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PURPOSE. To investigate the contributions of the microstructural and metabolic brain
environment to glaucoma and their association with visual field (VF) loss patterns by
using advanced diffusion magnetic resonance imaging (dMRI), proton magnetic reso-
nance spectroscopy (MRS), and clinical ophthalmic measures.

METHODS. Sixty-nine glaucoma and healthy subjects underwent dMRI and/or MRS at 3
Tesla. Ophthalmic data were collected from VF perimetry and optical coherence tomog-
raphy. dMRI parameters of microstructural integrity in the optic radiation and MRS-
derived neurochemical levels in the visual cortex were compared among early glaucoma,
advanced glaucoma, and healthy controls. Multivariate regression was used to correlate
neuroimaging metrics with 16 archetypal VF loss patterns. We also ranked neuroimaging,
ophthalmic, and demographic attributes in terms of their information gain to determine
their importance to glaucoma.

RESULTS. In dMRI, decreasing fractional anisotropy, radial kurtosis, and tortuosity and
increasing radial diffusivity correlated with greater overall VF loss bilaterally. Regionally,
decreasing intra-axonal space and extra-axonal space diffusivities correlated with greater
VF loss in the superior–altitudinal area of the right eye and the inferior–altitudinal area
of the left eye. In MRS, both early and advanced glaucoma patients had lower gamma-
aminobutyric acid (GABA), glutamate, and choline levels than healthy controls. GABA
appeared to associate more with superonasal VF loss, and glutamate and choline more
with inferior VF loss. Choline ranked third for importance to early glaucoma, whereas
radial kurtosis and GABA ranked fourth and fifth for advanced glaucoma.

CONCLUSIONS. Our findings highlight the importance of non-invasive neuroimaging
biomarkers and analytical modeling for unveiling glaucomatous neurodegeneration and
how they reflect complementary VF loss patterns.

Keywords: brain, diffusion magnetic resonance imaging, glaucoma, optic radiation,
proton magnetic resonance spectroscopy, visual cortex, visual field

Glaucoma refers to a group of age-related optic
neuropathies and is the leading cause of irreversible

blindness, impacting more than 70 million people globally.1

The most common type is primary open-angle glaucoma,
which involves slow and characteristic damage to the optic
nerve and loss of retinal ganglion cells along with progres-
sive vision loss.2 Intraocular pressure is currently the only
clinically modifiable risk factor for glaucoma.3 However,
around 20% of patients with glaucoma have normal intraoc-

ular pressure, but nearly 90% of people with high intraoc-
ular pressure do not get glaucoma.4 This indicates that,
although elevated eye pressure is an important risk factor,
it alone cannot account for all aspects of disease onset
and progression. The exact causes of glaucoma are not
fully understood but likely involve multiple factors such as
age, genetics, cerebrovasculature, neuroinflammation, and
diabetes.5–7,67–69 Current treatments for glaucoma only target
lowering intraocular pressure but unfortunately do not
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directly protect the optic nerve.8 As damage to the central
nervous system remains unrecoverable, vision loss from
glaucomatous damage to the visual pathway is currently
irreversible. Thus, early detection of glaucoma is necessary
to prevent vision loss but is quite challenging due to its
insidious onset and asymptomatic nature in the early stages.
Further research into disease mechanisms and improved
detection techniques are necessary in order to identify early
biomarkers to enable timely intervention, prevent vision loss
and blindness, and reduce the ongoing major public health
burden of glaucoma globally.9,10

Recent neuroimaging research using magnetic reso-
nance imaging (MRI) and magnetic resonance spectroscopy
(MRS) has identified brain abnormalities in the visual
pathways related to glaucoma damage.11–18 MRI utilizes
strong magnetic fields and radio waves to generate detailed
three-dimensional structural, physiological, and functional
images of the brain and other tissues, whereas MRS
measures metabolites, such as gamma-aminobutyric acid
(GABA), creatine, choline, and glutamate, that play key
roles in neuronal health and function. Specific MRI tech-
niques such as voxel-based morphometry, cortical thick-
ness mapping, and diffusion tensor imaging can detect
subtle structural changes in gray and white matter regions
related to glaucoma.19–22 For example, diffusion-based MRI
is sensitive to microstructural alterations in white matter
tracts and has revealed decreased optic radiation integrity
in glaucoma patients,23 whereas recent MRS studies have
revealed metabolic alterations in the visual cortex associated
with glaucoma.24,25 Taken together, these findings support
the presence of trans-synaptic neurodegeneration in glau-
coma.26 However, the link between structural or metabolic
neurodegenerative changes in brain MRI/MRS and vision
loss in glaucoma is not fully characterized. Elucidating the
connections between imaging biomarkers and visual func-
tion in glaucoma will advance our understanding of disease
mechanisms, allow improved tracking of severity, and facil-
itate evaluation of neuroprotective therapies beyond target-
ing intraocular pressure alone. This study aimed to inves-
tigate how structural and metabolic brain changes may
contribute to visual field defects in glaucoma patients. Deter-
mining such structural, metabolic, and functional relation-
ships will provide insight into the extent of neurodegener-
ation in the visual pathway that accompanies glaucomatous
vision loss.

METHODS

Subject Recruitment

This study was approved by the Institutional Review Board
of New York University Grossman School of Medicine and
followed the tenets of the Declaration of Helsinki. Informed
consent was obtained from all participants. Twenty early
glaucoma, 28 advanced glaucoma, and 21 healthy subjects
were recruited from the Department of Ophthalmology at
New York University Grossman School of Medicine. All
subjects had best-corrected visual acuity of 20/60 or better
and no history or evidence of retinal or neurological disor-
ders other than glaucoma. Glaucoma subjects had clini-
cally diagnosed primary glaucoma, and the healthy controls
had no glaucomatous conditions. Exclusion criteria included
pregnancy, breastfeeding, metal implants besides dental fill-
ings, anxiety, claustrophobia, and obesity preventing MRI
scanner placement.

