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Abstract

Glaucoma is a chronic, progressive optic neuropathy and the second leading cause of
irreversible blindness worldwide. Although elevated intraocular pressure (IOP) remains the
principal modifiable risk factor, it is neither necessary nor sufficient for disease development.
The literature indicates that systemic conditions such as obstructive sleep apnea (OSA)
may contribute to its pathogenesis. The pathophysiology of glaucoma is supported by
several theories, primarily the mechanical and vascular theories. This review describes the
pathophysiological links between OSA and glaucoma considering current theories. The
principal connecting mechanism appears to be chronic intermittent hypoxia and reduced
ocular perfusion pressure, which trigger optic nerve head hypoxia, oxidative stress, and
biomechanical remodeling of the lamina cribrosa. These processes interact within a vicious
cycle that progressively compromises the metabolic support of optic nerve axons. The
mechanisms described are particularly relevant to normal-tension glaucoma, which may be
associated with OSA. Retinal nerve fiber layer thinning appears among the earliest markers
of optic nerve vulnerability, whereas IOP and visual field changes are more variable.
These observations underscore the clinical relevance of the OSA–glaucoma relationship
and support a multidisciplinary approach incorporating routine ophthalmic screening for
subclinical optic nerve damage.

Keywords: glaucoma; normal-tension glaucoma; obstructive sleep apnea; chronic
intermittent hypoxia; ocular perfusion pressure; lamina cribrosa; continuous positive
airway pressure

1. Introduction
Glaucoma is a chronic and progressive optic neuropathy, which remains the second

leading cause of irreversible blindness worldwide [1]. The prevalence among people after
40 ranges from 2.93% to 3.5% and increases with age, reaching 10% in people aged 90. It
is estimated that by 2040, the global population of people with glaucoma is expected to
increase to over 111 million [2–4]. This is clinically relevant because common chronic con-
ditions, such as obstructive sleep apnea, diabetes mellitus, hypertension, hypothyroidism,
or chronic obstructive pulmonary disease (COPD), are associated with an increased risk of
developing glaucomatous optic neuropathy (GON) [5,6]. Early diagnosis and treatment of
these conditions may have an influence on GON prevention.

Obstructive sleep apnea (OSA) is a sleep disorder defined by recurrent episodes of
upper airway collapse during sleep, leading to intermittent hypoxia, hypercapnia, and sleep

J. Clin. Med. 2026, 15, 5215 https://doi.org/10.3390/jcm15135215

https://crossmark.crossref.org/dialog?doi=10.3390/jcm15135215&domain=pdf&date_stamp=2026-07-03
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcm
https://www.mdpi.com
https://orcid.org/0000-0002-2269-6868
https://orcid.org/0000-0002-0996-8283
https://doi.org/10.3390/jcm15135215


J. Clin. Med. 2026, 15, 5215 2 of 22

fragmentation. Despite its high prevalence, over 80% of cases remain undiagnosed [7,8]. In
glaucoma, OSA may contribute to optic nerve damage through both indirect systemic effects
and direct hypoxia-related mechanisms. Indirectly, OSA is a well-established risk factor
for cardiovascular disease [9], which impairs ocular perfusion. Directly, recurrent episodes
of intermittent hypoxia, oxidative stress, and increased sympathetic activity during sleep
may raise vascular resistance, reduce ocular blood flow, and damage the optic nerve [10].
Importantly, the coexistence of these mechanisms in a frequently underdiagnosed condition
may amplify their cumulative impact on optic nerve vulnerability.

Several studies have confirmed a significant association between OSA and glaucoma.
However, the existing literature has largely focused on epidemiological data and structural
ocular parameters. The pathophysiology of glaucoma itself remains incompletely under-
stood, which makes characterizing its relationship with OSA particularly challenging. A
deeper understanding of glaucoma pathophysiology is therefore essential to explain how
OSA may contribute to optic nerve damage. To the best of our knowledge, no review has
yet comprehensively examined this relationship in the context of current glaucoma patho-
physiology concepts, several of which remain debated among ophthalmologists [5,11,12].

2. Pathophysiology of Glaucoma
The hallmark of glaucoma is the progressive degeneration of retinal ganglion cells

(RGCs) and damage to the optic nerve head (ONH). This leads to axonal loss, optic disc
cupping, and gradual visual field deterioration [1]. Although elevated intraocular pressure
(IOP) (>21 mmHg) remains the most crucial modifiable risk factor, it is not required for
disease development. Thus, normal-tension glaucoma (NTG) remains a subject of debate
among ophthalmologists [13–15]. Population-based studies indicate that a significant
proportion of primary open-angle glaucoma (POAG) occurs at normal IOP (NTG), ranging
from 30.0% to 57.1% of POAG in white and African-descent populations and the majority
of cases (up to ~92%) in East Asian populations [16].

The pathophysiology of glaucoma is not fully understood, and each type of glaucoma
has a specific etiology. GON is primarily associated with increased intraocular pressure,
which is regulated by aqueous humor (AH) dynamics. AH is produced by the ciliary
processes of the ciliary body and is secreted into the posterior chamber at a rate of approxi-
mately 2–3 µL/min during the day, while its production decreases by about 50% at night.
Aqueous humor flows from the posterior chamber of the eye through the pupil into the
anterior chamber, where one of the main outflow pathways is located. Depending on age,
aqueous humor drains from the eyeball largely through the trabecular meshwork outflow
(conventional) or by the uveoscleral outflow (non-conventional) [17,18].

Disorders in the dynamics of aqueous humor affect IOP, which is significantly corre-
lated with retinal ganglion cell degeneration [19]. On the other hand, increased IOP is not
the single factor leading to glaucomatous neuropathy.

The literature identifies at least two primary pathophysiological theories, namely
the mechanical and the vascular [20], both of which are essential to this paper. Further-
more, authors also mention the excitotoxicity theory, the neurotrophic factor depriva-
tion theory, oxidative stress, and inflammation [5,21]. Although these concepts are often
discussed separately, current evidence indicates substantial overlap between them in
glaucomatous neurodegeneration.

The mechanical theory proposes that pressure on the optic nerve head inhibits axoplas-
mic flow in retinal ganglion cells, leading to apoptosis and necrosis. Moreover, increased
IOP causes deformation of the lamina cribrosa (LC), which enhances the death of axons. In
contrast, the vascular theory posits that hypoperfusion contributes to RGC apoptosis [22,23].
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Notably, the direct factor in the vascular theory is not optic nerve hypoperfusion itself,
but hypoxia.

Other theories include mitochondrial dysfunction, glutamate excitotoxicity, and neu-
roinflammatory processes. These mechanisms interact in a complex and synergistic manner,
suggesting that glaucomatous neurodegeneration results from the convergence of multiple
pathological pathways rather than a single dominant factor [24].

Notably, from the perspective of this paper, optic nerve hypoxia results from hypox-
emia, insufficient blood supply, or the correlation between intraocular pressure and its
impact on ocular perfusion pressure (OPP) [25–27].

2.1. Ocular Perfusion and Vascular Mechanisms in Glaucoma

Ocular perfusion pressure is a parameter that determines the ability of blood flow
in the tissues of the eyeball. It is the difference between mean arterial pressure (MAP)
and intraocular pressure (OPP = MAP − IOP) [27–29]. Many systemic disorders, such as
hypertension, hypotension, diabetes, vascular disabilities, and OSA (importantly for the
following article), lead to optic nerve hypoperfusion [30].

As illustrated in Figure 1, the pathogenesis of glaucoma is determined by multiple
interrelated factors. In the context of normal-tension glaucoma, the mechanical theory
alone cannot explain the disorder [25,31,32].

Hypoperfusion decreases the MAP-to-IOP ratio, leading to hypoxia of the ONH and
the degeneration of RGCs. Furthermore, the hypoxia induces oxidative stress, which
promotes cell apoptosis. It was shown that an IOP above 40 mmHg or an OPP below
50 mmHg overwhelms the autoregulatory capacity of blood flow, leading to optic nerve
ischemia [27,30,39].

Leske et al. [40] conducted a prospective cohort study as part of the Barbados
Eye Studies (3222 participants without glaucoma at baseline). The study showed that
125 participants developed open-angle glaucoma (4.4%). The authors noticed an association
with low IOP and glaucoma risk. Higher perfusion pressure was protective (RR, 0.66; 95%
CI, 0.54–0.80 per 10 mmHg). Low perfusion pressure (<40 mmHg) more than doubled the
risk of disease (RR 2.6; 95% CI: 1.4–4.6). These results show that vascular factors, especially
reduced perfusion pressure, play a major role in the pathogenesis of glaucoma. This sup-
ports the vascular hypothesis as a complement to the classic IOP-dependent mechanism.

Wang et al. (2012) [41] performed a study using a glaucoma model in Macaca mulatta.
The study included 9 subjects in whom experimental glaucoma (EG) was induced in one
eye by causing laser damage to the trabecular meshwork, which led to an increase in IOP.
The second eye of each subject served as a control, with no intervention performed. In the
EG group, IOP was 30 ± 6 mm Hg, while in the control eyes it was 13 ± 2 mm Hg. Blood
flow (BF) in the optic nerve head was assessed in both groups. In the glaucomatous eyes, a
significant reduction in BF in the ONH of 22 ± 13% was observed (p = 0.003). A statistically
significant thinning of the RNFL was also demonstrated compared with the control group,
amounting to 42 ± 16% (p < 0.0001). This study demonstrated that elevated intraocular
pressure reduces perfusion pressure and contributes to glaucomatous neuropathy.

