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Abstract

Glaucoma is traditionally classified as an ocular disease characterized by progressive retinal
ganglion cell (RGC) loss and optic nerve damage. However, emerging evidence suggests
that its pathophysiology may extend beyond the eye, involving trans-synaptic neurode-
generation along the visual pathway and structural changes within central brain regions,
including the lateral geniculate nucleus and visual cortex. In this narrative review, we
have used the phrase ‘brain involvement’ to underscore central changes that accompany
or follow retinal ganglion cell loss; we have not intended to redefine glaucoma as a pri-
mary cerebral disorder. Neuroimaging studies and neurocognitive assessments in adult
glaucoma patients, primarily older individuals with primary open-angle glaucoma reveal
that glaucoma patients may exhibit alterations in brain connectivity and cortical thinning,
aligning it more closely with neurodegenerative disorders such as Alzheimer’s and Parkin-
son’s disease. This evolving neurocentric perspective raises important questions regarding
shared mechanisms—such as mitochondrial dysfunction, chronic inflammation, and im-
paired axonal transport—that may link glaucomatous optic neuropathy to central nervous
system (CNS) pathology. These insights open promising therapeutic avenues, including the
repurposing of neuroprotective and neuroregenerative agents, targeting not only intraocu-
lar pressure (IOP) but also broader CNS pathways. Furthermore, neuroimaging biomarkers
and brain-targeted interventions may play a future role in diagnosis, prognosis, and indi-
vidualized treatment. This review synthesizes current evidence supporting glaucoma as a
CNS disease, explores the mechanistic overlap with neurodegeneration, and discusses the
potential clinical implications of glaucoma within a neuro-ophthalmologic paradigm.

Keywords: glaucoma; neurodegeneration; retinal ganglion cells; central nervous sys-
tem; neuroprotection

1. Introduction

Glaucoma has traditionally been viewed as an exclusively ocular condition marked by
the progressive degeneration of retinal ganglion cells (RGCs) and optic nerve impairment,
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resulting in visual field defects. A growing body of evidence supports a more expansive
neurodegenerative framework wherein glaucomatous injury transcends the ocular region
and affects core brain systems. Neurodegenerative processes, including neuronal loss and
white matter alterations, have been shown to occur throughout the visual pathway in
glaucoma and may begin early in the disease course, potentially preceding or paralleling
clinically detectable structural and functional ocular changes [1,2]. This paradigm shift
challenges traditional clinical views and fosters the development of potential innovative
diagnostic and treatment approaches aimed at both the brain and the eye. Consistent
with contemporary clinical practice, glaucoma is classified as an optic neuropathy at the
ocular level.

Structural brain imaging studies provide evidence for central nervous system involve-
ment in glaucoma. Researchers have documented diminished gray matter volume and
cortical thickness in the visual cortex and related areas by surface-based analysis (SBA) and
voxel-based morphometry (VBM) [3]. These modifications are associated with the severity
of visual field defects, RNFL thickness and the cup-to-disk ratio, suggesting that anatomical
changes in the brain are not only incidental observations but may possess direct therapeutic
significance [4]. Moreover, microstructural alterations in subcortical relay regions and optic
radiations, as demonstrated by diffusion-tensor imaging, reinforce the hypothesis that
glaucomatous degeneration advances trans-synaptically via the retino-geniculo-cortical
pathway [5].

Functional imaging and sophisticated diffusion MRI investigations validate these
anatomical observations by revealing impaired connections within the visual system.
Diffusion tensor imaging (DTI) demonstrates reduced fractional anisotropy and increased
mean diffusivity—indicators of white matter microstructural impairment—in the optic
radiations and optic nerves [6,7]. Resting-state and task-based functional MRI demonstrate
diminished activity and connectivity between primary and higher visual areas [8,9]. These
functional abnormalities resemble those observed in other neurodegenerative disorders,
including Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, and amyotrophic
lateral sclerosis, all of which are marked by progressive neuronal degeneration and network
disintegration, supporting the concept that glaucoma could be considered as a neuro-
ophthalmological syndrome encompassing both ocular and cerebral pathology.

The clinical ramifications of this broadened perspective are significant. Reconceptu-
alizing glaucoma as a cerebral and ocular disorder allows for the identification of novel
biomarkers through neuroimaging, the development of neuroprotective and neuroregen-
erative medicines aimed at central pathways, and the customization of management to
encompass both ocular and cerebral health. The following sections of this review will
investigate the mechanisms underlying brain involvement, assess potential overlaps with
other neurodegenerative diseases, address methodological challenges and future directions.

2. Methods

This review employs a structured narrative method to synthesize existing knowledge
about the role of central nervous system structures in glaucoma. A thorough literature
search was performed in PubMed, Embase, Web of Science, and Scopus to identify rel-
evant peer-reviewed articles published in English between January 2000 and June 2025.
Search queries combined disease- and imaging-related terms using Boolean operators, for
example: (“glaucoma” OR “glaucomatous optic neuropathy”) AND (“brain” OR “neu-
rodegeneration” OR “cortical thinning” OR “visual pathway”) AND (“functional MRI”
OR “diffusion tensor imaging” OR “magnetic resonance spectroscopy”). The objective
was to obtain research that investigated the correlation between glaucoma and structural,
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functional, or metabolic alterations in the brain, specifically concerning regions associated
with visual processing.

The eligibility criteria were meticulously established before the selection of the study.
Included studies were required to assess brain anatomy or function in patients diagnosed
with any subtype of glaucoma utilizing recognized neuroimaging methodologies. Re-
search utilizing voxel-based morphometry, surface-based morphometry, diffusion tensor
imaging, resting-state or task-based functional MRI, or magnetic resonance spectroscopy
was prioritized. Only studies that had explicit methodological descriptions, and reported
outcomes pertaining to alterations in gray matter, white matter, functional connectivity,
or metabolic markers were included. Studies that just examined ophthalmic disease or
treatments, without concurrent evaluations of the central nervous system, were excluded.

Papers deficient in imaging methods, clinical factors, or statistical analysis were
excluded to ensure data quality. Duplicate publications and those with overlapping popu-
lations were detected and eliminated during the screening process.

Upon identifying the qualifying publications, data were retrieved regarding imaging
modality, sample size, patient demographics, studied brain areas, and findings related
to structural, functional, or metabolic problems. Instead of pursuing quantitative syn-
thesis, the gathered information was categorized into specific domains: trans-synaptic
degeneration, anatomical brain abnormalities, functional connectivity problems, metabolic
results, and common pathways with other neurodegenerative illnesses. This thematic
approach enabled a comprehensive analysis of the information, facilitating significant
comparisons across research and contributing to the establishment of a coherent framework
for understanding glaucoma as a condition impacting both the eye and the brain. Rather
than delivering a comprehensive systematic analysis, this review presents an academic
perspective informed by a synthesis of reliable data and practical clinical considerations.

3. Indications of Trans-Synaptic Degeneration

Recent neuroimaging and neuropathological studies have provided compelling ev-
idence for trans-synaptic degeneration in glaucoma. This process, characterized by the
transmission of neuronal injury from one neural structure to interconnected downstream
regions, has been documented in the visual pathway of glaucoma patients. Retinal ganglion
cells experience apoptosis due to increased intraocular pressure or other stresses, leading to
cellular degeneration that propagates up the optic nerve, impacting the LGN and ultimately
the primary visual cortex. Histological examinations have validated atrophy and neuronal
degeneration in these areas, reinforcing the notion that glaucomatous damage propagates
centrally via trans-neuronal processes [10,11].

Advanced neuroimaging methodologies have further substantiated this process. Re-
search employing high-resolution structural MRI has demonstrated reduced LGN volume
in glaucoma patients, frequently associated with disease severity and retinal nerve fiber
layer thinning [12]. Concurrently, DTI has revealed impaired integrity in white matter
pathways, including the optic radiation and optic tract, evidenced by reduced fractional
anisotropy and elevated mean diffusivity, indicative of axonal degeneration and demyeli-
nation [13,14].

