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Background: Glaucoma is a leading cause of blindness globally, with emerging
research suggesting that glaucoma-related degeneration may affect the visual
pathway. Recent advancements in magnetic resonance imaging (MRI) offer
promising non-invasive methods for evaluating glaucoma, including advanced
diffusion MRI (dMRI) and computational techniques. One such technique is
tractometry, which quantifies white matter (WM) microstructural properties.
While the application of tractometry in glaucomatous patients is developing,
several key studies have explored structural changes in the brain, particularly
within the visual pathways, in individuals with glaucoma. This systematic review
comprehensively evaluates the application of tractometry using advanced dMRI
models and techniques to quantify WM in the visual pathway of individuals
with glaucoma.

Methods: PubMed-Medline and PubMed-Central were screened for articles
published until April 11th, 2024. The studies based on patient cohorts affected by
primary open-angle glaucoma (POAG), primary angle closure glaucoma (PACG),
and normal tension glaucoma (NTG) with the following dMRI techniques and
tract-specific analysis approach were included in this review: diffusion tensor
imaging (DTI), diffusion kurtosis imaging (DKI), neurite orientation dispersion and
density imaging (NODDI), fixel-based analysis (FBA), and dMRI tractometry.

Results: The selected seven studies incorporate tractometry and advanced
diffusion models and techniques (DKI, NODDI and FBA), including DTI. Each study
investigated microstructural changes along the visual pathway of glaucomatous
patients, finding glaucomatous WM degeneration in the optic nerve (ON),
optic tract (OT), and optic radiation (OR), as well as significantly altered WM
connections between the brain’s visual cortex and non-visual areas. Additionally,
tractometric findings correlated with clinical measures of glaucoma, such as
intraocular pressure, visual field loss, and retinal nerve fiber layer thickness,
indicating the potential that changes in tractometric parameters could provide a
complementary marker of the disease.

Conclusions: This review enhances our understanding of WM changes in
glaucoma and highlights the potential for dMRI tractometry as a promising tool
for early detection and monitoring of the disease. By quantifying WM changes,
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tractometry offers valuable insights not only into the visual pathway but also into
brain regions affected by glaucoma. This could lead to more accurate diagnoses,
improved tracking of disease progression, and the development of targeted
treatment strategies.

KEYWORDS

diffusion kurtosis imaging, neurite orientation dispersion and density imaging, fixel-
based analysis, tractometry, glaucoma, visual pathway, diffusion tensor imaging

1 Introduction

Glaucoma is a leading cause of irreversible blindness (Quigley
and Broman, 2006), primarily characterized by progressive optic
nerve damage, retinal ganglion cell loss, and visual field deficits
(Weinreb et al,, 2014). Recent research has suggested that the
degeneration associated with glaucoma extends beyond the retina,
affecting the entire visual pathway and even some non-visual brain
regions (Sun et al., 2019; Torres and Hatanaka, 2019). Thus, there
is a growing need for advanced non-invasive imaging techniques
to better assess brain microstructure in glaucoma patients, which
could provide insights into understanding the pathophysiology
of glaucoma.

Magnetic resonance imaging, a non-invasive and non-ionizing
technique, has been widely used to investigate structural and
functional changes in the brain in various neurological conditions,
including glaucoma (Mastropasqua et al., 2015; Kang and Wan,
2022). While traditional MRI methods like T1-weighted and T2-
weighted scans provide general anatomical information, advanced
MRI techniques, such as dMRI, offer a deeper understanding of
tissue microstructure (Alexander et al., 2019).

Several dMRI techniques, including diffusion tensor imaging
(DTL; Basser et al, 1994) diffusion kurtosis imaging (DKI;
Jensen et al., 2005), neurite orientation dispersion and density
imaging (NODDI; Zhang et al., 2012), and fixel-based analysis
(FBA; Raffelt et al., 2015), link microscopic properties of brain
tissue in vivo to dMRI signals revealing detailed insights into
WM  microstructure organization. Additionally, tractography,
a computational technique that reconstructs WM tracts, has
been combined with dMRI-based quantitative maps (e.g., mean
diffusivity from DTI) in a method known as tractometry (Yeatman
et al, 2012; Jeurissen et al., 2019; see Figure 1). Tractometry
allows for the quantification of microstructural properties within
specific WM tracts, providing valuable insights into the integrity
of brain regions affected by diseases. Recent studies have applied
dMRI tractometry to glaucoma research, identifying disruptions
in the WM of the visual pathway and beyond, highlighting the
utility of these advanced imaging techniques in understanding
glaucoma’s impact on the brain (Zhou et al,, 2017; Miller et al,,
2019).

This systematic review focuses on the application of dMRI-
based tractometry to study the visual pathway in glaucoma. While
a general overview of dMRI methods is included for context (see
Figure 2), this review emphasizes the specific role of tractometry
(Figure 1), a recent approach that uses tractography for tract-
specific analysis (Yeatman et al., 2012). This method aims to
extract quantitative parameters along specific fiber bundles or
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FIGURE 1

An example of tractometric analysis. It involves four main steps:
tractography, tract extraction [i.e., specific tracts of interest are
isolated, e.g., optic radiation (OR)] and cleaning (i.e., removal of
spurious or anatomically implausible streamlines). Once cleaned,
tract quantification is performed. (A) Tract profiles of the left OR
sampled at 100 equidistant points for group one (e.g., patients) and
group two (e.g., healthy controls), with mean kurtosis (MK) a DKI
parameter on the vertical axis and position along the OR on the
horizontal axis. (B) Tractography representation of the segmented
and cleaned left OR sagittal and inferior view overlaid on a glass
brain. Tractometry enables detailed evaluation of microstructural
properties along visual pathway white matter bundles. The figure
was generated using data from a randomly selected healthy subject
from the UK Biobank dataset (Sudlow et al., 2015).

tracts, providing insights into microstructural integrity and its
relationship to glaucoma-related changes.

2 Materials and methods
This systematic review adhered to the PRISMA 2020 (Preferred

Reporting Items for Systematic Reviews and Meta-Analyses)
guidelines and checklists for reporting (Page et al., 2021).
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FIGURE 2

Overview of the four dMRI methods utilized in the tractometry analysis of the selected manuscripts. (A) Illustration of diffusion tensor imaging (DTI)
and diffusion kurtosis imaging (DKI). DKI extends DTI by incorporating the kurtosis tensor to capture kurtosis distribution or non-Gaussian diffusion
within the microstructural environment (Jensen and Helpern, 2010). While DTl is well-suited for quantifying voxels with a single dominant fiber
orientation, DKI can also characterize more complex fiber configurations. (B) An example of a brain tissue microstructural environment within a
voxel, different fiber configurations could be present, including single-direction fibers, crossing fibers, bending fibers, and or dispersed fibers
(Tournier et al., 2011). (C) Neurite orientation dispersion and density imaging (NODDI) models the voxel composition by distinguishing between
intra-neurite compartments (fibers aligned in the same direction), extra-neurite compartments (dispersed or bending fibers), and free water/CSF.
(D) Fixel-based analysis (FBA) enables the identification of crossing fibers. While NODDI disentangles certain microstructural properties, such as
orientational dispersion and neurite density, it does not distinguish between separate fiber populations within a voxel. Instead, it models fiber
crossings as a single population with high dispersion, without separately quantifying neurite density for each population. In contrast, FBA provides
more precise insights into distinct fiber pathways (Dhollander et al., 2021).

