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Abstract

Glaucoma, the world’s leading cause of irreversible blindness, is a condition for which elevated intraocular
pressure is currently the only modifiable risk factor. However, the disorder can continue to progress even
at reduced intraocular pressure. This indicates additional key factors that contribute to the etiopathogen-
esis. There has been a growing amount of literature suggesting glaucoma as a neurodegenerative disease
of the visual system. However, it remains debatable whether the observed pathophysiological conditions
are causes or consequences. This review summarizes recent in vivo imaging studies that helped advance
the understanding of early glaucoma involvements and disease progression in the brains of humans and
experimental animal models. In particular, we focused on the non-invasive detection of early structural
and functional brain changes before substantial clinical visual field loss in glaucoma patients; the eye-brain
interactions across disease severity; the metabolic changes occurring in the brain’s visual system in glauco-
ma; and, the widespread brain involvements beyond the visual pathway as well as the potential behavioral
relevance. If the mechanisms of glaucomatous brain changes are reliably identified, novel neurotherapeu-
tics that target parameters beyond intraocular pressure lowering can be the promise of the near future,
which would lead to reduced prevalence of this irreversible but preventable disease.
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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
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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
etal., 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
tield, 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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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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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).

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
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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.



Kasi A, Faiqg MA, Chan KC (2019) In vivo imaging of structural, metabolic and functional brain changes in glaucoma.

Neural Regen Res 14(3):446-449. doi:10.4103/1673-5374.243712

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
tuture, 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.

Acknowledgments: We thank all collaborators who contributed to our
research papers upon which the present commentary is based.

Author contributions: Manuscript concept: KCC; literature search and
initial manuscript preparation: AK and KCC; critical revision and final
approval of the manuscript: AK, MAF and KCC.

Conlflicts of interest: None declared.

Financial support: This work was supported by the National Institutes

of Health RO1-EY028125 (Bethesda, MD, USA) (to KCC); BrightFocus
Foundation G2013077 and G2016030 (Clarksburg, MD, USA) (to KCC);
and Research to Prevent Blindness/Stavros Niarchos Foundation Inter-
national Research Collaborators Award (New York, NY, USA) (to KCC).
Copyright license agreement: The Copyright License Agreement has
been signed by all authors before publication.

Plagiarism check: Checked twice by iThenticate.

Peer review: Externally peer reviewed.

Open access statement: This is an open access journal, and articles are
distributed under the terms of the Creative Commons Attribution-Non-
Commercial-ShareAlike 4.0 License, which allows others to remix, tweak,
and build upon the work non-commercially, as long as appropriate credit
is given and the new creations are licensed under the identical terms.

References

Cham R, O’Connell C, Redfern M, Conner IP, Wollstein G, Chan KC (2018)
Balance and brain connectivity in glaucoma. Invest Ophthalmol Vis Sci
59:1944.

Chan KC, So KF, Wu EX (2009) Proton magnetic resonance spectroscopy
revealed choline reduction in the visual cortex in an experimental model
of chronic glaucoma. Exp Eye Res 88:65-70.

Faiqg MA, Dada T (2017) Diabetes type 4: a paradigm shift in the understand-
ing of glaucoma, the brain specific diabetes and the candidature of insulin
as a therapeutic agent. Curr Mol Med 17:46-59.

Frezzotti P, Giorgio A, Toto F, De Leucio A, De Stefano N (2016) Early
changes of brain connectivity in primary open angle glaucoma. Hum
Brain Mapp 37:4581-4596.

Gupta N, Ang LC, Noel de Tilly L, Bidaisee L, Yucel YH (2006) Human glau-
coma and neural degeneration in intracranial optic nerve, lateral genicu-
late nucleus, and visual cortex. Br ] Ophthalmol 90:674-678.

Lawlor M, Danesh-Meyer H, Levin LA, Davagnanam I, De Vita E, Plant GT
(2018) Glaucoma and the brain: Trans-synaptic degeneration, structural
change, and implications for neuroprotection. Surv Ophthalmol 63:296-
306.

Murai H, Suzuki Y, Kiyosawa M, Tokumaru AM, Ishiwata K, Ishii K (2015)
Cerebral glucose metabolism in the striate cortex positively correlates with
fractional anisotropy values of the optic radiation in patients with glauco-
ma. Clin Exp Ophthalmol 43:711-719.

Murphy MC, Conner IP, Teng CY, Lawrence JD, Safiullah Z, Wang B, Bilon-
ick RA, Kim SG, Wollstein G, Schuman JS, Chan KC (2016) Retinal struc-
tures and visual cortex activity are impaired prior to clinical vision loss in
glaucoma. Sci Rep 6:31464.

Nuzzi R, Dallorto L, Rolle T (2018) Changes of visual pathway and brain
connectivity in glaucoma: a systematic review. Front Neurosci 12:363.

Shimazawa M, Ito Y, Inokuchi Y, Yamanaka H, Nakanishi T, Hayashi T, Ji B,
Higuchi M, Suhara T, Imamura K, Araie M, Watanabe Y, Onoe H, Hara
H (2012) An alteration in the lateral geniculate nucleus of experimental
glaucoma monkeys: in vivo positron emission tomography imaging of gli-
al activation. PLoS One 7:¢30526.

Sponsel WE, Groth SL, Satsangi N, Maddess T, Reilly MA (2014) Refined
data analysis provides clinical evidence for central nervous system control
of chronic glaucomatous neurodegeneration. Transl Vis Sci Technol 3:1.

Susanna R Jr, De Moraes CG, Cioffi GA, Ritch R (2015) Why Do People (Still)
Go blind from glaucoma? Transl Vis Sci Technol 4:1.

Tham YC, Li X, Wong TY, Quigley HA, Aung T, Cheng CY (2014) Global
prevalence of glaucoma and projections of glaucoma burden through
2040: a systematic review and meta-analysis. Ophthalmology 121:2081-
2090.

Trivedi V, Chen Y, Parra C, Arshad A, Bang JW, Wu M, Conner IP, Woll-
stein G, Schuman JS, Chan KC (2018) Evaluation of volumetric and dif-
fusional brain changes and their associations with retinal structures and
visual field function in glaucoma using MRI, OCT and perimetry. Invest
Ophthalmol Vis Sci 59:3502.

van der Merwe Y, Yang X, Ho LC, Yu Y, Chau Y, Leung CK, Conner IP,
Wollstein G, Schuman JS, Chan KC (2016) Citicoline preserves optic
nerve integrity and visuomotor function following chronic intraocular
pressure elevation. Invest Ophthalmol Vis Sci 57:3788-3800.

Wang R, Tang Z, Sun X, Wu L, Wang J, Zhong Y, Xiao Z (2018) White mat-
ter abnormalities and correlation with severity in normal tension glauco-
ma: a whole brain atlas-based diffusion tensor study. Invest Ophthalmol
Vis Sci 59:1313-1322.

Yang XL, van der Merwe Y, Sims J, Parra C, Ho LC, Schuman JS, Wollstein G,
Lathrop KL, Chan KC (2018) Age-related changes in eye, brain and visuo-
motor behavior in the DBA/2] mouse model of chronic glaucoma. Sci Rep
8:4643.

P-Reviewers: Moons L, Hu YT; C-Editors: Zhao M, Yu J;
T-Editor: Liu XL

449