Clinical Ophthalmic Examinations

Clinical ophthalmic assessments were performed on both
glaucoma patients and healthy subjects, which included
peripapillary retinal nerve fiber layer (pRNFL) thickness and
optic nerve head cup-to-disc ratio, using a CIRRUS spectral-
domain optical coherence tomography device (Carl Zeiss
Meditec, Dublin, CA, USA) and visual field mean deviation
(VF-MD) based on the Swedish interactive thresholding algo-
rithm (SITA) 24-2 standard test (Humphrey Field Analyzer;
Carl Zeiss Meditec). The average VF-MD of both eyes was
used to categorize patients into early or advanced glaucoma
groups. Early glaucoma was defined as patients with aver-
age VF-MD better than –6.0 dB, and advanced glaucoma was
defined as those with average VF-MD worse than –6.0 dB
following previous literature.27,28 The pointwise total devi-
ations of 24-2 visual field tests were also collected from
the Humphrey visual field perimetry for partial correla-
tions with diffusion MRI and MRS parameters followed by
visual field pattern analysis.29 In a prior landmark study,
16 representative 24-2 visual field patterns, or archetypes
(ATs), were determined by an unsupervised machine learn-
ing method termed archetypal analysis, which determines
patterns on the corners of the data space resembling extreme
cases observed.30 The 16 visual field archetypal patterns
are consistent with visual field patterns clinically summa-
rized31 (Fig. 1). In more recent studies, archetypal analysis
was applied to detect visual field progression, identify false-
positive glaucomatous visual fields,32,33 and quantify central
visual field loss patterns from the Humphrey 10-2 SITA Stan-
dard protocol.34,35

MRI Protocol

All healthy and glaucoma subjects underwent brain MRI
scanning using a Siemens MAGNETOM Prisma 3-Tesla
scanner (Siemens, Munich, Germany) equipped with a
20-channel head/neck coil at the NYU Langone Health
Center for Biomedical Imaging. High-resolution T1-weighted
anatomical images were first acquired covering the whole
brain using a multi-echo magnetization-prepared rapid
gradient echo (MPRAGE) sequence, with 256 slices, voxel
size = 0.8 × 0.8 × 0.8 mm3, repetition time = 2400 ms,
echo time = 2.24 ms, flip angle = 8°, field of view =
256 × 256 mm2, and bandwidth = 210 Hz per pixel.
Diffusion-weighted MRI was performed at multiple shells
comprised of three diffusion weighting factors (b values)
at 250, 1000, and 2000 s/mm2, along with multiple diffu-
sion encoding directions of 4, 20, and 60, respectively, using
echo-planar imaging. Ten non-diffusion weighted images at
b = 0 s/mm2 were also acquired. Other imaging parame-
ters included field of view = 230 × 230 mm2, acquisition
matrix = 100 × 100, voxel resolution = 2.3 × 2.3 × 2.3
mm3, number of slices = 52, repetition time = 5000 ms,
and echo time = 70 ms. Total acquisition time was about
10 minutes. For proton MRS, a 2.2 × 2.2 × 2.2-cm3 voxel
was manually positioned along the calcarine sulcus to cover
the visual cortex of both hemispheres. Upon automated
shimming, GABA concentration was measured using the
Mescher–Garwood point-resolved spectroscopy sequence
with double-banded pulses, with repetition time = 1500 ms,
echo time = 68 ms, 172 averages, and 522-second duration.
The GABA-edited spectrum was obtained by subtracting
the edit-off spectrum from the edit-on spectrum. Glutamate
and choline were measured from the same voxel using the
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FIGURE 1. Glaucoma visual field loss archetypes. Sixteen pre-established glaucoma visual field loss archetypes are presented, including the
normal visual field archetype (AT1). Adapted from Elze et al.30

point-resolved spectroscopy (PRESS) sequence with repeti-
tion time = 3000 ms, echo time = 30 ms, 99 averages, and
300-second duration. We used anatomical landmarks based
on T1-weighted MRI and the human brain atlas to ensure
consistent localization of diffusion MRI and proton MRS
measurements across subjects. During MRS scans, subjects
performed a fixation task to maintain attention and alertness.
A fixation point was presented centrally against a gray back-
ground. Subjects were instructed to fixate on this point. The
fixation point unpredictably changed color from white to red
and back to white after 1.5 seconds. Subjects were to press
a button within 1.5 seconds of the color change, which was
recorded as a hit. Missed responses were recorded as misses.
There was no significant difference in accuracy between
healthy controls and early or advanced glaucoma patients
(P > 0.05).

Diffusion MRI Data Processing and Archetypal
Analyses

The preprocessing steps for the diffusion images included
eddy current distortion and motion correction in FSL 5.0.10,