The subsequent impacts of this degeneration are also seen in cortical structures. De-
creases in gray matter volume and cortical thickness have been noted in the primary visual
cortex [15]. Functional deficits in these domains, evaluated using resting-state functional
MRI, exhibit decreased activation and impaired connection with advanced visual process-
ing centers. These modifications not only validate the dissemination of degeneration along
anatomical pathways but also offer a physiological counterpart to structural impairment.
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These data collectively suggest that trans-synaptic degeneration is an important
pathogenic feature of glaucoma, linking ocular injury to widespread cerebral alterations.
This process elucidates the multifocal characteristics of visual field loss and the engagement
of brain regions beyond the traditional retino-geniculo-cortical circuit. It further under-
scores that a comprehensive understanding—and ultimately more effective treatment—of
glaucoma will likely require consideration of its central nervous system component.

It is important to note several factors about the eye-brain continuum and differential
concerns. The retina is a central nervous system tissue safeguarded by a blood-retinal bar-
rier analogous to the blood-brain barrier. Damage at any point in the visual pathway can
cause anterograde and retrograde trans-synaptic degeneration; however, this phenomena
does not imply different underlying causes. Cerebral diseases, such as ischemic stroke, neu-
rodegenerative disorders like Alzheimer’s disease, or brain tumors, can damage the optic
radiations and visual cortex, resulting in homonymous field loss and subsequent retinal
alterations without indicating glaucoma. Conversely, glaucomatous damage occurs in the
anterior visual pathway and may progressively involve central changes. Understanding
this distinction is crucial for clinical interpretation and for preventing nosological misinter-
pretation.

4. Morphological Modifications of the Brain

Structural neuroimaging has demonstrated evidence of structural alterations in the
brain of individuals with glaucoma, surpassing traditional optic pathway deterioration.
Cortical thinning in visual processing regions, especially in the occipital lobe, has been
repeatedly recorded utilizing VBM and surface-based morphometry (SBM) methodolo-
gies [9,16]. The decreases in gray matter volume are associated with clinical indicators,
indicating a connection between ocular pathology and cortical neurodegeneration [17].
Significantly, these alterations extend beyond the primary visual cortex to encompass
association visual areas involved in advanced visual processing.

Furthermore, magnetic resonance imaging studies reveal that the LGN, a principal
relay center between the retina and visual cortex, has significant atrophy in glaucoma
patients relative to controls, even in the early stages of the disease [18]. The findings
corroborate the trans-synaptic characteristics of glaucomatous neurodegeneration, since
synaptic targets exhibit volume reduction subsequent to upstream retinal injury [19]. The
optic tracts and optic radiations exhibit volume loss, corroborating diffusion metric studies
and highlighting the extensive nature of structural involvement [20].

The structural modifications extend beyond primary visual pathways into interme-
diate and tertiary cerebral regions. The visual association cortices in the parietal and
temporal lobes, which are crucial to sophisticated visual perception and spatial cognition,
have reduced gray matter volume correlated with the severity of glaucoma [21]. This
indicates that glaucomatous damage may compromise not just fundamental visual acuity
but also advanced cognitive abilities including visual processing, spatial orientation, and
attention. This extensive structural remodeling suggests that glaucoma is associated with
larger cerebral alterations that may contribute to subtle abnormalities frequently seen in
patients, such as delayed reaction times and challenges with visual-spatial activities.

Finally, surface-based investigations have revealed regional cortical thinning patterns
that correspond to the distribution of glaucomatous damage [4,22]. Concurrent cortical
thinning in both dorsal and ventral visual streams indicates that the “where” (spatial) and
“what” (object recognition) processing pathways are vulnerable [23].
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5. Alterations in Functional Connectivity

Besides structural degradation, glaucoma is now acknowledged to cause substantial
disturbances in the brain’s functioning architecture. Resting-state functional magnetic reso-
nance imaging (rs-fMRI) has proven pivotal in detecting connectivity problems within and
outside the visual system. Numerous investigations have established functional decoupling
between the primary visual cortex and higher-order association cortices. These changes
are not simply secondary effects of diminished visual input but indicate fundamental
dysregulation of neural networks. In early-stage glaucoma, diminished synchronization
among visual networks can be observed, indicating that connection deficits may occur
prior to or concurrently with structural alterations [8,24].

Furthermore, glaucoma patients demonstrate modified connections in non-visual
areas, reinforcing the notion that the condition impacts wider brain systems. Disrupted
integration has been noted between visual areas and regions associated with attention,
spatial orientation, and cognitive control, such as the parietal cortex [25]. These findings
align with documented deficits in attention, executive function, and reaction times noted in
clinical evaluations of glaucoma patients. The non-visual connection alterations highlight
glaucoma’s capacity to induce widespread neurological impairment, hence supporting its
classification as a neurodegenerative condition.

Network-level investigations have elucidated the reconfiguration of cerebral function
in glaucoma. Functional connection density mapping and graph theoretical methods re-
veal diminished global efficiency and compromised modular organization in visual and
multisensory integration networks [26]. Patients demonstrate modified hub areas and
diminished small-worldness, signifying a disruption in the conventional equilibrium be-
tween local specialization and global integration. The decline in functional efficiency may
lead to a progressive deterioration in fundamental visual perception and complex activities,
reflecting patterns seen in Alzheimer’s disease and other types of cortical neurodegenera-
tion [27].

Some investigations indicate compensating enhancements in connection within intact
regions, potentially signifying neuroplasticity or adaptive rearrangement. Increased con-
nection within the default mode network (DMN) or between contralateral visual cortices
has been discovered, presumably facilitating residual function in the early stages of the
disease [17,28]. Nonetheless, the question of whether these modifications are advantageous
or maladaptive continues to be a subject of controversy. Longitudinal investigations are
essential to ascertain whether these compensatory responses can maintain visual perfor-
mance or if they indicate network fatigue over time. Nevertheless, the existence of modified
connection patterns in glaucoma underscores its categorization as a condition involving
the central nervous system.

6. Metabolic and Neurochemical Observations

Recent studies on the metabolic and neurochemical alterations in glaucoma have
yielded further evidence of central nervous system involvement. Magnetic resonance
spectroscopy (MRS), a non-invasive imaging modality that detects biochemical changes
in vivo, has revealed diminished levels of N-acetyl aspartate (NAA) in the visual cortex
of individuals with glaucoma [29]. NAA serves as an indicator of neuronal vitality, and
its decrease is seen as indicative of neuronal death or malfunction. These metabolic
anomalies manifest in both early and severe stages of the disease and correspond with
structural alterations and visual field metrics, suggesting that biochemical dysfunction
accompanies or precedes morphological damage. Variations in myo-inositol concentrations
have been seen as markers of glial activation, a phenomenon commonly observed in other
neurodegenerative conditions such multiple sclerosis and Alzheimer’s disease. Moreover,
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the ratio of NAA to creatine, a dependable indicator of neurodegeneration, has been
documented to decrease in visual and associative cortices in glaucoma, hence strengthening
the disease’s neurochemical signature in the brain [30].

Additional metabolites, including choline and creatine, have been assessed in relation
to glaucoma. Increased choline levels, frequently linked to heightened membrane turnover
and gliosis, indicate reactive alterations in the brain following damage [31].

Mitochondrial dysfunction is acknowledged as a fundamental element of glaucoma-
tous pathogenesis. Impaired mitochondrial oxidative phosphorylation, diminished ATP
synthesis, and heightened formation of reactive oxygen species have all been associated
with the degeneration of retinal ganglion cells and may also affect central neurons in the
visual pathway [32].

