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In vivo imaging of structural, metabolic and 
functional brain changes in glaucoma

An Unmet Need for Glaucoma Detection and 
Treatment in the Brain
Glaucoma is the leading cause of irreversible blindness 
with around 70 million sufferers worldwide to date, up to 
an estimated 111.8 million by 2040 (Tham et al., 2014). It 
is a condition for which elevated intraocular pressure is 
currently the only modifiable risk factor. While intraocular 
pressure-lowering medications and surgeries are clinically 
approved options for glaucoma treatment, the disorder can 
continue to progress even at reduced intraocular pressure 
(Susanna et al., 2015). This indicates other unexplored key 
factors that contribute to the disease onset and progression. 
These factors may range from stress and gene expression 
derangements to hormonal imbalance, inflammatory mark-
ers, aging processes and cardiovascular dysfunction. Apart 
from the systemic correlates, glaucoma has recently been 
considered a neurodegenerative disease of the visual system. 
Since the first case report in 2006 showing volumetric loss in 
the optic nerve, lateral geniculate nucleus and visual cortex 
of an advanced glaucoma patient (Gupta et al., 2006), there 
is a growing amount of literature suggesting that glaucoma 
affects not only the eye, but also the brain trans-synapti-
cally (Sponsel et al., 2014; Lawlor et al., 2018). However, it 
remains debatable whether there is early involvement of 
the brain in glaucoma, how the brain interacts with the eye 
across disease severity, and whether these brain changes are 

a cause or a consequence (Lawlor et al., 2018). These ques-
tions have defined the goal of recent neuroimaging studies 
that aim at unveiling the structural, metabolic and functional 
aspects of glaucomatous brain damages in different disease 
stages (Figures 1 and 2). If early glaucomatous brain chang-
es and their underlying mechanisms of disease progression 
can be reliably identified, then novel neurotherapeutics that 
target parameters beyond intraocular pressure lowering may 
be the promise of the near future, which would lead to re-
duced prevalence of this irreversible but preventable disease. 

Brain Involvements in the Early Stages of 
Glaucoma
In order to investigate whether glaucoma involves the brain 
early, recent studies have combined the use of advanced 
neuroimaging and statistical modeling to evaluate the struc-
tural and functional brain changes in patients with different 
degrees of vision loss. For example, by applying segmented 
regression analysis onto functional magnetic resonance im-
aging (MRI) and standard automated perimetry in glaucoma 
patients and healthy subjects, we found that reduced visual 
cortex activity occurred before patients showed substantial 
visual field impairment (Murphy et al., 2016). This indicates 
that clinical visual performance remains at a steady level 
even as cortical activation begins to diminish in glaucoma, 
whereas visual field loss becomes detectable when reduction 
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in visual cortex activation advances beyond a tipping point. 
Interestingly, a recent diffusion tensor MRI study also re-
vealed similar segmented relationships between white matter 
structural abnormalities and visual field functional loss in 
normal tension glaucoma (Wang et al., 2018). Taken together, 
these observations suggest that glaucoma deterioration is al-
ready present in the brain before substantial vision loss can be 
detected clinically using currently available testing methods. 
Such evidence is important as it opens up new opportunities 
to examine and target early changes in the brain apart from 
the eye before clinical symptoms emerge and worsen in the 
later stages. Given that glaucoma is, as of now, an irreversibly 
blinding disorder, combining brain imaging with ophthalmic 
imaging assessments such as retinal nerve fiber layer (RNFL) 
and macular ganglion cell-inner plexiform layer (GCIPL) 
thickness measurements may also help develop algorithms 
for more accurate glaucoma prediction to guide timely inter-
ventions for substantial rescue of vision in glaucoma.

Interactions between Eye and Visual Brain 
Across Glaucoma Disease Severity
Despite the identification of a threshold and the interphase 
dynamics between neuroimaging and visual field mea-
surements, the glaucomatous mechanisms underlying the 
reported biomarkers have not been clearly determined. For 
example, possible explanations for the decreased activation 
of the visual cortex include decreased visual input from the 
retina, synaptic loss in the lateral geniculate nuclei, degen-
eration in the visual cortex, or some combination there-
of. In order to investigate the characteristics of eye-brain 
interactions in glaucoma etiopathogenesis, recent studies 
have examined initially the specificity of multi-parametric 
imaging assessments at various stages of the disease. When 
comparing visually evoked brain activity in functional MRI 
to segmented retinal layer thickness obtained by optical 
coherence tomography, the primary visual cortex exhibited 
stronger associations and more severe functional deficits 
than higher-order visual brain areas in glaucoma (Murphy 
et al., 2016). This suggests impaired bottom-up processing of 
the visual cortex in glaucomatous neurodegeneration. Addi-
tionally, using linear mixed effects modeling, a tighter fit was 
obtained when comparing between visual cortex activity and 
macular GCIPL thickness than between visual cortex activi-
ty and peripapillary RNFL thickness, indicative of a stronger 
association between visual cortex activity and macular GCI-
PL in contributing to visual field loss (Murphy et al., 2016). 
Such differences in association strength may be attributed 
to the larger proportion of sensory input from the macula to 
the visual brain due to cortical magnification as compared 
to a more diffuse input from the surroundings of the optic 
nerve head in peripapillary measurements. In contrast, volu-
metric analysis of the anterior visual pathway from anatom-
ical MRI showed a reverse pattern, whereby shrinkage of the 
optic nerve and optic chiasm in glaucoma was significantly 
associated with retinal thinning in peripapillary RNFL, but 
not macular GCIPL (Trivedi et al., 2018). The severity of 
white matter abnormalities in diffusion tensor MRI also 