as well as Marchenko–Pastur principal component analysis
denoising, Gibbs ringing correction, Rician bias correction,
outlier detection, and smoothing using the Diffusion param-
eter EStImation with Gibbs and NoisE Removal (DESIGNER)
suite.36 We then used DESIGNER to calculate maps of diffu-
sion tensor imaging (DTI), including fractional anisotropy,
axial diffusivity, radial diffusivity, and mean diffusivity; diffu-
sion kurtosis imaging (DKI), including mean kurtosis, axial
kurtosis, and radial kurtosis; and the DKI-extended white
matter tract integrity (WMTI) parameters of intra-axonal
space axial diffusivity, axial extra-axonal space diffusiv-
ity (EASD parallel), radial EAS diffusivity (EASD perpen-
dicular), axonal water fraction, and tortuosity of the EAS
(ratio of EASD parallel and EASD perpendicular).17,36,37 All
maps were nonlinearly registered to the FMRIB58 fractional
anisotropy standard-space image in FSL. Regions of inter-
est were delineated on the left and right optic radiations
of the fractional anisotropy map using the brain atlas. The
same regions of interest were then applied to other para-
metric maps. The mean values of DTI, DKI, and WMTI
parameters were estimated for the averaged left and right
hemispheres. These parameters were compared between
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groups using analysis of variance (ANOVA) and post hoc
Tukey’s tests. Partial correlation analyses were used to asso-
ciate diffusion MRI parameters with regional visual field loss
measured by pointwise total deviation values. Sixteen previ-
ously established visual field loss archetypes30 were used to
analyze the associations between diffusion MRI parameters
and visual field loss patterns in specific areas using multi-
variate linear regression (Fig. 1). Results were considered
statistically significant for P < 0.05.

MRS Data Processing and Archetypal Analyses

GABA, glutamate, choline, and creatine levels were quanti-
fied from the spectra using LCModel.38 We normalized the
concentrations of GABA, glutamate, and choline using the
amount of total creatine, which is commonly used as a stan-
dard reference resonance to account for systematic fluctu-
ations between experimental sessions.38,39 These normal-
ized metabolites were then compared between groups using
ANOVA and post hoc Tukey’s tests. Partial correlations anal-
yses were performed to associate metabolites levels with
total deviations of 24-2 visual field tests. The resulting visual
field models were aligned with the 16 predefined archety-
pal patterns of visual field loss30 using multivariate linear
regression. Results were considered statistically significant
for P < 0.05.

Information Gain and Multilayer Perceptron
Analyses

It is currently unclear how important structural and
metabolic brain changes are to the pathogenesis of glau-
coma. With the growing development of artificial intelli-
gence methods in biomedical research, recent studies have
utilized feature selection techniques in machine learning
to rank the importance of contributing factors to disease,
namely through information gain.40–43 Information gain is
a metric that measures the contribution of a feature to

the reduction in entropy of a dataset. The Weka (Univer-
sity of Waikato, Auckland, New Zealand) attribute evalua-
tor InfoGainAttributeEval measures the information gain of
an attribute with respect to the class, calculating a numer-
ical “worth” of each attribute in a dataset.44 “Worth” is a
numerical representation of how important a given attribute
is in discriminating between the classes. In our dataset, our
classes were healthy controls, early glaucoma, and advanced
glaucoma. Each of the attributes was fed into the InfoGain
evaluator, which assigned each attribute a worth and ranked
the attributes in descending order of worth. In this study, we
sought to use InfoGain with 10-fold cross-validations in the
Weka software to rank all descriptors in terms of their infor-
mation gain in distinguishing between healthy controls and
early or advanced glaucoma. We assessed the information
gain for each of the following 21 attributes: age, gender, race,
VF-MD, pRNFL thickness, cup-to-disc ratio, 12 diffusion MRI
measures of the optic radiation, and three MRS metabolite
levels in the visual cortex.

We also ran the machine learning algorithm multilayer
perceptron (MLP) to determine the accuracy and area under
the receiver operating characteristics (ROC) curve. We ran
the MLP algorithm twice, first with the full list of 21 attributes
and then with a reduced list of attributes, which included
only those with an attribute worth >0 in the InfoGain rank-
ing analysis. The accuracy of this model was calculated
based on the percentage of total instances in which the
model correctly classified glaucoma severity. The ROC area
is a measure of how efficient the MLP model is, which is
calculated by plotting the true-positive rate against the false-
positive rate and calculating the area under the curve.

RESULTS

All 69 subjects underwent diffusion MRI and proton MRS
using the 3-Tesla MRI scanner. Among these subjects, diffu-
sion MRI data from seven early glaucoma subjects and MRS
data from two healthy subjects were not included in the anal-
yses due to technical issues. Tables 1 and 2 provide demo-

TABLE 1. Demographics and Clinical Ophthalmic Measures for Diffusion MRI Analyses

Demographic Healthy (n = 21)
Early Glaucoma

(n = 13)
Advanced

Glaucoma (n = 28)
Significance H vs. EG,
EG vs. AG, H vs. AG

Age (y), mean ± SD 63.74 ± 1.65 68.49 ± 1.85 65.60 ± 1.36 ns, ns, ns
Sex, female/male, n 14/7 9/4 14/14 ns, ns, ns
Race, n
White 14 9 15 ns, ns, ns
African American 2 2 6 ns, ns, ns
Asian 3 0 3 ns, ns, ns
Other race 2 2 4 ns, ns, ns

pRNFL thickness (μm), mean ± SD
OD 89.61 ± 8.02 72.14 ± 12.58 61.54 ± 9.58 **,**,*

OS 78.12 ± 8.19 68.01 ± 7.24 60.21 ± 8.20 *, ns, **

Optic nerve head C/D, mean ± SD
OD 0.45 ± 0.15 0.67 ± 0.19 0.65 ± 0.11 **, ns, **

OS 0.42 ± 0.15 0.64 ± 0.18 0.73 ± 0.11 **,**,*

Visual field mean deviation (dB), mean ± SD
OD −2.32 ± 4.32 −1.58 ± 2.29 −17.7 ± 1.67 ns, **,**

OS −1.41 ± 1.67 −2.00 ± 2.51 −13.48 ± 1.81 ns, **,**

This table compares demographic and clinical ophthalmic measures among the three groups that were included for diffusion MRI analyses.
Statistical tests including one-way ANOVA and Tukey’s post hoc analysis or χ2 tests were used to evaluate between-group differences. H,
healthy controls; EG, early glaucoma; AG, advanced glaucoma; OD, oculus dexter (right eye); OS, oculus sinister (left eye); C/D, cup-to-disc
ratio; ns, not significant.

