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1.1 GENERAL INTRODUCTION

Glaucoma is a leading cause of irreversible blindness worldwide. It is characterized by the 
progressive death of retinal ganglion cells (RGCs), which leads to characteristic structural 
retinal changes and a distinct pattern of visual field loss. Elevated intraocular pressure (IOP) 
is recognized as a major risk factor for developing glaucoma, but the exact pathophysiology 
of glaucoma is yet to be determined.

While the clinical management of glaucoma remains focused on assessing glaucomatous 
changes at the level of the eye, magnetic resonance imaging (MRI) studies of glaucoma 
patients have shown overwhelming evidence of glaucomatous degeneration affecting the 
visual pathway beyond the retina. This has led to a great deal of interest in the potential role 
of the central visual system in the pathophysiology of glaucoma, and whether glaucomatous 
retinal degeneration is a primary process or a secondary manifestation of a degeneration 
occurring downstream in the visual pathway. Furthermore, some studies have reported the 
presence of degenerative brain changes outside the visual system in glaucoma patients, 
bringing into question the involvement of the entire brain in the glaucomatous disease 
process.

Although the presence of glaucomatous visual pathway degeneration beyond the retina is 
evident, the underlying pathophysiology of this degeneration remains unclear. Given the 
unique division of the visual pathway into two major white matter (WM) tracts, investigating 
glaucomatous WM changes could potentially hold the key to understanding the underlying 
mechanisms of visual pathway degeneration in glaucoma. Indeed, WM changes in glaucoma 
patients have been extensively investigated using diffusion tensor imaging (DTI). DTI is the 
most commonly utilized approach for analyzing WM using diffusion-weighted MRI (DWI). By 
modelling the diffusion of water molecules in nerve axons, DTI produces proxy measures 
of WM structural integrity. However, these measures lack direct biological interpretability, 
which has caused our understanding of the structural nature of glaucomatous WM changes 
to remain ambiguous. Furthermore, prior to the work presented in this thesis, all DTI studies 
of glaucoma have been cross-sectional in nature, which limited our understanding of the 
source and mechanism of spread glaucomatous WM changes.

The main aim of my thesis was to unravel the underpinnings of glaucomatous visual pathway 
degeneration. To this end, I utilized novel DWI techniques for analyzing WM to advance 
our understanding of the structural nature of glaucomatous visual pathway WM changes. 
Furthermore, to identify the source and mechanism of spread of these WM changes, I 
performed the first longitudinal study of visual pathway WM changes in glaucoma patients. 
Additionally, I explored the potential clinical application of novel DWI techniques for assessing 
glaucoma, particularly in scenarios where current clinical tools fail to perform adequately.
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1.2 THESIS OUTLINE

• Chapter 1 provides a general introduction to the research topic and the main aims of 
the research presented in this thesis. A more detailed explanation of the background 
of the research topic and the methodology used to undertake the research are also 
included.

• Chapter 2 presents the first application of fixel-based analysis (FBA) to investigate 
glaucomatous visual pathway WM degeneration. FBA is a novel framework for analyzing 
DWI which manages to investigate differently oriented WM fiber populations within a 
single voxel. By doing so, FBA produces biologically interpretable measures of WM 
degeneration, which the conventional DTI approach is incapable of. 

• Chapter 3 explores the utility of FBA to directly assess degenerative changes of the 
optic nerves in glaucoma patients, and compares the performance of FBA to do so with 
the conventional DTI approach. The aim of this chapter is to demonstrate the potential 
of FBA as an alternative clinical tool for assessing glaucoma in patients where current 
eye exams of glaucoma fail.

• Chapter 4 presents the first longitudinal study of the progression of glaucomatous 
visual pathway WM degeneration, aiming to determine the primary source and pattern 
of spread of this degeneration. Participants from previous cross-sectional DWI studies 
of glaucoma were re-invited to participate in this longitudinal study to investigate the 
visual pathway WM changes exhibited since the initial cross-sectional studies were 
conducted.

• Chapter 5 presents the first application of neurite orientation dispersion and density 
imaging (NODDI) to study visual pathway WM degeneration in glaucoma. NODDI 
is another novel approach for analyzing DWI which aims to overcome some of the 
limitations of DTI. By estimating neurite density within a voxel and assessing the angular 
variation of neurite orientation, NODDI provides new insights into WM microstructural 
alterations.

• Chapter 6 includes a general discussion of the findings presented in this thesis within 
the broader context of our current knowledge of the research topic, along with possible 
clinical implications of the findings and suggestions for future research directions. 