Besides metabolic alterations, neuroinflammatory mechanisms are thought to play
a role in the neurodegenerative cascade. Increased concentrations of pro-inflammatory
cytokines, such as interleukin-6 and tumor necrosis factor-alpha, have been identified in
the cerebrospinal fluid and optic nerves of individuals with glaucoma [33]. This indicates
that glaucoma may entail a more extensive inflammatory response within the CNS, akin
to patterns seen in chronic neurodegenerative disorders. These findings endorse the
investigation of anti-inflammatory and metabolic treatments as potential neuroprotective
approaches in glaucoma management and further substantiate the case for reclassifying
glaucoma as a systemic neurodegenerative condition. Table 1 summarizes research articles
evaluating central nervous system involvement in glaucoma using advanced neuroimaging
and spectroscopy techniques.

Table 1. Summary of key studies investigating central nervous system alterations in glaucoma.

Brain Region(s)

Ref. Author, Year N (Patients/Controls) Methodology Studied Key Findings
2] Haykal etal, 2021  12POAG/l4 controls  Diffusion MRI Optic tracts, Optic POAG patients showed
radiations progressive fiber density loss.
ROI analysis showed volume
LGN (bilateral), V1 reduction in LGN, right V1
(right), Amygdala cortical thinning, left amygdala
[4] Wang et al., 2016 25 POAG/25 controls T1-weighted MRI g, AMyg shrinkage; SBA found reduced
(left), Frontal pole . - o
cortex cortical thickness in right frontal
pole; VBA alone found no GMV
differences
Obtic ner i Higher MD and lower FA in optic
[5] Garaci et al., 2009 16 POAG/10 controls 3-T DTI plic nerve, optic nerves and radiations in
radiation
glaucoma
44% of glaucoma patients showed
50 glaucoma/ . . significant rarefaction of optic
(6] Engelhorn et al,, 2011 50 controls DT Optic radiation radiation, with volume reduced to
67 + 16% of controls
Progressive decrease in FA and
30 mild ¢l / increase in MD with advancing
. mid graucoma Optic nerve, optic laucoma severity; FA in the optic
[7] Sidek et al., 2014 30 severe glaucoma/ DTI p p & y p
M 30 controls radiation nerve had 87% sensitivity and
80% specificity for detecting
severity levels
BA17 showed reduced
BA17 (V1), BA18/19, connectivity with visual,
BA7; plus temporal, sensorimotor, cerebellar
(8] Dai et al.. 2013 22 POAG/22 controls rsfMRI associations with areas; increased connectivity with

temporal, occipital,
motor, and cerebellar
regions

cerebellum, frontal regions;
BA18/19 lost connectivity with
cerebellar vermis, temporal areas,
insula
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Table 1. Cont.

Brain Region(s)

Ref. Author, Year N (Patients/Controls) Methodology Studied Key Findings
Mild POAG showed thinning in
17 severe POAG/ Visual cortex: V1. V2 bilateral V5/MT+; severe POAG
[15] Yu et al., 2015 20 mild POAG/ MRI V3v. V4 V5. /M"’F+ ’ showed thinning in left V1,
20 controls s bilateral V2, and V5/MT+; V2
thinner in severe vs. mild
GM density reductions in anterior
[16] Boucard et al., 2009 8 POAG/12 controls MRI, VBM Visual cortex medial occipital cortex matching
peripheral field loss
WM damage in visual and
non-visual tracts, GM atrophy in
. visual and distant regions,
[17] Frezzotti et al., 2014 13 advanced POAG/ MRI (VBM, DTI, Vlsgal and decreased FC in visual, working
12 controls rs-fMRI) extra-visual cortex .
memory, attention networks,
increased FC in visual and
executive networks
[18] Gupta et al., 2009 10 glaucoma/8 controls 1.5T MRI LGN LGN helght significantly reduced
in glaucoma
11 mild—moderate Primary visual cortex V1 area and volume reduced in
[20] Zhou et al., 2017 POAG/11 controls Structural and DTI ~ (V1); optic tract; optic POAG; AD and RD trends not
radiation statistically significant
Bilateral cortical thinning in
anterior calcarine cortex (left
[22] Yu et al., 2013 36 POAG/40 controls Structural MRI Visual cortex BA17/18, right BA17), smaller
areas in left BA37, BA19;
correlated with RNFL thickness
Surface-based Decreased functional stability in
urtace-base Visual and visual network; increased stability
[23] Yang et al., 2024 70 POAG/45 controls dynamic FC . L .
(rs-fMRI) non-visual cortex in inferior parietal gyrus and
right inferior frontal cortex
36 elaucoma)/ Lateral, medial, and Reduced connectivity between
[24] Wang et al., 2020 25; ntrol T1 and rs-fMRI occipital visual primary visual cortex and
controts networks higher-order areas
NTG and POAG showed reduced
[25] Giorgio et al., 2018 17 NTG/17 POAG/ Multimodal MRI: Visual and Concr;}:e/it‘i/\?iltu rr(lleoSvj:rdFth/eﬁdher
- & v 29 controls VBM, DTI, rs-fMRI  non-visual networks . ity (lower &
diffusivity) in visual and
non-visual regions
Altered nodal metrics in
prefrontal, occipital, temporal,
[26] Chen et al., 2024 44 PACG/44 controls rs-fMRI (graph Whole-brain network ce:’rebellar reglons; mt“?' f’md
theory) inter-module connectivity
changes; no global network
metric differences
Primary visual cortex .
[28] Lietal., 2023 34 PACG/34 controls rs-fMRI (dynamic) (V1) and bilateral Increaseq dynamic FC .between
calcarine sulcus V1 and bilateral calcarine areas
2156 %ﬁ;;:cr;?i/ Lower NAA in LGN in glaucoma
[29] Aksoy et al., 2019 glaucoma/16 ocular MRS LGN, visual cortex land GS;llower Cho m LGN. ml
hypertension/ glaucoma; NAA in VC negatively

30 controls

correlated with cup-to-disk ratio
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Table 1. Cont.

Brain Region(s)

Ref. Author, Year N (Patients/Controls) Methodology Studied Key Findings
Increased Glx/Cr and decreased
[30] Guo et al., 2018 23 zela I;:l(}:nlzgf;c/ MRS Visual cortex Ins/Cr ratios in glaucoma; no
NAA/Cr or Cho/Cr changes
15 severe glaucoma/ L . .
[31] Sidek et al., 2016 15 mild glaucoma/ MRS Optic radiation No significant differences in

NAA, Cho, GIx or ratios to Cr
15 controls

Abbreviations: POAG—primary open-angle glaucoma; LGN—Ilateral geniculate nucleus; V1—primary visual
cortex; ROI—region of interest; SBA—surface-based analysis; VBA—voxel-based analysis; GMV—gray mat-
ter volume; 3T—3 Tesla; DTI—diffusion tensor imaging; MD—mean diffusivity; FA—fractional anisotropy;
rs-fMRI—resting-state functional magnetic resonance imaging; BA—Brodmann area; V2, V3v, V4, V5/MT+—
visual cortical areas; VBM—voxel-based morphometry; GM—gray matter; WM—white matter; FC—functional
connectivity; 1.5T—1.5 Tesla; AD—axial diffusivity; RD—radial diffusivity; RNFL—retinal nerve fiber layer; NTG—
normal-tension glaucoma; PACG—primary angle-closure glaucoma; FC—functional connectivity; GS—glaucoma
suspect; OHT—ocular hypertension; MRS—magnetic resonance spectroscopy; NAA—N-acetyl aspartate;
Cho—choline; VC—visual cortex; Glx—glutamate + glutamine; Cr—creatine; Ins—myo-inositol.

