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Glaucoma, a leading cause of irreversible blindness, is characterized by optic disc cupping and retinal ganglion cell (RGC) degeneration. Recent research highlights the broader impacts of glaucoma on the brain. Transsynaptic neural degeneration extends the RGC damage through the visual pathway and various other regions in the brain, leading to structural and functional changes. These neurodegenerative effects may result in cognitive impairment, affecting patients’ daily activities and quality of life. Understanding the connection between glaucoma, the brain, and cognition is essential for intervention and developing comprehensive treatment strategies that address visual and neurological impairments, ultimately improving patient outcomes. This review examines the existing literature on the links between glaucoma pathology and the brain and explores the impacts on cognition and quality of life.
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1 INTRODUCTION
Glaucoma is an optic neuropathy and a leading cause of global irreversible blindness (Tham et al., 2014; Kang and Tanna, 2021). The disease is initially asymptomatic, progressing from peripheral to central vision loss as severity increases (Quigley, 2011; Kang and Tanna, 2021). Although high intraocular pressure (IOP) is a major risk factor for glaucoma, some individuals develop glaucoma with a normal IOP, suggesting an underlying etiology (Kim and Park, 2016). Growing research on the eye-brain connection in neurodegenerative disorders highlights the involvement of central nervous system (CNS) changes in glaucoma pathology (Arrigo et al., 2021). As glaucoma involves irreversible vision loss, a clearer understanding of the disease may help develop preventative and therapeutic strategies. This literature review examines how glaucoma impacts the CNS, cognitive function, and quality of life.
2 GLAUCOMA
2.1 Pathology
Glaucoma is characterized by apoptotic degeneration of retinal ganglion cells (RGCs) and their axons, which form the optic nerve responsible for transmitting visual information from the retina to the brain (Figure 1) (Kang and Tanna, 2021). This leads to retinal nerve fiber layer (RNFL) thinning and optic disc cupping (Quigley, 2011; Alasil et al., 2014). High IOP is a significant risk factor for optic cup enlargement, as it damages the lamina cribrosa, resulting in disrupted structural integrity and reduced metabolic support for RGC axons, triggering apoptosis (Kang and Tanna, 2021). IOP is regulated by the balance of aqueous humor production and outflow within the anterior chamber of the eye, and lowering IOP through laser, pharmaceutical, or surgical treatments remains the only proven option to slow disease progression (Kang and Tanna, 2021; Kass et al., 2002).
[image: Diagram comparing healthy and glaucoma-affected eyes. On the left, a healthy optic nerve is shown without abnormalities. On the right, glaucoma is depicted with optic nerve head cupping, degeneration of retinal ganglion cells, and damaged lamina cribrosa. Below, anterograde transsynaptic degeneration leads to atrophy of the lateral geniculate nucleus and visual cortex, indicating damage to distant brain regions.]FIGURE 1 | Comparison of a healthy eye and brain to one with glaucomatous damage. The glaucoma eye exhibits retinal ganglion cell degeneration, lamina cribrosa damage, and optic disc cupping. The glaucomatous brain has atrophy of the lateral geniculate nucleus, visual cortex, and distant regions. Created using Biorender.com.2.2 Epidemiology
Glaucoma is classified as open-angle or angle-closed based on the cause of impaired aqueous humor drainage (Quigley, 2011). In open-angle glaucoma, the anterior chamber angle remains open, but drainage is impaired, whereas angle-closure glaucoma involves a clinically visible obstruction reducing or blocking outflow (Kang and Tanna, 2021). Glaucoma can be further categorized as primary, with no identifiable cause for high IOP, or secondary, resulting from conditions such as trauma, inflammation, or diabetes (Kang and Tanna, 2021). A 2014 systematic review estimated the global prevalence of glaucoma to be 64.3 million and projected this would rise to 111.8 million by 2040 due to increasing life expectancy and an aging population (Tham et al., 2014). The global prevalence of primary open-angle glaucoma (POAG) is 3.05%, while primary angle-closure glaucoma (PACG) is 0.50% (Tham et al., 2014).