• Appendix 1 presents an exploratory whole-brain FBA of glaucoma patients.
• Appendix 2 presents a framework which enables the use of FBA to assess 

glaucomatous degeneration of the optic nerves on an individual basis.
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1.3 BACKGROUND 

1.3.1 PRIMARY OPEN-ANGLE GLAUCOMA
Glaucoma is a leading cause of progressive, irreversible blindness worldwide, and its 
prevalence is expected to increase in the future as the world’s population ages.1 The term 
glaucoma refers to a group of optic neuropathies characterized by the death of RGCs. 
While the pathophysiology of glaucoma remains unclear, elevated intraocular pressure (IOP) 
is undoubtedly associated with RGC death, and remains the only treatable risk factor of 
glaucoma. IOP is dependent on the volume of aqueous humor in the anterior chamber of 
the eye, which is regulated through a balance between the production of aqueous humor 
by the ciliary body and its drainage through the trabecular meshwork. 

Primary open-angle glaucoma (POAG) refers to a specific subtype of glaucoma where 
aqueous humor drainage is not physically obstructed, yet there is increased resistance to 
aqueous outflow at the trabecular meshwork, often leading to an increase in IOP.2 POAG 
is the most common subtype of glaucoma, accounting for up to 85% of glaucoma cases 
worldwide.1 POAG is also the main subtype of glaucoma investigated in this thesis.

The increased IOP in POAG is thought to exert mechanical stress on the lamina cribrosa 
and optic nerve (ON) fibers at the posterior pole of the eye. This leads to the deformation 
and remodeling of the lamina cribrosa and the interruption of the delivery of trophic factors 
to the RGCs from the lateral geniculate nucleus (LGN), which eventually causes the death 
of RGCs.3,4 These processes lead to distinct optic disc morphological changes and 
characteristic patterns of visual field loss. Glaucomatous optic disc morphological changes 
include progressive and asymmetric optic disc cupping, a large cup-to-disc ratio, a thin 
neuroretinal rim, and optic disc hemorrhage.2 Glaucomatous visual field loss usually starts 
as localized areas of visual field defects in the periphery, which may go unnoticed by the 
patients at early disease stages. If left untreated, POAG could eventually lead to complete 
irreversible blindness. 

The latest European Glaucoma Society guidelines recommend lowering IOP as the 
main treatment strategy of glaucoma.5 This could be done through several approaches, 
including medication, laser surgery (such as trabeculoplasty), and incisional surgery (such 
as trabeculectomy). However, lowering the IOP does not seem to halt disease progression 
in all POAG patients. Furthermore, some POAG patients present with normal levels of IOP, 
a condition known as normal tension glaucoma.6 Therefore, while increased IOP is a major 
risk factor for developing POAG, other IOP-independent mechanisms likely play a role in 
the pathophysiology POAG. Recent evidence of visual pathway degeneration beyond the 
retina in POAG patients has brought into question the role of the entire visual system in the 
pathophysiology of POAG.
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1.3.2 VISUAL PATHWAY DEGENERATION IN POAG
The visual pathway starts at the retina, where the photoreceptor cells convert light into 
electrical signals. These signals are then transmitted to the bipolar cells of the retina, which, 
in turn, transmit the signals to the RGCs. The axons of the RGCs converge at the optic disc 
to escape the posterior pole of the eye through the lamina cribrosa, forming the ON. The 
ONs of the right and left eyes meet to form the optic chiasm, where the axons arising from 
the nasal retinas cross to form part of the contralateral optic tracts, while those arising from 
the temporal retinas continue without crossing to form part of the ipsilateral optic tracts 
(Figure 1). The optic tracts terminate at the LGN, the neurons of which project directly to 
the primary visual cortex through the optic radiations. The visual pathway can be divided in 
relation to the LGN into pre-geniculate (or anterior) visual pathway, and post-geniculate (or 
posterior) visual pathway.

Figure 1. Illustration of the human visual pathway. Source: Miquel Perello Nieto, licensed under CC BY-
SA 4.0, via Wikimedia Commons (https://commons.wikimedia.org/wiki/File:Human_visual_pathway.svg)