Another study evaluating the association between OPP and glaucoma was the multi-
center Egna-Neumarkt Study conducted by Bonomi et al. [42]. It included 4178 participants
aged 40 or older. In individuals with low diastolic pressure (<50 mmHg), the risk was
significantly increased (p < 0.01) compared with those with higher diastolic pressure. Fur-
thermore, low OPP was associated with an increased incidence of glaucoma (OR 3.2; 95%
CI: 1.4–7.1). Importantly, this association was independent of elevated IOP, suggesting that
vascular factors may play a role independent of the pressure mechanism.
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Figure 1. The vicious cycle of glaucoma pathogenesis in obstructive sleep apnea. Dashed lines
indicate the relationships between factors. RNFL-retinal nerve fiber layer; IOP-intraocular pressure;
LC-lamina cribrosa; RGCs-retinal ganglion cells; OPP-ocular perfusion pressure; MAP-mean arterial pressure;
MMPs-matrix metalloproteinases; ROS-reactive oxygen species [27,33–38]. Created in BioRender. Mazurek,
W. (2026) https://BioRender.com/mcqqfep (accessed on 30 May 2026).

The Thessaloniki Eye Study performed by Topouzis et al. [43] included 232 subjects.
The authors showed that decreased diastolic blood pressure (DBP) (<90 mmHg), partic-
ularly in patients receiving hypotensive therapy, was independently associated with a
higher cup-to-disc ratio (CDR) (p = 0.02) and a smaller rim area (p = 0.01). However, no
association was found for systolic blood pressure (SBP) (p > 0.05). Lower DBP remained an
independent predictor of adverse structural changes in the ONH. Theoretically, this also
suggests that a decrease in DBP may reduce perfusion to the optic nerve head, leading to
structural changes. However, it is important that an increased CDR alone is not sufficient
to diagnose glaucoma.
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On the other hand, Quigley et al. [44] in the Proyecto VER population-based cross-
sectional study (n = 4774) found no significant association with blood pressure. This shows
that there are also some less common opposite results.

2.2. Biomechanics of the Optic Nerve Head

The optic nerve is divided into four segments: intraocular, intraorbital, intracanalicular,
and intracranial. The intraocular segment is further subdivided into the (1) nerve fiber
layer, (2) prelaminar, (3) laminar (lamina cribrosa), and (4) postlaminar portions [45–47].

The axons of RGCs in the lamina cribrosa (LC) are primarily metabolically dependent
on diffusion from the LC blood vessels. Blood supply disturbances, such as reduced
cerebral blood flow or hypoxia, cause remodeling of the LC and the peripapillary sclera
(ppScl), leading to primary damage to the optic nerve axons [37,48].

The lamina cribrosa is a spacious fibrous network that provides structural support and
nutritional supply (via capillaries) to the RGCs. It accounts for only one-third of the scleral
thickness (ppScl), and its supporting elements constitute only 40% of the tissue volume.
This means it must prevent deformation caused by IOP while also providing free space
for the optic nerve axons. As a result, the LC is very weak and sensitive to biomechanical
and ischemic damage. High stresses caused by IOP can narrow the lumen of the lamina’s
fenestrations and restrict blood flow [49].

The biomechanics of the eye constantly change and adapt to alterations in the eyeball.
With age, the lamina cribrosa undergoes stiffening and sclerosis [50]. Remodeling of the
lamina cribrosa occurs primarily because of increased intraocular pressure, hypoxia, oxida-
tive stress, or even changes in cerebrospinal fluid pressure. Primarily, the LC undergoes
deformation and posterior displacement [48,49,51]. Wang et al. (2018) [52] reported in-
creased length and tortuosity of the lamina cribrosa pores in patients with glaucoma, which
may also contribute to greater mechanical stress on the optic nerve axons. These changes
exacerbate hypoperfusion and ischemia of the ppScl and optic nerve axons. Elevated
TGF-β levels have also been reported, suggesting lamina cribrosa fibrosis during glaucoma
progression [48,49,51].

Girkin et al. [53] conducted a study analyzing changes in lamina cribrosa (LC) depth
and curvature in patients with primary open-angle glaucoma (POAG). In addition, the
authors compared the progression of biomechanical changes in the LC with visual field
progression. OCT scans were performed on 24 eyes. The authors demonstrated that, as
glaucoma progressed, progressive posterior thinning of the LC (p < 0.001) and increased LC
curvature (p < 0.001) were observed. Furthermore, faster progression of visual field defects
was associated with these changes. This association was weaker in older individuals.
Older patients had less LC remodeling despite the functional progression of glaucoma.
Furthermore, patients with higher intraocular pressure (p = 0.030) and thinner central
corneal thickness (p < 0.001) exhibited greater posterior displacement of the LC.

Mechanical damage to the lamina cribrosa may result from increased IOP, and dis-
turbances in nutrient supply are interrelated. The vessels supplying the LC run through
the supporting tissues, which are subject to stress and deformation. Thus, changes in the
biomechanics of the lamina cribrosa can simultaneously alter the shape, stiffness, and mi-
croenvironment of the vessels, affecting flow and diffusion. This may compromise axonal
metabolic support, ultimately promoting retinal ganglion cell degeneration [49]. Consider-
ing biomechanical parameters can contribute to a more accurate glaucoma diagnosis and
provide a better understanding of the mechanism of optic nerve damage [54]. Figure 2
shows the mentioned changes in the optic disc in glaucoma.
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Figure 2. Major biomechanical changes in glaucomatous optic nerve head. RGCs—retinal ganglion
cells; LC—lamina cribrosa. Created in BioRender. Mazurek, W. (2026) https://BioRender.com/llzltot
(accessed on 25 May 2026).

2.3. Hypoxia and Oxidative Stress in Glaucomatous Neurodegeneration

Optic nerve hypoxia is primarily caused by decreased blood flow (hypoperfu-
sion) [25,55]. In response to inadequate oxygen availability, transcription factors known as
hypoxia-inducible factors (HIF) are expressed. Hypoxia inhibits HIF hydroxylation, lead-
ing to the accumulation of HIF-1α, which in turn triggers a cascade of gene transcription
involved in erythropoiesis, angiogenesis, and energy metabolism—the hypoxia response
mechanism [56]. Thus, HIF-1α is a marker of tissue hypoxia.

Feng et al. [57] investigated the role of lamina cribrosa astrocytes in the autoregulation
of blood flow in the optic nerve head. The authors used the oxygen-glucose depriva-
tion/reperfusion (OGD/R) model in an in vitro study. They showed that hypoxia inhibits
the proliferation of lamina cribrosa astrocytes and induces their apoptosis. After reoxygena-
tion, there was upregulation of glial fibrillary acidic protein (GFAP), mechanistic target of
rapamycin (mTOR), and cytosolic phospholipase A2 (cPLA2), as well as an increase in the
concentration of prostaglandin E2 (PGE2). This led to secondary vasodilation. This provides
evidence that astrocytes may contribute to autoregulatory mechanisms in the ONH.

Further evidence comes from animal models. Chidlow et al. [58] conducted an ex-
perimental study using a rat glaucoma model in which IOP was unilaterally increased by
injecting microparticles into the anterior chamber, with the contralateral eye serving as a
control. Pimonidazole staining was used to detect hypoxia. They also analyzed markers
of oxidative stress and assessed axonal transport using anterograde tracers. The authors
demonstrated that induction of elevated IOP increases hypoxia signaling in the ONH,
particularly at the lamina cribrosa (p < 0.05). Areas of hypoxia correlated with sites of
impaired axonal transport. An increase in oxidative stress markers (HO-1, Cfos, p-cJun)
was observed compared to the control (p < 0.05). A statistically significant association was
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demonstrated between hypoxia, oxidative stress, and axonal dysfunction in the studied
model of high-pressure glaucoma.

In the study conducted by Jassim et al. [59], a transgenic mouse model was used to
map IOP-induced hypoxia throughout the visual pathway. The authors investigated the
topography of HIF1α-dependent hypoxia. Results showed that elevated IOP leads to rapid
(3 h to 3 days) and widespread hypoxia not only in the retina and optic nerve but also in
the visual centers of the brain (superior colliculus and lateral geniculate nucleus). Hypoxia
primarily affected Müllerian cells, astrocytes, and microglia in the optic nerve. The highest
severity of hypoxia was observed in the early stages following IOP induction. Furthermore,
increased expression of glucose transporters (GLUT1 and GLUT3) was observed, indicating
metabolic adaptation of tissues to oxygen deprivation. These results suggest that hypoxia is
an early and persistent pathophysiological mechanism in high-pressure glaucoma, affecting
the entire visual system and not just the eyeball.

Another study performed by Jassim et al. [60], the DBA/2F (D2) mouse model of
chronic glaucoma, and the DBA/2J-Gpnmb (D2G) control group was used to analyze
retinal and optic nerve changes at multiple time points. In the D2 group, a significant
increase in IOP and progressive loss of RGCs and axons were observed (p < 0.05–0.0001).
An increase in ROS and a decrease in SOD2 activity were noted, indicating mitochon-
drial dysfunction. Additionally, hypoxia in RGCs and a significant increase in HIF-1α
in later stages of the disease were demonstrated (p = 0.0074). This paper points to the
multifactorial pathogenesis of glaucoma. It can be linked to the mechanical hypothesis
(connected with IOP), but importantly to theories involving hypoxia, oxidative stress,
and mitochondrial dysfunction.