2.1 Search strategy

The following databases were searched: PubMed-Medline and
PubMed-Central, which contain the Cochrane Eyes and Vision
Group Trials Register. Search strings were developed based on
literature review and domain expertise. Title and abstract searches
were conducted in the selected databases using the following terms:
(glaucoma AND diffusion MRI tractometry) AND (microstructure
imaging OR diffusion tensor imaging OR higher-order diffusion
MRI methods OR diffusion MRI biophysical models OR diffusion-
weighted imaging OR tractography). Articles published until April
11th, 2024, were included while excluding all gray literature and
non-english publications. These searches were complemented by
manually checking the bibliographies of all included studies.

2.2 Study selection

Following the PRISMA flow diagram (Figure 3), duplicates
were removed using EndNote 21, and initial selection was carried
out by screening titles and abstracts. After initial selection, full texts
were evaluated for eligibility.
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2.3 Study design

Cohort studies, comparative studies, cross-sectional analyses,
and randomized controlled trials were included. Reviews,
meta-analyses, and case studies with patients with other known
such Alzheimers and Sturge-Weber

neuropathologies, as

Syndrome, were excluded.

2.4 Participants

Selected studies included those on patients affected by any
major subtype of glaucoma: primary open-angle glaucoma
(POAG), primary angle closure glaucoma (PACG), normal
tension glaucoma (NTG), high tension glaucoma (HTG), and
neovascular glaucoma (NVG). Details on these glaucoma
subtypes can be found in the following reference (Kolb
et al, 1995).
bilateral,
included. All studies were selected based on their inclusion

Glaucomatous changes could be unilateral

or and any stage of disease progression was

of dMRI-based tractometry to study microstructural changes
(Table 1).
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FIGURE 3

PRISMA flow diagram for study selection.

2.5 Data analysis

The primary outcome of this systematic review was a current
understanding of the changes associated with glaucomatous effects
on the brain, particularly WM within the visual pathway, as
revealed by the dMRI tractometry methodology. Neuroimaging
results of each of the seven studies were analyzed and presented
(Table 2). The dMRI methods and their derived parameters
included in this review are summarized below (Figure 2). We have
also included a brief overview of the two methods of tractography
that were used in the selected papers.

Diffusion tensor imaging quantifies water diffusion within WM
fibers using several key metrics. Fractional anisotropy (FA) reflects
the directional movement of water particles via diffusion and is
often used to assess fiber integrity. Mean diffusivity (MD) measures
the overall magnitude of diffusion and can indicate tissue damage
when elevated. Axial diffusivity (AD) captures diffusion along the
fibers length and is linked to axonal health, while radial diffusivity
(RD) represents diffusion perpendicular to fibers and is often
associated with myelin integrity (Le Bihan et al., 2001).

However, DTI assumes that water moves in a simple,
unrestricted or unhindered path (Gaussian diffusion), which limits
its ability to capture complex tissue structures. To address this,
DKI extends DTI by capturing deviations from Gaussian diffusion.
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It adds kurtosis metrics which are analogous to DTI metrics—
mean kurtosis (MK), axial kurtosis (AK) and radial kurtosis
(RK), which provide additional sensitivity to tissue complexity
and heterogeneity (Jensen et al., 2005). NODDI further advances
microstructural assessment by modeling the composition of
different tissue compartments. It provides the neurite density index
(NDI), which indicate the density of axons and dendrites; the
orientation dispersion index (ODI), which quantifies the variability
in fiber orientations; and the isotropic volume fraction (IsoV),
which represents the proportion of free water or cerebrospinal
fluid (CSF), which may also indicate fluid accumulation or tissue
loss (Zhang et al, 2012). Finally, FBA addresses crossing-fiber
limitations by modeling multiple fiber orientations within a voxel.
It provides biologically meaningful metrics such as fiber density
(FD), which estimates how densely packed the fibers are; fiber
cross-section (FC), which reflect the size or thickness of fiber
bundles; and fiber density and cross-section (FDC), a combined
measure that reflects both micro- and macrostructural changes
(Raffelt et al.,, 2015). These advanced models enhance the ability
to assess microstructural changes associated with glaucoma in the
brain’s visual pathways.

In tractometry, these diffusion model parameters are mapped
onto WM tracts to quantify microstructural properties along
their trajectory (see Figure 1). Tractography, the method used to
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TABLE 1 Demographic and clinical characteristics of studies selected.

10.3389/fnins.2025.1577991

References N Patients  Age (years) Mean = SD  Sex M/F (N) Clinical characteristics of

glaucoma subjects
C G C €] Cc

Tellouck et al. NS 50 50 61.9+6.9 619+7.0 20/30 20/30 Patients were categorized into early, mild and

(2016) severe groups with the HPA classification.

Zhou et al. POAG 11 11 60.0 9.2 559475 4/7 714 NS

(2017)

Miller et al. NS 6 6 5334174 24453 2/4 2/4 A diagnosis of either primary open-angle, pigment

(2019) dispersion, pseudoexfoliation, or chronic
angle-closure glaucoma; IOPs > 22 mmHg.

Haykal et al. NS 15 15 67.6+7.4 701+74 8/7 8/7 Glaucoma patients having been diagnosed with

(2020) glaucoma in at least one eye were selected.

Hanekamp POAG 47 41 GL1: 63.29 HC1:6405 | 31/16 | 22/19 | 17 POAG, 30 NTG

etal. (2021) NTG GL2:51.93 HC2: 5243

Ogawa et al. POAG 17 30 56.6 51.4 9/8 16/14 4POAG, 11 NTG, 1 PEXG, 1 SOAG.

(2022) NTG

Kruper et al. NS 905 5,292 68 +7 62+7 NS NS Glaucoma in at least one eye; a dMRI data

(2024) acquisition and a final visual acuity logMAR of less
than or equal to 0.3 if measured (from UKBB data
field 5,201)

Demographic and clinical details of glaucomatous subjects (G) and healthy controls (C) for each study included in this systematic review. GL, glaucoma group; HC, healthy control group;

HPA, Hodapp-Parrish-Anderson; logMAR, log of the Minimum Angle of Resolution; NS, non-specific; NTG, normal tension glaucoma; POAG, primary open-angle glaucoma; PEXG,

pseudoexfoliation glaucoma; SOAG, secondary open-angle glaucoma.

reconstruct these tracts, plays a central role in this process. The
two main types of tractography methods are deterministic and
probabilistic. Deterministic tractography, also known as streamline
tractography, assumes a single principal diffusion direction within
each voxel. Starting from a seed point, it follows this dominant
direction to generate continuous fiber pathways (Jones, 2008).
In contrast, probabilistic tractography accounts for uncertainty
in diffusion orientation by modeling a distribution of possible
directions within each voxel. It generates thousands of potential
pathways from a given seed point, producing a probability map
of connections and providing greater sensitivity in regions with
complex fiber architecture. The result is a probability distribution of
connections, and by selecting an appropriate threshold to exclude
less likely pathways, the most probable tracts can be identified and
visualized (Jones, 2008).

3 Results
3.1 Study selection

A total of 476 articles were screened using our search strategy,
with 100 removed as duplicates, 261 removed through screening
of the title and abstract, and 108 excluded for not including
tractometry in the results. Overall, seven studies were selected to
be included in this systematic review. The PRISMA flow diagram
(Figure 3) provides details of the screening process.