Postmortem and neuroimaging studies of POAG have found evidence of degenerative changes 
in both the pre- and post-geniculate visual pathways of POAG patients.7-9 The primary source 
and underlying pathophysiology of this degeneration have yet to be determined. This has led 
to some speculation as to whether the retinal degeneration exhibited by POAG patients is 
a primary process or if it is a secondary manifestation of a degenerative process occurring 
downstream in the post-geniculate pathway. Furthermore, some neuroimaging studies of 
POAG patients have reported evidence of degenerative changes outside the visual system, 
bringing into question the role of the brain in POAG pathophysiology.10–12
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The mechanism of spread of degenerative changes throughout the visual pathway in POAG 
patients can potentially be explained based on the primary source of this degeneration, 
which is yet to be definitively determined. Assuming that the death of RGCs in POAG is a 
primary degenerative process, its spread downstream to the post-geniculate pathway can 
be explained through a process known as anterograde trans-synaptic degeneration (Figure 
2). However, if the death of RGCs in POAG is a secondary manifestation of post-geniculate 
visual pathway degeneration, the upstream spread of this degeneration would be caused 
by retrograde trans-synaptic degeneration (Figure 2). Whether antero- or retrograde trans-
synaptic degeneration is responsible for the widespread degenerative changes exhibited 
by the entire visual pathway of POAG patients remains unclear. This lack of clarity can 
be attributed to the fact that, prior to the work presented in this thesis, all neuroimaging 
studies of POAG patients have been cross-sectional in nature, which hindered our ability 
to determine the primary source and pattern of spread of visual pathway degeneration in 
POAG. In Chapter 4, I address this issue by presenting the first longitudinal study of visual 
pathway degeneration in POAG.

Figure 2. Potential mechanisms of spread of glaucomatous degeneration along the visual pathway. 
(A) Schematic representation of the organization of the pre- and post-geniculate visual pathways. (B) 
Anterograde trans-synaptic degeneration describes the downstream spread of retinal ganglion cell 
(RGC) degeneration (black) to the post-geniculate pathway. (C) Retrograde trans-synaptic degeneration 
describes the upstream spread of post-geniculate pathway degeneration (black) to the pre-geniculate 
pathway, causing the death of the RGCs. Figure adapted from Davis, B. et al. (2016)8  
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1.4 METHODS

1.4.1. DIFFUSION-WEIGHTED IMAGING
DWI refers to a specific type of MRI which derives tissue contrast from the random motion 
of water molecules within a voxel. In biological tissues, the diffusion of water molecules 
can be characterized as free, hindered or restricted (Figure 3). Free diffusion occurs when 
water molecules are free to move without encountering any boundaries or obstacles; 
for example, water molecules in the cerebrospinal fluid (CSF) experience free diffusion. 
Hindered diffusion, on the other hand, occurs when water molecules are slowed down due 
to encountering obstacles along their trajectory, but are not completely confined into a space 
by impermeable boundaries. Water molecules occupying the extracellular space experience 
hindered diffusion. Finally, restricted diffusion describes the constrained diffusion of water 
molecules by an impermeable boundary. Intracellular water molecules experience restricted 
diffusion, the properties of which are highly dependent on the shape of the cell in which 
the water molecules are confined. Due to the unique linear architecture of neuronal axons, 
intra-axonal restricted diffusion occurs more readily along the axis of the axons and less so 
across them, a phenomenon known as anisotropic diffusion (Figure 3B). This characteristic 
anisotropic diffusion is exploited to probe the state of WM axonal bundles, where a loss of 
anisotropy implies deterioration of the linear architecture of axons (Figure 3C).

1.4.2 DIFFUSION TENSOR IMAGING AND ITS LIMITATIONS
DTI is one of the most commonly used techniques to derive quantitative measures of WM 
structural integrity from DWI data. DTI uses a tensor composed of three eigenvectors 
and three eigenvalues to model the diffusion of water molecules within each voxel. This 
tensor can be represented geometrically by an ellipsoid, where the longitudinal axis of the 
ellipsoid indicates the principal direction of water molecules in each voxel (Figure 4A). The 
more anisotropic the diffusion of water molecules in a WM voxel is, the more elongated 
the ellipsoid is, while the more isotropic the diffusion is, the more spherical the ellipsoid 
is (Figure 4). The degree of elongation of the tensor model, and hence the anisotropy of 
diffusion, can be quantified using a measure called fractional anisotropy (FA), where FA is 
directly proportional to the degree of elongation of the tensor. As a loss of the characteristic 
anisotropic diffusion in WM implies a degree of deterioration of the linear architecture of the 
axons, a decrease in FA is generally associated with a loss of “structural integrity” of WM. 
Mean diffusivity (MD) is another parameter which can be derived from the tensor model. MD 
describes the overall diffusivity of water molecules in all directions in a voxel.
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Figure 3. Diffusion trajectory of water molecules in different environments. (A) Illustration of hindered 
diffusion (green) in the extracellular compartment and restricted diffusion (blue) in the intracellular 
compartment, separated by cell boundaries (black). (B) Illustration of anisotropic restricted diffusion 
(blue) within the linear boundaries of axons (black lines). Note how diffusion is less restricted along 
the axons and more restricted across them, which leads to anisotropic diffusion. (C) Illustration of 
a decrease in diffusion anisotropy (blue) due to a deterioration of the linear architecture of axons 
(dotted black lines). Note how diffusion becomes less restricted along the axons due to architectural 
deterioration, which leads to a relative decrease in diffusion anisotropy.