Human studies have extended the above observations, providing direct evidence of
hypoxia and impaired oxygenation in glaucomatous optic neuropathy. Tezel and Wax [61]
investigated retinal and ONH hypoxia in glaucomatous eyes by analyzing HIF-1α. They
examined 28 human glaucoma donors compared with 20 control eyes from healthy donors.
The authors found increased HIF-1α levels in the retina and optic nerve head in the study
group. This study demonstrated that hypoxia is a likely component of the pathogenesis
of neurodegeneration in glaucoma. A limitation of the study was the postmortem tissue
analysis. Furthermore, while the increased expression of HIF-1α was correctly associated
with hypoxia, this does not directly prove the mechanism of the damage.

Reszeć et al. [62] examined HIF-1 expression in RGCs and optic nerve axons in ad-
vanced glaucoma. The study included 42 eyes removed due to advanced glaucoma and
2 control eyes removed after trauma. Immunohistochemistry with anti-HIF-1alpha anti-
body revealed HIF-1 expression in 57.1% of optic nerve axons and 52.3% of RGCs; no
expression was observed in controls. The limitations of this study included the use of sam-
ples from removed eyes and the size of the control group. This study is rather similar to the
work of Tezel and Wax [61]. Due to the fact that the tissues came from eyeballs harvested
from donors, it is complicated to directly link these findings to glaucomatous neuropathy.

A particularly interesting study is the work conducted by Al Zoubi et al. [63] evaluated
perfusion and hemoglobin oxygenation within the optic disc. The study group comprised
patients with primary open-angle glaucoma (n = 31), while the control group consisted of a
healthy cohort (n = 31). The authors showed that hemoglobin concentration was signifi-
cantly lower in the rim of the control group (p < 0.001) and in the excavation (p < 0.001).
In 58% of patients with glaucoma, oxygen saturation was significantly lower than in the
remaining patients (p = 0.02) and the control group (p = 0.01). Hemoglobin concentra-
tion correlated with retinal nerve fiber layer (RNFL) thickness, peripapillary perfusion,
and visual field defects, suggesting a link between perfusion disorders, hypoxemia, and
disease severity.
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The studies discussed above indicate that hypoxia and oxidative stress play a key role
in glaucomatous neurodegeneration. They contribute to optic nerve damage regardless
of whether IOP is elevated. The proposed mechanism involves reduced blood flow to the
optic nerve, structural remodeling of the lamina cribrosa, and progressive apoptosis of
RGCs. Notably, the same mechanisms are also activated in OSA, which may explain the
causal link between the two conditions, which is discussed in the following section.

3. Pathophysiology of Obstructive Sleep Apnea
OSA results from repeated collapse of the upper airway [8]. The pharynx lacks skeletal

support, and its patency depends on the active tone of the dilator muscles, which is
reduced during sleep. As a result, the airway is prone to collapse, especially in patients
with obesity, craniofacial abnormalities, or impaired muscle function [8,64]. Beyond these
anatomical predispositions, the principal risk factors for OSA include obesity, male sex,
and advancing age [7,8]. OSA is also associated with systemic hypertension: recurrent
apneic episodes and the accompanying surges in sympathetic activity promote sustained
elevations in blood pressure. In turn, OSA is highly prevalent among patients with resistant
hypertension [65,66]. Because ocular perfusion pressure depends directly on systemic
blood pressure, these hemodynamic disturbances are mechanistically relevant to the optic
nerve perfusion.

Each obstructive event reduces or stops airflow. This causes a decrease in oxyhe-
moglobin saturation, a rise in arterial carbon dioxide, and an increase in negative in-
trathoracic pressure. A brief arousal usually terminates the episode. The resulting pat-
tern consists of repetitive cycles of hypoxia and reoxygenation, accompanied by sleep
fragmentation [8,67].

One of the main polysomnographic parameters in diagnosing OSA is the apnea–
hypopnea index (AHI). The AHI represents the total number of apneas and hypopneas
per hour during sleep. They are defined as incidents lasting at least 10 s and causing
desaturation. The severity of OSA is classified according to the AHI into mild (5–15/h),
moderate (15–30/h), and severe (>30/h) [68,69].

The key consequence of these events is chronic intermittent hypoxia (CIH). Cyclic
desaturation activates carotid body chemoreceptors, leading to sustained sympathetic
activity and the generation of reactive oxygen species [70,71]. These promote systemic
oxidative stress and low-grade inflammation [67,72]. These mechanisms impair vascular
endothelial function. The downstream molecular and vascular changes relevant to ocular
perfusion are discussed below.

Vascular and Molecular Dysregulation in Obstructive Sleep Apnea

Vascular risk factors, including migraine, Raynaud’s syndrome, diabetic microan-
giopathy [30], atrial fibrillation, and other conditions that reduce ocular perfusion, may
contribute to the development of glaucomatous optic neuropathy. Importantly, disorders
such as OSA can also result in hypoperfusion and hypoxia of the optic nerve head [10,12].

In OSA, blood vessel autoregulation is disrupted. This causes reduced vasodilation,
increased vasospasm, inflammation, and coagulation. As a result, the vascular system loses
elasticity, has impaired endothelial regeneration, and has diminished vascular reactivity.
These changes are linked to reduced nitric oxide (NO) availability. Furthermore, chronic
intermittent hypoxia is the main cause of these alterations [73].

Recurrent apneic episodes also cause significant nocturnal fluctuations in systemic
blood pressure and activation of the sympathetic nervous system [74,75]. These nocturnal
hemodynamic disturbances may further impair OPP and contribute to optic nerve ischemia,
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particularly in patients with normal-tension glaucoma, in whom vascular dysregulation is
believed to play a key role in the pathogenesis of the disease [25].

In addition, CIH and recurrent reperfusion induce oxidative stress. This leads to
an increase in reactive oxygen species (ROS) and cytokines (such as IL-6, TNF-α, IL-1β,
CRP, ICAM-1, VCAM-1) [33,35,76]. It also contributes to decreased NO (a vasodilator) and
elevated levels of endothelin-1 (ET-1) (a vasoconstrictor), exacerbating chronic microcircu-
latory damage and impaired perfusion [33,34]. Consequently, disorders of microcirculation
and vascularization in the ONH can cause progressive damage to the nerve and are a risk
factor for glaucoma [12]. Similar changes in cytokine expression may occur in patients
with normal-tension glaucoma. According to Galassi et al. [77], nitric oxide levels were
significantly lower in patients with NTG than in healthy individuals (p < 0.001), while ET-1
levels were significantly higher (p < 0.001).

Moreover, CIH causes damage to mitochondria, where hypoxia leads to excessive
production of reactive oxygen species (ROS). These exacerbate mitochondrial damage
and trigger a vicious cycle of oxidative stress. The authors also describe changes in the
expression of genes regulating mitochondrial biogenesis (including PGC-1α and NRF1).
Furthermore, they note disturbances in mitochondrial DNA homeostasis [78–80]. This
is significant because mitochondrial dysfunction can be linked to one of the theories of
glaucoma pathogenesis.

RGCs are particularly sensitive to mitochondrial damage and ATP deficiency. Mi-
tochondrial dysfunction leads to the activation of inflammatory responses and oxidative
stress, which causes damage to lipids, proteins, and DNA. Furthermore, ROS impairs
glutamate metabolism, exacerbating mitochondrial damage and promoting apoptosis in
retinal ganglion cells [24].

The factors causing glaucoma in OSA include a correlation between hypoperfusion
(reduced OPP) and hypoxia. Optic nerve hypoxia is likely the result of multiple factors
that form a vicious cycle in the pathogenesis. This includes vascular endothelial dysfunc-
tion, impaired vasodilation, increased vasoconstriction, oxidative stress, mitochondrial
disturbance, and remodeling of the lamina cribrosa, which leads to progressive optic nerve
ischemia (Figure 1) [24,27,37].

These mechanisms operate in a multifactorial manner. Repetitive hypoxia–reoxygenation
(CIH) cycles promote sympathetic overactivity, endothelial dysfunction, and oxidative stress.
As a result, OPP is reduced, destabilizing blood flow within the ONH. Hypoxia of the ONH
leads to LC remodeling, which compresses the traversing capillaries and further reduces
axonal nutrient supply. Oxidative stress is involved at every node of this circuit, acting both
as a product of CIH and as a factor of vascular and mitochondrial injury. In this way, an initial
perfusion deficit is gradually converted into progressive, IOP-independent retinal ganglion
cell loss (Figure 1).

The mechanisms described above suggest a pathophysiologically plausible link be-
tween OSA and GON. Consequently, many authors have investigated the impact of ob-
structive sleep apnea on glaucoma, its prevalence, and the potential significance of the
correlation between these conditions.

4. OSA and Glaucoma: Epidemiological Evidence
The literature describes a significant association between OSA and glaucoma. Never-

theless, much of the data is inconsistent or contradictory. Notably, some authors highlight
the particular significance of OSA in patients with normal-tension glaucoma [5,12]. Never-
theless, the strength of this association appears to vary across study designs and patient
characteristics. Table 1 summarizes the epidemiological evidence (Table 1). While Table 1
provides an at-a-glance summary of each study, the following subsections complement it
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by focusing on the methodological context, diagnostic criteria, and limitations needed to
weigh these findings.

Table 1. Summary of the epidemiological evidence: NTG—normal-tension glaucoma; OSA—
obstructive sleep apnea.