3.2 Study characteristics

A total of 1,051 patients with glaucoma and 5,445 controls
were considered in this systematic review. Of the studies reviewed,
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one included POAG patients; two included both POAG and NTG
patients, and four studies were non-specific about the type of
glaucoma their study participants had been diagnosed with. One
study classified the severity of glaucoma into early, mild and severe
groups with the Hodapp-Parrish-Anderson (HPA) classification
(Tellouck et al., 2016). Patient demographic details and clinical
characteristics of the selected studies are presented in Table 1. The
mean age of the patient ranges from 51 to 68 years, while the control
group spans a broader range, from 24 to 70 years.

The reviewed studies mostly focused on WM tracts within the
visual pathway, including the ON, OT, OR, and primary visual
cortex (V1). Additionally, some studies examined other tracts, such
as the uncinate fasciculus (UNC) and corticospinal tract (CST).
One study analyzed a comprehensive set of 37 WM bundles,
including the OR.

Regarding tractography methods, five studies employed
probabilistic tractography (Descoteaux et al., 2009; Jones, 2008),
while two used deterministic tractography (Descoteaux et al., 2009;
Jones, 2008). For tractometry analysis (see Figure 1), four studies
utilized the automated fiber quantification (AFQ; Yeatman et al,,
2012) tool with DTI, DKI, and NODDI, while others used DTI and
FBA with alternative software such as Vistasoft, Olea Medical and
custom code. A detailed breakdown of each study, including tracts
analyzed, tractography methods, and tractometry tools, is provided
in Table 2.

3.3 Findings from DTI-based tractometric
studies in glaucoma

Diffusion tensor imaging quantitative parameters (i.e., FA, MD,
AD, and RD) has been used in six of the selected seven studies

frontiersin.org
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TABLE 2 Outcomes of studies with dMRI tractometry technique.

10.3389/fnins.2025.1577991

References Brain visual Diffusion MRI, MRI system and Parameters Results in glaucoma
pathway area  tractography field strength analyzed patients relative to
analyzed methods and controls

tractometry
software used
Tellouck et al. Optic radiation DTI MR?750 3-Tesla scanner witha | FA, MD, RD, AD. Reduced FA and higher RD in
(2016) Deterministic 32-channel head coil (GE Correlation with OR.
tractography Medical Systems, Milwaukee, disease severity. OR FA significantly correlated
Olea Medical software WI, USA) with homolateral functional and
structural damage of glaucoma,
RNFL thickness and vCD ratio.
Volume and DTI parameters of
other brain structures
(including the hippocampus)
were not significantly different
between glaucoma patients
and controls.

Zhou et al. Optic radiation, DTI Magnetom Trio, Siemens V1 area and Reduced area and volume of V1.

(2017) optic tract, primary Probabilistic 3-Tesla scanner with a volume. Reduced FA and AD along OT
visual cortex tractography 8-channel head coil FA MD, RD and and OR while RD increased.

AFQ (Erlangen, Germany) AD. MD trends did not reach
Correlation with statistical significance. No DTI
clinical measures parameters correlated with
of glaucoma. RNFL thickness.

Miller et al. Optic nerve DTI MR750 3-Tesla scanner with a FA MD, RD and AD Reduced FA and increased MD

(2019) Probabilistic 32-channel head coil (GE and correlation and RD in the ONs of eyes with

tractography Healthcare, Inc., Chicago, IL, with clinical advanced glaucoma.

AFQ USA) measures of Reductions in ON FA correlated
glaucoma. with clinical measures of

glaucoma (vCD, RNFL,
and VFI).

Haykal et al. Optic nerve DTI Magnetom Prisma 3-Tesla FA, MD, FD, FC Reduced FA in all three

(2020) FBA scanner with a 64-channel and FDC. segments of the ON,

Deterministic head coil (Siemens, Erlangen, Increased MD in ON

tractography Germany). intracranial segment.

Custom code Reduced FD along the entire

ON length.

Reduced FC at the intraorbital
and intracranial segments, but
not the

intracanalicular segment.

Hanekamp 37 major WM tracts | DTI Philips Intera 3-Tesla scanner FA and MD. Reduced FA and increased MD

etal, 2021 including optic Probabilistic with a 8-channel head coil Correlation with across all tract categories.
radiation tractography (Philips, Eindhoven, The clinical measures

Vistasoft (Compute_ Netherlands) of glaucoma.

FA_AlongFG) 3.0 T Siemens Magnetom Trio

A Tim System scanner with a
32-channel head coil
(Siemens,

Erlangen, Germany)

Ogawa et al. Optic radiation, DTI Magnetom Trio A Tim FA, MD and MTV. Reduced FA, ICVF and

(2022) optic tract NODDI 3-Tesla scanner with a ICVE ODI, IsoV, increased MD, RD along OR.

Probabilistic 32-channel head coil and qT1. Reduced FA, MTV and

tractography (Siemens, Erlangen, Correlation with VF | increased MD, qT1, ODI along

AFQ Germany) test scores. OT. ODI showed significant

correlation with VF in OT.

Kruper et al. Optic radiation, DKI 3-Tesla Siemens Skyra system FA, MD, and MK. Reduced FA and increased MD

(2024) corticospinal tract Probabilistic using a 32-channel head coil. in the posterior OR. Slightly
and uncinate tractography increased FA and reduced MD

AFQ in the anterior OR. Lower MK

in OR and increased in specific
locations along CST and UNC.

AFQ, Automated Fiber Quantification; AD, axial diffusivity; BA, Brodmann area; dMRI, diffusion MRI; DWI, diffusion-weighted imaging; FA, fractional anisotropy; FBA, fixel-based analysis;
FD, fiber density; FC, fiber-bundle cross section; FDC, fiber density and bundle cross section; FISO, Fraction of isotropic diffusion; GCC, ganglion cell complex; ICVE, intracellular volume
fraction; IsoV, isotropic volume fraction; LGN, lateral geniculate nucleus; MD, mean diffusivity; MK, mean kurtosis; MTV, macromolecular tissue volume; NODDI, neurite orientation dispersion
and density imaging; NS, non-specific; NTG, normal tension glaucoma; ODI, orientation dispersion index; OR, optic radiation; OT, optic tract; CST, corticospinal tract; UNC, uncinate; PACG,
primary angle-closure glaucoma; POAG, primary open-angle glaucoma; qT1, quantitative T1; RD, radial diffusivity; RNFL, retinal nerve fiber layer; ROI, region of interest; TP, time-point; V1,
primary visual cortex; vCD, vertical cup-to-disc ratio; VFI, visual field index; VMHC, voxel-mirrored homotopic connectivity; WM, white matter; WMM, white matter microstructure.
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that deployed tractometry to quantify microstructure properties
along the visual pathway WM (Table 2). Reduced FA and increased
MD and RD were the most common findings within the visual
pathway (ON, OT and OR). These results were found in POAG,
NTG and NS groups (Hanekamp et al., 2021; Ogawa et al.,, 2022;
Zhou et al., 2017; Haykal et al., 2020; Miller et al., 2019; Tellouck
et al,, 2016). Strong correlation between FA and retinal nerve fiber
layer (RNFL) thickness including vertical cup-to-disc ratio (vCD)
were also observed (Tellouck et al., 2016; Zhou et al., 2017; Miller
etal., 2019). The following studies, (Hanekamp et al., 2021; Ogawa
et al.,, 2022; Zhou et al., 2017; Haykal et al., 2020; Miller et al.,
2019; Tellouck et al., 2016) observed reduced area and volume in
the V1 region with elevated MD and RD while FA and AD were
decreased. Furthermore (Hanekamp etal., 2021; Ogawa et al., 2022;
Zhou et al., 2017; Haykal et al., 2020; Miller et al., 2019; Tellouck
et al., 2016), found reduced FA and increased MD across non-
vision related WM tracts, such as those in the corpus callosum:
forceps minor, anterior, middle, and parietal in POAG and
NTG patients.