7. Common Neurodegenerative Mechanisms

Glaucoma exhibits some pathogenic characteristics akin to those of conventional
neurodegenerative disorders, notably Alzheimer’s and Parkinson’s diseases. A notable in-
tersection exists in the accumulation of misfolded proteins. Numerous investigations have
shown elevated beta-amyloid levels in the retina and optic nerves of glaucoma patients,
akin to the characteristic plaques observed in Alzheimer’s disease [34]. Hyperphospho-
rylation of tau protein, a characteristic of Alzheimer’s pathology, has also been seen in
glaucomatous tissue. The analogies indicate that protein misfolding and aggregation may
constitute a shared mechanism of neuronal toxicity in both illnesses, potentially influenced
by analogous genetic or environmental variables [35].

Glaucoma and Alzheimer’s disease display analogous patterns of mitochondrial
malfunction. Mitochondria are essential for neuronal life by managing energy synthesis,
calcium balance, and apoptotic signals. In glaucoma, data from ocular and central tissues
demonstrate compromised mitochondrial dynamics, characterized by an altered fission-
fusion equilibrium and impaired mitophagy [36]. These alterations reflect those seen in the
hippocampus and cortex of Alzheimer’s patients, reinforcing the hypothesis that energy
dysregulation is a common catalyst of neurodegeneration. The gradual damage in both
illnesses, originating in discrete areas and disseminating through susceptible networks,
further corroborates this mechanistic match [37].

Genetic research has commenced to uncover common risk factors linking glaucoma
and neurodegenerative disorders. Variants in the APOE gene, especially the ¢4 variant
correlated with Alzheimer’s disease, have been associated with heightened vulnerability
to glaucoma and accelerated progressive rates [38]. Moreover, genes associated with
synaptic transmission, inflammation, and oxidative stress regulation have been linked to
both illnesses. These findings underscore the possibility of shared genetic predispositions
that affect vulnerability to neurodegeneration in both the ocular and cerebral regions.
Significantly, they create the potential for targeted medicines that could address both
glaucoma and neurological disorders [39].

Ultimately, neurovascular dysfunction constitutes a common element linking glau-
coma to more extensive neurodegenerative pathology. Decreased cerebral blood flow and
compromised autoregulation have been noted in glaucoma patients, especially within the
visual cortex and posterior cerebral circulation [40]. This vascular insufficiency is charac-
teristic of Alzheimer’s disease and may exacerbate hypoxia-induced neuronal stress and
inflammatory responses. The interplay of protein aggregation, mitochondrial dysfunction,
hereditary predisposition, and vascular impairment indicates that glaucoma and central
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neurodegenerative disorders are interconnected components of a broader spectrum of
systemic neural susceptibility.

Neurovascular variables have become significant moderators of glaucomatous suscep-
tibility. Reduced ocular perfusion pressure (OPP)—determined by mean artery pressure
and intraocular pressure—has been linked to a heightened incidence of open-angle glau-
coma and accelerated structural and functional progression in several cohorts, but findings
differ among populations and techniques. Perfusion-MRI and arterial spin labeling investi-
gations have demonstrated modified cerebral blood flow and neurovascular coupling in
primary visual and higher-order cortices in glaucoma, indicating a connection between
systemic/central perfusion and disease manifestation [41-43].

Large-vessel disease can additionally impair both brain and ocular hemodynamics.
Carotid atherosclerosis and stenosis diminish blood flow to the anterior and, through the cir-
cle of Willis, posterior circulations, and have been linked to structural retinal alterations and
an elevated incidence of open-angle glaucoma in population-based studies. Vertebral artery
stenosis, a significant contributor to posterior-circulation ischemia, may reduce perfusion to
the visual brain and its associated pathways. Although macrovascular illnesses frequently
lead to neuro-ophthalmic abnormalities (e.g., homonymous field defects) that differ from
glaucoma, they may serve as systemic stresses that heighten optic nerve vulnerability in
predisposed people, particularly those with normal-tension phenotypes. These factors
necessitate a meticulous evaluation of cardiovascular risk, blood pressure patterns, and
carotid-vertebral patency in individuals exhibiting disease progression despite seemingly
sufficient intraocular pressure management [41-43].

A growing body of research suggests that perfusion abnormalities can concurrently
affect both the eye and the brain. Hypoperfusion of the optic nerve head has been demon-
strated to precede the thinning of the retinal nerve fiber layer in preclinical diabetic retinopa-
thy, highlighting the potential causal role of vascular compromise in neurodegeneration [44].
Quantitative OCT angiography offers objective measurements of ocular blood flow, con-
sistently demonstrating diminished flow density in glaucomatous eyes. As reviewed by
Briicher et al., these metrics are affected by both systemic and local factors and may indicate
cerebrovascular as well as ocular hemodynamics [45]. Studies carried out in 2019 have
characterized normal-tension glaucoma as a condition in which an imbalance in brain—eye
perfusion and central nervous system susceptibility are pivotal factors [46]. These results
collectively emphasize that restricted vascular supply can cause harm from the eye to
the brain, underscoring the necessity for comprehensive vascular evaluation in glaucoma
research and management.

8. Limitations

Although the evidence substantiating glaucoma as a central nervous system condition
is expanding, many significant limitations must be recognized. The prevailing research
predominantly utilizes cross-sectional study designs, hence limiting the capacity to infer
causality. In the absence of longitudinal data, it is uncertain if alterations in the brain occur
prior to or subsequent to retinal impairment, or if they develop concurrently as a result of a
shared underlying process. This temporal uncertainty hinders the accurate identification of
the sequence of pathogenic events in glaucoma and restricts our comprehension of whether
central alterations could function as early biomarkers or predictors of disease development.

Secondly, there exists considerable variability in the imaging techniques utilized
among research. Variations in scanner strength, voxel resolution, and preprocessing pro-
tocols might result in discrepancies in reported outcomes, especially for small structural
or functional alterations. Furthermore, certain studies employed limited sample sizes or
failed to incorporate adequately matched control groups for age, sex, and vascular risk
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factors, hence introducing possible bias and diminishing generalizability. The discrepancies
in defining glaucoma severity and the utilization of several clinical indicators (such as
intraocular pressure, visual field index, and retinal thickness) exacerbate the challenges of
cross-study comparisons and meta-analytical synthesis.

Third, although neuroimaging results are insightful, they frequently lack direct patho-
logical connection. Limited investigations have corroborated MRI-detected alterations
with histological evidence from human brain tissue, hence constraining confidence in the
interpretation of cortical atrophy, metabolic irregularities, or connection disruptions. The
clinical significance of the reported changes is not always evident. It remains uncertain if
diminished cortical volume in associative visual regions directly causes functional visual
impairment or signifies a subsequent, compensating mechanism. The disparity between
imaging indicators and clinical symptoms is a hurdle for converting research findings into
practical interventions.

The majority of research concentrates on primary open-angle glaucoma, with limited
information regarding other subtypes, including normal-tension glaucoma, angle-closure
glaucoma, and secondary glaucoma. These forms may vary in their engagement with the
central nervous system, and in the absence of comprehensive investigations, generalizing
the findings is challenging. Moreover, demographic factors including ethnicity, systemic
comorbidities, and genetic predisposition are inadequately investigated concerning central
neurodegeneration in glaucoma. Future research must address these limitations to elucidate
the scope, processes, and implications of brain involvement in glaucoma and to enhance its
classification as a neurodegenerative illness.

Finally, a limited number of the studies included have systematically assessed the
prevalence of comorbid neurodegenerative diseases, such as Alzheimer’s or Parkinson’s
disease, in glaucoma patients. A recent systematic review reported dementia prevalence
between 2.5% and 3.3% in glaucoma populations, with cognitive impairment observed
in 12.3% to 90.2% of cases [47]. However, methodological heterogeneity and the absence
of standardized cognitive assessments limit the reliability of these estimates. Thus, it
is difficult to determine whether the reported brain alterations are exclusively due to
glaucoma or partly reflect concomitant neurodegenerative pathology.