Study (Year) Article Type n Glaucoma Type Key Finding Statistical
Significance Limitations

Prevalence of Glaucoma in Patients with OSA

Bendel et al.
(2008) [81] Cross-sectional 100 Any type

27% prevalence of
glaucoma in OSA

patients
Not reported

No control group,
no mild OSA

included

Hashim et al.
(2014) [82]

Prospective
cohort 39 Any type

20.5% diagnosed
with glaucoma,
higher in severe

OSA

Not significant

Small sample, no
control group, no

mild OSA
included

Bagabas et al.
(2019) [83] Cross-sectional 84 Any type

16% prevalence of
glaucoma in OSA

group vs 8% in
non-OSA group

Not significant Variable
diagnostic criteria

Lin et al. [84] Cross-sectional 247 (OSA 209,
controls 38) NTG

NTG 5.7% in
patients with

OSA vs. 0% in
controls

p = 0.003 Small control
group

Prevalence of OSA in patients with glaucoma

Yu et al.
(2021) [85]

Systematic review
and meta-analysis 956 Any type

17% of glaucoma
patients was

diagnosed with
OSA

Significant

Study
heterogeneity,
small group of
studies, small

effect sizes

Bilgin et al.
(2014) [86]

Prospective
case–control

48 (NTG 24,
controls 24) NTG

OSA in 41.7% of
NTG vs. 12.5% in

controls
p < 0.05 Small samples,

single center

The association between OSA and glaucoma

Funk et al.
(2022) [6]

Retrospective
case–control

554 (277 patients
in study and

control groups)

NTG
(low-tension)

No significant
association Not significant Retrospective,

single center

Cheong et al.
(2023) [87] Meta-analysis >4.5 million

(46 studies) Any type

OSA associated
with up to 40%
higher risk of

glaucoma

p < 0.01 Heterogeneity

Garcia-Sanchez
et al. (2022) [88] Meta-analysis 107 studies Any type

OSA associated
with 50% higher
risk of glaucoma

p < 0.001 Heterogeneity

Shi et al.
(2015) [89] Meta-analysis >2 million

(6 studies) Any type Significant
association Significant Heterogeneity

Liu et al.
(2016) [90] Meta-analysis >2 million

(6 studies) Any type Significant
association

Case–control
studies p = 0.005;

cohort studies
p < 0.001

Few studies

Huon et al.
(2016) [91] Meta-analysis 31 studies Any type Significant

association p < 0.05

Zoh et al.
(2025) [92] Cross-sectional >9000 Any type Significant

association p = 0.044

No polysomnog-
raphy,

questionnaire-
based OSA
diagnosis

4.1. Prevalence of Glaucoma in Patients with OSA

Bendel et al. [81] conducted a study involving 100 patients with moderate-to-severe
OSA. The patients underwent a 48 h polysomnographic examination. The patients also
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underwent several ophthalmological examinations. One of the main outcomes of the study
was to determine the prevalence of glaucoma in patients with OSA. The prevalence of
glaucoma among patients with OSA was estimated at 27%. Available studies consistently
suggest a higher prevalence of glaucoma among patients with moderate-to-severe OSA,
although the reported estimates vary substantially between cohorts and study designs.

Hashim et al. [82] performed a study that included 39 patients diagnosed with mod-
erate OSA (n = 12) and severe OSA (n = 17). The authors showed that 20.5% of patients
(n = 8) in the entire group were diagnosed with glaucoma. Analysis revealed that a higher
prevalence of glaucoma was observed in patients with severe OSA. However, the authors
did not prove statistical significance in these results.

In another study, Bagabas et al. [83] included 84 adult patients in their analysis. The
authors showed that the prevalence of glaucoma was 16% among patients with OSA and
8% in patients without OSA. Although glaucoma was more common in the first group, this
difference was not statistically significant.

Lin et al. [84] conducted a study comparing patients with OSA (n = 209) to healthy
controls (n = 38). All individuals underwent an ophthalmological examination to diagnose
normal-tension glaucoma (NTG). NTG was diagnosed in 5.7% of patients (n = 12) with
obstructive sleep apnea, which was significantly more common than in the control group
(n = 0) (p = 0.003). Furthermore, the authors demonstrated that NTG prevalence was higher
in severe OSA (p = 0.033).

The studies above suggest a higher prevalence of glaucoma in patients with OSA,
with reported rates ranging from 5.7% to 27% [81–84]. The strongest evidence comes from
Lin et al., who demonstrated a significantly higher prevalence of NTG in OSA patients
compared with healthy controls (p = 0.003) [84]. Several studies also indicate that the asso-
ciation is more pronounced in patients with severe OSA. However, these findings should
be interpreted with caution. The cohorts were small, two studies lacked a control group,
and the diagnostic criteria for both glaucoma and OSA varied across studies. Despite these
limitations, the available evidence consistently suggests a potential link between OSA and
glaucoma, particularly NTG, warranting further investigation in larger prospective studies.

4.2. Prevalence of OSA in Patients with Glaucoma

One of the most relevant meta-analyses was conducted by Yu et al., who assessed the
prevalence of OSA in patients with glaucoma. A total of 544 publications and 40 additional
records were identified, from which 956 patients were ultimately included in the analysis.
The authors found that 17% of patients with OSA had glaucoma [85].

A similar trend was observed by Bilgin et al. [86], who compared 24 patients with
NTG to 24 controls without glaucoma (with similar risk factors, such as diabetes mellitus,
hypertension, and hypercholesterolemia). The patients underwent polysomnography and
AHI assessment. Among patients with NTG, obstructive sleep apnea was present in 41.7%
of individuals, compared to 12.5% in the control group. This difference was statistically
significant (p < 0.05).

4.3. The Association Between Obstructive Sleep Apnea and Glaucoma

In a retrospective case–control study conducted by Funk et al. [6] at the Mayo Clinic
in Rochester, the authors identified risk factors for low-tension glaucoma (LTG; classi-
fied as NTG). It was demonstrated that patients with LTG showed a strong association
with hypertension (p = 0.004), diabetes mellitus (p < 0.001), peripheral vascular disease
(p = 0.009), migraine (p = 0.02), anemia (p = 0.003), systemic hypotension (p < 0.001), and
Raynaud’s syndrome (p = 0.05). However, no statistically significant differences were
observed between the groups in the prevalence of obstructive sleep apnea.
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In contrast, a meta-analysis conducted by Cheong et al. [87], involving 46 studies and
over 4.5 million patients, showed that OSA is significantly associated with a high risk of
glaucoma (p < 0.01). Taking other risk factors into account, it was found that patients with
OSA have up to a 40% higher risk of developing glaucomatous neuropathy. Furthermore,
Garcia-Sanchez et al. [88] in another meta-analysis showed that obstructive sleep apnea
significantly increases the risk of glaucoma (p < 0.001), nonarteritic anterior ischemic optic
neuropathy (NAION) (p < 0.001), and diabetic retinopathy (p = 0.02). The authors presented
pathogenic pathways similar to those described in our article. In 2015, Shi et al. [89]
presented a meta-analysis and literature review that included 16 studies involving over
2 million patients (6 case–control and 9 cross-sectional studies). The meta-analysis revealed
a statistically significant association between OSA and glaucoma incidence, confirming
previous data. In another meta-analysis, Liu et al. [90] included 6 studies (3 case–control and
3 cohort) and encompassed over 2 million patients. The authors demonstrated a significant
association between OSA and glaucoma. For the case–control studies, the adjusted odds
ratio was OR = 2.46 (p = 0.005). On the other hand, for the cohort studies, the OR was 1.43
(p < 0.001).

Importantly, Huon et al. [91] examined the association between obstructive sleep apnea
and ophthalmic conditions, including glaucoma, NAION, retinal vein occlusion (RVO),
central serous chorioretinopathy (CSR), and floppy eyelid syndrome (FES). A statistically
significant correlation (p < 0.05) was found in all the mentioned conditions. The authors
emphasized the importance of ophthalmic evaluation in OSA.

Zoh et al. [92] conducted a cross-sectional study involving over 9,000 individuals.
They demonstrated a statistically significant association between OSA and glaucoma
(p = 0.044). However, the main limitation of this study was the absence of polysomnography
or polygraphy, which remain the gold standard for the diagnosis of OSA. Instead, the risk
of OSA was assessed using the STOP-BANG questionnaire.

5. Effects of Obstructive Sleep Apnea on Glaucoma Factors
Many general factors can increase the risk of developing glaucoma or related eye con-

ditions. Theoretically, many systemic diseases lead to microcirculatory dysfunction, which
has a proven effect on glaucoma or a presumed potential effect on its progression [6,93].
Similarly, obstructive sleep apnea is actually a factor that may contribute to the develop-
ment of glaucoma. In some cases, this leads to nerve damage before full-blown glaucoma
develops [12]. Therefore, it is difficult to discuss the direct impact of OSA on glaucoma. In
this study, we analyze which factors may influence the development of GON in patients
with OSA.

5.1. Retinal Nerve Fiber Layer (RNFL)

In general, most studies report a significant difference in retinal nerve fiber layer
(RNFL) thickness in OSA. The degree of RNFL thinning is often associated with the stage of
OSA. However, authors do not fully agree on which ONH quadrants are affected [94–100].
Taken together, these studies indicate that RNFL thinning may represent one of the earliest
structural manifestations of optic nerve vulnerability in OSA.