While high IOP is a major risk factor for glaucoma, it is not the only defining criterion (Quigley, 2011; Kang and Tanna, 2021). High IOP is classified as over 21 mmHg, but some patients exhibit IOP levels in the normal range and are diagnosed with normal-tension glaucoma (NTG; Collaborative Normal-Tension Glaucoma Study Group, 1998; Kang and Tanna, 2021). NTG is more common in Asian populations, with the Tajimi study from Japan reporting that 82% of POAG patients had normal IOP and the Namil study completed in South Korea finding a prevalence of 77% (Iwase et al., 2004; Kim et al., 2011). These findings suggest that factors beyond IOP may contribute to some cases of glaucoma pathology. (Arrigo et al., 2021; Kang and Tanna, 2021).
3 NEUROPATHOLOGY
3.1 The link between the eye and the brain
The eye is increasingly referred to as the “window” to the brain due to its unique accessibility and direct visibility of CNS tissue without a bone barrier. The optic nerve, a white matter tract of the CNS, shares many characteristics with other white matter tracts; it contains CNS glial cells such as oligodendrocytes, astrocytes and microglia, and is enclosed within the blood-brain barrier and meninges (Lawlor et al., 2018). Structural and pathological similarities suggest the eye could be used as a diagnostic tool for brain disorders. For example, amyloid beta plaques, a pathological sign of Alzheimer’s disease (AD), have been found in post-mortem retinas of AD patients, and fundoscopy in a transgenic mouse model of AD shows retinal plaque accumulation preceding brain formation (Hart et al., 2016; Koronyo-Hamaoui et al., 2011). Furthermore, optical coherence tomography (OCT) revealed RNFL thinning in AD patients, a characteristic also seen in glaucoma (Alasil et al., 2014; Ascaso et al., 2014). Visual impairments are also noted in AD such as reduced contrast sensitivity, lower visual acuity, colour perception, and vision integration (Polo et al., 2017; Salobrar-García et al., 2019).
Glaucoma shares some key characteristics with neurodegenerative diseases such as AD and Parkinson’s disease, including age-related risk, genetic predisposition, gradual onset, and progressive deterioration (Arrigo et al., 2021). It also involves similar mechanisms such as neuroinflammation and oxidative stress (Izzotti et al., 2003; Bosco et al., 2011). For example, glaucoma mouse models revealed increased microglia activation in the retina and optic nerve, causing damage by releasing pro-inflammatory cytokines and reactive oxygen species (Bosco et al., 2011). Oxidative stress is further noted as glaucoma patients have significantly higher oxidative deoxyribonucleic acid damage in the trabecular meshwork (Izzotti et al., 2003).
3.2 Neural degeneration
Glaucomatous brain damage may result from transsynaptic neural degeneration, a process observed in other neurodegenerative diseases, where damage spreads from one neuron to synaptically linked distant neurons due to lack of stimulation and trophic support (Yücel and Gupta, 2008). Transsynaptic degeneration can be anterograde, where a postsynaptic neuron degenerates after damage to its upstream neuron, or retrograde, where a presynaptic neuron degenerates due to injury in its downstream target (Lawlor et al., 2018).
Damage to the RGCs in glaucoma can trigger anterograde degeneration along the visual pathway. The RGC axons exit the retina through the optic nerve, travel through the optic tract and mostly terminate in the lateral geniculate nucleus (LGN), with few projections to the superior colliculus and the suprachiasmatic nucleus (SCN) (Yücel and Gupta, 2008). The LGN has six layers; the two ventral magnocellular layers process motion, and the four dorsal parvocellular layers receive red-green colour information (Yücel, 2003). The koniocellular neurons, between these layers, process blue-yellow colour information (Yücel, 2003; Yücel and Gupta, 2008). Approximately 80% of LGN neurons project to the primary visual cortex, while the rest remain in the LGN (Yücel, 2003; Yücel and Gupta, 2008). Damage to the RGCs in glaucoma may propagate throughout the visual pathway, to the LGN and visual cortex (Lawlor et al., 2018). While it is possible that neurodegeneration originates in the brain and precedes retinal thinning, most evidence supports that posterior visual pathway degeneration follows RGC death (Buckingham, 2008; Calkins and Horner, 2012).