9. Prospective Outlooks

The acknowledgment of glaucoma as a neurodegenerative disorder encompassing
both ocular and central nervous system elements presents numerous intriguing oppor-
tunities for future research and clinical use. Longitudinal neuroimaging investigations
will be essential to ascertain the temporal link between retinal and brain alterations. De-
termining whether structural and functional brain changes precede visual field loss or
result from it could elucidate glaucoma’s natural history and reveal early biomarkers.
Furthermore, these investigations should focus on delineating disease trajectories, identi-
fying early neurodegenerative markers, and assessing therapy responses by quantitative
imaging measures.

Improvements in imaging technology will be crucial. Ultra-high-field MRI scanners,
such as those functioning at 7 Tesla, provide enhanced spatial resolution that may for more
precise evaluation of diminutive brain regions, including the lateral geniculate nucleus
and optic radiation. The integration of diffusion imaging, resting-state functional MRI,
and spectroscopy in multimodal protocols will enhance comprehension of the interactions
among structural deterioration, functional disconnection, and metabolic dysregulation.
The amalgamation of these techniques with artificial intelligence and machine learning
methodologies may augment the identification of nuanced cerebral alterations and promote
personalized disease modeling and prognosis.
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From a therapeutic perspective, the neurocentric approach promotes the investiga-
tion of neuroprotective and neuroregenerative techniques aimed at both the brain and
the eye. Clinical trials are necessary to assess medicines that influence mitochondrial
function, protein aggregation, or inflammation—such as nicotinamide, coenzyme Q10,
or anti-tau therapies—in glaucoma populations. These methodologies may gain from
biomarker-driven patient selection and neuroimaging outcome assessments, thereby ad-
vancing precision medicine in glaucoma treatment.

Finally, there is increasing interest in the systemic factors affecting glaucoma etiology,
including as vascular dysregulation, sleep disturbances, and metabolic syndromes. Ex-
amining the influence of these parameters on cerebral circulation, glymphatic clearance,
and neuroinflammation in glaucoma may reveal new modifiable risk factors and inform
comprehensive patient care. Collaboration among ophthalmologists, neurologists, radi-
ologists, and cognitive scientists will be crucial to elucidate the intricacies of glaucoma
as a neurological disorder. Interdisciplinary initiatives are essential for shifting from a
pressure-focused paradigm of glaucoma to a comprehensive neurodegenerative framework
that includes ocular, brain, and systemic aspects.

10. Conclusions

The dominant perception of glaucoma as an ophthalmic condition focused on lowering
intraocular pressure is progressively being contested by an expanding array of informa-
tion highlighting its neurodegenerative characteristics. Neuroimaging, metabolic, and
neuropathological investigations have uncovered structural, functional, and biochemical
anomalies that encompass the whole visual pathway, including the lateral geniculate nu-
cleus, visual cortex, and higher-order associative regions. These results align with processes
identified in traditional neurodegenerative disorders, including mitochondrial failure,
protein misfolding, neuroinflammation, and synaptic disconnection.

Comprehending glaucoma from this perspective has significant clinical ramifications.
It underscores the necessity for diagnostic frameworks that encompass not only the retina
and optic nerve but also brain imaging and cognitive evaluation. This also paves the
way for neuroprotective therapies that extend beyond intraocular pressure regulation
to target more extensive neurodegenerative processes. Therapeutic approaches derived
from Alzheimer’s or Parkinson’s research may have novel uses in glaucoma, especially for
individuals exhibiting progression despite regulated intraocular pressure. Furthermore,
biomarkers obtained from brain imaging or cerebrospinal fluid analysis may enhance early
detection, illness monitoring, and personalized treatment.

This developing paradigm highlights the significance of interdisciplinary collaboration
in glaucoma research and treatment. Incorporating knowledge from neurology, radiology,
geriatrics, and ophthalmology is crucial to comprehensively clarify the pathophysiological
connections between glaucoma and other neurodegenerative disorders. As our compre-
hension of the propagation of glaucomatous damage inside brain systems improves, the
prospect of earlier and more effective intervention emerges, safeguarding not only vision
but also potentially enhancing broader neurological function and quality of life.

In the future, glaucoma classification may improve by integrating pathophysiology-
based descriptors with conventional clinical categories. Defining subtypes based on dom-
inant mechanisms—such as intraocular pressure-dependent optic neuropathy, vascular-
supply-predominant optic neuropathy, or lamina cribrosa/biomechanics-driven optic
neuropathy—can enhance a mechanistic comprehension of disease heterogeneity. While
existing criteria maintain established terminology for uniformity and comparability in
studies, such mechanistic labels may prove beneficial for study stratification, biomarker
development, and personalized management techniques. Traditional terminology and
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pathophysiological descriptions should be regarded as complementing rather than contra-
dictory, illustrating the multifaceted character of glaucoma.

In conclusion, accumulating evidence suggests that glaucoma may extend beyond an
isolated ocular condition and instead involve broader central nervous system processes.
While further research is needed to fully elucidate these mechanisms, this evolving per-
spective has the potential to reshape how we diagnose, monitor, and treat the disease.
Glaucoma within a neurodegenerative context may ultimately align it more closely with
other complex CNS disorders, encouraging integrated approaches that address both retinal
and cerebral components of the disease.

Author Contributions: Conceptualization, M.Z., EV,, C.G. and EC.; methodology M.Z., EV.,, M.M.,,
AA., RG., DT, C.G, ED. and EC,; software, M.Z., EV,, MM., A.A., R.G. and C.G.; validation,
M.Z,EV, MM, A A,RG, D.T, C.G,, ED. and FC,; formal analysis, M.Z., EV,, MM., D.T. and EC.;
investigation, M.Z., EV.,, M\M., A.A,, R.G,, FD,, C.G. and EC; resources, C.G., ED. and EC.; data
curation, M.Z. and F.V,; writing—original draft preparation, M.Z., EV, M.M., A A,,R.G,, D.T,, C.G,,
ED. and F.C,; writing—review and editing, EV,, C.G., C.G. and F.C,; visualization, M.Z.,, M.M., A A.,
R.G,D.T, CG. ED. and EC,; supervision, M.Z., ED. and C.G.; project administration, M.Z. and C.G.;
funding acquisition, M.Z. and C.G. 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: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: Group of Research in Innovative Discovery in Ophthalmology (G.R.I.D.O.): Dario
Rusciano, Antonino Maniaci, Salvatore Lavalle, Federico Visalli, Roberta Foti, Giuseppe Gagliano, Lu-
dovica Cannizzaro, Massimiliano Cocuzza, Edoardo Dammino, Carlo Musumeci, Valentina Cifalino,
Salvatore Ficili, Davide Scollo, Lucia Lapenna, Dario Rusciano, Roberta Amato, Riccardo Foti,
Rosario Foti.

Conlflicts of Interest: Author Mutali Musa was employed by the company Africa Eye Laser Center
Ltd. All authors declare that the research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest.