* P < 0.05.
** P < 0.01.
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TABLE 2. Demographics and Clinical Ophthalmic Measures for Proton MRS Analyses

Demographic Healthy (n = 19)
Early Glaucoma

(n = 20)
Advanced

Glaucoma (n = 28)
Significance H vs. EG,
EG vs. AG, H vs. AG

Age (y), mean ± SD 63.68 ± 1.91 66.75 ± 1.60 65.60 ± 1.36 ns, ns, ns
Sex, F/M, n 12/7 13/7 14/14 ns, ns, ns
Race, n

White 14 12 15 ns, ns, ns
African American 0 3 6 ns, ns, ns
Asian 3 1 3 ns, ns, ns
Other race 2 4 4 ns, ns, ns

Average pRNFL thickness (μm), mean ± SD
OD 86.12 ± 2.13 71.19 ± 3.07 61.54 ± 9.58 **,**,*

OS 79.32 ± 6.31 69.21 ± 6.30 60.21 ± 8.20 *,**,*

Optic nerve head C/D, mean ± SD
OD 0.55 ± 0.19 0.60 ± 0.15 0.65 ± 0.11 ns, **,**

OS 0.41 ± 0.12 0.62 ± 0.18 0.73 ± 0.11 **,**,*

Visual field mean deviation (dB), mean ± SD
OD −2.38 ± 1.11 −1.74 ± 0.65 −17.7 ± 1.67 ns, **,**

OS −1.45 ± 0.45 −2.35 ± 0.65 −13.48 ± 1.81 ns, **,**

This table compares demographic and clinical ophthalmic measures among the three groups that were included for MRS analyses.
Statistical tests including one-way ANOVA and Tukey’s post hoc analysis or χ2 tests were used to evaluate between-group differences.

* P < 0.05.
** P < 0.01.

graphic and clinical information for the analyzed subjects
in each modality. Clinical ophthalmic measurements were
significantly different among the groups, whereas age, sex,
and race were not significantly different. In diffusion MRI,
decreasing fractional anisotropy in diffusion tensor imag-
ing, decreasing radial kurtosis in diffusion kurtosis imaging,
and decreasing tortuosity in the white matter tract integrity
model correlated generally with worse overall visual field
loss in both eyes (Fig. 2). In MRS, lower GABA, glutamate,
and choline levels were found in early and advanced glau-
coma patients compared to healthy subjects (Fig. 3).

In the archetypal analyses between diffusion MRI and
visual field loss patterns, increasing fractional anisotropy,
radial kurtosis, axonal water fraction, intra-axonal space
axial diffusivity, tortuosity, and EASD parallel showed a posi-
tive coefficient to the normal visual field archetype (AT1).
Increasing fractional anisotropy, radial kurtosis, axonal
water fraction, and tortuosity also had a negative coef-
ficient to the overall visual field loss archetype (AT6),
whereas increasing radial diffusivity and EASD perpendic-
ular had a positive coefficient to the overall visual field
loss archetype (AT6) (Tables 3–5). Regionally, increasing
radial diffusivity was associated with concentric periph-
eral defect (AT11) in the left eye and marginally with
central scotoma in the right eye (AT7). Decreasing frac-
tional anisotropy was associated with inferior altitudinal
defect (AT13) in the left eye and with central scotoma (AT7)
and superior altitudinal defect (AT8) marginally in the right
eye. Decreasing radial kurtosis was associated with central
scotoma (AT7) in the right eye. Decreasing intra-axonal
space axial diffusivity was associated with superior altitu-
dinal defect (AT8) and nasal defect (AT15) in the right eye
and with inferior altitudinal defect (AT13) in the left eye.
Decreasing tortuosity was associated with superior altitu-
dinal defect (AT8) in the right eye and inferior altitudi-
nal defect (AT13) in the left eye. Decreasing EASD paral-
lel was associated with superior altitudinal defect (AT8) and
nasal defect (AT15) in the right eye and with inferior alti-
tudinal defect (AT13) in the left eye. EASD perpendicular

was associated with inferonasal defect (AT10) in left eye
(Tables 3–5).

In the archetypal analyses between MRS and visual field
loss patterns, increasing GABA, glutamate and choline levels
were positively associated with the normal visual field
archetype (AT1), whereas decreasing GABA and glutamate
levels were marginally associated with worse overall visual
field loss archetype (AT6) (Table 6). Regionally, decreasing
GABA was associated with worse nasal defect (AT15) in the
right eye and marginally with greater visual field loss in the
superonasal step area (AT3) in the left eye, whereas decreas-
ing glutamate was marginally associated with greater visual
field loss in the inferior altitudinal (AT13) area in the left
eye. Decreasing choline was associated with greater visual
field loss in the inferonasal (AT10) area in the right eye.
Taken together, these neurometabolites appeared to asso-
ciate with complementary regional patterns of visual field
loss in glaucoma, with GABA affecting the superonasal areas
more and glutamate and choline affecting the inferior areas
more.

