal rotation of the optic disc, which
is referred to as “tilted disc”. The normal optic disc shape and glaucoma are vertically
elliptical. The cup-to-disc ratio in nonglaucoma high myopia is approximately 1.5 times
higher than that without myopia [16]. However, previous research has shown that the
optic disc size is not an important risk factor for the development of glaucoma [17]. In
myopia, the height between the neuroretinal edge and the base of the optic cup is reduced
by flattening the optic cup. Simultaneously, the Bruch’s membrane opening expands, and
the retinal edge becomes thinner. The neuroretinal edge loss in glaucoma progresses as
inferotemporal, supratemporal, infranasal, and supranasal as the disease progresses [18–20].
High myopic glaucoma is more difficult to diagnose because of the abnormal shape of
the optic retinal edge, which no longer conforms to the inferior–superior–nasal–temporal
rule [21,22]. High myopia and glaucoma cause thinning of the retinal nerve fiber layer.
High myopia is mainly caused by the excessive elongation of the eyeball, and RNFL
thinning is mainly observed in the superior and inferior temporal regions. Meanwhile,
glaucoma is attributed to optic nerve damage caused by increased intraocular pressure.
Further, the thickness of the RNFL and ganglion cell complex decreases significantly over
time [23,24]. According to the progression of visual field defects in myopia and glaucoma,
non-myopic glaucoma usually manifests as Bjerrum area defects and nasal steps in the
early stage. Further, central visual field defects develop over time. In the early stage of
myopic glaucoma, central or paracentral darkening is more common [25]. High myopia
can be interpreted as false-positive glaucoma when diagnosing glaucoma [26,27]. Fundus
photography, optical coherence tomography (OCT) is usually required to compare the
results of long-term tracking changes with those of visual field examination. Therefore,
diagnosing glaucoma in highly myopic eyes is difficult.

In recent years, artificial intelligence has made significant progress in the field of
medical imaging. In particular, the application of convolutional neural networks (CNNs)
is extremely suitable for processing spatial patterns and performing tasks, such as image
classification and object detection, thereby promoting the development of deep-learning
technology for image classification and pattern recognition [28]. Deep-learning algorithms
require a large amount of data for training, which is particularly challenging when clinical
data are limited. At this point, transfer learning can often leverage models pretrained
on the dataset, thereby reducing training time and improving performance [29]. Several
ophthalmologic diseases, such as diabetic retinopathy [30], glaucoma [31,32], macular
degeneration [33], and myopia [34], have been evaluated via artificial intelligence medical
imaging. The artificial intelligence-assisted diagnosis of glaucoma mainly involves ana-
lyzing OCT, visual field test results, and fundus photography. Fundus photography has
significant advantages in related applications as they are accessible, have a high quality,
and are cost-effective [35].

In the study by Li et al. [36], ophthalmologists classified 48,116 fundus photographs.
Glaucoma was defined as a vertical cup-to-disc ratio of ≥0.7. In the Inception-v3 ar-
chitecture, the AUC was 0.986, the accuracy was 92.9%, the sensitivity was 95.6%, and
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the specificity was 92.0%. In the study by Kim et al. [37], 747 myopic healthy eyes and
1860 myopic glaucoma eyes were included, using macular vertical OCT to evaluate the
glaucoma diagnostic ability of patients with high myopia. In the EfficientNet architecture,
the external test dataset showed an AUC of 0.984 using macular vertical OCT scans and
an AUC of 0.983 using individual data combinations. Asaoka et al. analyzed the visual
field of the first diagnosis of evident glaucoma and the visual field of healthy people. Deep
learning can be used to predict the development trend of glaucoma and achieve good
outcomes (AUC: 92.6%) [38]. Regarding fundus photography medical imaging detection of
glaucoma, previous studies focused more on the cutting of the optic disc and the structure
of the optic nerve head, although they all have excellent performance [38–42]. However,
fundus photos with a viewing angle of 45◦ are not always used, and other signs in the eye
map may be ignored.

Previous deep-learning studies have used non-highly myopic or OCT parameters for
deep learning, or overly focused on the optic nerve head structure. Moreover, currently, no
study has utilized fundus photos for evaluating high myopia glaucoma. Herein, several
novel issues were explored. First, this is the study to specifically use fundus photographs
for detecting glaucoma in patients with high myopia. Second, we develop a deep-learning
framework incorporating convolutional block attention modules (CBAMs) to enhance the
performance of CNN glaucoma detection. Finally, the use of Grad-CAM visualization
improves the interpretability of CNN results and helps comprehend how the model makes
predictions. The use of fundus photographs can prevent issues related to the inability
to convert data between different machines such as OCT. The fundus photographs are
also available easily and are time-saving [39,40]. This study aimed to use deep learning
to detect glaucoma on the fundus photographs of individuals with high myopia. We
believe that this method can assist ophthalmologists in achieving an accurate diagnosis or
other professionals, such as optometrists, family physicians, and non-ophthalmologists, in
making early referrals.

2. Materials and Methods
2.1. Ethics, Consent, and Permissions

This study obtained ethical approval from the research ethics committee of the Tri-
Service General Hospital (TSGHIRB No. C202305105) and adhered to the principles of the
Declaration of Helsinki.

2.2. Datasets Collection

We retrospectively reviewed patients who visited Tri-Services General Hospital from
1 November 2018 to 31 October 2022. Initially, there were 35,327 patients with 126,955 fundus
photographs. All patients underwent visual acuity assessment, refractive error, and slit-lamp
biomicroscopy. All patients with high myopia underwent non-mydriatic fundus photography
(AFC-330; Nideck Co. Ltd., Gamagori, Aichi, Japan), whereas all patients with glaucoma
underwent central 24-2 threshold testing using a standard Humphrey Field Analyzer (Carl
Zeiss Meditec, Dublin, CA, USA) and optical coherence tomography (RTVue-100; Optovue
Inc., Fremont, CA, USA). OCT was used to measure optic disc cupping, circumpapillary
retinal nerve fiber layer thickness, and macular layer thickness. All clinical records were
deidentified and anonymized before analysis in this study.

The inclusion criteria for people with high myopia were (1) age of >20 years at baseline
examination and (2) SER of ≤−6.0 D [41]. SER is a measure of the refractive error of the
eye and is calculated using the following formula: spherical power + 0.5 * (cylindrical
power). This study excludes patients with pathological myopia, those who have undergone
cataract surgery, refractive surgery, diabetes, and macular degeneration, any other ocular
or systemic disease affecting the retinal nerve fiber layer, and other diseases impacting the
visual field (e.g., neuroophthalmic disease, uveitis, retinal, or choroidal disease, trauma), as
well as those with severe media opacity that interferes with fundus photography or OCT
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image acquisition. High myopia includes axial myopia and refractive myopia, and the axial
length of the eye is not used as a single inclusion criterion.

Patients with glaucoma were selected after excluding those who did not meet the
criteria. All patients with glaucoma were diagnosed after long-term follow-up by profes-
sional ophthalmologists. The inclusion criteria for patients with glaucoma were as follows:
first, changes that indicate glaucomatous optic nerve or nerve fiber layer defects, such
as increased narrowing of the neuroretinal rim (change in a sector of the neuroretinal
rim from narrow to complete loss or from a homogeneous neuroretinal rim to a narrow
sector) and a significant expansion of a retinal nerve fiber layer defect on OCT. Second,
automated visual field testing showed glaucomatous visual field progression defined using
the Anderson–Patella criteria, i.e., the Glaucoma Hemifield Test (GHT) result was outside
normal limits. There was a cluster of three or more non-edge points in the typical location
of the glaucoma, all of which were depressed on the pattern deviation plot at a p value
of <5%, with at least one of these points depressed at a p value of <1%. In addition, the
corrected pattern standard deviation was abnormal at a p value of <5%. All patients with
glaucoma are receiving antiglaucoma treatment, such as the following eye drops: beta
blockers, alpha-2 adrenergic agonists, prostaglandin analogs, and carbonic anhydrase in-
hibitors. Finally, they were categorized into high myopia and high myopia with glaucoma
groups. Different image categories are described in the Supplementary Material. Figure 1
shows the Flowchart of patient inclusion and exclusion.
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2.3. Model Building

A CNN retrieves image features for classification tasks through its deep structure,
which greatly improves the accuracy and efficiency of disease diagnosis in medical image
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classification [42]. Our study used two CNN architecture models: EfficientNet_V2-S [43],
which was proposed by Tan and Le in 2021, and ConvNeXt_Base [44], which was intro-
duced by Liu et al. in 2022. Additionally, we used transfer learning. Previous literature
has revealed that pretrained parameters improve classification capabilities more quickly.
The weights are derived from pretraining on the ImageNet visual recognition challenge
dataset [45]. The last layer of the model (the fully connected layer) is replaced, and the
output is ultimately classified into two categories. The training setup for all model archi-
tectures features a batch size of 8 across 30 epochs. Initially, the learning rate starts from
0.01 and decays by 0.3 times every 6 epochs. This configuration used the Cross-Entropy
Loss function and the AdamW [46] optimizer with a learning rate of 10−5 and weight decay
of 10−5. Additionally, it includes a StepLR scheduler with a step size of 10 and incorporates
a dropout rate of 0.2.

The CBAM (Figure 2) is used in the model to improve the performance of the CNN to
improve the accuracy of target detection and object classification. The attention mechanism
module [47] CBAM sequentially applies channel and spatial attention mechanisms to
progressively refine the attention distribution of feature maps.

Figure 2. Convolutional neural network (CNN) and the convolutional block attention module
(CBAM) attention mechanism. The image is input after preprocessing. Different CNN architectures
were replaced.

The channel attention mechanism assigns a weight to each channel, emphasizing
important channels and suppressing less important ones. This is expressed as follows:

Mc(F) = σ(MLP(AvgPool (F)) + MLP(MaxPool(F)) (1)

F denotes the input feature map. AvgPool and MaxPool indicate the average and
max pooling operations across the channel dimension, which capture the channels’ global
statistical information. MLP stands for multilayer perceptron. The symbol σ signifies the
sigmoid activation function, which produces the channel attention weights Mc.

The spatial attention mechanism emphasizes important spatial regions within the
feature maps. This is expressed as follows:

Ms(F) = σ
(

f 7×7 ([AvgPool(F); MaxPool(F)])
)

(2)
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F indicates the input feature map. First, the feature map independently undergoes
average and max pooling across each channel, followed by stacking the two pooling results
along the channel dimension. f 7×7 represents a convolution operation with a 7 × 7 kernel,
capturing contextual information in the spatial domain. Finally, the sigmoid function σ
generates the spatial attention weights Ms.

2.4. Image Preprocessing

We evaluated the learning data for this experiment through fivefold cross-validation.
The dataset is randomly divided into five equal subset sizes in the fivefold cross-validation,
and the images are categorized into training, validation, and test sets in a ratio of 6:2:2
(Figure 3). Fundus photographs of each patient are not repeated. Each image will appear in
only one of the subsets and will not be repeated. In particular, it only exists in the training
set, but not in the validation or test sets. The image was resized to 3 × 224 × 224 and
augmented with data, including horizontal flipping and random rotation within 20◦. The
execution system uses an Intel Core i7-11370H 3.3 GHz (TSMC, Hisnchu, Taiwan) processor
with 40 GB memory and an NVIDIA GeForce RTX-3070 with 8 GB DDR6 (Asus, Taipei,
Taiwan) distinct graphics card. The implementation of the deep neural network is based on
the PyTorch platform version 2.1.0+cu121.

Figure 3. Fivefold cross-validation.

2.5. Visualization of the Imaging Features

Heatmap visualization using Grad-CAM [48] improves the comprehensibility of CNN
outcomes. Every image produces heat maps that highlight the areas of focus for the deep-
learning model. This method involves calculating the derivative of the CNN architecture’s
final convolutional layer output relative to each pixel of the input image. Pixels in the
image with a higher influence appear nearer to the red spectrum on the heatmap, whereas
those with a lesser influence are aligned closer to the blue spectrum.

2.6. Statistical Methods

Statistical Package for the Social Sciences version 22.0 (Chicago, IL, USA) was used for
statistical analyses. Demographic comparisons between patients with high myopia group
and those with high myopia glaucoma group were performed using independent t-tests or
chi-square tests. p values of 0.05 were considered statistically significant. The metrics used
to assess the model’s efficacy encompass the area under the curve (AUC) of the receiver
operating characteristic (ROC), accuracy, sensitivity, specificity, and F1 score. The ROC
curve depicts the balance between sensitivity and the complement of the false positive
rate (1—specificity). The AUC under the ROC curve was computed. An AUC value of 1.0
signifies flawless differentiation, whereas a value of 0.5 indicates discrimination equivalent
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to random chance. Accuracy is a metric that measures the proportion of correctly predicted
instances among the total instances in a classification model. The F1 score is a metric that
combines precision and sensitivity to evaluate the performance of a classification model,
with values ranging from 0 to 1, where a higher score indicates a better model performance.
The results of the fivefold cross-validation are averaged to assess generalizability.