3.3 Structural changes
Structural changes in the LGN and visual cortex have been observed in non-human models of glaucoma. Primate studies with experimentally induced high IOP glaucoma revealed neuronal loss of both the magnocellular and parvocellular layers, with a more pronounced effect on the magnocellular neurons in some studies (Crawford et al., 2000; Weber et al., 2000; Yücel et al., 2000; Yücel et al., 2001). A linear relationship was noted between RGC loss and shrinkage of magnocellular and parvocellular cells (Yücel et al., 2001). Metabolism of these cell types was also reduced as disease severity increased (Crawford et al., 2000). Additionally, koniocellular neurons exhibited decreased expression of the postsynaptic density protein, calmodulin-dependent kinase type II-alpha, specific to these neurons (Yücel, 2003). Furthermore, in murine models, glaucoma was associated with heightened excitability of the thalamocortical neurons (TC) and altered synaptic function in the dorsal LGN (Smith et al., 2022; Van Hook et al., 2021). These findings demonstrate that glaucoma impacts all three pathways of the LGN; however, since these studies investigated high IOP-induced glaucoma, their relevance to NTG pathology is limited.
The first evidence of structural changes in humans with POAG was from a 2006 post-mortem study that compared the brain and optic nerve in NTG patients to age-matched controls (Gupta et al., 2006). As expected, the glaucomatous eye exhibited significant optic nerve atrophy, but interestingly, the LGN had volume loss, and the magnocellular and parvocellular neurons appeared smaller in glaucoma patients (Gupta et al., 2006). In vivo studies using magnetic resonance imaging (MRI) also found LGN atrophy in NTG patients, which strongly correlates with RNFL thinning (Zhang et al., 2012; Schmidt et al., 2018). However, a limitation of the 2018 study was a lack of age-matched controls, introducing possible bias (Schmidt et al., 2018).
Additionally, MRI studies have revealed alterations in gray matter throughout most of the visual system in POAG patients (Frezzotti et al., 2014). For example, advanced-stage POAG patients have significant bilateral cortical thinning of the visual cortex in the anterior calcarine sulci (Boucard et al., 2009; Li et al., 2012; Yu et al., 2013; Bogorodzki et al., 2014; Zhang et al., 2015). This visual cortex thinning correlates with RNFL thinning and visual field deficits, reinforcing the link between RGC degeneration and brain atrophy (Boucard et al., 2009; Yu et al., 2013). Additionally, POAG patients exhibit decreased bilateral gray-matter volume in the occipital cortex, except in the occipital pole corresponding to the central retina, possibly due to preserved central vision in the subjects (Chen et al., 2013). Other occipital lobe regions with reduced gray-matter volume include the lingual gyrus, calcarine gyrus, right cuneus, and right inferior occipital gyrus (Chen et al., 2013). Further investigations using diffuse tensor imaging revealed decreased fractional anisotropy in the inferior fronto-occipital fascicle and inferior longitudinal fascicle, suggesting reduced integrity of these white matter tracts (Frezzotti et al., 2014; Giorgio et al., 2018).
Structural changes in glaucoma extend beyond the visual system, affecting multiple brain regions involved in sensory integration and higher-order processing. Brain atrophy has been identified in the frontoparietal cortex, hippocampus, and cerebellar cortex of glaucoma patients (Frezzotti et al., 2014). Nonvisual white matter tracts with decreased fractional anisotropy include the superior longitudinal fascicle, anterior thalamic radiation, corticospinal tract and middle cerebellar peduncle (Frezzotti et al., 2014). Other regions with notable decreases in bilateral gray-matter volume were the postcentral gyrus, superior frontal gyrus, inferior frontal gyrus, rolandic operculum, left paracentral lobule and right supramarginal gyrus (Chen et al., 2013).