Zhao et al. [101] included six articles in their meta-analysis. The study encompassed
1034 eyes. The authors found a significant overall reduction in RNFL thickness in patients
with OSA compared to healthy controls (p = 0.01). The RNFL thinning increased with
OSA severity. Interestingly, the authors demonstrated significantly more frequent thinning
in the lower quadrant of the optic disc (p = 0.02). In another meta-analysis, Wang et al.
(2017) [102] demonstrated a significant reduction in RNFL in all quadrants of the optic
nerve (p < 0.001 for superior and inferior, p = 0.003 for nasal, and p = 0.025 for temporal).
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As in a previous study, a significant reduction in RNFL was observed in correlation with
the severity of obstructive sleep apnea.

An important cross-sectional study was conducted by Kargi et al. [103], who included
66 patients admitted for polysomnography. The study group consisted of patients with
OSA (mild and severe), while healthy patients were assigned to the control group. Prior
to analysis, 66 participants with glaucoma and other eye diseases that could affect the
RNFL were excluded. Consequently, the final analysis included 34 patients with OSA and
15 controls. A statistically significant reduction in RNFL thickness was demonstrated in
patients with OSA compared to controls. Furthermore, RNFL thinning correlated with OSA
severity (p = 0.01). These findings suggest that changes during OSA, including hypoxia
and decreased OPP, may lead to RNFL thinning. Compared to the previous study, the
prospective trial conducted by Teberik et al. [104] found no difference in RNFL thickness
(p = 0.274) between the OSA group (n = 103) and healthy controls (n = 37). Interestingly,
the authors found lower IOP and CCT values in patients with OSA, but this difference was
not statistically significant. Thus, this study did not reveal any differences in changes in
RNFL, IOP, or CCT. A limitation of the study was the significantly smaller control group
than in the study by Kargi et al. [103].

A retrospective cohort study by Fan et al. [105] demonstrated a higher rate of RNFL
thickness reduction with increasing OSA severity (p = 0.042). After adjusting for demo-
graphic factors (age, sex, diabetes, hypertension, hyperlipidemia, and body mass index),
severe OSA was associated with an over 8-times increased risk of RNFL thickness reduction
(p = 0.017).

In a prospective cross-sectional study conducted by Devi et al. [106], 90 patients
(90 eyes) with diagnosed OSA were analyzed. Patients were stratified into three OSA
severity levels based on their apnea–hypopnea index (AHI). A statistically significant
decrease in RNFL thickness was observed as OSA severity increased (p < 0.05). Interestingly,
the upper quadrant of the RNFL was significantly reduced in all groups.

Ngoo et al. [107] compared 54 patients with OSA and 54 healthy controls. In the study
group, the mean RNFL thickness was estimated at 93.87 µm (p < 0.05). The upper quartile
was 113.59 µm (p ≤ 0.001). In contrast, in the control group, the mean RNFL thickness
was 98.96 µm (p < 0.05), while the upper quartile was 125.76 µm (p < 0.05). A significant
difference in RNFL thickness between groups was demonstrated, and a correlation between
RNFL reduction and AHI severity was observed.

The summary of the articles presented above is provided in Table 2.

Table 2. Summary of RNFL changes in patients with OSA: NTG—normal-tension glaucoma; OSA—
obstructive sleep apnea; OCT—optical coherence tomography; RNFL—Retinal Nerve Fiber Layer.

Study (Year) Article Type n Method RNFL Findings Quadrants Correlation
with AHI Limitations

Meta-analyses

Zhao et al.
(2016) [101] Meta-analysis 1034 eyes

(6 studies) OCT Overall RNFL
reduction Inferior (p = 0.02) Yes Heterogeneity,

only 6 studies

Wang et al.
(2017) [102] Meta-analysis

1757 eyes (1106
in OSA group

and 651 controls)
OCT Significant

reduction

All quadrants
(superior and

inferior p < 0.001,
nasal p = 0.003,

temporal p = 0.025)

Yes Heterogeneity

Individual studies with RNFL reduced

Kargi et al.
(2005) [103] Cross-sectional 34 OSA,

15 controls OCT Significant
reduction All quadrants p = 0.01
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Table 2. Cont.

Study (Year) Article Type n Method RNFL Findings Quadrants Correlation
with AHI Limitations

Fan et al.
(2019) [105]

Retrospective
cohort 32 OCT

Thickness
reduction with
OSA severity.

Severe OSA 8x
increased risk of
RNFL thinning

Not specified
p = 0.042;

severe OSA
p = 0.017

Retrospective

Devi et al.
(2023) [106]

Prospective
cross-sectional 90 OCT

Significant RNFL
decrease with
OSA severity

Superior p < 0.05 No control
group

Ngoo et al.
(2021) [107] Cross-sectional 54 OSA,

54 controls OCT

OSA: Mean
RNFL 93.87 µm;

Controls:
98.96 µm

Superior
(p ≤ 0.001) Yes Single center

Individual studies with RNFL not significantly reduced

Teberik et al.
(2018) [104]

Prospective
cross-sectional

103 OSA,
37 controls OCT

No significant
difference in

RNFL; lower IOP
and CCT in OSA

None p = 0.274

Small control
group; no
severity

stratification

5.2. Cup-to-Disc Ratio (CDR)

In the analyzed articles, most authors agree that there is no significant increase in the
cup-to-disc ratio in individuals with OSA [87,107–110]. CDR primarily reflects gross struc-
tural changes in the ONH, which might not manifest in early or subclinical stages of optic
nerve damage, whereas RNFL thinning can detect more subtle, preperimetric alterations.

5.3. Intraocular Pressure

Ferrandez et al. [97] conducted a prospective study involving 40 patients with OSA
and 45 healthy controls. In the study group, patients were stratified into three groups
based on the AHI. The authors demonstrated that IOP averaged 14.23 ± 2.6 mmHg in OSA
patients, whereas in the control group, it was significantly higher at 17.42 ± 2.6 mmHg
(p < 0.001). This finding ran counter to the expected direction.

Moghimi et al. [111] involved 51 patients with OSA. The study group was divided into
three strata based on the AHI. The authors demonstrated that 6.7% had an IOP >21 mmHg,
which was statistically significant (p < 0.001, even after adjustment for CCT). In a study
by Çekiç et al. [112], the authors compared 30 patients with severe OSA (AHI > 30) with a
control group of 28 healthy patients. As in the previous paper, this study demonstrated that
patients with severe OSA had significantly higher IOP than the control group (p < 0.05).

Nevertheless, a significant number of authors report no correlation between IOP and
obstructive sleep apnea [113–119]. Asker et al. [120] studied 41 patients with OSA and
17 controls. The authors reported a mean IOP of 15.5 ± 3.0 mmHg in the OSA group and
13.5 ± 1.7 mmHg in the control group. No significant difference was found between the
groups (p = 0.1). Chirapapaisan et al. [109] analyzed 41 patients with OSA, finding that IOP
was elevated in the severe OSA group but remained within the reference range.

In a prospective observational study conducted by Carnero et al. [121], intraocular
pressure fluctuations were assessed during the day in patients with OSA. The authors
used a contact lens sensor (CLS) to monitor IOP in 20 patients with OSA. It was shown
that patients with OSA exhibited significant nocturnal fluctuations in IOP, which occurred
mainly during apneic episodes and periods of decreased oxygen saturation. However, a
limitation of the study was the absence of a control group.

The data in the literature are inconsistent and contradictory. Some studies show
significantly elevated IOP in patients with OSA [111,112], while others find no statistical
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significance [113–120]. This inconsistency may partly result from differences in patient
selection, OSA severity, and methods of IOP assessment. Overall, current findings suggest
that OSA may influence IOP regulation predominantly through nocturnal fluctuations and
perfusion instability rather than through sustained daytime IOP elevation alone.

5.4. Visual Field (VF)

The visual field (VF) plays a key role in the diagnosis and monitoring of glaucoma and
other optic neuropathies. The 24-2 visual field test with Swedish Interactive Thresholding
Algorithm (SITA) is currently recommended for assessing the visual field in GON [122,123].
In the clinic, mean deviation (MD) is used to stratify glaucoma, enabling the assessment of
visual field deterioration and monitoring in patients. MD is the average of all values on
the VF and is typically negative. Visual field defects result in a higher deviation [124]. In
the context of OSA, functional visual field alterations appear less consistent than structural
optic nerve changes, which may reflect the subclinical nature of early glaucomatous damage
in these patients.

A meta-analysis conducted by Cheong et al. [87] demonstrated a statistically significant
difference in the VF defects among patients with OSA (p = 0.02). However, some studies
have reported contradictory results.

Davanian et al. [125] found that obstructive sleep apnea did not have a statistically
significant effect on the deterioration of visual field parameters. In addition, Salzgeber
et al. [126] reached similar conclusions, demonstrating that the VF of patients with OSA
did not differ from that of the healthy control group.

In contrast, Sergi et al. [127] demonstrated that the severity of OSA correlates with
the deterioration of visual field parameters (p < 0.05). Similarly, Casas et al. [128] showed
that the mean MD in the OSA group was −0.64 ± 1.38 (−4.87 to 1.65), whereas that in
the healthy control group was 0.07 ± 1.01 (−2.78 to 1.79). The difference was statistically
significant (p = 0.002).

In patients with OSA, changes in the VF are less consistent than structural alterations
in the RNFL. This may be due to preperimetric RNFL damage. The cited papers report
contradictory results. Some studies show a significant association between VF sensitiv-
ity and the severity of OSA [87,127,128]. Nevertheless, studies conducted by Davanian
et al. [125] and Salzgeber et al. [126] found no significant differences. The conflicting results
may stem from differences in OSA severity, patient selection, and the sensitivity of standard
perimetry in detecting early subclinical changes.