3. Results

This study initially included 35,327 patients with 126,955 fundus photographs and
16,423 images with high myopia. After excluding patients who did not meet the conditions
(n = 12,913) and those with poor image quality (n = 422), 1637 met the criteria. In total, there
were 3088 fundus images, including those of 796 patients in the high myopia glaucoma
group, with 1540 fundus images. Women accounted for 48.77% and 59.04% in the high
myopia glaucoma and high myopia groups, respectively, in terms of gender (p < 0.001).
The average age was 47.6 ± 12.0 and 46.4 ± 14.2 (p = 0.01). The average diopter was
−8.83 ± 2.9 D and −8.73 ± 2.6 D (p = 0.30) (Table 1). The OCT parameters of the high
myopia glaucoma group were as follows: average RNFL, 78.17 ± 15.2 µm; rim area,
0.9 ± 1.4 mm2; disc area, 2.20 ± 2.9 mm2; cup volume, 0.38 ± 0.38 mm3; and average
C/D area ratio, 0.71 ± 3.2. The VF parameters of the high myopia glaucoma group were
as follows: average MD, −6.15 ± 7.5 dB and average VFI, 84.88% ± 22.6% (Table 1).
Table 2 shows the number of images in the training, validation, and test sets in the fivefold
cross-validation.

Table 1. Baseline demographics and clinical characteristics.

Variables HM Glaucoma HM p Value

Patient 796 841 -
Eye (n) 1540 1548 -

Age (year) 47.6 ± 12.0 46.4 ± 14.2 0.01
Female (%) 48.77 59.04 <0.001
SE (diopter) −8.83 ± 2.9 −8.73 ± 2.6 0.30

OCT parameters
Average RNFL (um) 78.17 ± 15.2 - -

Rim area (mm2) 0.9 ± 1.4 - -
Disc area (mm2) 2.20 ± 2.9 - -

Cup volume (mm3) 0.38 ± 0.38 - -
Average C/D area ratio 0.71 ± 3.2 - -

VF parameters
Average MD (dB) −6.15 ± 7.5 - -
Average VFI (%) 84.88 ± 22.6 - -

RNFL: retinal nerve fiber layer; VF: visual field; VFI: visual field index; C/D: cup/disc. All data are presented as
mean ± standard deviation, unless otherwise stated. Statistically significant values are denoted in bold.

Table 2. Fivefold cross-validation data distribution.

Train Validation Test

HMG HM HMG HM HMG HM

Fold-1 924 930 308 309 308 309

Fold-2 924 930 308 309 308 309

Fold-3 924 930 308 309 308 309

Fold-4 924 927 308 312 308 309

Fold-5 924 927 308 309 308 312
HMG: high myopia glaucoma; HM: high myopia.

Table 3 presents the classification performance of the various learning networks.
The two different model architectures, EfficientNet_V2-S and ConvNeXt_Base, demon-
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strated AUCs of 0.86 and 0.870, accuracy of 79.34% and 78.85%, sensitivities of 79.22%
and 74.67%, and specificities of 79.46% and 83.01%, F1 score of 79.27% and 77.89%, respec-
tively. The results of using CBAM in the model architecture (EfficientNet_V2-S+CBAM
and ConvNeXt_Base+CBAM) indicated AUCs of 0.885 and 0.894, accuracy of 81.38% and
82.16%, sensitivities of 76.56% and 81.04%, and specificities of 86.18% and 83.27%, F1
score of 80.40% and 81.92%, respectively. The results after using CBAM in the model
architecture and adding patient characteristics (EfficientNet_V2-S+CBAM+Meta and Con-
vNeXt_Base+CBAM+Meta) showed AUCs of 0.879 and 0.893, accuracy of 80.38% and
81.77%, sensitivities of 77.62% and 77.60%, and specificities of 84.11% and 85.95%, F1 score
of 79.57% and 80.93%, respectively. Figure 4 illustrates the ROC curves and AUC values of
various learning networks.

Table 3. Classification performance of convolutional neural networks.

Model AUC Accuracy Sensitivity Specificity F1 Score

EfficientNet_V2-S 0.861 79.34% 79.22% 79.46% 79.27%
ConvNeXt_Base 0.870 78.85% 74.67% 83.01% 77.89%

EfficientNet_V2-S+CBAM 0.885 81.38% 76.56% 86.18% 80.40%
ConvNeXt_Base+CBAM 0.894 82.16% 81.04% 83.27% 81.92%

EfficientNet_V2-S+CBAM+Meta 0.879 80.38% 76.62% 84.11% 79.57%
ConvNeXt_Base+CBAM+Meta 0.893 81.77% 77.60% 85.92% 80.93%

Meta, gender, age, and diopter.
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Figure 5 shows the confusion matrix of each classifier under different CNN architec-
tures. The confusion matrices of EfficientNet_V2-S and ConvNeXt_Base were as follows:
TP = 1220, 1150 images; FN = 320, 390 images; FP = 318, 263 images; and TN = 1230,
1285 images, respectively. The confusion matrices of EfficientNet_V2-S+CBAM and Con-
vNeXt_Base+CBAM were as follows: TP = 1179, 1248 images; FN = 361, 292 images;
FP = 214, 259 images; and TN = 1334, 1289 images, respectively. The coefficient matrices
of EfficientNet_V2-S+CBAM+Meta and ConvNeXt_Base+CBAM+Meta were as follows:
TP = 1180, 1195 images; FN = 360, 345 images; FP = 246, 218 images; and TN = 1302,
1330 images, respectively. Figure 6 shows the visual image heat map under the Con-
vNeXt_Base+CBAM architecture. The upper row (a, b) shows high myopia and the lower
row (c, d) exhibits high myopia glaucoma.
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1.32 dB, and normal GHT. (c) High myopic glaucoma in the right eye: diopter = −10.25 D, average 
RNFL = 81 um, average C/D area ratio = 0.56, average MD = −2.50 dB, and GHT outside the normal 
limits. (d) High myopic glaucoma in the right eye: diopter = −7.00 D, average RNFL = 76 um, average 
C/D area ratio = 0.36, average MD = −2.21 dB, and GHT outside normal limits. 
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Figure 6. (a–d) Visual image heat maps. (a) Highly myopic left eye: diopter = −8.00 D, average
RNFL = 105 µm, average C/D area ratio = 0.34, average MD = 0.78 dB, and normal GHT. (b) Highly
myopic right eye: diopter = −8.50 D, average RNFL = 101 µm, average C/D area ratio = 0.41, average
MD = 1.32 dB, and normal GHT. (c) High myopic glaucoma in the right eye: diopter = −10.25 D,
average RNFL = 81 µm, average C/D area ratio = 0.56, average MD = −2.50 dB, and GHT outside the
normal limits. (d) High myopic glaucoma in the right eye: diopter = −7.00 D, average RNFL = 76
µm, average C/D area ratio = 0.36, average MD = −2.21 dB, and GHT outside normal limits.
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4. Discussion

This study investigates glaucoma through fundus photographs of highly myopic indi-
viduals and reveals good results in CNN deep learning. Glaucoma is the second leading
cause of blindness globally after cataracts [49,50]. Screening for glaucoma is essential.
OCT and visual field examination require ample time; thus, our study uses deep learning
to provide a simple way to screen for glaucoma. This study indicates two differences.
First, the use of fivefold cross-validation does not only use the model performance val-
idation for a single test set, so the generalization ability and reliability of the model can
be effectively improved during the training process. Second, we placed the CBAM be-
hind the image input layer and in front of the fully connected layer, two positions used
to enhance features. EfficientNet_V2-S and ConvNeXt_Base use ImageNet pretrained
weights, with AUCs of 0.861 and 0.870, respectively. Table 3 shows that ConvNeXt_Base
demonstrated a better performance. The use of CBAM demonstrated the AUC values of
0.885 and 0.894 in the EfficientNet_V2-S+CBAM and ConvNeXt_Base+CBAM models, re-
spectively, indicating that CBAM improves model accuracy and exhibits good performance,
which is consistent with previous research results [47]. EfficientNet_V2-S+CBAM+Meta
and ConvNeXt_Base+CBAM+Meta added with more patient characteristics, including
gender, age, and diopter, demonstrated AUC values of 0.879 and 0.893, respectively. Sur-
prisingly, model performance decreased after adding patient characteristics. A significant
difference in the male-to-female ratio was found between the high myopia group and the
high myopia glaucoma group (p < 0.001), but the model performance did not improve after
adding gender characteristics, and it did not affect the model performance in this study.

Although the incidence of high myopia is low, deep learning requires a large amount
of data to improve performance of the model. Hence, pretraining was used, and it was
combined with CBAM. Based on previous research [51–54], we utilized CNN models
with different architectures, such as EfficientNet_V2-S, ConvNeXt_Base, ResNet50, and
ViT_B_16. The model with a higher accuracy in ImageNet Top-1 image classification was
used as a basis for the initial training. Finally, EfficientNet_V2-S and ConvNeXt_Base,
which have a better performance, were selected as the final model architecture. Among
the models, ConvNeXt_Base+CBAM had the highest sensitivity. Thus, it can be useful
in providing assistance to professional ophthalmologists to obtain an accurate diagnosis.
However, ConvNeXt_Base+CBAM and EfficientNet_V2-S+CBAM differ, EfficientNet_V2-
S+CBAM has the best sensitivity and can assist other professionals, such as optometrists,
family physicians, and non-ophthalmologists in screening patients who may have high
myopia glaucoma.

Li et al. [36] and Cho et al. [55] included a C/D ratio of >0.7 to evaluate glaucoma and
normal eyes. The AUCs of large-scale data sets were 0.986 and 0.975, both of which had a
good performance. Previous studies have shown that a C/D ratio of >0.7 is characteristic
of glaucoma [56], which may be one of the reasons why the model can improve glaucoma
diagnosis. Among the inclusion conditions of this study, patients with high myopia and
glaucoma were not restricted to a C/D ratio of >0.7. The C/D ratio of patients with high
myopia is larger than that of people with normal eyes [14]; therefore, this is not specifically
included in the condition. Shibata et al. [54] included only 55 patients with high myopia in
a deep learning study. The images of high myopia with glaucoma can be diverse, and our
research data can be more reliable when the number of images increases. Islam et al. [57]
used four different deep-learning algorithms to diagnose glaucoma from cropped eye cup
and fundus photographs. Among them, EfficientNet_b3 had the best test results, with
an AUC score of 0.9512. In addition, satisfactory results were achieved using the U-net
model for blood vessel segmentation on the full-eye color base map. However, although
the cropped eye cup image can increase the training speed, it will sacrifice the possible sign
impact of the images around the fundus. Therefore, the use of the whole fundus in our
study can include more imaging parameters. Due to the black box effect in deep learning,
we cannot fully understand the internal mechanism of the model. However, the accuracy of
image diagnosis can be improved using the Grad-CAM technology. Further, an improved
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image quality can help improve diagnostic accuracy. In addition, we tried to verify the
results of the ConvNeXt_Base+CBAM training model with the external data REFUGE test
set. [58] The result had an AUC of 0.921, showing a certain degree of accuracy. We have
demonstrated the use of deep learning to detect high myopic glaucoma, but there is still
room for improvement. Kim et al. [37] used OCT data and combined demographic and
ophthalmic characteristics, such as age, sex, axial length, and MD, to detect high myopic
glaucoma. Therefore, a large amount of data resources and good results, with an AUC of
0.995, can be achieved. However, due to high equipment requirements, it is not easy to
quickly screen and widely promote this method in clinical practice.

The study performed a Grad-CAM visual analysis of fundus photographs. The red
areas in Figure 6a,c represent the pixels that contribute the most to the diagnostic results.
Most pixels are located in the cup/disc area and neuroretinal rim and a few are located
in the center of the macula, blood vessels, and other locations. This is consistent with the
findings of ophthalmologists check when diagnosing glaucoma. In particular, the thermal
imaging in parts of Figure 6a,b also focuses on the RNFL area. Additionally, it focuses on
the highly myopic checkerboard-shaped fundus in Figure 6b,d.

In particular, this study excluded patients with pathological myopia, as there is a close
relation between pathological myopia and glaucoma. Pathological myopia is defined as the
presence of a myopic macula that is equal to or worse than diffuse chorioretinal atrophy.
For local lesions [59], fundus features may be challenging to assess because the optic disc is
severely tilted, deformed, and the optic nerve become thin. These features are similar to the
pathological features of glaucoma, thereby making diagnosis more difficult. Future studies
should consider including this patient population to completely evaluate the efficacy of
deep-learning techniques in glaucoma diagnosis.