3.4 Findings from DKI-based tractometric
studies in glaucoma

From the selected studies, only one study used DKI-based
tractometry (Kruper et al., 2024). This study examined glaucoma
dMRI data in a large sample from the UK Biobank and used
DKI in conjunction with deep-learning convolutional neural
networks (CNNs) to model the WM tissue properties within
the OR. They aimed to study the effects of glaucoma on WM
tissue properties of OR and to compare the classification of
glaucoma using CNNs trained on tractometry measurements of
the OR, against those of non-visual brain connections. They also
aimed to test if glaucomatous WM changes in the OR represent
accelerated aging using the glaucoma classification CNN. They
found that CNNs trained on OR tissue properties using DKI
based tractometry exhibited higher accuracy in classifying subjects
with glaucoma compared to those trained on tractometry outputs
from non-visual brain connections. The CNN trained to classify
glaucoma did no better than chance in classifying glaucomatous
subjects from different age groups, and the CNN trained to
perform age classification could not distinguish glaucomatous
subjects from age-matched controls better than chance. These
results suggest that glaucomatous features of the OR that correlate
with glaucoma status differ from those correlated with normal
aging processes.

3.5 Findings from NODDI-based
tractometric studies in glaucoma

Using the dMRI model NODDI, only one study (Ogawa et al.,
2022) examined WM microstructure of the visual pathway in
patients with POAG and NTG. In the OT of patients, compared
to controls, they found significant differences in all three NODDI
metrics: lower in NDI or intracellular volume fraction (ICVF)
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and IsoV measurements with higher ODI. In the OR, they only
found significantly lower ICVF (Ogawa et al., 2022). In addition
to NODDI metrics, a quantitative method called macromolecular
tissue volume (MVT; Mezer et al.,, 2013) was used to assess the
volume, while quantitative T1 (qT1; Sereno et al, 2013) was
employed to evaluate the myelin properties of the OT. The results
indicate a reduction in MVT measurements, suggesting a decrease
in volume, alongside an increase in qT1, which points to alterations
in the myelin content of the OT. The NODDI-based tractometry
findings including qT1 and MVT suggest a potential disruption in
both the structural and myelin characteristics of the optic tract in
glaucoma patients.

3.6 Findings from FBA-based tractometric
studies in glaucoma

To better quantify diffusion properties in voxels with multiple
fiber configuration (e.g., crossing fibers), FBA-based tractometry
was used for investigating the visual pathway WM in non-
specific glaucoma patients (Haykal et al., 2020). This study
highlighted that FD and FDC values of the intraorbital and
intracanalicular segments showed significant correlations with
peripapillary RNFL thickness and visual field mean deviation
(VEMD). These results indicate axonal loss and gross atrophy of the
ON, and the correlation between FBA measures and clinical tests of
glaucoma demonstrates the potential of FBA metrics as potential
biomarkers of glaucomatous ON degeneration. Moreover, focusing
on degeneration of the ON segments in glaucomatous patients
with POAG, pseudoexfoliative glaucoma (PEX) and pigmentary
glaucoma (PG), they found significant reductions in FD and FDC
along the entirety of the ON, and a loss of FC in the intraorbital
and intracranial segments of the ON. The reduction of FD and
FC reflects a decrease in the microscopical intra-cellular volume
of axons and macroscopic decrease of the cross-sectional size of
ON, respectively.

4 Discussion

In this systematic review, we have examined the application
of diffusion MRI based tractometry in glaucoma research,
with a focus on its role in assessing neurodegeneration along
the brain’s visual pathway. While glaucoma has traditionally
been regarded as an ophthalmic disorder characterized by
optic neuropathy and visual field loss, accumulating evidence
suggests that it is a multifactorial neurodegenerative disease
with widespread brain involvement. Although prior studies have
explored dMRI techniques in glaucoma, to the best of our
knowledge, no systematic review has specifically synthesized
research on tractometry as a tool for quantifying white matter
changes in this context. This review highlights the potential of
tractometry in advancing our understanding of glaucoma-related
neurodegeneration and its implications for early detection and
treatment planning.
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4.1 Microstructural changes in the visual
pathway

Tractometry studies that used dMRI data representation
techniques (i.e., DTI and DKI) and dMRI models (i.e., NODDI
and FBA) to quantify the underlying microstructure of the visual
pathway (i.e., ON, OT and OR) found significant differences
between glaucomatous subjects and healthy controls. The changes
observed in DKI and DTT metrics—specifically, the reduction in FA
and MK, along visual pathways with increases in MD and RD—may
suggest microstructural disruption that allows for isotropic (free)
diffusion. These differences, seen in the glaucoma patient group
compared to healthy controls, could reflect axonal fiber loss and
myelin degradation along the WM tracts of the visual pathway.
Studies demonstrated findings indicative of glaucomatous WM
degeneration at specific location along the optic nerve (Miller et al.,
2019; Haykal et al., 2020), optic tract (Zhou et al., 2017; Ogawa
et al., 2022), and optic radiation (Tellouck et al., 2016; Zhou et al.,
2017; Hanekamp et al.,, 2021; Ogawa et al., 2022; Kruper et al,,
2024).

Previous non-dMRI tractometric studies have also found a
similar trend with DTI metrics. A first in vivo optic nerve
study looking at proximal (near optic nerve head) and distal
(orbital apex) locations found increased MD and decreased FA
at the proximal site compared to distal in severe glaucoma
patients (Bolacchi et al, 2012). Also, a correlational study of
DTI and structural measurements of the optic nerve from
three established glaucoma imaging tools reported significant
correlation in MD and FA with linear cup/disc ratio (LCDR)
and RNFL thickness, respectively (Nucci et al., 2012). Similar
findings with DTI metrics have also been observed in animal
models using analysis techniques other than tractometry. In
several rat glaucoma models, investigations have documented
an increase in MD and a decrease in FA in the ON and
OT (Hui et al, 2007; Ho et al, 2015; Yang et al., 2018).
The FA from DTI is considered as a sensitive parameter for
diagnosis of glaucoma within the visual pathway WM (Li et al,
2019).

To better quantify microstructural properties in glaucoma
patients, a DKI-based tractometry analysis was conducted on a
larger glaucoma dataset from UK Biobank (Kruper et al., 2024).
This study found lower MK along the optic radiation in glaucoma
patients, a finding that is further supported by other techniques,
such as region-of-interest (ROI) based analysis (Xu et al., 2018).
For example, a whole brain voxel-wise DKI analysis study looking
at POAG patients observed decreased MK, RK, and AK (Nucci
et al., 2020). In addition, compared to conventional DTI, DKI
detected early microstructural changes, especially in non-visual
tracts, including those involved in cognition and motor functions
(Nucci et al.,, 2020). Since DKI is an extension of the standard
DTI method, it offers complementary insights. For example, the
observed decrease in RK within the optic tract in glaucoma patients
suggests that water diffusion perpendicular to the axon axis is
less restricted, which aligns with the increased RD seen in DTI
(Xu et al, 2018). Although DKI shows higher sensitivity and
specificity in evaluating the microstructure compared to DTT, both
DTT and DKI do not directly correlate with specific types of tissue
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properties, such as axon diameter, myelination, axonal size or
axonal packing density.