Figure 4. The diffusion tensor. (A) Geometric representation of the tensor model (ellipsoid) and its three 
eigenvectors (λ1, λ2 and λ3). (B) Example of relatively high fractional anisotropy (FA; denoted by the 
elongated tensor model) due to the maintained linear architecture of the axons (green). (C) Example of 
relatively low FA due to the deterioration of the linear architecture of the axons (green).  Figure adapted 
from Roberts, R. et al. (2013)13
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A major limitation of DTI is that the tensor model assumes the presence of a single WM fiber 
population of a single orientation within each voxel, which is an obvious oversimplification 
of the complex nature of WM. While this limitation is often referred to as the “crossing fibers 
problem,” it is encountered in voxels containing WM fibers which are curving, diverging, 
fanning, or crossing. The inability to model such fibers results in unreliable DTI measures of 
WM structural integrity. This limitation is further compounded by the fact that around 90% 
of WM voxels were found to contain multiple fiber populations.14 Another major limitation of 
DTI is the lack of direct biological interpretability of its measures. A change in FA could be 
an indication of a myriad of WM changes, including changes in myelination, morphology, 
axonal packing density, axonal diameter and membrane permeability.15 To address these 
limitations, multiple higher-order diffusion models have been recently introduced.

1.4.3 FIXEL-BASED ANALYSIS
Fixel-based analysis (FBA) is a novel framework for analyzing DWI in a fiber tract specific 
manner, where a “fixel” refers to a specific WM fiber population within a voxel.16 FBA uses 
constrained spherical deconvolution17 to disentangle and independently assess differently 
oriented WM fiber populations (or simply “fixels”) within the same voxel. By doing so, FBA 
manages to overcome the crossing fibers problem inherent to the use of DTI. FBA produces 
biologically meaningful measures of WM structural changes (Figure 5), namely fiber density 
(FD), fiber bundle cross-section (FC), and fiber density and cross-section (FDC). FD is an 
estimate of the axonal density of a specific WM fiber population within a voxel, and is therefore 
a measure of microstructural WM changes occurring at an intra-voxel level. FC, on the other 
hand, is a measure of morphological changes in fiber bundle cross-section perpendicular 
to the fixel direction, and is therefore a measure of macrostructural WM changes. Finally, 
FDC is a combined measure of FD and FC, and is therefore a more representative measure 
of the information-carrying capacity of a WM fiber bundle. In Chapter 2, I present the first 
application of FBA to study visual pathway WM changes in POAG patients, while in Chapter 
3 I explore the potential of FBA as an alternative clinical tool for assessing degeneration of 
the ONs in glaucoma patients.

1.4.3 NEURITE ORIENTATION DISPERSION AND DENSITY IMAGING
Neurite orientation dispersion and density imaging (NODDI) is another higher-order diffusion 
model which attempts to address some of the limitations of the DTI approach.19 NODDI 
models the diffusion of water molecules in the different biological compartments, namely 
restricted diffusion in the intracellular compartment, hindered diffusion in the extracellular 
compartment, and free diffusion in the CSF. By doing so, the NODDI approach produces 
biologically meaningful measures of microstructural WM changes, which the conventional 
DTI approach is incapable of. These measures are: neurite density index (NDI), orientation 
dispersion index (ODI), and fraction of isotropic diffusion (FISO). NDI is an estimate of 
neurite (or axonal) density within a voxel, where a loss of NDI is generally associated with 
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degenerative WM changes. ODI quantifies the angular variation of neurite orientation, and 
hence estimates the degree of dispersion of neurites. A low ODI indicates the preservation 
of the linear WM architecture, while a high ODI indicates the loss of coherency of WM fibers. 
Finally, FISO is an estimate of the volume fraction of a voxel which is occupied by CSF. 
In Chapter 5, I present the first application of NODDI to investigate microstructural visual 
pathway WM alterations in POAG patients.

Figure 5. Schematic of a white matter (WM) fiber bundle cross-section and the different WM changes 
assessed by fixel-based measures. Grey circles represent axons within the WM fiber bundle. A change 
in fiber density (FD) represents a microstructural change in axonal density; a change in fiber bundle 
cross-section (FC) represents a macrostructural change in the cross-sectional area of a fiber bundle; 
a change in fiber density and cross-section (FDC) represents a change in both FD and FC. Figure 
adapted from Haykal, S. et al. (2020)18
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ABSTRACT

PURPOSE
White matter (WM) degeneration of the visual pathways in primary open-angle glaucoma 
(POAG) is well documented, but its exact pathophysiology remains unclear. To date, 
glaucomatous WM degeneration has been exclusively studied using diffusion tensor 
imaging (DTI) only. However, DTI measures lack direct biological interpretation, and the 
approach itself suffers from multiple technical limitations. Fixel-based analysis (FBA) is a 
novel framework for studying WM degeneration, overcoming DTI’s technical limitations and 
providing biologically meaningful metrics. FBA measures fiber density (FD), representing 
early microstructural changes, and fiber-bundle cross-section (FC), representing late 
macrostructural changes. In this study, we utilize FBA to study glaucomatous degeneration 
of the pre-geniculate optic tracts (OTs) and post-geniculate optic radiation (ORs) in POAG.