6. The Effect of CPAP Treatment on Development of Glaucoma
Continuous positive airway pressure (CPAP) is the first-line treatment for moderate-

to-severe OSA. It maintains upper airway patency and prevents recurrent hypoxia during
sleep. The effect of CPAP on IOP remains a subject of debate, with some studies reporting
an increase in IOP, others showing no change, and a few demonstrating beneficial effects
on the IOP profile [129,130].

One of the earlier studies was conducted by Kiekens et al. [131], who measured IOP
every 2 h during 24 h sessions in 21 patients with newly diagnosed OSA. The authors
demonstrated a significant increase in the average IOP after one month of CPAP therapy.
A similar effect was reported by Hirunpatravong et al. [132], who examined 12 eyes of
patients with POAG and OSA for 12 months. The mean IOP increased from 17.83 to
19.08 mmHg after CPAP treatment (p < 0.05). Importantly, no progression of glaucomatous
damage was observed during follow-up, as visual field indices remained stable.

In contrast, Pepin et al. [133] reported a different effect of CPAP on the nyctohemeral
rhythm of IOP. The authors analyzed 24 h IOP and ocular perfusion pressure in 18 patients
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with severe OSA, of whom 12 were reassessed after CPAP treatment. They demonstrated
that the normal and physiological nyctohemeral IOP rhythm was lost in most patients
with severe apnea. Treatment with CPAP restored a normal 24 h IOP profile in most cases.
Furthermore, Himori et al. [134] showed that CPAP therapy in patients with both glaucoma
and OSA reduced systemic oxidative stress and improved the visual field. The authors
suggested that CPAP may have a neuroprotective effect that extends beyond its direct
effects on IOP.

These inconsistent findings have been addressed in several recent meta-analyses.
Kongchan et al. [130] analyzed 15 studies involving 495 participants and reported no
significant difference in the pooled mean IOP after CPAP therapy compared with baseline.
However, subgroup analysis revealed significantly higher IOP after in-laboratory titration
and after long-term CPAP use. On the other hand, Chan et al. [135] reported that short-term
CPAP of one month or less was associated with elevated IOP, while long-term effects were
minimal. The authors emphasized that caution is warranted when initiating CPAP in
patients with established glaucoma.

The available evidence suggests that CPAP may transiently raise IOP, particularly
during the early phase of therapy. However, long-term effects appear minimal, and
CPAP may even restore normal IOP dynamics and reduce oxidative stress in selected
patients. These effects probably stem from different mechanisms. In the first weeks
of treatment, the positive airway pressure tends to raise IOP. Over longer periods, the
attenuation of intermittent hypoxia and oxidative stress seems to offset that early increase.
Determining which effect dominates will require prospective studies that stratify patients
by glaucoma type and baseline IOP, and that track both structural (RNFL) and functional
(visual field) outcomes over a longer observation period. Despite these findings, the
quality of evidence remains limited and largely based on small observational studies.
Well-designed randomized controlled trials with longer follow-up are needed to confirm
whether CPAP affects the progression of glaucoma in patients with OSA.

7. Conclusions
Obstructive sleep apnea and glaucoma share several pathophysiological mechanisms,

the most important of which appears to be CIH. By lowering OPP and promoting lamina
cribrosa remodeling and oxidative stress, CIH can damage retinal ganglion cells largely
independently of IOP, which may explain why NTG is the form most often associated
with OSA. The reported strength of this association varies across studies, mainly because
of differences in study design, OSA severity grading, and glaucoma criteria. Prospective
studies with standardized endpoints and randomized trials of CPAP are still needed.
In practice, patients with OSA may benefit from ophthalmological assessment for early
IOP-independent optic nerve damage.

Author Contributions: Conceptualization, W.M.; Investigation, W.M. and Ł.M.; Writing—Original Draft
Preparation, W.M. and Ł.M.; Writing—Review & Editing, B.R.-M.; Visualization, W.M. and B.R.-M.;
Supervision, M.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

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

https://doi.org/10.3390/jcm15135215

https://doi.org/10.3390/jcm15135215


J. Clin. Med. 2026, 15, 5215 17 of 22

References
1. Jonas, J.B.; Aung, T.; Bourne, R.R.; Bron, A.M.; Ritch, R.; Panda-Jonas, S. Glaucoma. Lancet 2017, 390, 2183–2193. [CrossRef]

[PubMed]
2. Michels, T.C.; Ivan, O. Glaucoma: Diagnosis and Management. Am. Fam. Physician 2023, 107, 253–262. [PubMed]
3. Schuster, A.K.; Erb, C.; Hoffmann, E.M.; Dietlein, T.; Pfeiffer, N. The Diagnosis and Treatment of Glaucoma. Dtsch. Arztebl. Int.

2020, 117, 225. [CrossRef] [PubMed]
4. Tham, Y.C.; Li, X.; Wong, T.Y.; Quigley, H.A.; Aung, T.; Cheng, C.Y. Global prevalence of glaucoma and projections of glaucoma

burden through 2040: A systematic review and meta-analysis. Ophthalmology 2014, 121, 2081–2090. [CrossRef] [PubMed]
5. Dada, T.; Verma, S.; Gagrani, M.; Bhartiya, S.; Chauhan, N.; Satpute, K.; Sharma, N. Ocular and Systemic Factors Associated with

Glaucoma. J. Curr. Glaucoma Pract. 2022, 16, 179–191. [CrossRef] [PubMed]
6. Funk, R.O.; Hodge, D.O.; Kohli, D.; Roddy, G.W. Multiple Systemic Vascular Risk Factors are Associated with Low-Tension

Glaucoma. J. Glaucoma 2022, 31, 15. [CrossRef] [PubMed]
7. Jordan, A.S.; McSharry, D.G.; Malhotra, A. Adult obstructive sleep apnoea. Lancet 2014, 383, 736–747. [CrossRef] [PubMed]
8. Lévy, P.; Kohler, M.; McNicholas, W.T.; Barbé, F.; McEvoy, R.D.; Somers, V.K.; Lavie, L.; Pépin, J.-L. Obstructive sleep apnoea

syndrome. Nat. Rev. Dis. Prim. 2015, 1, 15015. [CrossRef] [PubMed]
9. Yeghiazarians, Y.; Jneid, H.; Tietjens, J.R.; Redline, S.; Brown, D.L.; El-Sherif, N.; Mehra, R.; Bozkurt, B.; Ndumele, C.E.; Somers, V.K.

Obstructive Sleep Apnea and Cardiovascular Disease: A Scientific Statement From the American Heart Association. Circulation
2021, 144, e56–e67. [CrossRef] [PubMed]

10. Faridi, O.; Park, S.C.; Liebmann, J.M.; Ritch, R. Glaucoma and obstructive sleep apnoea syndrome. Clin. Exp. Ophthalmol. 2012, 40,
408–419. [CrossRef] [PubMed]

11. Leggewie, B.; Gouveris, H.; Bahr, K. A Narrative Review of the Association Between Obstructive Sleep Apnea and Glaucoma in
Adults. Int. J. Mol. Sci. 2022, 23, 10080. [CrossRef] [PubMed]

12. Chaitanya, A.; Pai, V.H.; Mohapatra, A.K.; Ve, R.S. Glaucoma and its association with obstructive sleep apnea: A narrative review.
Oman J. Ophthalmol. 2016, 9, 125. [CrossRef] [PubMed]

13. Chowdhury, U.R.; Hann, C.R.; Stamer, W.D.; Fautsch, M.P. Aqueous Humor Outflow: Dynamics and Disease. Investig. Ophthalmol.
Vis. Sci. 2015, 56, 2993. [CrossRef] [PubMed]

14. Killer, H.E.; Pircher, A. Normal tension glaucoma: Review of current understanding and mechanisms of the pathogenesis. Eye
2018, 32, 924. [CrossRef] [PubMed]

15. Alasbali, T. Current State of Knowledge in Ocular Blood Flow in Glaucoma: A Narrative Review. Clin. Ophthalmol. 2023, 17, 2599.
[CrossRef] [PubMed]

16. Kim, K.E.; Park, K.H. Update on the Prevalence, Etiology, Diagnosis, and Monitoring of Normal-Tension Glaucoma. Asia Pac. J.
Ophthalmol. 2016, 5, 23–31. [CrossRef] [PubMed]

17. Qin, Z.; Meng, L.; Yang, F.; Zhang, C.; Wen, B. Aqueous humor dynamics in human eye: A lattice Boltzmann study. Math. Biosci.
Eng. 2021, 18, 5006–5028. [CrossRef] [PubMed]

18. American Academy of Ophthalmology. Intraocular Pressure and Aqueous Humor Dynamics. In Glaucoma, Basic and Clinical
Science Course (BCSC), Section 10, 2021–2022 ed.; Tanna, A.P., Ed.; American Academy of Ophthalmology: San Francisco, CA,
USA, 2021; pp. 15–18.