Advanced dMRI models, such as NODDI and FBA, allow
for a more detailed assessment of cellular tissue architecture
in vivo, enabling non-invasive mapping of histological features.
Unlike traditional DTI and DKI, which provide non-specific
measures of diffusion, NODDI and FBA aim to offer greater
biological specificity. Studies using NODDI-based tractometry
observed significant differences in all three NODDI parameters,
NDIJ, IsoV and ODI along optic tract and optic radiation
of glaucoma subjects compared to controls (Ogawa et al,
2022). Another study looking at ON using fixel-based analysis
tractometry identified a reduction in FD in the entire tract
length (Haykal et al., 2020).

These findings from dMRI-based tractometry reveal a
consistent relationship between the underlying microstructural
changes in glaucoma patients compared to healthy controls. The
observed trends across different parameters complement each
other, highlighting alterations in the visual pathway. For instance,
decreases in FA and increases in MD and RD along the optic nerve
(ON), optic tract (OT), and optic radiation (OR) are consistent
across various DTI-based tractometry studies (Hanekamp et al.,
2021; Ogawa et al., 2022; Zhou et al., 2017; Haykal et al., 2020;
Miller et al., 2019; Tellouck et al., 2016). Additionally, a reduction
in MK within the OR, as seen in DKI-based tractometry (Kruper
etal., 2024), further supports these findings. Moreover, tractometry
studies using dMRI models like NODDI and FBA provide
additional complementary data, showing increased ODI and
decreased NDI along the OT and OR, while FD and FDC are
reduced in the optic nerve (Ogawa et al, 2022; Haykal et al,
2020). Together, these results highlight the ability of tractometry
in capturing microstructural disruptions in glaucoma, providing a
detailed, segment-specific assessment of the disease’s impact along
the visual pathway.

4.2 Brain changes beyond the visual
pathway

Two studies included in this review reported abnormalities
in WM indirectly beyond the visual pathway. Hanekamp et al.
(2021) identified 37 major WM tracts and assigned them to
categories related to vision, cognition and motor control. They
found abnormal integrity across non-vision WM tracts, including
those projecting through the body of the corpus callosum (forceps
minor, anterior, middle and parietal tracts; Hanekamp et al,
2021). Furthermore, subjects with glaucoma exhibited significant
reductions in volume and area of V1 (Zhou et al, 2017). In
addition (Tellouck et al., 2016; Zhou et al., 2017; Hanekamp et al.,
2021; Ogawa et al,, 2022; Kruper et al.,, 2024), found increased
MK in specific locations along CST and UNC tracts. Non-visual
diffusion alterations in glaucoma patients have been observed in
other analysis techniques as well. For example, a study using
structural connectivity found significantly altered WM connections
between the visual cortex, the inferior/middle temporal gyrus
and the parahippocampal gyrus in POAG subjects (Qu et al,
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2019). Qu et al. (2019) applied areas from Brodmann atlases as
nodes to construct WM tracts in the whole brain to explore
changes with POAG. The mean FA of WM fiber connections
were significantly decreased or increased, indicating widespread
reorganization of structural connectivity in individuals with
POAG compared to healthy controls. Supporting this, additional
studies have demonstrated both structural and functional brain
alterations in glaucoma, particularly in areas related to vision and
cognition. These findings collectively suggest that glaucoma leads
not only to localized visual pathway damage but also to broader
neural reorganization, reflecting the brain’s adaptive response to
progressive visual loss (Di Cio et al., 2020; Minosse et al., 2019;
Martucci et al., 2020). The results from the dMRI tractometric
analyses by Zhou et al. (2017) and Hanekamp et al. (2021), included
in this review, further support the idea that glaucoma involves
altered microstructural properties both within and beyond the
visual pathway.

4.3 Therapeutic perspectives for dMRI
tractometry

Several studies have correlated their findings with retinal
measures, such as retinal nerve fiber layer (RNFL) thickness and
visual field mean deviation (VFMD), providing strong evidence
that glaucomatous damage to the retina is linked to measurable
changes along the brain’s visual pathways (Miller et al., 2019;
Tellouck et al., 2016). The correlation between FBA and DTI-
based tractometric measures of glaucomatous changes in the
ON and OR, along with established clinical tests like RNFL
and VEMD, underscores the potential of dMRI tractometry to
provide further insights into brain changes in glaucoma. Beyond
its potential diagnostic application, dMRI tractometry based on
both DTT and more advanced models could offer valuable tools for
evaluating therapeutic efficacy. Nucci et al. (2013) emphasized the
role of DTT in detecting glaucomatous damage within the central
nervous system and in tracking the impact of neuroprotective
interventions over time. For instance, agents such as coenzyme Q10
(CoQ10) have demonstrated neuroprotective effects by reducing
oxidative stress and supporting retinal ganglion cell survival
(Martucci and Nucci, 2019; Nucci et al, 2013). Additionally,
evidence of brain changes in non-visual areas (see section 4.2),
including regions such as the frontal lobe and hippocampus
(Frezzotti et al., 2014), highlights the broader neurodegenerative
profile of glaucoma and reinforces the importance of whole-
brain tractometry in evaluating disease progression and therapeutic
outcomes. These findings support a paradigm shift in glaucoma
management, from an exclusive focus on lowering intraocular
pressure (IOP) toward integrated neuroprotective strategies,
while emphasizing the need for CNS-targeted biomarkers such
as advanced MRI techniques (e.g., tractometry) to monitor
both disease progression and treatment efficacy (Nucci et al,
2016). In addition, integrating dMRI tractometry with clinical
and functional assessments may further enhance our ability
to understand and manage glaucoma as a central nervous
system disorder.
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4.4 Visual pathway tractometry in
glaucoma: challenges and emerging
directions

Diffusion MRI tractometry holds significant promise for
advancing glaucoma diagnosis by offering detailed insights into
the structural integrity of the visual pathways. However, several
technical challenges remain that must be addressed to fully realize
its clinical potential. One key limitation is the sensitivity of dMRI
data to noise and motion artifacts, which can distort the accuracy
of tractography. Additionally, the presence of multiple fiber
orientations within a single voxel, such as in regions with sharp
curvatures or fiber crossings, complicates the tracking process,
particularly in complex brain structures like the optic radiation
and Meyer’s loop (Takemura et al., 2024). These challenges are
further exacerbated by the proximity of intersecting pathways, such
as the inferior longitudinal and fronto-occipital fasciculus, making
accurate tractography even more difficult (Hofer et al., 2010).

Advancements in algorithms, such as constrained spherical
deconvolution, aim to improve the resolution and accuracy of
tractography, but even these methods have their limitations
(Morez et al., 2021). Furthermore, the computational complexity
of processing high-dimensional dMRI data and transforming it
into biologically meaningful tract-specific profiles adds another
layer of difficulty. The variability in imaging protocols, hardware,
and software across different studies also raises concerns about
the reproducibility and generalizability of findings. Artificial
intelligence is increasingly being explored to address several of
these limitations. Studies using deep learning models, including
convolutional and recurrent neural networks, have shown
promise in capturing complex spatial patterns in tractometry
data (Rokem et al., 2023; Karimi and Warfield, 2024). For
instance, CNNs have outperformed traditional linear models
in identifying subtle alterations in the visual pathways of
glaucoma patients, highlighting their potential to detect non-
linear biomarkers that may be missed by conventional analyses
(Rokem et al, 2023; Kruper et al, 2024). Machine learning
methods are also being applied to reduce interscanner variability,
enhance tractography accuracy through microstructure-informed
models, and disentangle biological signals from noise using
generative approaches such as autoencoders (Karimi and Warfield,
2024).