METHODS
Cross-sectional case-control study with 12 POAG patients and 16 controls. Multi-shell 
diffusion-weighted images were acquired. FBA was utilized to produce a population 
template, and probabilistic tractography was used to track the OTs and ORs in template 
space. Finally, FD and FC of the tracts of interest were compared between the two groups.  

RESULTS
Compared to the controls, the OTs of the patients exhibited a significant (FWE-corrected 
p-value < 0.05) decrease in FD and FC, while their ORs exhibited a significant decrease in 
FD but not in FC.

CONCLUSIONS
FBA provides sensitive measures to assess WM changes in glaucoma. Our findings suggest 
that the OTs of glaucoma patients exhibit signs of more advanced WM degeneration 
compared to the ORs. This potentially implicates anterograde trans-synaptic propagation 
as the primary cause of glaucomatous spread along the visual pathways.
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2.1 INTRODUCTION

Primary open-angle glaucoma (POAG) is one of the leading causes of irreversible blindness 
worldwide, and its prevalence is only expected to increase as the world’s population 
continues to age.1 POAG results in the death of retinal ganglion cells (RGCs), leading to 
thinning of the retinal nerve fiber layer (RNFL) and loss of peripheral vision.2 Furthermore, 
glaucomatous degeneration of the visual system beyond the retina has been documented in 
experimental animal models,3–7 post-mortem human histopathological studies,8 and human 
neuroimaging studies.9–11 Such studies have found evidence of glaucomatous degeneration 
in the lateral geniculate nucleus (LGN) and the visual cortex, suggesting the involvement of 
the brain in glaucomatous disease pathology.12 However, neither the cause nor the origin of 
this degeneration is fully understood.

Trans-synaptic spread is one of the proposed explanations of glaucomatous degeneration 
of the central visual system.13 The conventional view of POAG as simply a degenerative 
retinal disease implicates anterograde trans-synaptic degeneration in glaucomatous 
spread, as degeneration would start at the pre-geniculate RGCs and spread across the 
LGN to reach the post-geniculate pathways. However, a small number of primate studies 
have found evidence of LGN degeneration preceding RGC loss,5,14 suggesting a retrograde 
trans-synaptic spread. Furthermore, some MRI studies of POAG patients have reported 
degenerative changes outside the visual system.15–17 This has led to the suggestion that 
an independent brain component may be present in POAG, and potentially implicates 
retrograde trans-synaptic degeneration as a cause of RGC degeneration.

As the visual pathway is uniquely divided into two major white matter (WM) tracts (pre-and 
post-geniculate), investigating glaucomatous WM degeneration potentially holds the key 
to understanding the true nature of glaucomatous neurodegenerative spread across the 
visual system. To date, the most commonly used method for studying WM degeneration 
in POAG patients has been diffusion tensor imaging (DTI).15-36 However, DTI metrics have 
no direct biological interpretation, and are commonly interpreted as estimates of WM 
“structural integrity”. Furthermore, DTI has technical limitations, most notably its inability to 
account for crossing-fibers within the same voxel.37 Therefore, several higher-order diffusion 
models have been recently developed to overcome these limitations and to produce more 
biologically meaningful measures.38–45

Fixel-based analysis (FBA) is a recently proposed framework that utilizes such a higher-
order model for analyzing WM in a fiber-population specific manner.45 The term ‘fixel’ refers 
to a specific fiber population within a voxel. FBA utilizes constrained spherical deconvolution 
(CSD)40,44 to model multiple fiber orientations within the same voxel, allowing for the 
disentanglement of differently oriented WM fiber populations (or ‘fixels’). By doing so, FBA 
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solves the classic crossing-fibers problem encountered with DTI, and produces biologically 
meaningful metrics for studying WM changes in vivo. These metrics are: fiber density (FD), 
fiber-bundle cross-section (FC), and fiber density and bundle cross-section (FDC). FD 
represents intra-axonal volume of separate fiber populations within each voxel.45 FD can be 
used to probe WM microstructural changes in a fiber-specific manner, with a decrease in FD 
indicating a loss of axons.45,46 FC quantifies gross morphological (or macrostructural) WM 
changes by measuring fiber bundle cross-sectional area in a plane perpendicular to fixel 
orientation.45,46 Finally, FDC is a combined measure of both FD and FC, providing a more 
comprehensive measure of the information carrying capacity of fiber tracts.