To the best of our knowledge, this is the first deep learning study to detect high
myopic glaucoma from a large number of fundus photographs. Diagnosing glaucoma
in ophthalmology requires multiple reference data and structural changes (intraocular
pressure, OCT data, visual field data, fundus photographs, etc.), and diagnosis is only
made after long-term observation. According to the myopia rate prediction report for
2050 [2], the incidence rate of high myopia among older adults will increase annually,
and more people will develop age-related glaucoma. Consequently, glaucoma in highly
myopic eyes will be challenging to diagnose and, currently, is a major public health issue.
Our research used deep-learning methods and the fundus photography technology to
address this difficulty. AI-assisted diagnosis can be applied in the field of ophthalmology
in the future. For example, it can help non-ophthalmologists, such as optometrists and
family physicians, make referrals or directly assist ophthalmologists in making accurate
and rapid diagnoses. Overall, our study provides a feasible option for deep learning of
fundus photographs to differentiate high myopia from glaucoma.

This study has some limitations. First, this study only included one ethnic group
of Asians, and thus results should be interpreted with caution when applied to other
ethnic groups. Second, we have not classified the degree of glaucoma. Different degrees
of glaucoma are structurally different. Third, our data included no externally verified
fundus photographs data; therefore, we cannot infer other image types, which reduce the
generalization ability of the model. Fourth, there are insufficient OCT and visual field
parameters in the high myopia group based on a medical record review. Although we have
been extremely cautious in screening, these cases may still be misclassified. It is possible
to increase sensitivity; however, glaucoma specialists should examine more eyes. Finally,
patients with pathological myopia were excluded from the study. Hence, more clinicians
will find it challenging to distinguish pathological myopia from glaucoma. Therefore,
future studies should focus on this direction.

5. Conclusions

Glaucoma in individuals with high myopia was identified from their fundus photographs.

103



Biomedicines 2024, 12, 1394
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Abstract: This study evaluated the utility of incorporating deep learning into the relatively novel
imaging technique of wide-field optical coherence tomography angiography (WF-OCTA) for glau-
coma diagnosis. To overcome the challenge of limited data associated with this emerging imaging,
the application of few-shot learning (FSL) was explored, and the advantages observed during its
implementation were examined. A total of 195 eyes, comprising 82 normal controls and 113 patients
with glaucoma, were examined in this study. The system was trained using FSL instead of traditional
supervised learning. Model training can be presented in two distinct ways. Glaucoma feature
detection was performed using ResNet18 as a feature extractor. To implement FSL, the ProtoNet
algorithm was utilized to perform task-independent classification. Using this trained model, the
performance of WF-OCTA through the FSL technique was evaluated. We trained the WF-OCTA
validation method with 10 normal and 10 glaucoma images and subsequently examined the glaucoma
detection effectiveness. FSL using the WF-OCTA image achieved an area under the receiver operating
characteristic curve (AUC) of 0.93 (95% confidence interval (CI): 0.912–0.954) and an accuracy of
81%. In contrast, supervised learning using WF-OCTA images produced worse results than FSL,
with an AUC of 0.80 (95% CI: 0.778–0.823) and an accuracy of 50% (p-values < 0.05). Furthermore,
the FSL method using WF-OCTA images demonstrated improvement over the conventional OCT
parameter-based results (all p-values < 0.05). This study demonstrated the effectiveness of applying
deep learning to WF-OCTA for glaucoma diagnosis, highlighting the potential of WF-OCTA images
in glaucoma diagnostics. Additionally, it showed that FSL could overcome the limitations associated
with a small dataset and is expected to be applicable in various clinical settings.

Keywords: deep learning; image processing; glaucoma; diagnostic ability; few-shot learning

1. Introduction

Glaucoma refers to a disease that involves specific morphologic changes in the optic
nerve resulting in functional changes in the visual field due to loss of the retinal nerve
fiber layer (RNFL) [1,2]. Disc photography, optical coherence tomography (OCT) [3–9], and
OCT angiography (OCTA) are among the various imaging devices used for diagnosing
glaucoma. The diagnostic data are presented as images or numerical values, depending on
the instrument used. Among these techniques, OCTA is a non-invasive imaging method
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that assesses the vasculature of the retina and optic nerve without the need for dye in-
jection [10,11]. Changes in vessel density in OCTA align with functional and structural
alterations detected through visual field exams and OCT scans, providing good consistency
and effectively distinguishing between the glaucomatous and the normal eyes.

Wide-field OCTA (WF-OCTA), which overcomes the limited field of view in traditional
OCTA, is emerging as one of the new diagnostic imaging approaches for retinal disease and
glaucoma [12–16]. WF-OCTA’s scanning capabilities have been improved with technical
advancements, such as swept-source OCT (SS-OCT), now allowing the examination of large
areas of the posterior pole, encompassing both the optic nerve head and macula. Notably,
when examining pathologic eyes with structural distortion of the optic disc, such as high
myopia or retinal diseases, including epiretinal membrane and peripapillary retinoschisis,
errors may occur in measuring conventional RNFL thickness maps. Additionally, WF-
OCTA displays broader angiographic data in comparison to conventional imaging. This
could potentially enhance the accuracy of glaucoma diagnosis, especially when other
pathological alterations in the eyes complicate the process.

This study evaluates the accuracy of a deep-learning (DL) algorithm using WF-OCTA
for identifying glaucoma. DL image classification is being assessed as a pre-diagnostic tool
before human diagnosis. Sufficient data are crucial for effectively training DL networks
for image classification in medical imaging diagnosis. Insufficient data can result in is-
sues like overfitting and underfitting. Collecting sufficient medical data for training is a
challenge due to limited data availability and privacy concerns. Furthermore, the clinical
stage of WF-OCTA—the technology utilized in this study—creates difficulties in obtaining
adequate data.

In recent years, few-shot learning (FSL) has emerged as a promising approach in DL,
particularly in scenarios where limited annotated data are available. Unlike traditional
supervised learning methods, which rely on large, labeled datasets for training, FSL enables
models to generalize to new tasks with only a small amount of annotated data, mimicking
human learning processes with limited examples [17]. The relationship between dataset
size and accuracy in machine learning, including FSL, is complex. While larger datasets
typically offer more diverse examples for model training, several factors impact this rela-
tionship. High-quality, well-annotated data are crucial for training accurate models, and
task complexity and model architecture also influence performance [18]. Imbalanced data
distributions and the use of regularization techniques further shape the interplay between
dataset size and accuracy [19]. In the context of FSL, dataset size plays a crucial role in
model performance. Although FSL techniques can handle limited data scenarios, increasing
the dataset size can significantly enhance performance, especially if the additional data
includes rare cases or provides greater diversity [20]. It is essential to understand these
dynamics to optimize model performance and effectively utilize available data resources.

In such situations, implementing the FSL [21–23] approach may be a way to overcome
this challenge. FSL methodology permits machine learning from a small number of samples,
usually less than 10. Therefore, this study assessed the diagnostic potential of WF-OCTA
for detecting glaucoma using an FSL approach to overcome data scarcity.

2. Materials and Methods

This study’s protocol was approved by the Institutional Review Board (IRB) of
Hanyang University Hospital, Seoul, Republic of Korea (IRB number: HYUH 2021-07-
036). This study was designed in accordance with the tenets of the Declaration of Helsinki
for biomedical research. The need for participant consent for retrospective data assessment
was waived by the ethics committee.

2.1. Study Design and Participants

In this retrospective, comparative study, a total of 195 eyes were examined at Hanyang
University Seoul Hospital Glaucoma Clinic between December 2021 and December 2022.
Of these, 82 eyes were affected with glaucoma, and 113 controls were without glaucoma.
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All participants underwent WF-OCTA imaging with the same SS-OCT device (Topcon,
DRI OCT Triton), and the glaucoma was diagnosed by a glaucoma specialist. Diagnosis of
glaucoma and selection of the control group were performed similarly to that in previous
studies (Supplementary Materials) [24,25]. To eliminate ambiguity, this study excluded
patients with high myopia (sph < −6.0D), retinal diseases, and glaucoma suspect states
without definite visual field impairment or RNFL defects.

2.2. WF-OCTA

The wide-field 12 × 12 mm OCTA scan generates an en-face image of retinal vessels
through various segmented layers. The SS-WF-OCTA scans volumes centered on the retina
within a 12 × 12 mm field of view at a scan rate of 100,000 A-scans per second, offering
a lateral resolution of 20 um. The device’s built-in software corrects actual refraction to
prevent refractometric degradation. The report of the WF-OCTA scan for the 12 × 12 area
overlaps with the RNFL or ganglion cell–inner plexiform layer (GCIPL)/ganglion cell
complex (GCC) thickness map on the WF-OCTA image.

Figure 1 displays (A) the OCT RNFL thickness map used in pre-training and the three
types of WF-OCTA images in the FSL, (B) a combination of WF-OCTA and RNFL thickness
map (Combi 1), (C) a combination of WF-OCTA and GCC thickness map (Combi 2), and
(D) WF-OCTA itself (black and white). Apart from the WF-OCTA, this work evaluated the
vessel density using optic disc OCTA (4.5 × 4.5 mm). The vessel density of the superficial
capillary plexus (SCP) was assessed in four groups, superior, nasal, inferior, and temporal,
to determine whether the vessel density had decreased.
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2.3. DL Techniques: Image Classification on Medical Diagnosis

Medical image classification is pivotal in clinical treatment and early diagnosis. How-
ever, traditional methods have demonstrated limited performance and often require sig-
nificant time and effort to identify and select features for classification. DL methods have
surpassed the performance of some existing models and streamlined the design process
through a data-driven approach. In particular, the supervised learning (SL) method using
DL networks has achieved great success in various image classification tasks [26–28]. As
the parameters of DL networks for image classification tend to be large, a large amount of
training data is required to train networks. However, when it comes to medical image classi-
fication, the preparation of extensive training datasets demands costly and time-consuming
manual annotations by medical professionals. Moreover, the distribution of medical data
can be significantly imbalanced. Acquiring a vast amount of normal data might be easy;
however, obtaining negative samples is challenging due to the rarity of certain disease cases.
To address this issue, a training approach capable of accurately diagnosing diseases with
a very limited amount of data was required. FSL aims to make predictions in situations
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where only a few examples are available for each class [29]. This study presents an effective
glaucoma detection method leveraging the FSL method.

Data used in FSL can be broadly classified into three categories: training set, support
set, and query set [30] (Figure 2). Additionally, the ‘class’ used in FSL refers to the group of
objects that the model is trying to learn and distinguish from other classes. FSL initially
learns how to distinguish between classes through the training set with a large amount
of data. Then, through the support set, FSL learns from only a small amount of data for
each class that is not present in the training set. When a query sample is input, the system
compares which class of the support set is most similar to the answer.
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Figure 2. Categorization of datasets in FSL. The training set is used to train a deep-learning network
to extract task-specific features from images. The support set is a small set of data points (e.g., 1, 2,
5, 10, etc.) used for training an FSL model for a new task. The query sample is data to evaluate the
effectiveness of a network trained on a limited dataset.

ProtoNet [31] is an FSL method that uses a prototype that represents each class or
concept as a central reference point in the feature space. During training, the model learns to
create a prototype from a few labeled examples, using DL networks such as convolutional
neural networks to extract meaningful features from the input data. The prototype is
computed as the average feature vector of the supporting examples belonging to each class,
and during the inference step, the model compares the query example to the prototype
and assigns it to the class with the closest prototype. ProtoNet utilizes a metric learning
objective function, enabling effective learning with limited data. This capability allows the
model to differentiate between various classes and apply to new instances.

2.4. DL Techniques: Proposed Method

This study proposes a ProtoNet-based network for predicting WF-OCTA through
DL. The ProtoNet-based network comprises a feature-extracting backbone network and a
true/false classifying clustering module. The backbone network varies based on the size
and type of data in both networks. Moreover, ResNet18 was deployed as our backbone
network [27].

ResNet18 is trained on a very large dataset, such as ImageNet [32] (1.2 million images
stored in 1000 categories), using a pre-trained model [33]. We can utilize the pre-trained
model as an initialization or a fixed feature extractor and employ the transfer learning
method [34]. Transfer learning is a DL method in which a model trained for one task is
repurposed for a related second task. We utilized the weight of the backbone network
by applying this fine-tuning of the transfer learning method with SS-OCT images [24,25]
using ResNet18 pre-trained with ImageNet (Figure S1). For pre-training, the SS-OCT RNFL
thickness map (12 × 9 mm) of glaucoma and normal groups was used (Figure 1). The data
from the patient group in our existing study (Journal of Glaucoma) was used [25], and a total
of 417 eyes with glaucoma and 258 normal eyes were included.

From this point forward, this discussion focuses on the process of acquiring knowledge
about ProtoNet’s clustering module through training and testing. To train the clustering
module, Mini-ImageNet [35], a modified version of ImageNet for FSL, was utilized. Train-
ing with WF-OCTA introduces a potential risk of overfitting, as the model may become too
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specialized in WF-OCTA data. As each patient demonstrates different glaucoma symptoms
in the data, overfitting the training data increases the risk of incorrect predictions for new
patients. To mitigate this, we trained ProtoNet on Mini-ImageNet to establish a general
understanding of the difference between similarity and dissimilarity.