The information gain analysis yielded five attributes that
had an attribute worth >0 for the comparison between
healthy controls and early glaucoma. The corresponding
ranking was as follows: (1) pRNFL thickness, (2) cup-to-disc
ratio, (3) choline, (4) race, and (5) gender (Fig. 4). For the
comparison between healthy controls and advanced glau-
coma, the information gain analysis yielded nine attributes
that had an attribute worth >0. The corresponding rank-
ing was as follows: (1) VF-MD, (2) pRNFL thickness, (3)
cup-to-disc ratio, (4) radial kurtosis, (5) GABA, (6) intra-
axonal space axial diffusivity, (7) tortuosity, (8) race, and
(9) gender (Fig. 4). Inclusive of all of the attributes regard-
less of their information gain, MLP was able to differen-
tiate between healthy control and early glaucoma (accu-
racy, 84.8%; ROC, 0.946) and between healthy control and
advanced glaucoma (accuracy, 95.74%; ROC, 0.996). When
MLP was performed on the reduced list of attributes that
had an information gain attribute worth >0, we saw an
improved ability to differentiate between healthy control and



Brain Contributions to Visual Loss in Glaucoma IOVS | July 2024 | Vol. 65 | No. 8 | Article 15 | 6

FIGURE 2. Diffusion MRI parameters and their associations with VF function in glaucoma patients and healthy controls. (A) ANOVA and
Tukey’s post hoc tests were used for between-group comparisons. Brackets indicate the significance of differences between subject group
pairs: heathy (H) versus early glaucoma (EG), EG versus advanced glaucoma (AG), and H versus AG. (B) Partial correlations were performed
to show how diffusion MRI parameters were associated to the 52 points in the 24-2 VF across all subjects. Blue indicates decreases in the
diffusion MRI parameter and VF total deviation (i.e., worse VF loss/positive correlation), and vice versa for red. Tortuosity of the EAS is
the ratio of EASD parallel to EASD perp. *P < 0.05, **P < 0.01; AD, axial diffusivity; AK, axial kurtosis; AWF, axonal water fraction; EAS,
extra-axonal space; EASD, extra-axonal space diffusivity; EASD parallel, axial EASD; EASD perp, radial EASD; FA, fractional anisotropy; IASD,
intra-axonal space axial diffusivity; MD, mean diffusivity; MK, mean kurtosis; ns, not significant; RD, radial diffusivity; RK, radial kurtosis.
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FIGURE 3. GABA, glutamate (Glu), and choline (Cho) levels and their associations with VF function in glaucoma patients and healthy controls.
(A) ANOVA and Tukey’s post hoc tests were used for between-group comparisons. Brackets indicate the significance of differences between
subject group pairs: heathy (H) versus early glaucoma (EG), EG versus advanced glaucoma (AG), and H versus AG. (B) Partial correlations
were performed to show how MRS parameters were associated with the 52 points in the 24-2 VF across all subjects. Blue indicates decreases
in the MRS parameter and VF total deviation (i.e., worse VF loss/positive correlation), and vice versa for red. *P < 0.05, **P < 0.01; ns, not
significant.
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TABLE 3. Optic Radiation Microstructural DTI Versus Archetypal VF Loss Patterns

Positively Correlated Archetypes Negatively Correlated Archetypes

Normal Archetype 1st 2nd 3rd 1st 2nd 3rd

Axial Diffusivity
Right eye Archetype no. 1 2 13 9 8 15 16

Coefficients 112.90% 16.71% 11.44% 9.83% −70.67% −51.25% −22.86%
P 0.0652 0.3208 0.4207 0.0959 0.0535 0.0087 0.1813

Left eye Archetype no. 1 6 11 10 13 5 2
Coefficients 84.40% 13.70% 13.45% 12.56% −47.13% −31.64% −14.12%

P 0.1617 0.6978 0.1394 0.3345 0.0722 0.1647 0.48
Radial Diffusivity
Right eye Archetype no. 1 6 7 8 15 2 5

Coefficients −154.19% 105.87% 29.99% 22.73% −19.04% −11.65% −8.12%
P 0.0376 0.0404 0.0587 0.615 0.4355 0.5704 0.6493

Left eye Archetype no. 1 6 11 8 2 5 4
Coefficients −145.64% 94.39% 39.50% 39.39% −53.07% −36.66% −15.11%

P 0.043 0.0232 0.0001 0.2736 0.0246 0.1815 0.211
Mean Diffusivity
Right eye Archetype no. 1 6 13 7 15 8 5

Coefficients −55.48% 80.47% 23.77% 20.74% −44.72% −23.22% −16.92%
P 0.4979 0.155 0.2029 0.2326 0.0883 0.636 0.3815

Left eye Archetype no. 1 6 11 10 2 5 16
Coefficients −66.77% 82.58% 38.99% 32.28% −50.12% −47.18% −9.05%

P 0.4015 0.0707 0.0007 0.0559 0.0527 0.1135 0.5185
Fractional Anisotropy
Right eye Archetype no. 1 2 14 4 6 8 7

Coefficients 425.55% 51.57% 17.01% 15.13% −210.15% −143.58% −62.53%
P 5.00E-04 0.1364 0.3821 0.2168 0.016 0.058 0.0194

Left eye Archetype no. 1 2 5 4 6 13 8
Coefficients 352.06% 92.08% 44.38% 40.90% −153.17% −118.13% −101.26%

P 0.0031 0.0207 0.3398 0.0426 0.0294 0.0256 0.0931

Linear mixed-effect analyses were performed to show how the DTI-VF models are associated with the 16 VF loss ATs. Coefficients for the
normal archetype (AT1) and the top three most positively or negatively correlated VF loss ATs are presented. A positive coefficient for the
AT1 indicates increasing DTI metrics with less VF loss, and vice versa; a positive coefficient for the other VF loss ATs indicates increasing
DTI metrics with greater VF loss, and vice versa.