In the current study, we use FBA to investigate WM changes in the pre-geniculate optic tracts 
(OTs) and the post-geniculate optic radiations (ORs) in POAG, in order to better understand 
the underlying pathophysiology of glaucomatous neurodegeneration. Furthermore, we 
investigate the correlation between FBA metrics and structural and functional clinical 
measures of glaucoma. Finally, for comparison, we analyze the same tracts using the 
conventional voxel-wise DTI approach.

2.2 METHODS

2.2.1 ETHICAL APPROVAL
This study was approved by the ethics board of the University Medical Center Groningen 
(UMCG). All participants provided written informed consent prior to participation. The study 
adhered to the tenets of the Declaration of Helsinki.

2.2.2 PARTICIPANTS
Eighteen glaucoma patients and 18 controls volunteered to participate. All glaucoma patients 
were recruited from the UMCG. Inclusion criteria for the controls were: having intact visual 
fields, an intraocular pressure (IOP) ≤ 21 mmHg, and a visual acuity of 0.8 or higher (+0.1 
logMAR or less) in both eyes. Exclusion criteria for both groups were: having any ophthalmic 
disorder affecting visual acuity or visual field (apart from POAG in glaucoma group), a history 
of any neurological or psychiatric disorders, the presence of gross abnormalities or lesions 
in their MRI scans, or having any contraindication for MRI (for example, having a pacemaker 
or being claustrophobic). Six glaucoma participants were excluded for having non-POAG 
subtypes of glaucoma (namely pseudoexfoliative glaucoma and pigmentary glaucoma). Two 
controls were excluded, one for having a history of a transient ischemic attack and cognitive 
impairment and the other for having an IOP > 21 mmHg. In total, 12 POAG patients and 16 
controls were included in this cross-sectional study. Demographics of included participants 
are listed in Table 1.
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2.2.3 OPHTHALMIC DATA
All subjects underwent tests for visual acuity, IOP, visual fields, and retinal nerve fiber layer 
(RNFL) thickness.

Visual acuity was measured using a Snellen chart with optimal correction for the viewing 
distance. IOP was measured using Tonoref non-contact tonometer (Nidek, Hiroishi, Japan). 
Visual fields for the POAG group were assessed using a Humphrey Field Analyzer (HFA; Carl 
Zeiss Meditec, Jena, Germany) using the 30-2 grid and the Swedish Interactive Threshold 
Algorithm (SITA), and expressed as visual field mean deviation (VFMD). For the controls, 
visual fields were screened using Frequency Doubling Technology (FDT; Carl Zeiss Meditec, 
Jena, Germany) using the C20-1 screening mode. Controls were not allowed to have any 
reproducibly abnormal test location at P<0.01. Finally, the RNFL thickness was measured 
by means of Optical Coherence Tomography (OCT) using a Canon OCT-HS100 scanner 
(Canon, Tokyo, Japan). Results were expressed as the mean peripapillary RNFL (pRNFL) 
thickness. 

2.2.4 IMAGE ACQUISITION AND PREPROCESSING
Diffusion-weighted images were acquired using a Siemens MAGNETOM Prisma 3T 
MRI scanner (Siemens, Erlangen, Germany) with a 64-channel head coil. The following 
parameters were used: repetition time (TR) = 5500 ms, echo time (TE) = 85 ms, bandwidth =  
2404 Hz field of view (FoV) = 210 × 210 × 132, voxel size = 2.0 x 2.0 x 2.0 mm, 66 
slices, in 64 diffusion gradient directions. Two DWI shells were acquired, b=1000 s/mm2 
and b=2500 s/mm2, in two phase encoding directions, anteroposterior and posteroanterior. 
Three images with no diffusion weighting (b=0 s/mm2) were also acquired in each phase 
encoding direction. 

DWI preprocessing included first denoising the data47 in MRtrix3 (www.mrtrix.org), then 
correction of EPI distortions,48 motion and Eddy-current distortions49 in FSL v5.011.50

2.2.5 FIXEL-BASED ANALYSIS (FBA)
Unless specified otherwise, the recommended FBA pipeline45 was followed. All FBA steps, 
summarized below, were performed in MRtrix3.