Finally, the network’s performance on WF-OCTA data was evaluated in the test or
inference phase. We trained the neural network on WF-OCTA data from 10 patients with
glaucoma and 10 normal individuals, forming a support set. Few-shot training, in this
case, refers to the adaptation of a pre-existing network to a new task with minimal input,
specifically for glaucoma. Subsequently, we supplemented the set with 100 unseen data
points, referred to as the query set, and evaluated whether each data point represented
glaucoma or not. The schematic diagram is presented in Figure 3.
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Figure 3. Implementation of FSL for WF-OCTA integration. This study employed FSL to integrate WF-
OCTA into an AI algorithm. ResNet18 served as the backbone network, trained on ophthalmic images
to capture relevant features. The ProtoNet algorithm facilitated feature clustering and classification.
Training utilized the Mini-ImageNet benchmark dataset. The WF-OCTA data were split into support
and query sets for validation.

2.5. Statistical Analysis

This study compared the diagnostic performance between FSL conducted with pre-
training on different images and Mini-ImageNet and conventional SL using a limited
number of WF-OCTA images. Furthermore, this study extended the comparison to evaluate
the diagnostic capabilities of numerical values (parameters) commonly used in traditional
OCT and OCTA.

To assess the diagnostic capability for detecting the presence or absence of glaucoma,
we computed the area under the receiver operating characteristic curve (AUC) and accuracy.
Additionally, AUC with a 95% confidence interval (95% CI) was employed while varying the
cutoff value for the probability of glaucoma. The method described by DeLong et al. [36] was
utilized to compare AUC values among different parameters. Accuracy served as a metric for
the precision in classifying the stages of glaucoma. The proportion of correctly classified data
from the entire dataset used for testing was also estimated. p-values < 0.05 were considered
statistically significant. Values are presented as mean ± standard deviation. Statistical tests
were conducted using SPSS version 24 (IBM Inc., Armonk, NY, USA), MedCalc Version 19.1.3
(MedCalc Software, Ostend, Belgium), and the PyTorch Version 1.12.0 in Python (Facebook AI
Research Lab, Menlo Park, CA, USA) [37].

3. Results

Demographics and ocular characteristics of the support set and query set are summa-
rized in Table S1. The median age was 58.4 ± 15.8. No statistically significant differences
were observed in spherical equivalent, axial length, and intraocular pressure, regardless of
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the presence of glaucoma. Both glaucoma and control groups were evenly composed with
similar numerical values of other ocular characteristics such as MD (dB), VFI (%), RNFL,
GCIPL, and GCC thickness (µm).

In the experiment, 20 WF-OCTA images, consisting of 10 glaucoma and 10 normal
datasets, were examined. Additionally, 100 WF-OCTA images of 50 glaucoma and 50 nor-
mal datasets were classified in FSL experiments with 1, 2, 5, and 10 shots by default. Shot
refers to the number of data points used to adapt training to a new task. For example, if it
is one shot, it means that the model only looks at one glaucoma data and one normal data
and fits 100 data. Table S2 demonstrates the WF-OCTA image accuracy value and the AUC.
The results clearly display that as the number of shots increases, so does the accuracy. The
comparison was based on 10 shots.

We were interested in the feasibility of using SL to predict WF-OCTA even with a
limited amount of data. To investigate this point, we conducted a performance verification
and comparison between the existing SL method using ResNet18 and the proposed method
with the WF-OCTA data. For SL, we trained with a total of 20 WF-OCTA data and tested
with 100 WF-OCTA data. Therefore, Figure 4 and Table 1 demonstrate that SL does not
learn with an accuracy of 50%. Additionally, the accuracy and the AUC value are high for
FSL, and the p-value is set at 0.05 for all results, which is significant.
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Figure 4. Receiver operating curves for glaucoma diagnostic methods. Left is FSL vs. SL with
WF-OCTA images. FSL shows a higher AUC. The right is a classification of glaucoma vs. normal
cases. FSL WF-OCTA RNFL Combi and FSL WF-OCTA GCC Combi achieve the highest AUC (0.930
and 0.881). These outperform conventional thickness values (RNFL, GCC, and GCIPL thickness AUC:
0.870, 0.863, and 0.782).

Table 1. Comparison of accuracy and area under the receiver operating characteristic curve between
few-shot learning and supervised learning.

FSL SL FSL vs. SL: p-Value

WF-OCTA RNFL
Combi

GCC
Combi Alone RNFL

Combi
GCC

Combi Alone RNFL
Combi

GCC
Combi Alone

Accuracy (%) 81 80 68 50 50 50 <0.05 <0.05 <0.05
AUC 0.930 0.881 0.701 0.802 0.799 0.640 <0.05 <0.05 <0.05

FSL = few-shot learning; SL = supervised learning; WF-OCTA = wide-field optical coherence tomography
angiography; AUC = area under the receiver operating characteristic curve; RNFL = retinal nerve fiber layer;
GCC = ganglion cell complex.
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This study also compared our method with existing methods based on peripapillary
RNFL, macular GCIPL, and macular GCC thickness values, which are widely used in the
glaucoma field.

As displayed in Table 2, the AUC values demonstrate that the performance of WF-
OCTA Combis adopting FSL is significantly higher than those of thickness values, and the
respective p-values are significant at 0.05 or less.

Table 2. Comparison of accuracy and area under the receiver operating characteristic curve between
few-shot learning and conventional thickness value (p-values are expressed in the table below).

FSL Thickness Value

WF OCTA_
RNFL Combi

WF OCTA_
GCC Combi WF-OCTA RNFL GCC GCIPL

AUC 0.930 0.881 0.701 0.870 0.863 0.782

FSL

WF OCTA_RNFL
Combi NA <0.05 <0.05 <0.05 <0.05 <0.05

WF OCTA_GCC
Combi <0.05 NA <0.05 <0.05 <0.05 <0.05

WF-OCTA <0.05 <0.05 NA <0.05 <0.05 <0.05

Thickness
Value

RNFL <0.05 <0.05 <0.05 NA 0.83 0.49
GCC <0.05 <0.05 <0.05 0.83 NA 0.37

GCIPL <0.05 <0.05 <0.05 0.49 0.37 NA

FSL = few-shot learning; AUC = area under the receiver operating characteristic curve; WF-OCTA = wide-field
optical coherence tomography angiography; RNFL = retinal nerve fiber layer; GCC = ganglion cell complex;
GCIPL = ganglion cell–inner plexiform layer.

4. Discussion

In this study, the effectiveness of WF-OCTA as an image diagnostic modality for
glaucoma diagnosis is investigated using DL algorithms, and an FSL method is also
introduced to overcome the difficulties of data collection for WF-OCTA. Although many
previous studies have applied artificial intelligence (AI) to images such as OCT and SS-OCT
to diagnose glaucoma, no studies have been conducted on WF-OCTA images. Therefore,
the application of DL to WF-OCTA images is the first of its kind.

In the field of ophthalmology, various attempts have been made to use small-shot
learning as an automatic diagnostic evaluation method for images. Quellec et al. applied
FSL to the detection of rare conditions such as papilledema or anterior ischemic optic
neuropathy from the OPHDIAT diabetic retinopathy screening program [38]. Kim et al.
introduced a novel approach for the development of an effective computational model
for early diagnosis of glaucoma, relying solely on a single type of image (high-resolution
fundus images) using FSL, employing a matching network older than ProtoNet [39]. Han
et al. used FSL for ophthalmic disease screening, focusing primarily on enhancing data
by fusion or aggregation of various data types rather than relying on a small amount of
data [40].

First of all, comparing FSL and SL, the diagnostic power of FSL demonstrated better
performance. The reason SL does not perform is because of an error called underfitting that
occurs due to the small amount of image data (like WF-OCTA). This means that to examine
the effectiveness of using AI in this situation, FSL, rather than the existing methodology
SL, must be used as another methodology that can improve performance. This does not
serve as a comparison to establish the superiority of SL over FSL; instead, it underscores
the importance of FSL as a fitting methodology in specific circumstances. FSL was utilized
to construct models by incorporating various data sources, including open benchmark data,
to verify its effectiveness for WF-OCTA data.

This study conducted experiments on the FSL method utilizing an algorithm called
ProtoNet, which transforms data into prototypes and clusters them, making them suitable
for displaying particularity distributions. To adjust the ProtoNet for the FSL algorithm for
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this study, we identified two stages. The first step involves extracting features, which cap-
ture critical image elements to be evaluated, followed by classification, which determines
whether results are positive or negative. The feature extractor was trained using RNFL and
the transfer learning method [41], which utilized an existing ophthalmic medical image.
This resulted in an effective feature extractor for ophthalmic medical images. To reduce
potential task dependence, the model was trained on ImageNet during the classification
process. Additionally, the use of distinct datasets for training both sections of the network
aimed to maximize its benefits.

The FSL method employed in this study has the potential to significantly impact
real-world medical applications. We think this is the result of improving FSL’s capabilities
through the aforementioned efforts. FSL can be useful in cases where there are not enough
images available for training due to the rarity of the disease or the release of new image
types in the future. As new images will continue to be introduced with the development of
technology, incorporating FSL will help research and evaluate the diagnostic power at the
time of introduction of such images.

This study also compared the FSL of WF-OCTA with existing methods based on peri-
papillary RNFL, macular GCIPL, and macular GCC thickness values, which are widely used
parameters in glaucoma. Application of WF-OCTA data to FSL, especially in WF-OCTA
Combi data, demonstrated that this method surpasses conventional numeric parameter-
based diagnosis. Nevertheless, WF-OCTA (not combi, alone, grayscale) exhibits decreased
performance compared to the other two images. The reason for this discrepancy lies in the
fact that the RNFL image used for feature training is in RGB format, while the other two
images are in RGB format, and WF-OCTA is a grayscale image, thus degrading the feature
extraction performance due to different channels. To enhance the efficiency of WF-OCTA
(grayscale), acquire enough grayscale glaucoma images to train the feature extractor or
use additional shots to increase the accuracy of the network. We expect that increasing the
number of attempts beyond 10 may potentially enhance the algorithm’s performance in
future research.

WF-OCTA offers several distinct advantages in detecting RNFL defects for glaucoma
diagnosis [42]. First, WF-OCTA visualizes a wider area (12 × 12 mm) compared to the
existing OCT RNFL thickness map (12 × 9 mm). This may also be useful in assessing
peripheral regions and detecting abnormalities that can be missed in conventional imaging.
Second, visualization of blood flow dynamics improves the accuracy of glaucoma diagnosis
in cases with other ocular pathologies where the existing thickness map is compromised
by retinal diseases such as ERM or peripapillary retinoschisis. Particularly in cases of
high myopia, where RNFL defects may not be clearly observed in the red-free fundus
photo, WF-OCTA can be helpful [15,43]. By providing angiographic information across a
broader field than conventional imaging, WF-OCTA has the potential to enhance glaucoma
diagnosis.

However, the current active clinical utilization of WF-OCTA can be limited due to some
disadvantages. WF-OCTA takes a long time to acquire, requires cooperation, and can make
imaging difficult for older patients, especially those with tremors. Moreover, deviation
maps cannot be created, and the current embedded software only offers a combination map
with RNLF, GCC, and GCIPL thickness maps since the normative database of OCTA values
has not been established yet. These may make the active clinical utilization of WF-OCTA
challenging.

Nevertheless, when diagnosing glaucoma becomes challenging due to other patholog-
ical changes in the eye, such as high myopia or retinal diseases, WF-OCTA can serve as a
valuable adjunctive imaging technique. This study’s findings demonstrate that WF-OCTA
could offer a valuable alternative to the current RNFL method for diagnosing glaucoma,
especially in patients with co-existing ocular conditions. Therefore, we believe that it can
be readily applied in clinical settings, particularly in cooperative patients who can endure
relatively long examination times. With the assistance of FSL, the accuracy of WF-OCTA
for glaucoma diagnosis could further improve, leading to significant advancements in the
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diagnosis and treatment of glaucoma. Moreover, FSL could be clinically applicable not
only in glaucoma management but also in relatively less prevalent conditions like inherited
retinal diseases or neuro-ophthalmic diseases.

This study has certain limitations. First, the advantages of FSL could have been
demonstrated more accurately if we had used a wide fundus photo or OCT RNFL thickness
map instead of WF-OCTA. However, this study tried to demonstrate the advantages of
both FSL (new DL algorithm) and WF-OCTA (newly introduced imaging method). Second,
100 OCT RNFL thickness map images were used for feature extraction, which is still too
small for pre-training. Third, it would have been more intriguing if we could compare the
accuracy between diagnosis by the physician and the FSL. Fourth, OCT RNFL thickness
maps were used for the training set, which are very similar to the images used in the
support set (WF-OCTA). Our future studies plan to address the accuracy when using
images with lower similarity as the training set.