References

1.  Gupta, N,; Yiicel, YH. Glaucoma as a neurodegenerative disease. Curr. Opin. Ophthalmol. 2007, 18, 110-114. [CrossRef] [PubMed]

2. Haykal, S.; Jansonius, N.M.; Cornelissen, EW. Progression of Visual Pathway Degeneration in Primary Open-Angle Glaucoma: A
Longitudinal Study. Front. Hum. Neurosci. 2021, 15, 630898. [CrossRef] [PubMed] [PubMed Central]

3. Davis, B.M,; Crawley, L.; Pahlitzsch, M.; Javaid, F.; Cordeiro, M.F. Glaucoma: The retina and beyond. Acta Neuropathol. 2016, 132,
807-826. [CrossRef] [PubMed] [PubMed Central]

4.  Wang, ], Li, T; Sabel, B.A.; Chen, Z.; Wen, H; Li, J.; Xie, X,; Yang, D.; Chen, W.; Wang, N.; et al. Structural brain alterations in
primary open angle glaucoma: A 3T MRI study. Sci. Rep. 2016, 6, 18969. [CrossRef] [PubMed] [PubMed Central]

5. Garaci, EG.; Bolacchi, F; Cerulli, A.; Melis, M.; Spano, A.; Cedrone, C.; Floris, R.; Simonetti, G.; Nucci, C. Optic nerve and optic
radiation neurodegeneration in patients with glaucoma: In vivo analysis with 3-T diffusion-tensor MR imaging. Radiology 2009,
252,496-501. [CrossRef] [PubMed]

6.  Engelhorn, T.; Michelson, G.; Waerntges, S.; Struffert, T.; Haider, S.; Doerfler, A. Diffusion tensor imaging detects rarefaction of
optic radiation in glaucoma patients. Acad. Radiol. 2011, 18, 764-769. [CrossRef] [PubMed]

7. Sidek, S.; Ramli, N.; Rahmat, K.; Ramli, N.M.; Abdulrahman, E; Tan, L.K. Glaucoma severity affects diffusion tensor imaging
(DTI) parameters of the optic nerve and optic radiation. Eur. |. Radiol. 2014, 83, 1437-1441. [CrossRef] [PubMed]

8. Dai, H.; Morelli, ].N.; Ai, F; Yin, D.; Hu, C.; Xu, D.; Li, Y. Resting-state functional MRI: Functional connectivity analysis of the
visual cortex in primary open-angle glaucoma patients. Hum. Brain Mapp. 2013, 34, 2455-2463. [CrossRef] [PubMed] [PubMed
Central]


https://doi.org/10.1097/ICU.0b013e3280895aea
https://www.ncbi.nlm.nih.gov/pubmed/17301611
https://doi.org/10.3389/fnhum.2021.630898
https://www.ncbi.nlm.nih.gov/pubmed/33854423
https://pmc.ncbi.nlm.nih.gov/articles/PMC8039117
https://doi.org/10.1007/s00401-016-1609-2
https://www.ncbi.nlm.nih.gov/pubmed/27544758
https://pmc.ncbi.nlm.nih.gov/articles/PMC5106492
https://doi.org/10.1038/srep18969
https://www.ncbi.nlm.nih.gov/pubmed/26743811
https://pmc.ncbi.nlm.nih.gov/articles/PMC4705520
https://doi.org/10.1148/radiol.2522081240
https://www.ncbi.nlm.nih.gov/pubmed/19435941
https://doi.org/10.1016/j.acra.2011.01.014
https://www.ncbi.nlm.nih.gov/pubmed/21377906
https://doi.org/10.1016/j.ejrad.2014.05.014
https://www.ncbi.nlm.nih.gov/pubmed/24908588
https://doi.org/10.1002/hbm.22079
https://www.ncbi.nlm.nih.gov/pubmed/22461380
https://pmc.ncbi.nlm.nih.gov/articles/PMC6870365
https://pmc.ncbi.nlm.nih.gov/articles/PMC6870365

Brain Sci. 2025, 15, 934 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Nuzzi, R.; Dallorto, L.; Rolle, T. Changes of visual pathway and brain connectivity in glaucoma: A systematic review. Front.
Neurosci. 2018, 12, 363. [CrossRef] [PubMed]

You, M.; Rong, R.; Zeng, Z.; Xia, X.; Ji, D. Transneuronal Degeneration in the Brain During Glaucoma. Front. Aging Neurosci. 2021,
13, 643685. [CrossRef] [PubMed] [PubMed Central]

Yiicel, YH.; Zhang, Q.; Weinreb, R.N.; Kaufman, P.L.; Gupta, N. Atrophy of relay neurons in magno- and parvocellular layers in
the lateral geniculate nucleus in experimental glaucoma. Investig. Ophthalmol. Vis. Sci. 2001, 42, 3216-3222. [PubMed]

Hu, HJ.; Chang, Y.L.; Dai, Y.Y; Yu, Y.L.; Zhang, X. Magnetic resonance imaging assessment of the lateral geniculate nucleus
volume and height in patients with glaucoma: A Meta-analysis. Int. |. Ophthalmol. 2023, 16, 638—-644. [CrossRef] [PubMed]
[PubMed Central]

Colbert, M.K.; Ho, L.C.; van der Merwe, Y.; Yang, X.; McLellan, G.J.; Hurley, S.A.; Field, A.S.; Yun, H.; Du, Y.; Conner, L.P; et al.
Diffusion Tensor Imaging of Visual Pathway Abnormalities in Five Glaucoma Animal Models. Investig. Opthalmology Vis. Sci.
2021, 62, 21. [CrossRef] [PubMed] [PubMed Central]

Li, K,; Lu, C.; Huang, Y.; Yuan, L.; Zeng, D.; Wu, K. Alteration of fractional anisotropy and mean diffusivity in glaucoma: Novel
results of a meta-analysis of diffusion tensor imaging studies. PLoS ONE 2014, 9, €97445. [CrossRef] [PubMed] [PubMed Central]
Yu, L.; Xie, L.; Dai, C.; Xie, B.; Liang, M.; Zhao, L.; Yin, X.; Wang, J. Progressive thinning of visual cortex in primary open-angle
glaucoma of varying severity. PLoS ONE 2015, 10, €0121960. [CrossRef] [PubMed] [PubMed Central]

Boucard, C.C.; Hernowo, A.T.; Maguire, R.P.; Jansonius, N.M.; Roerdink, J.B.; Hooymans, ].M.; Cornelissen, EW. Changes in
cortical grey matter density associated with long-standing retinal visual field defects. Brain 2009, 132 Pt 7, 1898-1906. [CrossRef]
[PubMed] [PubMed Central]

Frezzotti, P.; Giorgio, A.; Motolese, I; De Leucio, A.; Iester, M.; Motolese, E.; Federico, A.; De Stefano, N. Structural and functional
brain changes beyond visual system in patients with advanced glaucoma. PLoS ONE 2014, 9, e105931. [CrossRef] [PubMed]
[PubMed Central]

Gupta, N.; Greenberg, G.; de Tilly, L.N.; Gray, B.; Polemidiotis, M.; Yucel, Y.H. Atrophy of the lateral geniculate nucleus in human
glaucoma detected by magnetic resonance imaging. Br. |. Ophthalmol. 2009, 93, 56-60. [CrossRef] [PubMed] [PubMed Central]
Sharma, S.; Chitranshi, N.; Wall, R.V.; Basavarajappa, D.; Gupta, V.; Mirzaei, M.; Graham, S.L.; Klistorner, A.; You, Y. Trans-
synaptic degeneration in the visual pathway: Neural connectivity, pathophysiology, and clinical implications in neurodegenerative
disorders. Surv. Ophthalmol. 2022, 66, 411-426. [CrossRef] [PubMed]

Zhou, W.; Muir, E.R.; Chalfin, S.; Nagi, K.S.; Duong, T.Q. MRI Study of the Posterior Visual Pathways in Primary Open Angle
Glaucoma. J. Glaucoma 2017, 26, 173-181. [CrossRef] [PubMed] [PubMed Central]

Kang, L.; Wan, C. Application of advanced magnetic resonance imaging in glaucoma: A narrative review. Quant. Imaging Med.
Surg. 2022, 12, 2106-2128. [CrossRef] [PubMed] [PubMed Central]