First, the preprocessed DWI data was upsampled to a voxel size of 1.3 mm isotropic. 
Then, using a group average response function,51 fiber-orientation distributions (FODs) 
were estimated for each subject using the Multi-Shell Multi-Tissue Constrained Spherical 
Deconvolution (MSMT-CSD) algorithm.52 Joint bias field correction and global intensity 
normalization of the three different tissue compartments was then performed.43 
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A study-specific population FOD template was produced by iterative non-linear registration 
and averaging of the FODs of all 28 subjects.53 Subsequently, all FODs were non-linearly 
registered to the average population template.53,54 Then, the FODs were segmented to 
produce fiber specific fixels within each voxel, and the produced fixels were then reoriented 
using the non-linear registration warps produced earlier for each corresponding voxel. 
Finally, FBA metrics (FD, FC and FDC) were calculated for each produced fixel.

A whole-brain probabilistic tractogram was produced using the FOD population template 
to identify local connectivity between neighboring fixels, in order to enable the use of 
connectivity-based fixel enhancement55 for statistical analysis. First, 20 million streamlines 
were generated, which were then filtered down to 2 million streamlines using Spherical-
deconvolution Informed Filtering of Tractograms (or SIFT)56 approach to reduce biases in 
tractogram densities.

2.2.6 VISUAL PATHWAY FIBER TRACKING
In order to study WM changes specifically in the visual pathways, we performed probabilistic 
tractography of the OTs and ORs using the population FOD template in MRTrix3. 

OR fibers were tracked between the LGN and the primary visual cortex (V1) (Figure 1A). 
Both LGNs were identified manually on the FOD template, guided by the generated 
whole-brain tractogram, and then 4-mm spherical regions of interest (ROIs) were used to 
circumscribe their approximate location. Left and right V1 masks were first created in MNI 
space using Freesurfer cortical parcellation of the MNI template (https://surfer.nmr.mgh.
harvard.edu). The V1 masks were then transformed to the FOD template space non-linearly 
using FMRIB’s Non-linear Image Registration Tool (FNIRT) in FSL. Finally, 5000 streamlines 
were generated for each OR using the LGN ROI as a seed point and the V1 mask as 
an inclusion ROI (Firgure 1D). Fiber tracking was anatomically constrained using masks of 
non-thresholded OR probability maps derived from the Jülich histological Atlas in FSL57 to 
exclude streamlines that do not anatomically conform to the ORs.

OT fibers were tracked between the LGN and the optic chiasm (OC). In order to ensure that 
the tracked OT fibers passed through the OC, a ROI was manually created in the coronal 
plane corresponding to the middle of the OC, ensuring that all of the OC cross-sectional 
area in that plane was covered by the ROI (Figure 1B and 1C). This resulted in a rectangular 
ROI measuring 6 x 14 x 1 voxels (or 7.8 x 18.2 x 1.3 mm). The same LGN ROIs used for 
OR tracking were used as seed ROIs, and the OC ROI was used as an inclusion ROI. Five 
hundred streamlines were generated for each OT between the LGN and OC ROIs (Figure 1D).

The generated OT and OR tractograms were then converted to fixel masks to allow tract-
of-interest analysis in a fixel-wise manner within the FBA framework.
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Figure 1. Probabilistic tractography of visual pathways using population template. (A) Regions of 
interest (ROIs) used for optic radiation fiber tracking. ROIs are overlaid on a representative axial slice. 
Blue, V1 masks; magenta, approximate visual representation of lateral geniculate nucleus ROIs. (B) 
Optic chiasm (OC) ROI (yellow) overlaid on a cropped coronal slice. (C) OC ROI overlaid on a cropped 
axial slice. (D) Tracked optic tracts (red) and optic radiations (green) overlaid on a representative axial 
slice.

2.2.7 DTI VOXEL-BASED ANALYSIS
In addition to FBA, we investigated changes in the visual pathways using the traditional DTI 
voxel-based approach as well. Using the preprocessed diffusion-weighted images, tensor-
derived58 FA and MD parametric maps were produced from the b=0 s/mm2 and b=1000 s/
mm2 shells in the native space of each subject. Then, the FA and MD maps were non-linearly 
registered to the FOD population template using the subject-to-template warps produced 
earlier to register individual FODs to the population template for FBA. In order to allow tract-
specific DTI analysis, voxel masks were created from the OT and OR tractograms. All steps 
were performed in MRTrix3.

2.2.8 STATISTICAL ANALYSIS
Fixel-wise statistical analysis was applied to the fixels included in the OT and OR fixel masks. 
A General Linear Model (GLM) was used to compare FD, FC and FDC between the POAG 
group and the controls.  Gender and demeaned age were added as nuisance covariates. 
Connectivity-based fixel enhancement was used to perform tract-specific smoothing and 
enhancement using the default parameter settings.55 Following 5000 permutation tests, 
each fixel was assigned a family-wise error (FWE) corrected p-value. Streamline segments 
corresponding to statistically significant fixels were cropped from the population template 
whole-brain tractogram and used to visualize significant results. 