Interestingly some regions in POAG patients exhibit increased gray matter volume compared to individuals who do not have glaucoma. These include the middle temporal gyrus, inferior parietal gyrus, angular gyrus, left superior parietal gyrus, precuneus, and middle occipital gyrus (Chen et al., 2013). Another study identified five structures that were significantly larger for glaucoma patients; right inferior temporal gyrus, right middle occipital gyrus, right occipital lobe white matter, and both inferior occipital gyri (Williams et al., 2013). These regions are involved in high order processing of visual input through the ventral stream (Williams et al., 2013). However, this study only investigated patients with early to moderately advanced glaucoma (Williams et al., 2013). In the moderately advanced group, volume decreases were noted in the right superior frontal gyrus and corpus callosum compared to the control group (Williams et al., 2013). These findings suggest that there may be an initial increase in volume for some structures, but as disease severity increases, brain regions atrophy (Williams et al., 2013).
A possible reason for the volumetric increase of gray matter is cerebral plasticity, where the brain undergoes reorganization to compensate for reduced visual input (Chen et al., 2013). This phenomenon may also be noted in blind individuals where the hippocampus, a region responsible for spatial processing, enlarges, possibly as an adaptive response to vision loss (Fortin et al., 2008). Similarly, studies show that areas within the occipital cortex of blind individuals become activated during the processing of non-visual information, aiding in tactile, auditory and lingual function (Merabet and Pascual-Leone, 2010) Therefore, neuroplasticity may explain the structural alterations in regions within and beyond the visual pathway. Brain regions such as the temporal and parietal lobes may enlarge to compensate for the loss of visual input, while structures traditionally involved in vision enlarge because they are recruited for non-visual tasks (Chen et al., 2013).
3.4 Cognitive function and quality of life
The identification of glaucoma-induced neurodegeneration has raised interest in its connection to cognitive function. Studies show glaucoma patients experience deterioration of memory, language, orientation, and higher-order functioning such as judgement and problem-solving (Harrabi et al., 2015; Maurano et al., 2018; Varin et al., 2020; Vidal et al., 2020). For example, glaucoma patients scored lower in verbal working memory and encoding tests than the control group (Varin et al., 2020). Similarly, another study identified lower verbal fluency scores among glaucoma patients (Vidal et al., 2020). Notably, cognitive function scores in individuals with glaucoma were comparable to those with mild AD, and in some cases, those with advanced AD (Maurano et al., 2018). A retrospective cohort study further revealed a 1.21-fold increased dementia risk in POAG patients, though PACG was not associated with an increased risk (Su et al., 2016). Similarly, a systematic review noted that those diagnosed with glaucoma had a significantly increased risk of developing AD (Xu et al., 2019). The correlation between cognitive impairment and glaucoma suggests that glaucomatous damage extends beyond the eye and the visual pathway to impact various structures of the brain. However, limitations such as confounding factors, inconsistent diagnosis criteria and recall or selection bias, particularly in case-control studies, hinder the ability to find a true association between glaucoma and AD risk. (Xu et al., 2019).
There are various negative implications for one’s quality of life from the effects of glaucoma. Firstly, vision loss may lead to a less active lifestyle and decreased cognitive and social stimulation (Varin et al., 2017). Some researchers propose that cognitive decline in glaucoma may stem from vision loss itself, aside from neurodegeneration. According to the “use it or lose it” hypothesis, decreased cognitive engagement leads to atrophy of those processes and skills (Hultsch et al., 1999). A cross-sectional study in Canada reported that individuals with glaucoma participated in 1.8 fewer cognitive activities per month compared to age-matched controls with normal vision (Varin et al., 2017). Therefore, vision loss from glaucoma may contribute to increased risk of cognitive impairment from decreased brain stimulation and engagement in activities (Varin et al., 2017).