TABLE 4. Optic Radiation Microstructural DKI Versus Archetypal VF Loss Patterns

Positively Correlated Archetypes Negatively Correlated Archetypes

Normal Archetype 1st 2nd 3rd 1st 2nd 3rd

Axial Kurtosis
Right eye Archetype no. 1 16 5 2 6 8 3

Coefficients 64.62% 60.94% 50.22% 29.92% −137.40% −60.02% −48.52%
P 0.6055 0.0753 0.0861 0.3784 0.1111 0.4222 0.2853

Left eye Archetype no. 1 5 14 2 6 9 8
Coefficients 79.02% 37.18% 35.42% 29.23% −67.52% −35.35% −32.66%

P 0.517 0.4216 0.152 0.3937 0.3445 0.2493 0.5915
Radial Kurtosis
Right eye Archetype no. 1 4 2 5 6 8 7

Coefficients 140.27% 8.54% 5.84% 3.77% −67.10% −34.12% −22.06%
P 0.0002 0.0232 0.5922 0.6912 0.0136 0.1517 0.0078

Left eye Archetype no. 1 2 4 14 6 13 8
Coefficients 151.19% 24.12% 2.59% 1.79% −44.30% −24.64% −23.21%

P 0.0001 0.0251 0.6932 0.8223 0.0498 0.1504 0.2314
Mean Kurtosis
Right eye Archetype no. 1 15 5 10 6 7 3

Coefficients 105.65% 32.75% 27.03% 16.71% −107.75% −34.03% −26.88%
P 0.2497 0.271 0.2128 0.4558 0.0896 0.0797 0.423

Left eye Archetype no. 1 2 12 14 3 9 6
Coefficients 156.22% 38.57% 14.71% 13.10% −63.46% −45.20% −45.13%

P 0.1241 0.1241 0.3222 0.4753 0.1486 0.0431 0.3917

Linear mixed-effect analyses were performed to show how the DKI-VF models are associated with the 16 VF loss ATs. Coefficients for
the normal archetype (AT1) and the top three most positively or negatively correlated ATs are presented. A positive coefficient for the AT1
indicates increasing DKI metrics with less VF loss, and vice versa; a positive coefficient for the other VF loss ATs indicates increasing DKI
metrics with greater VF loss, and vice versa.
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TABLE 5. Optic Radiation Microstructural WMTI Versus Archetypal VF Loss Patterns

Positively Correlated Archetypes Negatively Correlated Archetypes

Normal Archetype 1st 2nd 3rd 1st 2nd 3rd

Intra-Axonal Space Axial Diffusivity
Right eye Archetype no. 1 2 4 14 8 6 15

Coefficients 424.10% 47.23% 20.15% 14.07% −198.69% −128.63% −91.68%
P 0.0001 0.1175 0.0571 0.4073 0.002 0.0952 0.0093

Left eye Archetype no. 1 2 4 10 13 6 3
Coefficients 402.84% 60.20% 28.80% 12.45% −110.66% −108.24% −94.25%

P 0.00001 0.0465 0.1122 0.5997 0.019 0.0876 0.0758
Tortuosity of EAS

Right eye Archetype no. 1 2 14 4 6 8 7
Coefficients 102.47% 16.84% 8.00% 3.18% −53.83% −37.81% −12.02%

P 0.0006 0.0437 0.0878 0.2856 0.0109 0.0394 0.0669
Left eye Archetype no. 1 2 4 5 6 13 8

Coefficients 80.38% 16.85% 11.55% 7.60% −38.32% −28.18% −19.69%
P 0.0064 0.0455 0.0206 0.5101 0.0286 0.0326 0.1916

EASD Parallel
Right eye Archetype no. 1 2 13 9 8 15 6

Coefficients 154.67% 25.37% 11.25% 9.91% −92.54% −51.79% −36.09%
P 0.0066 0.1088 0.4026 0.0753 0.0066 0.0049 0.3763

Left eye Archetype no. 1 10 11 2 13 5 3
Coefficients 110.51% 17.83% 11.37% 6.38% −62.37% −24.00% −15.19%

P 0.0501 0.1488 0.1911 0.6925 0.0114 0.2678 0.59
EASD Perpendicular

Right eye Archetype no. 1 6 7 13 15 2 14
Coefficients −123.90% 87.11% 23.11% 18.50% −17.36% −11.27% −8.72%

P 0.0631 0.0605 0.1051 0.2302 0.4274 0.5399 0.395
Left eye Archetype no. 1 6 10 8 5 2 3

Coefficients −117.90% 85.60% 36.49% 35.61% −36.45% −33.68% −22.30%
P 0.0701 0.0239 0.0088 0.277 0.1422 0.0658 0.4916

Axonal Water Fraction
Right eye Archetype no. 1 2 15 16 6 8 7

Coefficients 443.49% 48.80% 44.55% 42.63% −330.58% −125.29% −73.91%
P 0.0415 0.4168 0.5342 0.4869 0.0287 0.343 0.1136

Left eye Archetype no. 1 2 5 14 6 3 8
Coefficients 543.38% 133.24% 53.52% 31.00% −222.19% −144.92% −97.13%

P 0.0096 0.0251 0.5134 0.4813 0.0758 0.1696 0.3658

Linear mixed-effect analyses were performed to show how the WMTI-VF models are associated with the 16 VF loss ATs. Coefficients for
the normal archetype (AT1) and the top three most positively or negatively correlated VF loss ATs are presented. A positive coefficient for the
AT1 indicates increasing WMTI metrics with less VF loss, and vice versa; a positive coefficient for the other VF loss ATs indicates increasing
WMTI metrics with greater VF loss, and vice versa. EASD parallel represents axial EASD, and EASD perpendicular represents radial EASD.
Tortuosity of EAS is the ratio of EASD parallel to EASD perpendicular.

glaucoma. MLP was able to differentiate between healthy
control and early glaucoma (accuracy, 90.9%; ROC, 0.99) and
between healthy control and advanced glaucoma (accuracy,
97.9%; ROC, 1.000).