5. Conclusions

This study demonstrated the effectiveness of applying DL to WF-OCTA for glaucoma
diagnosis, highlighting the potential of WF-OCTA images in glaucoma diagnostics. Addi-
tionally, the application of FSL was shown to overcome the limitation of small dataset size.
Utilizing FSL with imaging techniques characterized by limited data can be effective, and
its applicability in various clinical settings is anticipated.
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Abstract: Background: This study aims to determine whether including genetics as a risk factor for
progression will improve the accuracy of the models used in newly diagnosed exfoliation glaucoma
patients. Methods: This was a prospective cohort study. This study included only patients who were
newly diagnosed with exfoliation glaucoma and received treatment upon inclusion. Blood samples
were taken from all patients at inclusion to test for the single nucleotide polymorphisms (SNPs)
LOXL-1 rs2165241 and rs1048661. Results: This study found that the frequency of SNPs, as well as
intraocular pressure (IOP), mean deviation (MD), and visual field index (VFI) values at diagnosis,
were significant predictors of visual field deterioration (p ≤ 0.001). This study showed that interaction
terms, including SNPs, were highly significant (p ≤ 0.001). Furthermore, logistic regression analysis
also showed highly significant results for interaction terms when SNPs were included (p ≤ 0.001).
Finally, the area under the curve (AUC) analysis showed an increased value of around 10–20% when
SNPs were included. Conclusions: Adding genetic factors to the well-known clinical risk factors
can increase the accuracy of models for predicting visual field deterioration in exfoliation glaucoma
patients. However, further studies are needed to investigate the role of other genes in this process.

Keywords: genetics; exfoliation glaucoma; visual fields; cohort studies; intraocular pressure; models

1. Introduction

Glaucoma is a set of eye disorders that gradually damage the optic nerve and often
cause permanent loss of the visual field. The condition usually results from high intraocular
pressure (IOP) but can also occur with normal or low IOP. Glaucoma affects millions of
people globally and is a major cause of blindness, which poses a significant public health
challenge [1]. There are several types of glaucoma, with primary open-angle glaucoma
being the most common worldwide. However, in Scandinavia, exfoliation glaucoma is the
most widespread type [2]. Exfoliation glaucoma (EXFG) is a specific form of glaucoma
that is characterized by the presence of exfoliation material in the anterior chamber of the
eye. This material is often described as flaky, white deposits accumulating on different eye
structures. This accumulation leads to increased IOP and damage to the optic nerve [3,4].

Exfoliation glaucoma is associated with the shedding of abnormal extracellular mate-
rial in the eye’s anterior segment. Although the exact cause of exfoliation glaucoma is not
fully understood, genetic factors have been demonstrated to contribute to its development.
The Lysyl Oxidase Like 1 (LOXL-1) gene is the most studied gene related to EXFG [5]. The
LOXL-1 gene encodes for the lysozyme oxidase enzyme, involved in elastin biogenesis and
collagen cross-linking [6]. In a previous article, the authors demonstrated the association
between three single nucleotides (SNPs) and the presence of exfoliation glaucoma in a
Swedish population [7]. Furthermore, two SNPs (rs2165241 and rs1048661) have been
linked to an increased risk of visual field deterioration [8].
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Several factors can contribute to the development of glaucoma. While some risk
factors are beyond an individual’s control, it is essential to be aware of them to diagnose
the condition early and manage it effectively. These risk factors include age, family history,
ethnicity, increased IOP, and exfoliation [9–11]. However, simply having one or more of
these risk factors does not necessarily mean that an individual will develop glaucoma.
Conversely, some people may develop the condition despite having no apparent risk
factors. As a result, individuals with one or more risk factors must undergo regular eye
examinations to detect and manage glaucoma early. With early intervention, it may be
possible to slow down or even prevent further vision loss associated with this condition.

This study aimed to evaluate the potential impact of incorporating genetics as a risk
factor in the models utilized for newly diagnosed exfoliation glaucoma patients. This study
is expected to produce valuable insights into the potential benefits of incorporating genetic
factors into the exfoliation glaucoma diagnostic framework.

2. Materials and Methods

This study observed patients diagnosed with EXFG and was conducted as a non-
randomized prospective cohort study. Patients who visited the Ophthalmology Department
at Skaraborg Hospital, Skövde, Sweden, between 1 January 2012 and 31 December 2017
were included in this study. This study followed the Strengthening the Reporting of
Observational studies in Epidemiology (STROBE) guidelines for reporting observational
studies [12] (Supplementary Table S1). Before enrolling in this study, all participants were
provided with both written and oral information. This study was approved by the Regional
Ethical Committee at the University of Gothenburg (DN:119-12) and followed the principles
of the Helsinki Declaration.

This study’s methodology was previously published and involved patients who were
recently diagnosed with exfoliation glaucoma (EXFG) [13,14]. To summarize, all patients
underwent an ophthalmological exam conducted by the same ophthalmologist (MA). At
the time of diagnosis (inclusion), various variables were measured, including age, sex,
IOP (using a Goldmann applanation tonometer), central corneal thickness (CCT), visual
acuity (determined with the Snellen chart), gonioscopy, cup-to-disc ratio (C/D-ratio) of the
optic nerve, and visual field using the Humphrey Field Analyzer (Carl-Zeiss, Straße 22,
73447 Oberkochen, Germany) using the 24-2 strategy of the Swedish Interactive Threshold
Algorithm (SITA fast). Additionally, all patients completed a questionnaire about their
medical history, which included diabetes, hypertension, smoking, medication intake, and
family history of glaucoma.

As part of this study, all patients were given eye drops to decrease their IOP and
maintain it at ≤20 mmHg. The patient’s visual acuity, IOP, medication count (i.e., eye
drops), and visual field were evaluated at every appointment (every six months). The
patients were closely monitored in accordance with the Swedish Guidelines for Glaucoma
Care [15]. In cases where the desired IOP level could not be attained, the number of
medications was incremented and/or selective laser trabeculoplasty (SLT) was performed.

2.1. Endpoints

This study’s primary objective was to ascertain the progression of the visual field
employing highly reliable visual fields. The reliable visual fields were defined as those that
displayed ≤15% false positives and fewer than 20% fixation losses. To ensure accuracy,
only visual fields with an MD (mean deviation) between 0 and −16 dB were included.
Including visual fields with significant damage can lead to “ceiling effects” and may not
represent actual damage [16].

This study measured visual field progression using three parameters: mean deviation
(MD), visual field index (VFI), and the guided progression analysis (GPA). MD estimates
the overall level of visual field sensitivity in decibels (dB), with normal visual fields around
0 dB and significantly damaged visual fields around −20 dB. The VFI, on the other hand,
is based on MD values but is more specific in detecting glaucoma damage. It emphasizes
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central parts of the visual field and is less affected by cataract development. The VFI
calculates visual fields in percentages, with a normal visual field showing 100%.

The Guided Progression Analysis (GPA) system classifies the visual field progression
as absent, possible, or likely. This study combined the possible and likely categories to
form a single outcome of progression versus no progression. This simplified the outcome
variable into a dichotomy of visual field progression.

2.2. Genetic Analysis

Each patient underwent venipuncture to extract blood samples as part of the inclusion
process. Standard procedures were then followed to extract DNA from the samples. Subse-
quently, LGC Genomics (Hoddesdon, Herts, UK) utilized the KASPar PCR SNP genotyping
system to genotype two specific SNPs (rs2165241 and rs1048661) in the LOXL1 gene. The
genotyping process yielded a success rate of over 95% for all SNPs and demonstrated ad-
herence to the Hardy–Weinberg equilibrium. The genetic variants identified in the patients
were analyzed using an additive genetic model, which was determined to be the most
appropriate model for this study [7]. In this model, the non-risk homozygous genotype
was assigned a value of 0, the heterozygous genotype was assigned a value of 1, and the
high-risk homozygous genotype was assigned a value of 2.

2.3. Statistics

This study’s statistical analyses were performed using IBM’s SPSS software (29.0.1.1)
(Armonk, NY 10504, USA). Initially, a single linear regression analysis was conducted on
all predictor variables, and only statistically significant predictors (p ≤ 0.05) were selected
for further analysis. The Kolmogorov–Smirnov test was used to assess the normality of
these predictors, and Pearson’s coefficients were used to study correlations between them.

All significant predictors from the initial regression were utilized in the next step,
where three strategies were applied with the same predictors. The first method involved
a linear regression analysis to test the continuous outcome variables MD and VFI. The
regression analysis also calculated the R2 value and “B-coefficient”. The model was adjusted
for covariates. General Linear Models in SPSS were used to calculate interaction terms.

The second method was a logistic regression analysis for the binary outcome variable
GPA, which also provided the R2 and the “Exp B coefficient”. Another accuracy value
was shown by the regression analysis, namely the prediction accuracy (PA) from the
“classification table”. All regression models and R2 values were adjusted for covariates.

The third method was a receiver operator curve with the area under the curve (AUC).
The AUC was calculated based on the results from the logistic regression analysis. A
predictive curve for interactions between predictors was calculated based on probability
calculations from the logistic regression analysis.

Lastly, a power analysis for MD values based on linear regression was conducted. It
revealed that a sample size of at least 81 experimental subjects was necessary to detect a
10% difference in MD over three years with a power of 0.80 and a significance level of 0.05.

3. Results

In this study, a total of 96 patients were included. Regrettably, 16 patients had to
be excluded from this study as they did not meet the inclusion criteria. The reasons for
exclusion varied, ranging from having undergone glaucoma surgery to poor adherence to
check-up visits and low-quality visual fields. These exclusions were necessary to ensure this
study’s accuracy and reliability, as factors such as glaucoma surgery could have influenced
this study’s outcome. At the same time, poor adherence to check-up visits and low-quality
visual fields could have affected the reliability of the results.

The cohort’s general characteristics were previously published [13,14]. To summarize,
the patients included in this study were approximately 70 years old, with an almost equal
distribution of male and female participants. Their visual acuity upon inclusion averaged
0.8 (Snellen units), and their mean IOP was relatively high at 32.52 mmHg. Out of the
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96 patients, 66 had EXFG in one eye only, while 30 had it in both eyes. By the six-month
check-up, the IOP values had decreased to 21.19 mmHg, and at the last IOP control three
years later, the IOP was at 17.94 mmHg.

Upon inclusion, a significant correlation was found between IOP and MD values, as
indicated by the Pearson’s coefficient (p = 0.001, r = 0.51). Similar results were observed for
the correlation between IOP and VFI values at inclusion (Pearson’s coefficient: p = 0.001,
r = 0.55). The correlation between MD and VFI values at inclusion was high (Pearson’s
coefficient; p-, r = 0.92). Moreover, Pearson’s test was used to examine the correlation
between two SNPs, LOXL1_rs2165241 and LOXL1_rs1048661, which revealed a significant
correlation between the two SNPs (p-, r = 0.66).

We conducted an analysis of all variables using univariate linear regression for the
endpoints, MD and VFI, at the end of this study. Our results revealed that several variables
exhibited significant results, including SNPs, IOP, MD, and VFI at diagnosis, the number of
medications, and SLT treatment during the three-year follow-up. Additionally, predictors
IOP, MD, and VFI at diagnosis were normally distributed according to the Kolmogorov–
Smirnov test (with p-values of 0.10, 0.17, and 0.25, respectively). To further validate our
findings, we retested the predictors in a multivariate analysis with MD and VFI at the end
of this study as endpoints. Even in the multivariate analysis, the predictors (SNPs, IOP,
MD, and VFI at diagnosis) remained significant predictors for visual field deterioration.
However, we observed that the interaction terms of IOP*MD at diagnosis and IOP*VFI
at diagnosis were not significant. Conversely, the interaction terms, including IOP, MD,
and VFI at diagnosis and the SNPs, were all highly significant. For additional information,
please refer to Table 1.

Table 1. Multivariate analysis using the MD, VFI, and IOP values at diagnosis and the SNPs
(LOXL1_rs2165241 and LOXL1_rs1048661) as predictors and MD and VFI at three years’ follow-
up as outcomes.

Outcomes
Predictors MD VFI

B Coeff. [95% CI] R2 (1) p B Coeff. [95% CI] R2 (1) p

IOP at diagnosis 1 −0.49 [−0.67, −0.31] 0.34 2 × 10−3 * −1.19 [−1.74, −0.64] 0.37 4 × 10−4 *

MD at diagnosis 1 1.08 [0.98–1.19] 0.55 3 × 10−3 * N.A. N.A. N.A.

VFI at diagnosis 1 N.A. N.A. N.A. 1.09 [1.01–1.17] 0.58 2 × 10−4 *

LOXL1_rs2165241 1 0.78 [0.01–1.55] 0.41 0.01 * 1.04 [0.44–1.64] 0.43 6 × 10−4 *

LOXL1_rs1048661 1 1.05 [0.25–1.85] 0.42 8 × 10−3 * 1.13 [0.52–1.75] 0.44 2 × 10−4 *

IOP * MD at diagnosis 2 N.A. N.A. 0.89 N.A. N.A. N.A.