correlated with RNFL thickness (Wang et al., 2018). It may, 
therefore, be speculated that peripapillary RNFL, volumetric 
MRI of the optic nerve and optic chiasm, and diffusion ten-
sor MRI may reflect global changes in glaucomatous neuro-
degeneration along the visual pathway over a wider visual 
field, whereas macular GCIPL and task-evoked functional 
MRI may represent localized changes corresponding to the 
central vision. Since glaucomatous visual field defect often 
starts from the periphery and affects the center gradually 
as disease progresses, multi-parametric imaging analysis of 
different anatomical locations in the eye and the brain may 
be useful for monitoring the sequences of the pathological 
events within the visual system. Apart from early glaucoma 
detection, progressive RNFL changes from advanced to end-
stage glaucoma are often undetectable due to the intrinsic 
limitation of the floor effect in optical coherence tomogra-
phy. Measuring macular GCIPL thickness and the visual 
cortex activity may help better reveal the process of retinal 
ganglion cell dysfunction before the remaining central visual 
field deteriorates irreversibly. Such an approach is crucial in 
both patient management and vision preservation. 

Metabolic Brain Changes in Glaucoma
To identify neurochemical changes occurring in the brain’s 
visual system in glaucoma, recently, proton magnetic res-
onance spectroscopy and positron emission tomography 
have been used across different species. Consistent with our 
preclinical proton magnetic resonance spectroscopy study 
in an experimental rat model of chronic glaucoma (Chan et 
al., 2009), we identified that cholinergic and glutamatergic 
abnormalities may be involved in the mechanisms of vision 
loss in the visual cortex of glaucoma patients (Murphy et al., 
2016). Positron emission tomography studies also demon-
strated glial activation and glucose hypometabolism in the 
brains of glaucoma patients and non-human primate mod-
els (Shimazawa et al., 2012; Murai et al., 2015). Cholinergic 
stimulation has been shown to alleviate clinical symptoms, 
reduce glial activation and enhance functional brain respons-
es to visual tasks in other neurodegenerative diseases such as 
Alzheimer’s disease. Overall, these results merit further inves-
tigations on the role of cholinergic stimulation in glaucoma. 
Intervention with choline supplements (van der Merwe et 
al., 2016) and insulin (Faiq and Dada, 2017) may be poten-
tial candidates of such treatment approach to improve visual 
brain responses and visual outcomes in glaucoma.

Widespread Brain Changes and Behavioral 
Relevance in Glaucoma
MRI is non-invasive with no depth limitation, which allows 
multi-parametric monitoring of glaucomatous changes 
throughout the whole brain. Apart from the visual system, 
increasing evidence suggests that glaucoma may be asso-
ciated with widespread changes in the brain (Frezzotti et 
al., 2016; Murphy et al., 2016; Wang et al., 2018); however, 
its causes and the potential clinical and behavioral effects 
remain unclear. It is known that patients with glaucoma 
are at an increased risk of falling, while the brain processes 
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needed for the integration of sensory information relevant 
for balance require attention-related resources, which may 
be altered in glaucoma (Nuzzi et al., 2018). With this prem-
ise, we attempted to probe how glaucoma may impair the 
brain structurally and functionally within and beyond the 
visual pathway, and whether the brain changes in glauco-
ma are associated with balance and mobility impairments. 
Our preliminary results suggest that patients with advanced 

glaucoma may have difficulty prioritizing balance during 
challenging postural conditions, whereas brain connectivity 
alterations in patients with glaucoma may be related to the 
attentional control of standing balance (Cham et al., 2018). 
These findings are pivotal in getting a pragmatic insight 
into the central mechanisms of visuomotor impairments in 
glaucoma and may ultimately guide interventions related to 
postural difficulties to individual patients. 