DISCUSSION

This study found that, in diffusion MRI of the optic radia-
tion, fractional anisotropy, radial diffusivity, radial kurtosis,
axonal water fraction, tortuosity, and EASD perpendicular
correlated with overall visual field loss in glaucoma patients.
Regionally, decreasing intra-axonal space axial diffusivity
in WMTI tended to associate with greater visual field loss
in the superior–altitudinal area of the right eye and the
inferior–altitudinal area of the left eye in a complemen-
tary pattern, as shown in both partial correlations (Fig. 2)
and archetypal analyses (Table 5). Radial diffusivity, radial
kurtosis, tortuosity, and EASD also tended to show comple-
mentary visual field loss patterns in the peripheral versus

central areas or in the superior versus inferior areas between
the left and right eyes. In MRS of the visual cortex, lower
GABA, glutamate, and choline levels were found in early and
advanced glaucoma patients compared to healthy subjects.
Complementary visual field loss patterns were also observed
among neurometabolites, with GABA affecting the super-
onasal areas more and glutamate and choline affecting
the inferior areas more. These advanced MRI/MRS imaging
biomarkers not only allowed detection of microstructural
and metabolic brain alterations associated with the visual
field deficits in glaucoma but also highlighted their poten-
tial for understanding its pathogenesis and neuroadaptation
to bilateral visual outcomes.

Diffusion MRI biomarkers, which are sensitive to axonal
or glial integrity and neuroinflammation, not only corre-
lated with overall visual field loss but also showed comple-
mentary archetypal patterns of regional visual field loss
between the two eyes in glaucoma patients. The findings
are consistent with previous studies showing that local loss
of visual function in one eye is often spared in the same
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TABLE 6. Visual Cortex Metabolism in Proton MRS Versus Archetypal VF Loss Patterns

Positively Correlated Archetypes Negatively Correlated Archetypes

Normal Archetype 1st 2nd 3rd 1st 2nd 3rd

GABA
Right eye Archetype no. 1 9 12 7 6 15 16

Coefficients 227.22% 32.01% 11.93% 10.61% −72.79% −57.46% −21.02%
P 0.0039 0.0314 0.4167 0.0815 0.0521 0.0033 0.229

Left eye Archetype no. 1 2 10 4 6 3 15
Coefficients 135.82% 93.87% 30.03% 23.41% −27.88% −8.73% −4.42%

P 0.0119 0.0745 0.0647 0.189 0.0877 0.0786 0.6877
Glutamate
Right eye Archetype no. 1 7 8 12 6 2 15

Coefficients 23.48% 0.1349 0.1294 0.0372 −1.3499 −0.6437 −0.1479
P 0.651 0.2764 0.3078 0.304 0.0822 0.1183 0.2465

Left eye Archetype no. 1 3 2 8 6 5 13
Coefficients 34.56% 13.49% 12.94% 3.72% −134.99% −84.37% −74.79%

P 0.0324 0.0764 0.1078 0.0504 0.0422 0.1083 0.0665
Choline
Right eye Archetype no. 1 4 9 12 6 10 15

Coefficients 152.90% 45.99% 32.84% 10.06% −56.86% −39.00% −21.87%
P 0.0251 0.0708 0.2887 0.5602 0.157 0.0304 0.1228

Left eye Archetype no. 1 14 12 2 5 13 6
Coefficients 124.19% 78.11% 40.95% 36.66% −22.19% −10.59% −8.80%

P 0.0143 0.0912 0.3018 0.0617 0.1708 0.3007 0.2177

Linear mixed-effect analyses were performed to show how the MRS-VF models are associated with the 16 VF loss ATs. Coefficients for the
normal archetype (AT1) and the top three most positively or negatively correlated VF loss ATs are presented. A positive coefficient for the
AT1 indicates increasing MRS metrics with less VF loss, and vice versa; a positive coefficient for the other VF loss ATs indicates increasing
MRS metrics with greater VF loss, and vice versa.

FIGURE 4. Visual display of ranked attributes in order of importance in early glaucoma (A) and advanced glaucoma (B) compared to healthy
controls. Twenty-one attributes were fed into the InfoGain software, and the plotted attributes in A and B were deemed to have the greatest
attribute worth in distinguishing between healthy controls and glaucoma in their respective stages. In A, the most important attributes when
comparing healthy controls and early glaucoma patients, in descending order of attribute worth, were pRNFL thickness, cup-to-disc ratio
(C/D), choline, race, and gender. In B, the most important attributes when comparing healthy controls and advanced glaucoma patients,
in descending order of attribute worth, were VF-MD, pRNFL thickness, C/D, radial kurtosis (RK), GABA, intra-axonal space axial diffusivity
(IASD), tortuosity (TORT), race, and gender.

visual field region of the contralateral eye, maximizing resid-
ual binocular visual function.45–48 This suggests that alter-
ations in the microstructural environment of the brain may
contribute to the neuromodulation of preferential visual field
loss patterns that help maximize residual binocular vision in
bilateral glaucoma. The advanced diffusion MRI techniques,
combined with archetypal analysis, provided unique insights
into the potential role of microstructural changes in opti-
mizing compensatory visual function when both eyes are
affected by the disease.