IOP * VFI at diagnosis 2 N.A. N.A. N.A. N.A. N.A. 0.55

LOXL1_rs2165241 * IOP at diagnosis
2 0.26 [0.12–0.34] 0.78 3 × 10−6 * 0.12 [0.08–0.14] 0.82 4 × 10−7 *

LOXL1_rs1048661 * IOP at diagnosis
2 0.31 [0.25–0.36] 0.79 2 × 10−7 * 0.22 [0.12–0.28] 0.83 5 × 10−8 *

LOXL1_rs2165241 * MD at diagnosis
2 0.82 [0.75–0.89] 0.85 6 × 10−5 * N.A. N.A. N.A.

LOXL1_rs1048661 * MD at diagnosis
2 0.94 [0.88–0.99] 0.86 4 × 10−6 * N.A. N.A. N.A.

LOXL1_rs2165241 * VFI at diagnosis
2 N.A. N.A. N.A. 1.06 [0.99–1.13] 0.88 3 × 10−8 *

LOXL1_rs1048661 * VFI at diagnosis
2 N.A. N.A. N.A. 1.08 [1.01–1.15] 0.89 4 × 10−9 *

MD: Mean deviation. VFI: Visual field index. IOP: Intraocular pressure. SLT: Selective laser trabeculoplasty.
1 Adjusted for SLT treatment and the number of medications. 2 Interaction terms were calculated using the
General Linear Models strategy in SPSS. Also adjusted for SLT treatment and the number of medications. The (1)

are the adjusted values so it’s the same than 1. The * are the significants values.

A logistic regression analysis was performed to investigate the relationship between
GPA results during the three-year follow-up period and various variables, including
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IOP, MD, and VFI at diagnosis, as well as the two specific SNPs (LOXL1_rs2165241 and
LOXL1_rs1048661). The results indicated that all these factors remained significant predic-
tors of GPA outcomes. Interestingly, the two SNPs exhibited different levels of accuracy,
with LOXL1_rs2165241 showing better performance than LOXL1_rs1048661 (R2 values
of 0.43 and 0.19, respectively) and higher prediction accuracy (PA values of 76% and
65%, respectively).

Although the interaction terms of IOP*MD at diagnosis were nearly significant
(p = 0.04), the interaction term of IOP*VFI at diagnosis was not significant (p = 0.24),
likely due to the presence of collinearity between predictors. Nevertheless, all interaction
terms, including those related to the SNPs, showed high levels of significance and improved
accuracy. Please see Table 2 for further details and information.

Table 2. Logistic regression analysis using the MD, VFI, and IOP values at diagnosis and the
SNPs (LOXL1_rs2165241 and LOXL1_rs1048661) as predictors and GPA at three years’ follow-up as
the outcome.

Outcomes
Predictors

GPA

Exp(B) Coeff. [95% CI] R2 (2) PA (%) p

IOP at diagnosis 1 1.10 [1.09–1.12] 0.09 62 0.01 *

MD at diagnosis 1 0.77 [0.67–0.9] 0.24 71 5 × 10−4 *

VFI at diagnosis 1 0.93 [0.89–0.98] 0.25 70 3 × 10−3 *

LOXL1_ rs2165241 1 6.2 [3.06–12.56] 0.43 76 4 × 10−7 *

LOXL1_ rs1048661 1 2.6 [1.54–4.57] 0.19 65 3 × 10−4 *

IOP * MD at diagnosis 1 0.99 [0.98–1] 0.32 72 0.04 *

IOP * VFI at diagnosis 1 N.A. N.A. N.A. 0.24

LOXL1_ rs2165241 * IOP at diagnosis 1 1.05 [1.03–1.08] 0.45 77 3 × 10−8 *

LOXL1_ rs1048661 * IOP at diagnosis 1 1.03 [1.01–1.05] 0.24 65 5 × 10−5 *

LOXL1_ rs2165241 * MD at diagnosis 1 0.69 [0.59–0.81] 0.54 80 7 × 10−6 *

LOXL1_ rs1048661 * MD at diagnosis 1 0.82 [0.74–0.9] 0.36 74 1 × 10−4 *

LOXL1_ rs2165241 * VFI at diagnosis 1 1.02 [1.01–1.03] 0.34 78 5 × 10−6 *

LOXL1_ rs1048661 * VFI at diagnosis 1 1.01 [1–1.02] 0.26 72 4 × 10−3 *

GPA: Guided glaucoma progression. PA: Prediction accuracy (classification table). MD: Mean deviation. VFI:
Visual field index. IOP: Intraocular pressure. SLT: Selective laser trabeculoplasty. 1 Adjusted for SLT treatment
and the number of medications. (2) Adjusted R2: Nagelkerke R square. The * are the significants values.

During the analysis, we used the area under curve (AUC) to evaluate the performance
of our predictors. All the AUCs showed significant results. At the time of diagnosis,
the predictors IOP, MD, and VFI had AUC values of 0.70, 0.80, and 0.79, respectively,
indicating a good predictive performance. The AUC values increased by around 10–15%
when genetics were included. For more information, please refer to Table 3.
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Table 3. Summary of the results obtained from the analysis of the area under the curve (AUC).

AUC [95% CI] p Sensitivity Specificity

IOP at diagnosis 0.70 [0.59–0.82] 3 × 10−4 0.70 0.67

LOXL1_ rs2165241 0.80 [0.72–0.90] 1.6 × 10−8 0.92 0.58

IOP at diagnosis * LOXL1_rs2165241 0.85 [0.77–0.92] 2.3 × 10−12 0.80 0.73

LOXL1_ rs1048661 0.71 [0.60–0.81] 1.8 × 10−4 0.78 0.55

IOP at diagnosis * LOXL1_rs1048661 0.77 [0.67–0.86] 4 × 10−8 0.75 0.71

MD at diagnosis 0.8 [0.7–0.89] 1.5 × 10−8 0.78 0.76

MD at diagnosis * LOXL1_rs2165241 0.90 [0.84–0.96] 2.2 × 10−14 0.82 0.64

Table 3. Cont.

AUC [95% CI] p Sensitivity Specificity

MD at diagnosis * LOXL1_rs1048661 0.82 [0.73–0.90] 5.4 × 10−13 0.78 0.76

VFI at diagnosis 0.79 [0.69–0.88] 8.5 × 10−9 0.75 0.70

VFI at diagnosis * LOXL1_rs2165241 0.91 [0.85–0.97] 3.2 × 10−15 0.82 0.65

VFI at diagnosis * LOXL1_rs1048661 0.81 [0.70–0.88] 3.7 × 10−10 0.78 0.64

IOP: Intraocular pressure. MD: Mean deviation. VFI: Visual field index.

The evaluation of AUCs showed significant outcomes for all predictors, with the
predictive curve (interaction term) surpassing each individual predictor. We utilized IBM’s
SPSS software (29.0.1.1) (Armonk, NY 10504, USA) to plot the data on a graph, generating
Figures 1–6 that depict these curves.
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Figure 1. The AUC analysis of IOP at diagnosis and LOXL1_rs2165241. The IOP at diagnosis (---) was
0.70 [0.59–0.82], the LOXL1_rs2165241 (---) was 0.80 [0.72–0.90], and the interaction between IOP at
diagnosis and LOXL1_rs2165241 (predicted curve) (---) was 0.85 [0.77–0.92].
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4. Discussion

In this study, we evaluated visual field deterioration in patients with newly diagnosed
exfoliation glaucoma using three different strategies: MD, VFI, and GPA. The models
showed increased accuracy when genetics were included as a risk factor. This finding was
consistent across all three strategies and was observed in both linear and logistic regression
models. Additionally, the AUC analysis confirmed these results.

This study found that clinical predictors such as IOP/MD and VFI at diagnosis were
highly associated with glaucoma progression. This association was present in both linear
and logistic regression analyses. However, when interaction terms were built using IOP
and MD or VFI at diagnosis as predictors, the association was not significant. In the case
of linear regression, the p-values were 0.89 and 0.55. In the case of logistic regression, a
slight significance was found when MD was included in the interaction term (p = 0.04),
but this was not observed when VFI was included (p = 0.24). These non-significant results
may be due to collinearity between the predictors. The Pearson’s coefficient confirmed this,
showing a significant correlation between IOP and MD (p = 0.001, r = 0.51). Similar results
were observed for the correlation between IOP and VFI values at the time of inclusion
(Pearson’s coefficient: p = 0.001, r = 0.55). In summary, this study suggested that patients
diagnosed with high IOP tended to have more advanced visual field damage than those
with low IOP.

When evaluating the accuracy of linear regression models, it is essential to consider
the R2 value. This value measures the percentage of variance in the effect variable that can
be explained by the predictor variable. A higher R2 value indicates a better fit. However,
there is no defined cut-off value, so it is crucial to interpret R2 values clinically. In our study,
we calculated adjusted R2 values due to multiple predictor variables in the multivariate
linear regression. The IOP at diagnosis resulted in R2 values of around 0.34–0.37, while
MD and VFI were around 0.55–0.58. The SNPs showed R2 values of 0.41–0.44. However,
when we combined clinical predictors with SNPs in interaction terms, we saw an increase
in the adjusted R2 values to 0.78–0.89, almost doubling the model accuracy. We also saw
an increase in the R2 values for logistic regression analysis when combining SNPs with
clinical predictors.

According to the logistic regression analysis, including SNPs increased predictive
accuracy (PA). LOXL1_rs2165241, combined with MD/VFI at diagnosis, showed the highest
PA values of 80% and 78%. On the other hand, when the other SNP (LOXL1_rs1048661)
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was included, PA values of 74% and 72% were obtained. PA values increased around
5–10% when the SNPs were added to the model. The AUC analysis also indicated a
good prediction accuracy for all the predictors. The combination terms of MD/VFI *
LOXL1_rs2165241 showed the highest AUC values (around 0.90), demonstrating an ex-
cellent prediction capacity. However, when LOXL1_rs1048661 was included, the AUC
showed lower values (around 0.80), indicating that LOXL1_rs2165241 was a better predic-
tor than LOXL1_rs1048661. It is worth noting that the two SNPs were highly correlated
with each other (Pearson’s test, p-, r = 0.66), suggesting that they are part of the same
genetic signal. Previous studies have reported high linkage disequilibrium (LD) between
LOXL1_rs2165241 and LOXL1_rs1048661 [17]. The present study revealed a significant
correlation between LOXL1_rs2165241 and LOXL1_rs1048661, indicating that they were
part of the same genetic signal. Based on the results, it is likely that both SNPs need not be
included in clinical models. The research further indicates that LOXL1_rs2165241 has the
highest AUC values among the SNPs and, therefore, would be the most appropriate option
for inclusion in the models.

This study examined two distinct SNPs, namely LOXL1_rs2165241 and LOXL1_
rs1048661, which were selected based on previous research that linked them to visual
field progression in patients with exfoliation glaucoma [8]. Another SNP, LOXL1_rs3825942,
was identified in earlier studies involving Scandinavian populations which was strongly
linked to exfoliation and exfoliation glaucoma [17,18]. Prior research investigated allele
frequencies between healthy individuals and exfoliation glaucoma patients (case-control
studies), revealing highly skewed frequencies of LOXL1_rs3825942. Specifically, the A
allele of LOXL1_rs3825942 was found in only 0.4% of glaucoma patients but 17.9% of
healthy individuals, consistent with previous findings [7,17]. Due to the limited sample
size and low frequency of LOXL1_rs3825942 in glaucoma patients, it was not included in
the current study.

Our study aimed to evaluate the progression of glaucoma in patients using visual
fields, which is widely regarded as the most accurate method. We selected two parameters
to assess the outcomes—mean deviation (MD) and visual field index (VFI). Although MD is
a traditional technique that allows for comparison with previous studies, it has limitations
as other eye conditions apart from glaucoma may also impact the MD values. For example,
cataract development alters the MD values. Previous studies have evaluated visual field
deterioration using the “pointwise” linear regression method [19,20]. The pointwise method
correlates well with the VFI method [21]. The reason for evaluating visual field deterioration
using VFI in our study is clinical. In Sweden, most ophthalmologists prefer using VFI to
evaluate glaucoma progression as it is a more effective measure. VFI is a recalculation of
the MD that emphasizes the central portions of the visual fields that are primarily affected
by glaucoma [22].