Despite these advances, challenges remain in ensuring
model interpretability, generalizability to out-of-distribution
data, and the availability of large-scale datasets for robust
training. Moving forward, efforts should focus on developing
more robust and standardized imaging protocols to reduce
variability and improve the reproducibility of dMRI tractometry
across different populations and research groups. Continued
improvement of tractography algorithms augmented by machine
learning techniques, particularly in regions with complex fiber
configurations, will be crucial for enhancing the precision of visual
pathway mapping in glaucoma. Additionally, large-scale multi-
center studies, including longitudinal designs are needed to validate
the clinical utility of dMRI tractometry as a reliable biomarker
for glaucomatous degeneration. With these advancements, dMRI
tractometry has the potential to aid the clinical workflow in the
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diagnosis and monitoring of glaucoma, providing critical insights
into the disease.

4.5 Study limitations

This systematic review includes studies that investigated
subjects with a broad range of glaucoma subtypes, each with
distinct underlying causes. For example, while POAG would be
most glaucoma cases, studies with unspecified glaucoma could
also include a small number of individuals with angle closure
glaucoma, which has a nearly distinct disease etiology. Thus,
the heterogeneity among these subtypes, given their unique
pathophysiological features and varying treatment responses,
may confound the results and make cross-study comparisons
challenging. Furthermore, most studies included participants
with varying ages, disease severity, and disease duration,
adding another layer of heterogeneity that could influence
the outcomes.

5 Conclusion

This systematic review synthesizes findings from seven selected
studies on advanced dMRI tractometry in glaucoma, highlighting
its potential for assessing microstructural alterations along the
brain’s visual pathway. Unlike conventional ophthalmic measures,
dMRI tractometry provides a tract-specific approach to mapping,
visualizing, and quantifying white matter changes associated with
glaucoma. Strong correlations between tractometry findings and
clinical measures, such as visual field loss and retinal nerve fiber
layer thickness, underscore its promise as a tool for detecting and
monitoring brain involvement in the disease.

While dMRI tractometry offers a novel perspective on
glaucoma-related WM alterations, the precise mechanisms
underlying these changes and their relationship to disease severity
remain unclear. Continued advancements in imaging protocols,
standardization efforts, and methodological refinements are
essential to fully realize its clinical utility. Several of the studies
included in this review have demonstrated the feasibility of
implementing dMRI tractometry in clinical settings, showing that
scan acquisition and analysis can be completed within practical
timeframes (~3-10min) depending on the diffusion protocol
applied using standard clinical hardware (e.g., 3T scanners).
As research progresses, dMRI tractometry may contribute to
earlier diagnosis, improved disease monitoring, and more targeted
treatment strategies, ultimately enhancing patient care.

References

Alexander, D. C., Dyrby, T. B, Nilsson, M., and Zhang, H. (2019). Imaging
brain microstructure with diffusion MRI: practicality and applications. NMR Biomed.
32:e3841. doi: 10.1002/nbm.3841

Basser, P. J., Mattiello, J., and LeBihan, D. (1994). MR diffusion tensor
spectroscopy and imaging. Biophys. J. 66, 259-267. doi: 10.1016/S0006-3495(94)
80775-1

Frontiersin Neuroscience

10.3389/fnins.2025.1577991

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author.

Author contributions

LK: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Project administration, Supervision,
Visualization, Writing - original draft, Writing - review & editing.
SD: Data curation, Formal analysis, Investigation, Writing -
original draft. EK: Writing - review & editing. SH: Writing -
review & editing, Project administration. WS: Writing - review &
editing. HD-M: Funding acquisition, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by Vision Research Foundation, New Zealand and Rapanui Trust,
Gisborne, New Zealand. LK was supported by a Vision Research
Foundation fellowship as a research fellow for this work.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Gen AI was used in the creation
of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Bolacchi, F., Garaci, F. G., Martucci, A., Meschini, A., Fornari, M., Marziali, S.,
et al. (2012). Differences between proximal versus distal intraorbital optic nerve
diffusion tensor magnetic resonance imaging properties in glaucoma patients. nvestig.
Ophthalmol. Vis. Sci. 53, 4191-4196. doi: 10.1167/iovs.11-9345

Descoteaux, M., Deriche, R., Knosche, T. R, and Anwander, A. (2009).
Deterministic and probabilistic tractography based on complex fibre orientation

frontiersin.org


https://doi.org/10.3389/fnins.2025.1577991
https://doi.org/10.1002/nbm.3841
https://doi.org/10.1016/S0006-3495(94)80775-1
https://doi.org/10.1167/iovs.11-9345
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Kasa et al.

distributions. IEEE Trans. Med. Imaging 28, 269-286. doi: 10.1109/TMI.2008.20
04424

Dhollander, T., Clemente, A., Singh, M., Boonstra, F., Civier, O., Dominguez Duque,
J., etal. (2021). Fixel-based analysis of diffusion MRI: methods, applications, challenges
and opportunities. Neurolmage 241:118417. doi: 10.1016/j.neuroimage.2021.
118417

Di Cio, F., Garaci, F., Minosse, S., Passamonti, L., Martucci, A., Lanzafame,
S, et al. (2020). Reorganization of the structural connectome in primary
open angle glaucoma. Neurolmage Clin. 28:102419. doi: 10.1016/j.nicl.2020.
102419

Frezzotti, P., Giorgio, A., Motolese, 1., De Leucio, A., Iester, M., Motolese, E.,
et al. (2014). Structural and functional brain changes beyond visual system in
patients with advanced glaucoma. PLoS ONE 9:¢105931. doi: 10.1371/journal.pone.01
05931

Hanekamp, S., Cur¢i, ¢-, Blake, B., Caron, B., McPherson, B., Timmer, A.,
Prins, D., et al. (2021). White matter alterations in glaucoma and monocular
blindness differ outside the visual system. Sci. Rep. 11:6866. doi: 10.1038/s41598-021-
85602-x

Haykal, S., Jansonius, N. M., and Cornelissen, F. W. (2020). Investigating
changes in axonal density and morphology of glaucomatous optic nerves
using fixel-based analysis. Eur. J. Radiol. 133:109356. doi: 10.1016/j.ejrad.2020.1
09356

Ho, L. C., Wang, B., Conner, L. P,, van der Merwe, Y., Bilonick, R. A., Kim,
S.-G., et al. (2015). In vivo evaluation of white matter integrity and anterograde
transport in visual system after excitotoxic retinal injury with multimodal MRI
and OCT. Investig. Ophthalmol. Vis. Sci. 56, 3788-3800. doi: 10.1167/iovs.14-
15552

Hofer, S., Karaus, A., and Frahm, J. (2010). Reconstruction and dissection of the
entire human visual pathway using diffusion tensor MRI. Frontiers in Neuroanatomy
4, 15. doi: 10.3389/fnana.2010.00015

Hui, E. S., Fu, Q.-L., So, K.-F., and Wu, E. X. (2007). “Diffusion tensor
MR study of optic nerve degeneration in glaucoma,” in Annual International
Conference of the IEEE Engineering in Medicine and Biology Society, 4312-4315.
doi: 10.1109/IEMBS.2007.4353290

Jensen, J. H., and Helpern, J. A. (2010). MRI quantification of non-Gaussian
water diffusion by kurtosis analysis. NMR Biomed. 23, 698-710. doi: 10.1002/nbm.
1518