Yu, L.; Xie, B.; Yin, X.; Liang, M.; Evans, A.C.; Wang, |.; Dai, C. Reduced cortical thickness in primary open-angle glaucoma and
its relationship to the retinal nerve fiber layer thickness. PLoS ONE 2013, 8, €73208. [CrossRef] [PubMed] [PubMed Central]
Yang, B.; Su, M.; Wang, Q.; Qu, X.; Wang, H.; Chen, W.; Sun, Y,; Li, T.; Wang, Y.; Wang, N.; et al. Altered stability of dynamic brain
functional architecture in primary open-angle glaucoma: A surface-based resting-state fMRI study. Brain Imaging Behav. 2024, 18,
44-56. [CrossRef] [PubMed] [PubMed Central]

Wang, Y.; Lu, W,; Xie, Y.; Zhou, J.; Yan, T.; Han, W.; Qiu, J. Functional Alterations in Resting-State Visual Networks in High-Tension
Glaucoma: An Independent Component Analysis. Front. Hum. Neurosci. 2020, 14, 330. [CrossRef] [PubMed] [PubMed Central]
Giorgio, A.; Zhang, ]J.; Costantino, F.; De Stefano, N.; Frezzotti, P. Diffuse brain damage in normal tension glaucoma. Hum. Brain
Mapp. 2018, 39, 532-541. [CrossRef] [PubMed] [PubMed Central]

Chen, R.B; Li, X.T.; Huang, X. Topological Organization of the Brain Network in Patients with Primary Angle-closure Glaucoma
Through Graph Theory Analysis. Brain Topogr. 2024, 37, 1171-1185. [CrossRef] [PubMed]

Mancino, R.; Martucci, A.; Cesareo, M.; Giannini, C.; Corasaniti, M.T.; Bagetta, G.; Nucci, C. Glaucoma and Alzheimer Disease:
One Age-Related Neurodegenerative Disease of the Brain. Curr. Neuropharmacol. 2018, 16, 971-977. [CrossRef] [PubMed]
[PubMed Central]

Li, D.J.; Huang, B.L.; Peng, Y.; Liang, L.Y.; Liu, H. Altered dynamic functional connectivity in the primary visual cortex in patients
with primary angle-closure glaucoma. Front. Neurosci. 2023, 17,1131247. [CrossRef] [PubMed] [PubMed Central]

Aksoy, D.O.; Umurhan Akkan, J.C.; Alkan, A.; Aralasmak, A.; Otcu Temur, H.; Yurtsever, 1. Magnetic Resonance Spectroscopy
Features of the Visual Pathways in Patients with Glaucoma. Clin. Neuroradiol. 2019, 29, 615-621. [CrossRef] [PubMed]

Guo, L.; Wang, R,; Tang, Z.; Sun, X.; Wu, L.; Wang, ].; Zhong, Y.; Xiao, Z.; Zhang, Z. Metabolic Alterations Within the Primary
Visual Cortex in Early Open-angle Glaucoma Patients: A Proton Magnetic Resonance Spectroscopy Study. J. Glaucoma 2018, 27,
1046-1051. [CrossRef] [PubMed]

Sidek, S.; Ramli, N.; Rahmat, K.; Ramli, N.M.; Abdulrahman, F.; Kuo, T.L. In vivo proton magnetic resonance spectroscopy
(IH-MRS) evaluation of the metabolite concentration of optic radiation in primary open angle glaucoma. Eur. Radiol. 2016, 26,
4404-4412. [CrossRef] [PubMed] [PubMed Central]


https://doi.org/10.3389/fnins.2018.00363
https://www.ncbi.nlm.nih.gov/pubmed/29896087
https://doi.org/10.3389/fnagi.2021.643685
https://www.ncbi.nlm.nih.gov/pubmed/33889083
https://pmc.ncbi.nlm.nih.gov/articles/PMC8055862
https://www.ncbi.nlm.nih.gov/pubmed/11726625
https://doi.org/10.18240/ijo.2023.04.19
https://www.ncbi.nlm.nih.gov/pubmed/37077485
https://pmc.ncbi.nlm.nih.gov/articles/PMC10089913
https://doi.org/10.1167/iovs.62.10.21
https://www.ncbi.nlm.nih.gov/pubmed/34410298
https://pmc.ncbi.nlm.nih.gov/articles/PMC8383913
https://doi.org/10.1371/journal.pone.0097445
https://www.ncbi.nlm.nih.gov/pubmed/24828063
https://pmc.ncbi.nlm.nih.gov/articles/PMC4020845
https://doi.org/10.1371/journal.pone.0121960
https://www.ncbi.nlm.nih.gov/pubmed/25816070
https://pmc.ncbi.nlm.nih.gov/articles/PMC4376874
https://doi.org/10.1093/brain/awp119
https://www.ncbi.nlm.nih.gov/pubmed/19467992
https://pmc.ncbi.nlm.nih.gov/articles/PMC2702836
https://doi.org/10.1371/journal.pone.0105931
https://www.ncbi.nlm.nih.gov/pubmed/25162716
https://pmc.ncbi.nlm.nih.gov/articles/PMC4146554
https://doi.org/10.1136/bjo.2008.138172
https://www.ncbi.nlm.nih.gov/pubmed/18697810
https://pmc.ncbi.nlm.nih.gov/articles/PMC2605243
https://doi.org/10.1016/j.survophthal.2021.06.001
https://www.ncbi.nlm.nih.gov/pubmed/34146577
https://doi.org/10.1097/IJG.0000000000000558
https://www.ncbi.nlm.nih.gov/pubmed/27661989
https://pmc.ncbi.nlm.nih.gov/articles/PMC5288289
https://doi.org/10.21037/qims-21-790
https://www.ncbi.nlm.nih.gov/pubmed/35284278
https://pmc.ncbi.nlm.nih.gov/articles/PMC8899967
https://doi.org/10.1371/journal.pone.0073208
https://www.ncbi.nlm.nih.gov/pubmed/24019910
https://pmc.ncbi.nlm.nih.gov/articles/PMC3760921
https://doi.org/10.1007/s11682-023-00800-7
https://www.ncbi.nlm.nih.gov/pubmed/37857914
https://pmc.ncbi.nlm.nih.gov/articles/PMC10844345
https://doi.org/10.3389/fnhum.2020.00330
https://www.ncbi.nlm.nih.gov/pubmed/32903668
https://pmc.ncbi.nlm.nih.gov/articles/PMC7438896
https://doi.org/10.1002/hbm.23862
https://www.ncbi.nlm.nih.gov/pubmed/29064608
https://pmc.ncbi.nlm.nih.gov/articles/PMC6866372
https://doi.org/10.1007/s10548-024-01060-4
https://www.ncbi.nlm.nih.gov/pubmed/38822211
https://doi.org/10.2174/1570159X16666171206144045
https://www.ncbi.nlm.nih.gov/pubmed/29210654
https://pmc.ncbi.nlm.nih.gov/articles/PMC6120118
https://doi.org/10.3389/fnins.2023.1131247
https://www.ncbi.nlm.nih.gov/pubmed/36816121
https://pmc.ncbi.nlm.nih.gov/articles/PMC9932926
https://doi.org/10.1007/s00062-018-0728-7
https://www.ncbi.nlm.nih.gov/pubmed/30291364
https://doi.org/10.1097/IJG.0000000000001098
https://www.ncbi.nlm.nih.gov/pubmed/30256276
https://doi.org/10.1007/s00330-016-4279-5
https://www.ncbi.nlm.nih.gov/pubmed/26943134
https://pmc.ncbi.nlm.nih.gov/articles/PMC5101279

Brain Sci. 2025, 15, 934 14 of 14

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Jassim, A.H.; Inman, D.M.; Mitchell, C.H. Crosstalk Between Dysfunctional Mitochondria and Inflammation in Glaucomatous
Neurodegeneration. Front. Pharmacol. 2021, 12, 699623. [CrossRef] [PubMed] [PubMed Central]