There are several possible explanations for such comple-
mentary patterns. One such explanation is that the struc-
tural integrity of axons and glial cells, as measured by
diffusion MRI, may be adapting in a compensatory way
to optimize remaining binocular vision. For example, if
certain axons projecting to a deteriorated part of the visual
field in one eye are damaged, this could disinhibit the
corresponding axons projecting to the same visual field
region in the other eye.45,47 Complementary visual field
loss patterns could be an endpoint result of preferential
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degeneration of visual pathways from each eye to opti-
mize binocular vision. Another explanation is that comple-
mentary patterns of visual field loss and the associated
microstructural changes detected by diffusion MRI may
reflect adaptive or compensatory degeneration of visual
pathways in response to disease progression, rather than
being the direct underlying cause of the preferential regional
deficits themselves.70 Other factors affecting axonal health,
glial cell integrity, inflammation, or selective vulnerability
of visual pathways could also lead to emergent comple-
mentary patterns of visual field loss that are measurable
with diffusion MRI.21,49,50 This research highlights the signif-
icant impact that brain microstructural changes can have on
overall visual function and symptoms in patients.51–53 This
underscores the importance of assessing imaging biomark-
ers contributions to vision loss in glaucoma.

The MRS neurometabolites, GABA, glutamate, and
choline were found to relate to matching regional patterns
of visual field loss in glaucoma patients. Specifically, GABA
levels appeared to correlate more with vision loss in the
superonasal areas of the visual field, and glutamate and
choline levels correlated more with vision loss in the infe-
rior areas of the visual field. GABA is the major inhibitory
neurotransmitter in the brain,54 and studies have shown
that reduced GABA levels in the occipital cortex could lead
to reduced inhibition and excessive excitatory activity,55,56

which may contribute to visual field loss in glaucoma. Gluta-
mate is the major excitatory neurotransmitter,57 and choline
is a marker of cell membrane integrity and neurotransmis-
sion, which interacts with GABA and glutamate.5 The excita-
tory and inhibitory balance between these metabolites may
also reflect neuroplastic potentials.58 The regional visual
field differences in these metabolites in the visual cortex
may reflect such potential neuroadaptation. On the other
hand, glutamate together with axial diffusivity tended to
show opposite local visual field loss patterns between the
two eyes in the superior peripheral area (AT2), with gluta-
mate trending to associate negatively with worse AT2 in
the right eye but positively in the left eye, whereas worse
AT2 was trending to associate with decreasing axial diffu-
sivity in the left eye but increasing axial diffusivity in the
right eye. The complementary and opposite patterns within
and between eyes across neurochemical and microstruc-
tural environments may be related to the redistribution of
metabolic resources in the visual pathways and representa-
tions of the visual field in various parts of the brain.59–61,70,71

More research is needed to clarify the precise mechanisms
linking metabolic changes to complementary patterns of
vision loss in glaucoma. In summary, these MRS spec-
tral biomarkers may help determine the underlying disease
mechanisms and neuroplasticity that occur in the brain in
association with the characteristic regional patterns of visual
field loss seen in both eyes of glaucoma patients. Deter-
mining these brain alterations related to the regional visual
deficits in glaucoma could provide insight into the patho-
genesis of the disease and the compensatory responses of
the brain to the progressive vision loss.

The comparisons of healthy subjects to early and
advanced glaucoma share several high-ranking attributes in
terms of information gained, including pRNFL thickness,
cup-to-disc ratio, race, and gender. Interestingly, the compar-
ison of healthy subjects to early glaucoma uniquely showed
choline as an important risk factor. Likewise, the comparison
of healthy subjects to advanced glaucoma uniquely showed
GABA and several DKI and WMTI measures as important

risk factors. Furthermore, we saw an improved ability of
MLP to differentiate between healthy control and glaucoma
when we only considered the attributes with an informa-
tion gain worth >0, underscoring the importance of further
research into these high-ranking attributes as risk factors
for glaucoma. Overall, these results provide insight into the
relationships among the eye, brain, and glaucoma, as well
as the potential contribution of choline to early glaucoma
and GABA and various diffusion MRI measures to advanced
glaucoma.

The findings from this study highlight the potential of
advanced MRI techniques, including diffusion MRI and MRS,
as imaging biomarkers for tracking glaucoma detection,
progression, and relevance to regional patterns of visual
field loss. However, given its cross-sectional nature, causal-
ity cannot be derived from this observational evaluation.
Further longitudinal studies are required to understand
the pathophysiological events and to determine their util-
ity for early detection and ongoing monitoring of disease
severity with relevance to vision loss. The complementary
archetypal patterns of visual field deficits between eyes
when relating to the structural changes in the optic radia-
tion or metabolic changes in the visual cortex suggest that
the brain may be adapting to maximize remaining binocu-
lar vision, which merits further exploration of the plastic-
ity mechanisms of the brain.45 For example, future stud-
ies can employ high-resolution MRI/MRS for probing the
precise brain changes, together with comprehensive whole-
brain analyses to examine other brain regions that may
be involved in abnormal visual processing and metabolic
redistribution in glaucoma, such as the optic nerve, optic
tract, lateral geniculate nucleus, superior colliculus, higher
order visual brain areas, or other non–image-forming brain
regions.6,16,59,62–65 Another limitation is the relatively small
sample size due to the strict recruiting conditions. Addi-
tional research on larger, more diverse patient samples from
multiple centers is warranted to elucidate the structure–
metabolism–function relationships between localized visual
field loss and associated alterations in brain MRI metrics
and metabolites. This could provide insight into disease
pathogenesis and compensatory responses with improved
generalizability. Other possible limitations lie in our assess-
ments of visual function, as the Humphrey 24-2 visual field
tests have been shown to miss central defects compared to
10-2 tests.66 Future studies may consider the relationships
between brain MRI/MRS metrics and central vision using
10-2 tests,34,35,52 in addition to emerging methods such as
microperimetry that allow for simultaneous fundus view-
ing with perimetry. Overall, advanced MRI techniques show
promise as non-invasive biomarkers for understanding the
brain contributions to characteristic visual field loss patterns
in glaucoma. Further translational research could facilitate
clinical implementation for improved glaucoma understand-
ing and management.
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