Jensen, J. H., Helpern, J. A, Ramani, A, Lu, H,, and Kaczynski, K. (2005).
Diffusional kurtosis imaging: the quantification of non-Gaussian water diffusion
by means of magnetic resonance imaging. Magn. Reson. Med. 53, 1432-1440.
doi: 10.1002/mrm.20508

Jeurissen, B., Descoteaux, M., Mori, S., and Leemans, A. (2019). Diffusion MRI fiber
tractography of the brain. NMR Biomed. 32:€3785. doi: 10.1002/nbm.3785

Jones, D. K. (2008). Studying connections in the living human brain with diffusion
MRI. Cortex 44, 936-952. doi: 10.1016/j.cortex.2008.05.002

Kang, L., and Wan, C. (2022). Application of advanced magnetic resonance imaging
in glaucoma: a narrative review. Quant. Imaging Med. Surg. 12, 2106128-2102128.
doi: 10.21037/qims-21-790

Karimi, D., and Warfield, S. K. (2024). Diffusion MRI with machine learning.
Imaging Neurosci. 2, 1-55. doi: 10.1162/imag_a_00353

Kolb, H., Fernandez, E., Jones, B., and Nelson, R. eds. (1995). Webvision:
The Organization of the Retina and Visual System. University of Utah Health
Sciences Center, Salt Lake City.

Kruper, J., Richie-Halford, A., Benson, N. C., Caffarra, S., Owen, J., Wu, Y.,
et al. (2024). Convolutional neural network-based classification of glaucoma using
optic radiation tissue properties. Commun. Med. 4:72. doi: 10.1038/543856-024-
00496-w

Le Bihan, D., Mangin, J. F., Poupon, C., Clark, C. A., Pappata, S., Molko, N., et al.
(2001). Diffusion tensor imaging: concepts and applications. J. Magn. Reson. Imaging
13, 534-546. doi: 10.1002/jmri.1076

Li, M., Ke, M., Song, Y., Mu, K., Zhang, H., and Chen, Z. (2019). Diagnostic
utility of central damage determination in glaucoma by magnetic resonance imaging:
an observational study. Exp. Ther. Med. 17, 1891-1895. doi: 10.3892/etm.2018.
7134

Martucci, A., Cesareo, M., Toschi, N., Garaci, F., Bagetta, G., and Nucci, C. (2020).
Brain networks reorganization and functional disability in glaucoma. Prog. Brain Res.
257, 65-76. doi: 10.1016/bs.pbr.2020.07.007

Martucci, A., and Nucci, C. (2019). Evidence on neuroprotective properties of
coenzyme Q10 in the treatment of glaucoma. Neural. Regen. Res. 14, 197-200.
doi: 10.4103/1673-5374.244781

Mastropasqua, R., Agnifili, L., Mattei, P. A., Caulo, M., Fasanella, V., Navarra,
R, et al. (2015). Advanced morphological and functional magnetic resonance
techniques in glaucoma. Biomed. Res. Int. 2015:160454. doi: 10.1155/2015/
160454

Frontiersin Neuroscience

10.3389/fnins.2025.1577991

Mezer, A., Yeatman, J. D., Stikov, N., Kay, K. N., Cho, N.-J., Dougherty, R. F.,
et al. (2013). Quantifying the local tissue volume and composition in individual
brains with magnetic resonance imaging. Nat. Med. 19, 1667-1672. doi: 10.1038/nm.
3390

Miller, N., Liu, Y. Krivochenitser, R., and Rokers, B. (2019). Linking
neural and clinical measures of glaucoma with diffusion magnetic resonance
imaging (dMRI). PLoS ONE 14:¢0217011. doi: 10.1371/journal.pone.02
17011

Minosse, S., Garaci, F., Martucci, A., Lanzafame, S., Di Giuliano, F., Picchi,
E., et al. (2019). Primary open angle glaucoma is associated with functional
brain network reorganization. Front. Neurol. 10:1134. doi: 10.3389/fneur.2019.
01134

Morez, J., Sijbers, J., Vanhevel, F., and Jeurissen, B. (2021). Constrained spherical
deconvolution of nonspherically sampled diffusion MRI data. Hum. Brain Mapp. 42,
521-538. doi: 10.1002/hbm.25241

Nucci, C., Garaci, F., Altobelli, S., Di Ci,0, F., Martucci, A., Aiello, F., et al. (2020).
Diffusional kurtosis imaging of white matter degeneration in glaucoma. J. Clin. Med.
9:3122. doi: 10.3390/jcm9103122

Nucci, C., Mancino, R., Martucci, A., Bolacchi, F., Manenti, G., Cedrone, C., et al.
(2012). 3-T diffusion tensor imaging of the optic nerve in subjects with glaucoma:
Correlation with GDx-VCC, HRT-III and Stratus optical coherence tomography
findings. Br. J. Ophthalmol. 96, 976-980. doi: 10.1136/bjophthalmol-2011-301280

Nucci, C., Martucci, A., Cesareo, M., Mancino, R., Russo, R., Bagetta, G., et al.
(2013). Brain involvement in glaucoma: advanced neuroimaging for understanding
and monitoring a new target for therapy. Curr. Opin. Pharmacol. 13, 128-133.
doi: 10.1016/j.coph.2012.08.004

Nucci, C., Russo, R, Martucci, A., Giannini, C., Garaci, F.,, Floris, R, et al.
(2016). New strategies for neuroprotection in glaucoma, a disease that affects the
central nervous system. Eur. ]. Pharmacol. 787, 119-126. doi: 10.1016/j.ejphar.2016.
04.030

Ogawa, S., Takemura, H., Horiguchi, H., Miyazaki, A., Matsumoto, K., Masuda,
Y., et al. (2022). Multi-contrast magnetic resonance imaging of visual white
matter pathways in patients with glaucoma. Invest. Ophthalmol. Vis. Sci. 63:29.
doi: 10.1167/i0vs.63.2.29

Page, M. J., McKenzie, J. E., Bossuyt, P. M., Boutron, I, Hoffmann, T. C,
Mulrow, C. D,, et al. (2021). The PRISMA 2020 statement: an updated guideline for
reporting systematic reviews. Rev. Esp. Cardiol. 74,790-799. doi: 10.1016/j.recesp.2021.
06.016

Qu, X., Wang, Q., Chen, W., Li, T., Guo, J., Wang, H., et al. (2019). Combined
machine learning and diffusion tensor imaging reveals altered anatomic fiber
connectivity of the brain in primary open-angle glaucoma. Brain Res. 1718, 83-90.
doi: 10.1016/j.brainres.2019.05.006

Quigley, H. A., and Broman, A. T. (2006). The number of people with
glaucoma worldwide in 2010 and 2020. Br. J. Ophthalmol. 90, 262-267.
doi: 10.1136/bj0.2005.081224

Raffelt, D. A., Smith, R. E,, Ridgway, G. R., Tournier, J.-D., Vaughan, D. N., Rose,
S., et al. (2015). Connectivity-based fixel enhancement: whole-brain statistical analysis
of diffusion MRI measures in the presence of crossing fibres. Neuroimage 117, 40-55.
doi: 10.1016/j.neuroimage.2015.05.039

Rokem, A., Qiao, J., Yeatman, J. D., and Richie-Halford, A. (2023). Incremental
improvements in tractometry-based brain-age modeling with deep learning. bioRxiv.
doi: 10.1101/2023.03.02.530885