It should be noted that this study has certain limitations to be considered. Firstly,
this study only included patients diagnosed with MD between 0 and −16 dB, excluding
cases of advanced glaucoma to avoid “ceiling effects” in the visual fields. Therefore, this
study’s findings are only applicable to early and moderate glaucoma patients according to
Hodapp’s classification [23]. Secondly, this study only involved patients with exfoliation
glaucoma, limiting the generalizability of the results to other types of glaucoma. Thirdly,
all patients in this study were recently diagnosed with glaucoma, meaning that disease
progression was high, although the treatment received would slow down the disease.
Fourthly, all patients included in this study were born in Scandinavia, and, given the
significant role of genetics in exfoliation glaucoma, other ethnic groups may respond
differently. Fifthly, this study only examined the LOXL_1 gene and did not consider other
genes or other SNPs located in the LOXL_1. Sixthly, the analysis conducted in this study
cost around USD 200 per patient, totaling USD 20000. This study took place in Sweden, a
wealthy country. Although the prices for genetic analysis are decreasing, they may still be
unaffordable in poorer countries. Finally, disease progression was evaluated solely using
visual fields, without anatomical measurements like optical coherence tomography (OCT).
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5. Conclusions

The present study investigated the effectiveness of three distinct strategies for evaluat-
ing visual field deterioration. To achieve this, this study focused on analyzing the impact of
genetics on the accuracy of risk factor models. Through the analysis of two specific genetic
factors, LOXL1_rs2165241 and LOXL1_rs1048661, this study found that including genetic
information significantly increased the accuracy of risk factor models. Furthermore, this
study recommends that future research explore other genes related to EXFG to provide
a more comprehensive understanding of the factors contributing to visual field deterio-
ration. By expanding our knowledge of the genetic factors, we can better diagnose and
manage visual field deterioration, improving the quality of life for individuals affected by
this condition.
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Abstract: Existing literature suggests a controversial relationship between type 2 diabetes mellitus
(T2D) and glaucoma. This study aimed to examine the potential causal connection between T2D and
glycaemic traits (fasting glucose [FG] and glycated haemoglobin [HbA1c] levels) as exposures to
primary open-angle glaucoma (POAG) in multi-ethnic populations. Single-nucleotide polymorphisms
associated with exposure to T2D, FG, and HbA1c were selected as instrumental variables with
significance (p < 5.0 × 10−8) from the genome-wide association study (GWAS)-based meta-analysis
data available from the BioBank Japan and the UK Biobank (UKB). The GWAS for POAG was obtained
from the meta-analyses of Genetic Epidemiology Research in Adult Health and Aging and the UKB.
A two-sample Mendelian randomisation (MR) study was performed to assess the causal estimates
using the inverse-variance weighted (IVW) method, and MR-Pleiotropy Residual Sum and Outlier
test (MR–PRESSO). Significant causal associations of T2D (odds ratio [OR] = 1.05, 95% confidence
interval [CI] = [1.00–1.10], p = 0.031 in IVW; OR = 1.06, 95% CI = [1.01–1.11], p = 0.017 in MR–PRESSO)
and FG levels (OR = 1.19, 95% CI = [1.02–1.38], p = 0.026 in IVW; OR = 1.17, 95% CI = [1.01–1.35],
p = 0.041 in MR–PRESSO) with POAG were observed, but not in HbA1c (all p > 0.05). The potential
causal relationship between T2D or FG and POAG highlights its role in the prevention of POAG.
Further investigation is necessary to authenticate these findings.

Keywords: primary open-angle glaucoma; mendelian randomisation; type 2 diabetes; fasting glucose;
single-nucleotide polymorphisms

1. Introduction

Glaucoma is a major cause of permanent vision loss. It is a progressive condition that
affects the optic nerve, leading to the deterioration of the retinal ganglion cells and their
axons [1]. Primary open-angle glaucoma (POAG) is the predominant form of glaucoma
subtype [2]; however, its pathogenesis remains unclear due to the role of multiple factors in
its pathophysiology [3–6]. The proposed risk factors for glaucoma include ageing, elevated
intraocular pressure (IOP), vascular factors, genetic factors, systemic disorders (such as
diabetes), and environmental factors [3,5–10]. Thus, the identification of POAG causal
risk factors may facilitate the early detection and prevention of glaucoma; therefore, these
studies form the basis for eye and vision research.

Type 2 diabetes (T2D) is an increasingly prevalent chronic metabolic disorder [11,12]
that affected approximately 415 million people in 2015 worldwide [13]. This representative
systemic illness is frequently regarded as a systemic risk factor, along with systemic hy-
pertension, for glaucoma prevention. However, in contrast to IOP and ageing in POAG,
epidemiological findings regarding the effects of T2D on POAG development remain
controversial [14–18]. The Blue Mountains Eye Study suggested a substantial correlation
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between T2D and POAG and considered it a risk factor [15]. Subsequently, several studies
have examined the relationship between T2D and POAG, indicating that T2D may be a
risk factor for POAG development with increasing IOP related to glycaemic traits [16–18].
However, the Rotterdam Study and Baltimore Eye Survey raised concerns regarding the
non-significant association between T2D and POAG [19,20]. Additionally, recent studies
have reported an insignificant association [21–24] or negative point estimate [20,25,26]
between the two.

A large-scale study using the Korean National Health Insurance Data demonstrated
that the hazard ratio of glaucoma for T2D was 1.80 (95% confidence interval [CI], 1.58–2.04)
with adjustment [27]. Another meta-analysis suggested that upon comparing patients with
and without diabetes, the pooled relative risk for glaucoma was 1.48 (95% CI, 1.29–1.71),
with significant heterogeneity (I2 = 82.3%, p < 0.001) [28]. Due to this heterogeneity, it
is unclear whether T2D is a risk factor for POAG. In addition, this retrospective asso-
ciation analysis was unable to prove the causality, thus, the nature of the association
remains unclear.

Mendelian randomisation (MR) is a genetic epidemiological technique that employs
genetic variants linked to potential exposures as the instrumental variables (IVs) to assess
their causal impact on disease outcomes [29,30]. A previous study using MR analysis sug-
gested variable evidence for an association between T2D and POAG (odds ratio [OR] = 1.97,
95% CI 1.01–1.15) in individuals with European ancestry [31]. However, a recent MR study
of the Japanese population demonstrated that glycaemic traits such as fasting glucose
(FG), glycated haemoglobin (HbA1c), and C-peptide levels did not display a significant
correlation with POAG [32]. Although POAG prevalence differs between ethnic groups [7],
it is a representative common complex disease in terms of genetics and multi-ethnic group
analysis and is reliable if the subject pool is large enough for MR analysis [33,34]. Further-
more, a study on the two-sample MR analysis methodology using large cohorts, such as
the UK Biobank (UKB), reported that the MR-Egger bias did not affect the inverse-variance
weighted (IVW) and weighted median [35]. Moreover, the results of the MR analysis
may vary based on the selection of IVs for T2D. Therefore, large datasets combining the
meta-analysis of the Biobank Japan (BBJ) and UKB [36] are expected to generate more
substantial results. To this end, this study aimed to conduct a two-sample MR analysis to
investigate the possible causal effects of T2D and glycaemic traits (FG, and HbA1c levels) on
POAG based on the BBJ and UKB meta-analyses [36], as well as the Genetic Epidemiology
Research in Adult Health and Aging (GERA) and UKB meta-analyses [37].

2. Materials and Methods
2.1. Study Design

The study protocol was approved by the Institutional Review Board of the Veterans
Health Service Medical Centre (IRB No. 2022-03-004), and the need for informed consent
was waived because of its retrospective study design. The research was conducted in
accordance with the tenets of the Declaration of Helsinki.

2.2. Data Sources

Figure 1 is a schematic of the analytical study design. To examine the potential
causal effects of T2D and glycaemic traits (FG and HbA1c) on the risk of POAG, the
following datasets were selected: (1) exposure data from the summary statistics of the
genome-wide association study (GWAS)-based meta-analysis of the BBJ and UKB for the
multi-ethnic population (n = 667,504 for T2D [84,224 cases vs. 583,280 controls], n = 448,252
for FG, and n = 415,403 for HbA1c) (Table 1) [36]; and (2) outcome data from the summary
statistics of the POAG GWAS data from the meta-analysis (n = 240,302; [12,315 cases
vs. 227,987 controls]) of the GERA and UKB [38]. POAG is defined by the International
Classification of Diseases-9 diagnosis code of POAG or normal-tension glaucoma, excluding
other subtypes of glaucoma (e.g., pseudoexfoliation, pigmentary, etc.) [38]. Table 1 enlists
the datasets used for the summary statistics.
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Figure 1. Diagram of two-sample Mendelian randomisation analysis. Abbreviation: HbA1c, glycated
haemoglobin; SNP, Single nucleotide polymorphism.

Table 1. Statistical measures summarizing the data source.

Traits Data Source Subjects Number Population Variants Number Reference

T2D BBJ Project + UKB 667,504 (84,224 cases +
583,280 controls) East Asian + European 25,845,091 [36]

FG BBJ Project + UKB 448,252 East Asian + European 20,535,873 [36]
HbA1c BBJ Project + UKB 415,403 East Asian + European 20,525,742 [36]

Glaucoma GERA cohort +
UKB

240,302
(12,315 cases +

227,987 controls)

Multi-ethnic:
214,102 European

5103 African unspecified
3571 Other admixed

ancestry
1847 African American or

Afro-Caribbean
5189 Hispanic or Latin

American
5370 East Asian

5120 South Asian

7,760,820 [37]

Abbreviations: T2D, type 2 diabetes; BBJ, BioBank Japan; UKB, UK Biobank; FG, fasting glucose; HbA1c, glycated
haemoglobin; GERA, Genetic Epidemiology Research in Adult Health and Ageing.

2.3. Selection of the Genetic IVs

Single-nucleotide polymorphisms (SNPs) associated with each exposure at the GWAS
threshold p < 5.0 × 10−8 were used as IVs. To verify that each IV was independent of the
other, the SNPs were pruned based on linkage disequilibrium (LD; r2 = 0.001, clumping
distance = 10,000 kb). The 1000 Genomes Phase III Dataset (European population) was
used as the reference panel to compute the LD for the clumping procedure. The F-value
was determined using the formula F = R2(n − 2)/(1 − R2), where n is the sample size and
R2 is the proportion of exposure variance by genetic variance [39]. F-values > 10 indicate
the absence of a weak instrument bias [40].

2.4. Mendelian Randomisation

The MR analysis was conducted based on the following three presumptions concern-
ing IVs: (1) they have to show a significant association with the exposure, (2) they must
be unrelated to the confounding variables, and (3) they should solely affect the outcomes
via exposure, indicating the absence of a directional horizontal pleiotropy effect. We em-
ployed the inverse variance-weighted (IVW) MR method with random effects as the major
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strategy [33,40,41]. The Cochran’s Q-test was used to evaluate the heterogeneity among
SNPs in the IVW technique [41]. The presence of heterogeneity was shown by a p-value
of less than 0.05 for Cochran’s Q-test. Heterogeneity may suggest the potential existence
of horizontal pleiotropy. The effectiveness of IVW analysis is maximized when all genetic
variations satisfy the three assumptions for IVs [42]. We conducted a sensitivity analysis
to test the validity and reliability, taking into consideration potential concerns such as
instrumental bias or pleiotropy. The weighted median approach [43], MR-Egger regression
(with or without adjustment using the Simulation Extrapolation [SIMEX] method) [44,45],
and the MR pleiotropy residual sum and outlier (MR-PRESSO) [46] were employed for
sensitivity analysis. The weighted median approach yields reliable estimates, even when as
many as 50% of the IVs are inaccurate [42]. The MR-Egger approach provides estimates of
appropriate causal effects, even when pleiotropic effects are present, by taking into account
a nonzero intercept that denotes the mean horizontal pleiotropic impacts and a slope that
serves as an estimate of the causal impact [43]. If there is a violation of the assumption that
there is no measurement error (I2 < 90%), bias can be addressed by employing MR-Egger
regression with SIMEX [45]. The heterogeneity of the MR-Egger technique was assessed by
the utilization of Rücker’s Q′ statistic tests [47]. The MR-PRESSO method is an expansion
of the IVW with the objective of mitigating the presence of pleiotropic outliers [46]. The
MR–PRESSO global test was employed to assess the presence of directional horizontal
pleiotropy [46]. When the MR-PRESSO global test gives a p-value below 0.05, the MR-
PRESSO outlier test is utilized to detect the presence of particular horizontal pleiotropic
outlier variations [46]. As a consequence, the findings were interpreted in accordance
with the suitable technique for MR analysis [48]. All analyses were conducted using the
TwoSampleMR and SIMEX packages in R version 3.6.3 (R Core Team, Vienna, Austria).

3. Results
3.1. Genetic IVs

In total, 180 IVs were identified at the significance threshold values of p < 5.0 × 10−8

for T2D (Table 2). In addition, 108 and 303 IVs were identified at the significance limit of
p < 5.0 × 10−8 for FG and HbA1c, respectively. The mean F-statistics for T2D, FG, and
HbA1c (176.16, 111.30, and 119.61, respectively) used for MR were > 10, demonstrating a
low likelihood of weak instrument bias (Table 2 and Supplementary Table S1). Detailed
information on the IVs is provided in Supplementary Table S1.

Table 2. Heterogeneity and horizontal pleiotropy of instrumental variables.