19. Pizzirani, S. Definition, Classification, and Pathophysiology of Canine Glaucoma. Vet. Clin. N. Am. Small Anim. Pract. 2015, 45,
1127–1157. [CrossRef] [PubMed]

20. Flammer, J. The vascular concept of glaucoma. Surv. Ophthalmol. 1994, 38, 53–56. [CrossRef] [PubMed]
21. Feng, K.M.; Tsung, T.H.; Chen, Y.H.; Lu, D.W. The Role of Retinal Ganglion Cell Structure and Function in Glaucoma. Cells 2023,

12, 2797. [CrossRef] [PubMed]
22. Mozaffarieh, M.; Grieshaber, M.C.; Flammer, J. Oxygen and blood flow: Players in the pathogenesis of glaucoma. Mol. Vis. 2008,

14, 224. [PubMed]
23. Zhang, N.; Wang, J.; Li, Y.; Jiang, B. Prevalence of primary open angle glaucoma in the last 20 years: A meta-analysis and

systematic review. Sci. Rep. 2021, 11, 13762. [CrossRef] [PubMed]
24. Fernández-Albarral, J.A.; Ramírez, A.I.; de Hoz, R.; Matamoros, J.A.; Salobrar-García, E.; Elvira-Hurtado, L.; López-Cuenca, I.;

Sánchez-Puebla, L.; Salazar, J.J.; Ramírez, J.M. Glaucoma: From pathogenic mechanisms to retinal glial cell response to damage.
Front. Cell. Neurosci. 2024, 18, 1354569. [CrossRef] [PubMed]

25. Flammer, J.; Orgül, S.; Costa, V.P.; Orzalesi, N.; Krieglstein, G.K.; Serra, L.M.; Renard, J.-P.; Stefánsson, E. The impact of ocular
blood flow in glaucoma. Prog. Retin Eye Res. 2002, 21, 359–393. [CrossRef] [PubMed]

26. Lee, N.Y.; Shin, D.Y.; Park, C.K. Associations of long-term fluctuation in blood pressure and ocular perfusion pressure with visual
field progression in normal-tension glaucoma. BMC Ophthalmol. 2024, 24, 209. [CrossRef] [PubMed]

27. Cherecheanu, A.P.; Garhofer, G.; Schmidl, D.; Werkmeister, R.; Schmetterer, L. Ocular perfusion pressure and ocular blood flow in
glaucoma. Curr. Opin. Pharmacol. 2013, 13, 36. [CrossRef] [PubMed]

https://doi.org/10.3390/jcm15135215

https://doi.org/10.1016/S0140-6736(17)31469-1
https://www.ncbi.nlm.nih.gov/pubmed/28577860
https://www.ncbi.nlm.nih.gov/pubmed/36920817
https://doi.org/10.3238/ARZTEBL.2020.0225
https://www.ncbi.nlm.nih.gov/pubmed/32343668
https://doi.org/10.1016/j.ophtha.2014.05.013
https://www.ncbi.nlm.nih.gov/pubmed/24974815
https://doi.org/10.5005/JP-JOURNALS-10078-1383
https://www.ncbi.nlm.nih.gov/pubmed/36793269
https://doi.org/10.1097/IJG.0000000000001964
https://www.ncbi.nlm.nih.gov/pubmed/34731871
https://doi.org/10.1016/S0140-6736(13)60734-5
https://www.ncbi.nlm.nih.gov/pubmed/23910433
https://doi.org/10.1038/NRDP.2015.15
https://www.ncbi.nlm.nih.gov/pubmed/27188535
https://doi.org/10.1161/CIR.0000000000000988
https://www.ncbi.nlm.nih.gov/pubmed/34148375
https://doi.org/10.1111/J.1442-9071.2012.02768.X
https://www.ncbi.nlm.nih.gov/pubmed/22339817
https://doi.org/10.3390/IJMS231710080
https://www.ncbi.nlm.nih.gov/pubmed/36077478
https://doi.org/10.4103/0974-620X.192261
https://www.ncbi.nlm.nih.gov/pubmed/27843225
https://doi.org/10.1167/IOVS.15-16744
https://www.ncbi.nlm.nih.gov/pubmed/26024085
https://doi.org/10.1038/S41433-018-0042-2
https://www.ncbi.nlm.nih.gov/pubmed/29456252
https://doi.org/10.2147/OPTH.S426709
https://www.ncbi.nlm.nih.gov/pubmed/37671333
https://doi.org/10.1097/APO.0000000000000177
https://www.ncbi.nlm.nih.gov/pubmed/26886116
https://doi.org/10.3934/MBE.2021255
https://www.ncbi.nlm.nih.gov/pubmed/34517475
https://doi.org/10.1016/j.cvsm.2015.06.002
https://www.ncbi.nlm.nih.gov/pubmed/26456751
https://doi.org/10.1016/0039-6257(94)90041-8
https://www.ncbi.nlm.nih.gov/pubmed/7940146
https://doi.org/10.3390/CELLS12242797
https://www.ncbi.nlm.nih.gov/pubmed/38132117
https://www.ncbi.nlm.nih.gov/pubmed/18334938
https://doi.org/10.1038/S41598-021-92971-W
https://www.ncbi.nlm.nih.gov/pubmed/34215769
https://doi.org/10.3389/FNCEL.2024.1354569
https://www.ncbi.nlm.nih.gov/pubmed/38333055
https://doi.org/10.1016/S1350-9462(02)00008-3
https://www.ncbi.nlm.nih.gov/pubmed/12150988
https://doi.org/10.1186/S12886-024-03454-1
https://www.ncbi.nlm.nih.gov/pubmed/38724962
https://doi.org/10.1016/J.COPH.2012.09.003
https://www.ncbi.nlm.nih.gov/pubmed/23009741
https://doi.org/10.3390/jcm15135215


J. Clin. Med. 2026, 15, 5215 18 of 22

28. Samsudin, A.; Isaacs, N.; Tai, M.L.S.; Ramli, N.; Mimiwati, Z.; Choo, M.M. Ocular perfusion pressure and ophthalmic artery flow
in patients with normal tension glaucoma. BMC Ophthalmol. 2016, 16, 39. [CrossRef] [PubMed]

29. He, Z.; Nguyen, C.T.O.; Armitage, J.A.; Vingrys, A.J.; Bui, B.V. Blood Pressure Modifies Retinal Susceptibility to Intraocular
Pressure Elevation. PLoS ONE 2012, 7, e31104. [CrossRef] [PubMed]

30. McMonnies, C.W. Glaucoma history and risk factors. J. Optom. 2016, 10, 71. [CrossRef] [PubMed]
31. Collaborative Normal-Tension Glaucoma Study Group. Natural history of normal-tension glaucoma. Ophthalmology 2001, 108,

247–253. [CrossRef] [PubMed]
32. Chan, N.T.H.; Pattamatta, U.; White, A. Role of reactive oxygen species and oxidative stress in the pathomechanism of glaucoma.

Med. Hypothesis Discov. Innov. Ophthalmol. 2025, 14, 204–215. [CrossRef] [PubMed]
33. Hoyos, C.M.; Melehan, K.L.; Liu, P.Y.; Grunstein, R.R.; Phillips, C.L. Does obstructive sleep apnea cause endothelial dysfunction?

A critical review of the literature. Sleep Med. Rev. 2015, 20, 15–26. [CrossRef] [PubMed]
34. Atkeson, A.; Jelic, S. Mechanisms of endothelial dysfunction in obstructive sleep apnea. Vasc. Health Risk Manag. 2008, 4, 1327.

[CrossRef] [PubMed]
35. Peracaula, M.; Torres, D.; Poyatos, P.; Luque, N.; Rojas, E.; Obrador, A.; Orriols, R.; Tura-Ceide, O. Endothelial Dysfunction and

Cardiovascular Risk in Obstructive Sleep Apnea: A Review Article. Life 2022, 12, 537. [CrossRef] [PubMed]
36. Patt, B.T.; Jarjoura, D.; Haddad, D.N.; Sen, C.K.; Roy, S.; Flavahan, N.A.; Khayat, R.N. Endothelial dysfunction in the microcircula-

tion of patients with obstructive sleep apnea. Am. J. Respir. Crit. Care Med. 2010, 182, 1540–1545. [CrossRef] [PubMed]
37. Grieshaber, M.C.; Flammer, J. Blood flow in glaucoma. Curr. Opin. Ophthalmol. 2005, 16, 79–83. [CrossRef] [PubMed]
38. Izzotti, A.; Bagnis, A.; Saccà, S.C. The role of oxidative stress in glaucoma. Mutat. Res. Rev. Mutat. Res. 2006, 612, 105–114.

[CrossRef] [PubMed]
39. Stefánsson, E.; Pedersen, D.B.; Jensen, P.K.; La Cour, M.; Kiilgaard, J.F.; Bang, K.; Eysteinsson, T. Optic nerve oxygenation. Prog.