Sereno, M. L, Lutti, A., Weiskopf, N., and Dick, F. (2013). Mapping the human
cortical surface by combining quantitative T(1) with retinotopy. Cereb. Cortex 23,
2261-2268. doi: 10.1093/cercor/bhs213

Sudlow, C., Gallacher, J., Allen, N., Beral, V., Burton, P., Danesh, J., et al.
(2015). UK Biobank: an open access resource for identifying the causes of a
wide range of complex diseases of middle and old age. PLoS Med. 12:e1001779.
doi: 10.1371/journal.pmed.1001779

Sun, Y., Huang, W., Li, F,, Li, H., Wang, L. P., Huang, Y., et al. (2019). Subcortical
visual pathway may be a new way for early diagnosis of glaucoma. Med. Hypotheses 123,
47-49. doi: 10.1016/.mehy.2018.12.020

Takemura, H., Kruper, J. A., Miyata, T., and Rokem, A. (2024). Tractometry of
human visual white matter pathways in health and disease. Magn. Reson. Med. Sci. 23,
316-340. doi: 10.2463/mrms.rev.2024-0007

Tellouck, L., Durieux, M., Coup,é, P., Cougnard-Grégoire, A., Tellouck, J., Tourdias,
T., et al. (2016). Optic radiations microstructural changes in glaucoma and association
with severity: a study using 3Tesla-magnetic resonance diffusion tensor imaging. Invest.
Ophthalmol. Vis. Sci. 57, 6539-6547. doi: 10.1167/i0vs.16-19838

Torres, L. A., and Hatanaka, M. (2019). Correlating structural and functional
damage in glaucoma. J. Glaucoma 28:1079. doi: 10.1097/IJG.0000000000
001346

Tournier, J.-D., Mori, S., and Leemans, A. (2011). Diffusion tensor imaging and
beyond. Magn. Reson. Med. 65, 1532-1556. doi: 10.1002/mrm.22924

frontiersin.org


https://doi.org/10.3389/fnins.2025.1577991
https://doi.org/10.1109/TMI.2008.2004424
https://doi.org/10.1016/j.neuroimage.2021.118417
https://doi.org/10.1016/j.nicl.2020.102419
https://doi.org/10.1371/journal.pone.0105931
https://doi.org/10.1038/s41598-021-85602-x
https://doi.org/10.1016/j.ejrad.2020.109356
https://doi.org/10.1167/iovs.14-15552
https://doi.org/10.3389/fnana.2010.00015
https://doi.org/10.1109/IEMBS.2007.4353290
https://doi.org/10.1002/nbm.1518
https://doi.org/10.1002/mrm.20508
https://doi.org/10.1002/nbm.3785
https://doi.org/10.1016/j.cortex.2008.05.002
https://doi.org/10.21037/qims-21-790
https://doi.org/10.1162/imag_a_00353
https://doi.org/10.1038/s43856-024-00496-w
https://doi.org/10.1002/jmri.1076
https://doi.org/10.3892/etm.2018.7134
https://doi.org/10.1016/bs.pbr.2020.07.007
https://doi.org/10.4103/1673-5374.244781
https://doi.org/10.1155/2015/160454
https://doi.org/10.1038/nm.3390
https://doi.org/10.1371/journal.pone.0217011
https://doi.org/10.3389/fneur.2019.01134
https://doi.org/10.1002/hbm.25241
https://doi.org/10.3390/jcm9103122
https://doi.org/10.1136/bjophthalmol-2011-301280
https://doi.org/10.1016/j.coph.2012.08.004
https://doi.org/10.1016/j.ejphar.2016.04.030
https://doi.org/10.1167/iovs.63.2.29
https://doi.org/10.1016/j.recesp.2021.06.016
https://doi.org/10.1016/j.brainres.2019.05.006
https://doi.org/10.1136/bjo.2005.081224
https://doi.org/10.1016/j.neuroimage.2015.05.039
https://doi.org/10.1101/2023.03.02.530885
https://doi.org/10.1093/cercor/bhs213
https://doi.org/10.1371/journal.pmed.1001779
https://doi.org/10.1016/j.mehy.2018.12.020
https://doi.org/10.2463/mrms.rev.2024-0007
https://doi.org/10.1167/iovs.16-19838
https://doi.org/10.1097/IJG.0000000000001346
https://doi.org/10.1002/mrm.22924
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Kasa et al.

Weinreb, R. N., Aung, T., and Medeiros, F. A. (2014). The pathophysiology
and treatment of glaucoma: a review. JAMA 311, 1901-1911. doi: 10.1001/jama.20
14.3192

Xu, Z. F., Sun, J. S, Zhang, X. H, Feng, Y. Y, Pan, A. Z, Gao, M. Y,,
et al. (2018). Microstructural visual pathway abnormalities in patients with primary
glaucoma: 3T diffusion kurtosis imaging study. Clin. Radiol. 73, 591.e9-591.el5.
doi: 10.1016/j.crad.2018.01.010

Yang, X.-L., van der Merwe, Y., Sims, J., Parra, C., Ho, L. C,, Schuman, J. S., et al.
(2018). Age-related changes in eye, brain and visuomotor behavior in the DBA/2]
mouse model of chronic glaucoma. Sci. Rep. 8:4643. doi: 10.1038/541598-018-22850-4

Frontiersin Neuroscience

12

10.3389/fnins.2025.1577991

Yeatman, J. D., Dougherty, R. F., Myall, N. J., Wandell, B. A., and Feldman, H. M.
(2012). Tract profiles of white matter properties: automating fiber-tract quantification.
PLoS ONE 7:€49790. doi: 10.1371/journal.pone.0049790

Zhang, H., Schneider, T., Wheeler-Kingshott, C. A., and Alexander, D. C.
(2012). NODDI: practical in vivo neurite orientation dispersion and density imaging
of the human brain. Neuroimage 61, 1000-1016. doi: 10.1016/j.neuroimage.2012.
03.072

Zhou, W., Muir, E. R,, Chalfin, S., Nagi, K. S., and Duong, T. Q. (2017). MRI study
of the posterior visual pathways in primary open angle glaucoma. J. Glaucoma 26,
173-181. doi: 10.1097/1JG.0000000000000558

frontiersin.org


https://doi.org/10.3389/fnins.2025.1577991
https://doi.org/10.1001/jama.2014.3192
https://doi.org/10.1016/j.crad.2018.01.010
https://doi.org/10.1038/s41598-018-22850-4
https://doi.org/10.1371/journal.pone.0049790
https://doi.org/10.1016/j.neuroimage.2012.03.072
https://doi.org/10.1097/IJG.0000000000000558
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

	Application of advanced diffusion MRI based tractometry of the visual pathway in glaucoma: a systematic review
	1 Introduction
	2 Materials and methods
	2.1 Search strategy
	2.2 Study selection
	2.3 Study design
	2.4 Participants
	2.5 Data analysis

	3 Results
	3.1 Study selection
	3.2 Study characteristics
	3.3 Findings from DTI-based tractometric studies in glaucoma
	3.4 Findings from DKI-based tractometric studies in glaucoma
	3.5 Findings from NODDI-based tractometric studies in glaucoma
	3.6 Findings from FBA-based tractometric studies in glaucoma

	4 Discussion
	4.1 Microstructural changes in the visual pathway
	4.2 Brain changes beyond the visual pathway
	4.3 Therapeutic perspectives for dMRI tractometry
	4.4 Visual pathway tractometry in glaucoma: challenges and emerging directions
	4.5 Study limitations

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