Exposure Heterogeneity Horizontal Pleiotropy

Cochran’s Q
Test

from IVW

Rucker’s Q’
Test

from MR-Egger

MR-
PRESSO

Global Test

MR-
Egger MR-Egger (SIMEX)

N F I2 (%) p-Value p-Value p-Value Intercept,
β (SE) p-Value Intercept,

β (SE) p-Value

T2D 180 176.16 95.57 <0.001 <0.001 <0.001 0.001
(0.004) 0.720 0.001

(0.004) 0.771

FG 108 111.30 97.76 <0.001 <0.001 <0.001 0.005
(0.004) 0.179 0.005

(0.004) 0.191

HbA1c 303 119.61 97.63 <0.001 <0.001 <0.001 −0.001
(0.002) 0.565 −0.001

(0.002) 0.548

Abbreviation: N, number of instruments; F, mean F statistic; IVW, inverse-variance weighted; MR, Mendelian
randomisation; PRESSO, pleiotropy residual sum and outlier; SIMEX, simulation extrapolation; β, beta coefficient;
SE, standard error; T2D, type 2 diabetes; FG, fasting glucose; HbA1c, glycated haemoglobin.

3.2. Heterogeneity and Horizontal Pleiotropy of IVs

To evaluate the quality of the IVs, we computed the I2 and p values for Cochran’s Q
statistic using IVW, Rücker’s Q’ statistic using MR-Egger, and the MR-PRESSO global test,
as displayed in Table 2. The Cochran’s Q test from IVW demonstrated that the IVs for T2D,
FG, and HbA1c (all p < 0.001) were heterogeneous (Table 2); therefore, a random-effects IVW
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approach was used. Additionally, the Rücker’s Q′ test from the MR-Egger demonstrated
heterogeneity between the IVs (all p < 0.001). Although heterogeneity suggests genetic
variations could indicate pleiotropy, the MR-Egger regression intercepts did not show
horizontal pleiotropy (p > 0.05) in all tests, regardless of the SIMEX correction (Table 2). In
the MR-PRESSO global test for T2D, FG, and HbA1c, which showed substantial horizontal
pleiotropic effects (all p < 0.001), the MR-PRESSO results were considered the primary
outcomes based on prior research [48].

3.3. Mendelian Randomisation for the Possible Causal Association between T2D and POAG

T2D demonstrated a significant and probable causal association with glaucoma using
the IVW method (MR OR = 1.05, 95% confidence interval (CI): 1.00–1.10 p = 0.031), weighted
median method (MR OR = 1.08, 95% CI: 1.01–1.16, p = 0.026), and MR-PRESSO (MR
OR = 1.06, 95% CI: 1.01–1.11 p = 0.017) (Figure 2). The genetic correlation between T2D and
glaucoma for each SNP was a significant positive correlation in scatter plots (Figure 3).
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Figure 2. Forest plot of causal associations of T2D on glaucoma. Abbreviations: T2D, type 2 diabetes;
IVW, inverse-variance weighted; SIMEX, Simulation Extrapolation; MR–PRESSO, MR- pleiotropy
residual sum and outlier test; OR, odds ratio; CI, confidence interval.
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MR–Egger (SIMEX), MR–Egger, and weighted median estimate, respectively.
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3.4. Mendelian Randomisation for the Possible Causal Association of FG and HbA1c with POAG

FG demonstrated a significant causal association with POAG using the IVW method
(MR OR = 1.19, 95% CI: 1.02–1.38 p = 0.026) and MR-PRESSO (MR OR = 1.17, 95% CI:
1.01–1.35, p = 0.041) (Figure 4). However, HbA1c did not demonstrate a significant causal
association with POAG (all p > 0.05, all MR methods; Figure 4). Scatter plots indicate the
genetic association between FG and HbA1c and that with POAG for each SNP (Figure 5).
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MR-pleiotropy residual sum and outlier test; OR, odds ratio; CI, confidence interval, HbA1c, glycated
haemoglobin.
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glycated haemoglobin; MR, Mendelian randomisation. Light blue, light green, dark blue, and dark
green regression lines represent the IVW, MR–Egger (SIMEX), MR–Egger, and weighted median
estimate, respectively.
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4. Discussion

Our study demonstrated a possible causal association between T2D and POAG. More-
over, FG levels, which are popular glycaemic traits to diagnose T2D and prediabetes
conditions, demonstrated a potential causal association with POAG. In contrast, HbA1c
levels did not demonstrate a causal association with POAG.

Several observational studies have reported an association between T2D and glau-
coma [15,49,50]. In addition, a meta-analysis has suggested that upon comparing individu-
als with and without diabetes, the pooled OR for POAG was 1.50 (95% CI, 1.16–1.93) [51].
However, several studies have reported an insignificant association [21–24] or negative
point estimate [20,25,26]. Therefore, a large-scale study is required to address the disparities
between these findings. A large meta-analysis, including 47 studies with 2,981,341 indi-
viduals, suggested that T2D is associated with POAG, indicating a pooled relative risk
of 1.48 (95% CI: 1.29–1.71) [28]. In addition to an association, an MR analysis method
was used to analyse these causal associations. Our study is consistent with the findings
of an MR study, which reported on the possible causal relationship between POAG and
T2D in Europeans (body mass index [BMI]-unadjusted: OR = 1.07, 95% CI, 1.01–1.14, and
p = 0.028; BMI-adjusted: OR = 1.07, 95% CI, 1.01–1.15, and p = 0.035) [31] (Table 3). In our
study, considering the possibility of pleiotropy due to the use of multi-ethnic genome-wide
data, we conducted additional analyses using data composed of individuals of European
descent (Additional File S1). As a result, we confirmed that T2D has a robust causal effect
on POAG. The mechanistic consideration of the causality of T2D in POAG is necessary,
and there is evidence from other studies that the presence of T2D causally contributes
to an increase in IOP [52]. However, one previous study showed the possible causality
between T2D and POAG was absent in the analysis of East Asian ancestry (BMI-unadjusted:
OR = 1.01, 95% CI, 0.95–1.06, and p = 0.866; BMI-adjusted: OR = 1.00, 95% CI, 0.94–1.05,
and p = 0.882) [31]. This difference can be attributed to the inclusion of approximately
46,000 East Asians in the outcome data, as well as the limited sample size, resulting in the
possibility that the result may have been insignificant.

Table 3. Comparison of previous studies using MR on type 2 diabetes and glycaemic traits on
glaucoma.

Ethnicity Exposure Dataset Outcome Dataset Instrumental
Variables

Causal Association
with Glaucoma References

EUR 339,224 8591 cases,
210,201 controls

BMI: n = 64
WC: n = 36
WHR: n = 29

BMI: Significant
WC: Significant
WHR: NS

[52]

EUR BMI: n = 339,224
WC and HC n = 224,459

1824 cases,
93,036 controls

BMI: n = 31
WC: n = 33
HC: n = 24

BMI: Significant
WC: NS
HC: Significant

[53]

EUR/EAS

T2D:
EUR
74,124 cases, 824,006 controls
EAS
77,418 cases, 356,122 controls
FG and HbA1c
EUR: 196,991
EAS: 36,584

182,702 EUR
(15,229 cases,
177,473 controls)

T2D: n = 165
FG: n = 58
HbA1c: n = 60

T2D: Significant
FG: NS
HbA1c: NS

[31]

46,523 EAS
(6935 cases,
39,588 controls)

T2D: n = 129
FG: n = 11
HbA1c: n = 15

T2D: NS
FG: NS
HbA1c: NS

EAS
FG: n = 17,289
HbA1c: n = 52,802
C-peptide: n = 1666

22,795
(3980 cases,
18,815 controls)

FG: n = 34
HbA1c: n = 43
C-peptide: n = 17

FG: NS
HbA1c: NS
C-peptide: NS

[32]

Multi-ethnicity
T2D: 667,504
FG: 448,252
HbA1c: 415,403

240,302
(12,315 cases,
227,987 controls)

T2D: n = 180
FG: n = 108
HbA1c: n = 303

T2D: Significant
FG: Significant
HbA1c: NS

This study

Abbreviations: EUR, Europeans; EAS, East Asians; BMI, body mass index; WC, waist circumference; WHR, waist
hip ratio; HC, hip circumference; T2D, type 2 diabetes; FG, fasting glucose; HbA1c, glycated haemoglobin; NS,
not significant.
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FG levels are often used for screening and evaluating prediabetes and T2D [54,55].
Elevated blood glucose levels, an important feature of T2D, are expected to be a reasonable
indicator to evaluate the association between T2D and POAG. An observational study
using 374,376 individuals from the Korea National Health Insurance data reported a
positive association between FG levels and the incidence of glaucoma, with a hazard ratio
of 2.022 (95% CI: 1.494–2.736) [56]. Similarly, we observed a strong association between
FG and glaucoma using the MR analysis, which is a more stringent validation technique.
Despite being a distinct genetic dataset, our results suggesting the causality of FG in
POAG are substantial because they are novel and significant, compared with those of a
previous study that used an MR analysis (Table 3). A hypothesis to explain this possibility
may be that higher plasma FG is associated with higher glucose levels in the aqueous
humour, which increases trabecular fibronectin levels and is associated with elevated
IOP [57]. These hypotheses are supported by recent meta-analyses that suggest a pooled
average increase of 0.09 mmHg in the IOP associated with a 10 mg/dL increase in the
FG [28]. However, the association between diabetic retinopathy and glaucoma has been
inconsistently demonstrated in several studies [58].

Clinically, HbA1c levels are associated with diabetic microvascular complications,
which in turn are associated with long-term glycaemic control [59]. Researchers recom-
mend maintaining a target HbA1c < 48 mmol/mol (6.5%) for the general population
with T2D [60–62]. Regarding HbA1c and glucose levels, the Singapore Malay Eye Study
demonstrated an elevated but insignificant trend, whereas a case-control study in Europe
demonstrated a statistically significant association between elevated HbA1c levels and
glaucoma [16]. However, HbA1c levels were not causally associated with POAG in our
study, consistent with previous results (Table 3). Although we used 303 IVs in this study,
heterogeneity and horizontal pleiotropy may have affected our results. An MR study
using a large dataset demonstrated that HbA1c indicated marginal significance (p = 0.064);
however, combined with the UKBB and FinnGen project dataset, the HbA1c indicated a
possible causal association (OR: 1.28 95% CI, 1.01–1.61) [63]. A previous study had shown
that the dose-response relationships between glucose metabolism markers and glaucoma
prevalence are hockey-stick-shaped for HbA1c, and J-shaped for FG [18]. HbA1c quantifies
glycaemic control over a period of 2 to 3 months, whereas FG assesses acute blood glucose
levels. Consequently, FG is more sensitive to diseases as compared to HbA1c [64]. These
different sensitivities in FG and HbA1C may lead to the different causal effects on POAG.

The chief strength of our study was the use of a relatively large cohort dataset, which
suggested a possible causal association between T2D, and FG in glaucoma. However,
this study had a few limitations. First, we did not have access to individual-level data;
thus, we were unable to explain the presence of numerous confounding factors using
summary statistics based on two-sample MR. Second, the test procedures to validate the
MR hypotheses do not provide complete validation. The violations of MR assumptions
can lead to invalid conclusions, thus warranting a cautious interpretation of the results.
Third, few genome datasets include ophthalmic phenotype data; thus, it was difficult to
separate and summarise a meta-analysis that included a portion of the UKB. However,
considering the research results according to the large-cohort MR analysis methodology [35],
the IVW and weighted median remain unaffected, which in turn influences the bias of
MR-Egger. IVW and MR-PRESSO were the primary statistics in our study [48]; thus, the
bias issue was minimised. In addition, there was no substantial difference between the MR
methodologies, thus establishing the credibility of our results. Fourth, since our results
contained heterogeneity issues, caution must be exercised when interpreting. The source of
heterogeneity included the pleiotropy effect. As an alternative possibility, the samples used
to estimate the SNP-exposure and SNP-outcome associations are not homogeneous; for
example, a difference in the distribution of a covariate confounding the exposure-outcome
relationship across samples could induce heterogeneity. In addition, the SNP-exposure
and SNP-outcome relationships are not correctly specified—i.e., in the two-sample setting,
the causal relationship between the exposure and the outcome is different in each of the
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samples [65]. Although we do not know the exact cause of heterogeneity, it was a multi-
ethnic result, and since heterogeneity was not significant in the European race results that
were additionally analysed (Additional File S1, [66]), it would be ideal to mention the
possibility of heterogeneity due to heterogeneity in exposure and outcome data.

5. Conclusions

Our study demonstrated the possible causal association of T2D and FG on POAG
development in European and East Asian populations using an MR analysis. The analysis
of the European data set yielded consistent results, demonstrating the significance of POAG
in T2D and enhancing the robustness and replicability of the findings. This potential causal
relationship between T2D or FG and POAG highlights the significance of T2D in early
detection and prevention of POAG, considering the high prevalence of T2D. Researchers
should further clarify and investigate the association between T2D and POAG.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines12040866/s1, Table S1. List of single-nucleotide
polymorphisms used as instrumental variables. Additional File S1: Table S2. Summary statistics
of data source. Table S3. Heterogeneity and horizontal pleiotropy of instrumental variables. Table
S4. Estimates from MR methods for the association between type 2 diabetes and glaucoma. Figure
S1. Forest plot for association of type 2 diabetes and glaucoma. Figure S2. Scatter plots of MR tests
assessing the type 2 diabetes and glaucoma.
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