Ghanem, A.A.; Arafa, L.F,; Elewa, A.M. Tumor Necrosis Factor-a and Interleukin-6 Levels in Patients with Primary Open-Angle
Glaucoma. J. Clin. Exp. Ophthalmol. 2010, 2, 1000118. [CrossRef]

Wang, L.; Mao, X. Role of Retinal Amyloid-f3 in Neurodegenerative Diseases: Overlapping Mechanisms and Emerging Clinical
Applications. Int. . Mol. Sci. 2021, 22, 2360. [CrossRef] [PubMed] [PubMed Central]

Chiasseu, M.; Cueva Vargas, ].L.; Destroismaisons, L.; Vande Velde, C.; Leclerc, N.; Di Polo, A. Tau Accumulation, Altered
Phosphorylation, and Missorting Promote Neurodegeneration in Glaucoma. J. Neurosci. 2016, 36, 5785-5798. [CrossRef] [PubMed]
[PubMed Central]

Venkatesan, A.; Bernstein, A.M. Protein misfolding and mitochondrial dysfunction in glaucoma. Front. Cell Dev. Biol. 2025, 13,
1595121. [CrossRef] [PubMed] [PubMed Central]

Chakravorty, A.; Jetto, C.T.; Manjithaya, R. Dysfunctional Mitochondria and Mitophagy as Drivers of Alzheimer’s Disease
Pathogenesis. Front. Aging Neurosci. 2019, 11, 311. [CrossRef] [PubMed] [PubMed Central]

Mullany, S.; Marshall, H.; Diaz-Torres, S.; Berry, E.C.; Schmidt, ].M.; Thomson, D.; Qassim, A.; To, M.-S.; Dimasi, D.; Kuot, A ; et al.
The APOE E4 Allele Is Associated with Faster Rates of Neuroretinal Thinning in a Prospective Cohort Study of Suspect and Early
Glaucoma. Ophthalmol. Sci. 2022, 2, 100159. [CrossRef] [PubMed] [PubMed Central]

Zheng, C.; Liu, S.; Zhang, X.; Hu, Y,; Shang, X.; Zhu, Z.; Huang, Y.; Wu, G.; Xiao, Y.; Du, Z; et al. Shared genetic architecture
between the two neurodegenerative diseases: Alzheimer’s disease and glaucoma. Front. Aging Neurosci. 2022, 14, 880576.
[CrossRef] [PubMed] [PubMed Central]

Wang, Q.; Chen, W.; Qu, X.; Wang, H.; Wang, Y.; Zhang, X,; Li, T.; Wang, N.; Xian, J. Reduced Cerebral Blood Flow in the Visual
Cortex and Its Correlation With Glaucomatous Structural Damage to the Retina in Patients With Mild to Moderate Primary
Open-angle Glaucoma. J. Glaucoma 2018, 27, 816-822. [CrossRef] [PubMed]

Kim, K.E,; Oh, S,; Baek, S.U.; Ahn, S.J.; Park, K.H.; Jeoung, ].W. Ocular Perfusion Pressure and the Risk of Open-Angle Glaucoma:
Systematic Review and Meta-analysis. Sci. Rep. 2020, 10, 10056. [CrossRef] [PubMed] [PubMed Central]

Wang, Q.; Qu, X.; Chen, W.; Wang, H.; Huang, C.; Li, T.; Wang, N.; Xian, J. Altered coupling of cerebral blood flow and functional
connectivity strength in visual and higher order cognitive cortices in primary open angle glaucoma. J. Cereb. Blood Flow Metab.
2020, 41, 901-913. [CrossRef]

Velkov, N.; Kandilarova, S.; Stoyanov, D. The Connectivity of the Resting Brain in Primary Open-Angle Glaucoma: A Systematic
Review. Biomedicines 2025, 13, 1402. [CrossRef]

Cao, D,; Yang, D.; Yu, H; Xie, ].; Zeng, Y.; Wang, ].; Zhang, L. Optic nerve head perfusion changes preceding peripapillary retinal
nerve fibre layer thinning in preclinical diabetic retinopathy. Clin. Exp. Ophthalmol. 2019, 47, 219-225. [CrossRef]

Briicher, V.C.; Storp, ].].; Eter, N.; Alnawaiseh, M. Optical coherence tomography angiography-derived flow density: A review of
the influencing factors. Graefe’s Arch. Clin. Exp. Ophthalmol. 2020, 258, 701-710. [CrossRef] [PubMed]

Zhang, HJ.; Mi, X.S.; So, K.F. Normal tension glaucoma: From the brain to the eye or the eye to the brain. Neural Regen Res. 2019,
14, 1845-1850. [PubMed]

Xu, Y;; Phu, J.; Aung, H.L.; Hesam-Shariati, N.; Keay, L.; Tully, PJ.; Booth, A.; Anderson, C.S.; Anstey, K.J.; Peters, R. Frequency of
coexistent eye diseases and cognitive impairment or dementia: A systematic review and meta-analysis. Eye 2023, 37, 3128-3136.
[CrossRef] [PubMed] [PubMed Central]

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.


https://doi.org/10.3389/fphar.2021.699623
https://www.ncbi.nlm.nih.gov/pubmed/34366851
https://pmc.ncbi.nlm.nih.gov/articles/PMC8334009
https://doi.org/10.4172/2155-9570.1000118
https://doi.org/10.3390/ijms22052360
https://www.ncbi.nlm.nih.gov/pubmed/33653000
https://pmc.ncbi.nlm.nih.gov/articles/PMC7956232
https://doi.org/10.1523/JNEUROSCI.3986-15.2016
https://www.ncbi.nlm.nih.gov/pubmed/27225768
https://pmc.ncbi.nlm.nih.gov/articles/PMC6601840
https://doi.org/10.3389/fcell.2025.1595121
https://www.ncbi.nlm.nih.gov/pubmed/40385286
https://pmc.ncbi.nlm.nih.gov/articles/PMC12083186
https://doi.org/10.3389/fnagi.2019.00311
https://www.ncbi.nlm.nih.gov/pubmed/31824296
https://pmc.ncbi.nlm.nih.gov/articles/PMC6880761
https://doi.org/10.1016/j.xops.2022.100159
https://www.ncbi.nlm.nih.gov/pubmed/36249683
https://pmc.ncbi.nlm.nih.gov/articles/PMC9560531
https://doi.org/10.3389/fnagi.2022.880576
https://www.ncbi.nlm.nih.gov/pubmed/36118709
https://pmc.ncbi.nlm.nih.gov/articles/PMC9476600
https://doi.org/10.1097/IJG.0000000000001017
https://www.ncbi.nlm.nih.gov/pubmed/29952821
https://doi.org/10.1038/s41598-020-66914-w
https://www.ncbi.nlm.nih.gov/pubmed/32572072
https://pmc.ncbi.nlm.nih.gov/articles/PMC7308312
https://doi.org/10.1177/0271678X20935274
https://doi.org/10.3390/biomedicines13061402
https://doi.org/10.1111/ceo.13390
https://doi.org/10.1007/s00417-019-04553-2
https://www.ncbi.nlm.nih.gov/pubmed/31820079
https://www.ncbi.nlm.nih.gov/pubmed/31290433
https://doi.org/10.1038/s41433-023-02481-4
https://www.ncbi.nlm.nih.gov/pubmed/36922645
https://pmc.ncbi.nlm.nih.gov/articles/PMC10564749

	Introduction 
	Methods 
	Indications of Trans-Synaptic Degeneration 
	Morphological Modifications of the Brain 
	Alterations in Functional Connectivity 
	Metabolic and Neurochemical Observations 
	Common Neurodegenerative Mechanisms 
	Limitations 
	Prospective Outlooks 
	Conclusions 
	References