Retin Eye Res. 2005, 24, 307–332. [CrossRef] [PubMed]
40. Leske, M.C.; Wu, S.Y.; Hennis, A.; Honkanen, R.; Nemesure, B. Risk Factors for Incident Open-Angle Glaucoma: The Barbados

Eye Studies. Ophthalmology 2008, 115, 85–93. [CrossRef] [PubMed]
41. Wang, L.; Cull, G.A.; Piper, C.; Burgoyne, C.F.; Fortune, B. Anterior and posterior optic nerve head blood flow in nonhuman

primate experimental glaucoma model measured by laser speckle imaging technique and microsphere method. Investig.
Ophthalmol. Vis. Sci. 2012, 53, 8303–8309. [CrossRef] [PubMed]

42. Bonomi, L.; Marchini, G.; Marraffa, M.; Bernardi, P.; Morbio, R.; Varotto, A. Vascular risk factors for primary open angle glaucoma:
The Egna-Neumarkt Study. Ophthalmology 2000, 107, 1287–1293. [CrossRef] [PubMed]

43. Topouzis, F.; Coleman, A.L.; Harris, A.; Jonescu-Cuypers, C.; Yu, F.; Mavroudis, L.; Anastasopoulos, E.; Pappas, T.; Koskosas, A.;
Wilson, M.R. Association of Blood Pressure Status with the Optic Disk Structure in Non-glaucoma Subjects: The Thessaloniki Eye
Study. Am. J. Ophthalmol. 2006, 142, 60–67. [CrossRef] [PubMed]

44. Quigley, H.A.; West, S.K.; Rodriguez, J.; Munoz, B.; Klein, R.; Snyder, R. The prevalence of glaucoma in a population-based study
of Hispanic subjects: Proyecto VER. Arch. Ophthalmol. 2001, 119, 1819–1826. [CrossRef] [PubMed]

45. Weinreb, R.N.; Aung, T.; Medeiros, F.A. The Pathophysiology and Treatment of Glaucoma: A Review. JAMA 2014, 311, 1901.
[CrossRef] [PubMed]

46. Biousse, V.; Newman, N. Retinal and Optic Nerve Ischemia. CONTIN. Lifelong Learn. Neurol. 2014, 20, 838. [CrossRef] [PubMed]
47. Karti, O.; Saatci, I.; Saatci, A.O. Vascular supply of the eye: Clinical anatomy. Med. Hypothesis Discov. Innov. Ophthalmol. 2025,

13, 176. [CrossRef] [PubMed]
48. Strickland, R.G.; Garner, M.A.; Gross, A.K.; Girkin, C.A. Remodeling of the Lamina Cribrosa: Mechanisms and Potential

Therapeutic Approaches for Glaucoma. Int. J. Mol. Sci. 2022, 23, 8068. [CrossRef] [PubMed]
49. Downs, J.C.; Girkin, C.A. Lamina Cribrosa in Glaucoma. Curr. Opin. Ophthalmol. 2017, 28, 113. [CrossRef] [PubMed]
50. Albon, J.; Purslow, P.P.; Karwatowski, W.S.S.; Easty, D.L. Age related compliance of the lamina cribrosa in human eyes. Br. J.

Ophthalmol. 2000, 84, 318–323. [CrossRef] [PubMed]
51. Zhavoronkov, A.; Kanherkar, R.R.; Izumchenko, E.; Teka, M.; Cantor, C.; Manaye, K.; Sidransky, D.; West, M.D.; Makarev, E.;

Csoka, A.B. Pro-fibrotic pathway activation in trabecular meshwork and lamina cribrosa is the main driving force of glaucoma.
Cell Cycle 2016, 15, 1643–1652. [CrossRef] [PubMed]

52. Wang, B.; Lucy, K.A.; Schuman, J.S.; Sigal, I.A.; Bilonick, R.A.; Lu, C.; Liu, J.; Grulkowski, I.; Nadler, Z.; Ishikawa, H.; et al.
Tortuous Pore Path Through the Glaucomatous Lamina Cribrosa. Sci. Rep. 2018, 8, 7281. [CrossRef] [PubMed]

53. Girkin, C.A.; Walker, E.; Gardiner, S.K.; Hallaj, S.; Murillo, K.; Jiravarnsirikul, A.; Weinreb, R.N.; Liebmann, J.M.; Zangwill, L.M.;
Fazio, M.A. Glaucomatous Remodeling of the Lamina Cribrosa: Association with Visual Field Progression. Investig. Ophthalmol.
Vis. Sci. 2026, 67, 3. [CrossRef] [PubMed]

54. Chuangsuwanich, T.; Nongpiur, M.E.; Braeu, F.A.; Prasad, S.C.; Tun, T.A.; Thiéry, A.; Perera, S.; Ho, C.L.; Buist, M.;
Barbastathis, G.; et al. AI to Identify Strain-Sensitive Regions of the Optic Nerve Head Linked to Functional Loss in Glau-
coma. Investig. Ophthalmol. Vis. Sci. 2026, 67, 29. [CrossRef] [PubMed]

https://doi.org/10.3390/jcm15135215

https://doi.org/10.1186/S12886-016-0215-3
https://www.ncbi.nlm.nih.gov/pubmed/27079202
https://doi.org/10.1371/JOURNAL.PONE.0031104
https://www.ncbi.nlm.nih.gov/pubmed/22359566
https://doi.org/10.1016/J.OPTOM.2016.02.003
https://www.ncbi.nlm.nih.gov/pubmed/27025415
https://doi.org/10.1016/S0161-6420(00)00518-2
https://www.ncbi.nlm.nih.gov/pubmed/11158794
https://doi.org/10.51329/MEHDIOPHTHAL1533
https://www.ncbi.nlm.nih.gov/pubmed/41608129
https://doi.org/10.1016/j.smrv.2014.06.003
https://www.ncbi.nlm.nih.gov/pubmed/25088969
https://doi.org/10.2147/VHRM.S4078
https://www.ncbi.nlm.nih.gov/pubmed/19337546
https://doi.org/10.3390/LIFE12040537
https://www.ncbi.nlm.nih.gov/pubmed/35455027
https://doi.org/10.1164/RCCM.201002-0162OC
https://www.ncbi.nlm.nih.gov/pubmed/20656942
https://doi.org/10.1097/01.ICU.0000156134.38495.0B
https://www.ncbi.nlm.nih.gov/pubmed/15744136
https://doi.org/10.1016/j.mrrev.2005.11.001
https://www.ncbi.nlm.nih.gov/pubmed/16413223
https://doi.org/10.1016/j.preteyeres.2004.09.001
https://www.ncbi.nlm.nih.gov/pubmed/15708831
https://doi.org/10.1016/j.ophtha.2007.03.017
https://www.ncbi.nlm.nih.gov/pubmed/17629563
https://doi.org/10.1167/IOVS.12-10911
https://www.ncbi.nlm.nih.gov/pubmed/23169886
https://doi.org/10.1016/S0161-6420(00)00138-X
https://www.ncbi.nlm.nih.gov/pubmed/10889099
https://doi.org/10.1016/j.ajo.2006.02.055
https://www.ncbi.nlm.nih.gov/pubmed/16815251
https://doi.org/10.1001/ARCHOPHT.119.12.1819
https://www.ncbi.nlm.nih.gov/pubmed/11735794
https://doi.org/10.1001/JAMA.2014.3192
https://www.ncbi.nlm.nih.gov/pubmed/24825645
https://doi.org/10.1212/01.CON.0000453315.82884.a1
https://www.ncbi.nlm.nih.gov/pubmed/25099097
https://doi.org/10.51329/MEHDIOPHTHAL1509
https://www.ncbi.nlm.nih.gov/pubmed/40065801
https://doi.org/10.3390/IJMS23158068
https://www.ncbi.nlm.nih.gov/pubmed/35897642
https://doi.org/10.1097/ICU.0000000000000354
https://www.ncbi.nlm.nih.gov/pubmed/27898470
https://doi.org/10.1136/BJO.84.3.318
https://www.ncbi.nlm.nih.gov/pubmed/10684845
https://doi.org/10.1080/15384101.2016.1170261
https://www.ncbi.nlm.nih.gov/pubmed/27229292
https://doi.org/10.1038/s41598-018-25645-9
https://www.ncbi.nlm.nih.gov/pubmed/29740064
https://doi.org/10.1167/IOVS.67.4.3
https://www.ncbi.nlm.nih.gov/pubmed/41920143
https://doi.org/10.1167/IOVS.67.2.29
https://www.ncbi.nlm.nih.gov/pubmed/41670413
https://doi.org/10.3390/jcm15135215


J. Clin. Med. 2026, 15, 5215 19 of 22

55. Fraser, C.L. Obstructive sleep apnea and optic neuropathy: Is there a link? Curr. Neurol. Neurosci. Rep. 2014, 14, 465. [CrossRef]
[PubMed]

56. Kaelin, W.G.; Ratcliffe, P.J. Oxygen Sensing by Metazoans: The Central Role of the HIF Hydroxylase Pathway. Mol. Cell 2008, 30,
393–402. [CrossRef] [PubMed]

57. Feng, X.; Zhang, W.; Wan, T.; Jiao, K.; Zhang, L.; Li, C.; Xiao, L. Astrocytes from lamina cribrosa are involved in the autoregulatory
function of optic nerve head vessels in vitro. Front. Mol. Biosci. 2025, 12, 1636882. [CrossRef] [PubMed]

58. Chidlow, G.; Wood, J.P.M.; Casson, R.J. Investigations into Hypoxia and Oxidative Stress at the Optic Nerve Head in a Rat Model
of Glaucoma. Front. Neurosci. 2017, 11, 478. [CrossRef] [PubMed]

59. Jassim, A.H.; Nsiah, N.Y.; Inman, D.M. Ocular Hypertension Results in Hypoxia within Glia and Neurons Throughout the Visual
Projection. Antioxidants 2022, 11, 888. [CrossRef] [PubMed]

60. Jassim, A.H.; Fan, Y.; Pappenhagen, N.; Nsiah, N.Y.; Inman, D.M. Oxidative Stress and Hypoxia Modify Mitochondrial Home-
ostasis During Glaucoma. Antioxid. Redox Signal. 2021, 35, 1341–1357. [CrossRef] [PubMed]

61. Tezel, G.; Wax, M.B. Hypoxia-inducible factor 1alpha in the glaucomatous retina and optic nerve head. Arch. Ophthalmol. 2004,
122, 1348–1356. [CrossRef] [PubMed]
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