Figure 2 Blood-oxygenation-level-dependent (BOLD) functional magnetic resonance imaging (MRI) in glaucoma. 
Using MRI-compatible visual occlusion spectacles (A), visual presentation to separate left and right eyes can be achieved without moving the subjects between 
experimental sessions. Using checkerboard visual stimulus to the hemifields of each eye (B) and a block design paradigm interleaving between upper (red) and 
lower (blue) field stimulation (C), upper field stimulation activated the ventral visual cortex (arrows in left column), whereas lower visual field stimulation activat-
ed the dorsal visual cortex (arrows in right column) in a retinotopic manner as shown in the inflated brains in D–F. The strength of BOLD activity (color bar) in 
the visual cortex generally decreased across disease severity between healthy control (D), early glaucoma (E) and advanced glaucoma (F) (unpublished data).

Figure 1 Structural brain magnetic resonance imaging (MRI) in early and advanced glaucoma using anatomical MRI (A–F) and diffusion tensor MRI (G–J). 
(A, B) Anatomical MRI of the intraorbital optic nerve (A) and optic chiasm (B) in sagittal view (left) and coronal view (right) at the level of the green or red 
slab. (C–F) Zoomed images of the intraorbital optic nerve (green arrows) (C, D) and optic chiasm (red arrows) (E, F) from the blue boxes in A, B in early (C, 
E) and advanced glaucoma (D, F). Note the reduction in size in both structures as the disease progresses. (G, H) The color-encoded fractional anisotropy (FA) 
directionality map (G) and grayscale FA value map (H) at the level of the optic radiation. (I) The colored regions of interests of the optic radiation overlaid 
on an anatomical image. Color representations for the principal diffusion directions in G: blue, caudal-rostral; red, left-right; green, dorsal-ventral. Histo-
gram in J indicates a shift of FA in the optic radiation toward lower values as glaucoma advances, suggestive of disrupted structural integrity of the optic 
radiation in glaucoma (unpublished data).
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Conclusion and Future Perspectives
The preliminary findings described in this article can im-
pact future development and applications of neuroimaging 
techniques for identifying early glaucoma mechanisms, 
detecting and monitoring pathophysiological events and de-
termining eye-brain-behavior relationships over the natural 
history of the disease. Currently, most glaucoma neuroim-
aging studies are cross-sectional and toward later stages, 
with a limited number of studies spanning across disease 
severity. Therefore, it has not been confirmed whether the 
observed structural and functional brain changes were caused 
by glaucoma. Also, it remains inconclusive to directly infer 
the onset threshold of glaucoma from the determined tipping 
points in segmented regression modeling between imaging 
and perimetry. It is also likely that the clinical visual field loss 
becomes detectable only after reaching a certain threshold 
due to differences in sensitivity across measuring modalities. 
More sensitive clinical visual testing is needed to determine 
the early functional changes and the corresponding con-
tributions from the eye and the brain. Since glaucoma is a 
chronic disease that progresses slowly over years, longitudinal 
measurements of a large sample over time are essential to de-
termine the temporal characteristics and causal relationships 
between biomarkers in the brain and glaucoma with sufficient 
statistical power. Such longitudinal studies and the testing 
of targeted neurotherapeutics can also be performed pre-
clinically in well-controlled experimental glaucoma models, 
which are currently on the go (Yang et al., 2018). Advanced 
and higher-order neuroimaging modalities such as diffusion 
kurtosis imaging, chemical exchange saturation transfer, 
magnetization transfer MRI, arterial spin labeling, and dy-
namic contrast-enhanced MRI can be used in conjunction to 
conventional structural and functional MRI at higher spatial 
and temporal resolutions to determine the pathophysiology 
of brain in glaucoma with improved specificity. Other non-
MRI neuroimaging modalities, such as fluorescence imaging 
of apoptosis and second harmonic generation microscopy of 
microtubule cytoskeleton disruption have also been recently 
used to provide specific imaging biomarkers for detecting 
glaucomatous neurodegeneration in the retinal ganglion cell 
axons in vivo. It is also possible that the sites of injury and 
pathogenic mechanisms of glaucoma are not only restricted 
to brain tissues, but also involving organic and subtle etiolo-
gies. Therefore, additional systemic and psychogenic factors 
may need to be investigated along with brain changes. In the 
future, if the mechanisms of glaucomatous brain changes are 
reliably identified, new neurotherapeutic approaches can be 
developed to prevent, slow down or even restore functional 
loss in glaucoma. Intensified research efforts on glaucoma 
neuroimaging are, therefore, warranted to help reduce the 
global prevalence and burden of the disease. 
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