Glaucoma may also negatively impact quality of life by altering the circadian rhythm. Intrinsically photosensitive retinal ganglion cells (ipRGCs) transmit photic signals to the SCN via the retinohypothalmic tract (Gubin et al., 2024). The SCN acts as the central pacemaker for circadian rhythm regulation and coordinates several physiological and behavioral processes (Gubin et al., 2024). IpRGC dysfunction has been observed in moderate and severe glaucoma, with greater disease severity correlating with worsening function (Feigl et al., 2011; Kankipati et al., 2011). Damage to the ipRGCs reduces signal transmission to the SCN, impairing the brain’s ability to process light cues (Gubin et al., 2024). One study linked RGC global loss volume to altered circadian temperature rhythm, but did not investigate ipRGCs specifically (Gubin et al., 2019). Additionally, the higher resistance to injury of some classes of ipRGCs over other RGCs adds uncertainty to the impact of ipRGC loss on circadian disturbance (Gubin et al., 2019).
Studies have also evaluated sleep quality in glaucoma patients. Those with glaucoma experienced lower average total sleep time, reduced sleep efficiency, higher arousal duration, and increased periodic limb movements during sleep (Gracitelli et al., 2015; Gubin et al., 2019). Additionally, sleep disturbances were higher in POAG and PACG patients compared to age-matched controls (Wang et al., 2013) and glaucoma patients were also reported to exhibit higher daytime sleepiness (Gracitelli et al., 2016). Beyond sleep disruptions, impaired circadian rhythms in glaucoma can negatively affect mood regulation, antioxidant defense, immune function and metabolism (Lazzerini Ospri et al., 2017; Gubin et al., 2024). Interestingly, oral melatonin supplementation has shown potential in alleviating these disruptions, improving RGC function, sleep quality, and mood for patients with advanced glaucoma (Gubin et al., 2021). Given the substantial impact of glaucoma on circadian regulation, treatment strategies should account for these effects to enhance patients’ quality of life.
4 DISCUSSION
Glaucoma exhibits characteristics of a neurodegenerative disorder that impacts brain structure, cognitive function, and quality of life. Glaucoma-induced RGC death triggers neurodegeneration that extends beyond the eye, involving the LGN, visual cortex, and other brain regions (Gupta et al., 2006; Frezzotti et al., 2014). It can also disrupt circadian rhythm, leading to decreased sleep quality, mood alterations, and metabolic dysfunction (Gubin et al., 2024). These widespread effects highlight the need for research on glaucoma’s impact through the entire visual pathway and the development of comprehensive treatment strategies. Promising therapies include anti-inflammatory, antioxidant and neuroprotective agents. For example, crocetin has been shown to restore optic nerve and retina structure, reduce inflammatory factors, and increase brain-derived neurotrophic factors and Nissl bodies in the primary visual cortex in glaucoma rats (Li et al., 2023). Similarly, ginkgo biloba extract in combination with docosahexanoic acid restored hippocampal tissue damage and improved cognitive memory and spatial learning in AD-induced mice (Abdelmeguid et al., 2021), and when administered alone, ginkgo biloba improved visual field damage in NTG patients (Quaranta et al., 2003).
Furthermore, the impact of cognitive decline should be considered in glaucoma diagnosis and treatment. Visual field tests used for glaucoma diagnosis are less reliable with cognitive decline, potentially affecting accurate disease management (Diniz-Filho et al., 2017). In terms of treatment, cognitive deficits may reduce patient adherence to glaucoma medications and must be accounted for when providing treatment options (Maurano et al., 2018).
A major limitation of existing literature is the lack of longitudinal studies. Most findings are cross-sectional and can only establish a correlation between glaucoma and structural brain changes. As a result, it remains unclear whether RGC degeneration leads to brain atrophy or if neurodegenerative processes originating in the brain contribute to glaucoma progression. Longitudinal studies are also needed to determine if glaucoma patients display lower cognitive function due to performing fewer cognitive activities. Furthermore, some studies failed to include age-matched controls, raising the possibility that observed structural brain changes are due to normal aging or other age-related neurodegenerative conditions rather than glaucoma pathology. Another limitation is the reliance on subjective measures in certain studies, such as those evaluating sleep quality using a questionnaire. Self-reported sleep disturbances may be influenced by various factors, making it difficult to isolate the direct effects of glaucoma on circadian regulation.
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