To further analyze our findings, the average FD, FC and FDC of each tract was calculated 
for all participants. The average FBA metrics of each tract of the two groups were then 
compared using ANCOVA, adding age and gender as nuisance covariates. To study the 
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correlation between the FBA metrics and the clinical glaucoma tests, the FD and FC of 
both sides of the OTs and ORs were averaged for each glaucoma patient. Then, a partial 
Pearson test was used to determine the correlation between the average pRNFL thickness 
and VFMD of both eyes and the averaged FBA metrics of the OTs and ORs, while controlling 
for the effects of age and gender.

For voxel-based DTI analysis, threshold-free cluster enhancement and permutation testing 
were performed in MRTrix3 using the provided default parameters.59 FA and MD of the OTs 
and ORs were tested in a voxel-wise manner using the same design matrix created for the 
FBA. 

To compare participants’ demographics and clinical characteristics, independent-samples 
t-test was used for parametric continuous variables of equal variance, Mann–Whitney U test 
was used for non-parametric continuous variables, Welch’s t-test was used for continuous 
variables of unequal variance, and χ2 test was used for categorical variables.

Statistical significance for FBA and DTI analysis was reported at a FWE-corrected p-value  
< 0.05. For other tests, statistical significance was reported at a p-value < 0.05.

2.3 RESULTS

To summarize our results, FBA of the OTs revealed a significant loss of FD, FC and FDC 
in the POAG group compared to controls, while the ORs showed a significant decrease in 
FD and FDC only. For glaucoma patients, FD of the OTs showed a significant correlation 
with the pRNFL thickness and VFMD, while FD of the ORs showed a significant correlation 
with pRNFL thickness only. FC measures of both OTs and ORs did not show any significant 
correlation with pRNFL thickness or VFMD. Using conventional DTI, the POAG group 
showed a significant decrease of FA in both OTs and the left OR, while a significant increase 
in MD was found in the OTs only. These results are described in more detail below.

2.3.1 DEMOGRAPHICS AND CLINICAL CHARACTERISTICS
Table 1 summarizes the demographic and clinical characteristics of the two groups. They 
did not differ significantly in age, gender, or IOP. pRNFL thickness was significantly lower 
in the POAG group. Based on the Hodapp-Parrish-Anderson (H-P-A) classification60 of the 
worse eye, the POAG group comprised 3 early stage, 2 moderate, 3 advanced, and 4 
severe POAG patients. Supplementary Table S1 lists the pRNFL thickness, VFMD, and 
H-P-A staging of each eye of the 12 POAG patients. Supplementary Figure S1 illustrates 
cumulative VFMD maps for the left eye, right eye, and their binocular average for the POAG 
patients.
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Table 1. Group demographics and clinical characteristics
 POAG Controls Group difference
Characteristics (n = 12) (n = 16) P
Age (y) 67.3 (7.3) 69.1 (7.3) 0.51
Male sex 6 (50%) 10 (62.5%) 0.51
IOP (mmHg)

Right 12.9 (3.3) 12.3 (3.1) 0.604
Left 13.0 (4.7) 13.0 (3.7) 0.832

pRNFL thickness (μm)
Right 71.3 (10.1) 97.3 (7.9) <0.001
Left 70.8 (12.7) 97.8 (8.5) <0.001

VFMD (dB)
Better eye -3.3 (5.1) - -
Worse eye -14.5 (9.7) - -

Values are presented as mean (SD) or number (%). VFMD measures were acquired in the POAG group only.

2.3.2 FIXEL-BASED ANALYSIS OF THE VISUAL PATHWAYS
Figure 2 illustrates fiber-specific results of the FD metric. The enlarged insets highlight 
the presence of crossing fibers in the ORs and lack thereof in OTs. Streamline segments 
corresponding to significant fixels of all three FBA metrics in the OTs and ORs are displayed 
in Figure 3. Comparison of the average FBA metrics of the OTs and ORs between POAG 
patients and controls can be found in Supplementary Table S2.

FBA of the OTs revealed significant loss of FD, FC and FDC in the POAG group compared 
to the controls. All three metrics displayed a comparable bilateral spatial distribution of 
significant fixels along the length of the OTs. The ORs, on the other hand, showed a 
significant loss of FD and FDC only, while no significant difference in FC could be detected 
between the two groups. The left OR displayed a more spatially pervasive pattern of FD and 
FDC loss compared to the right OR. 

2.3.3 CORRELATION BETWEEN FBA METRICS AND CLINICAL GLAUCOMA TESTS
FD of the OTs of glaucoma patients showed a significant correlation with the average pRNFL 
thickness and VFMD (r2=0.77, p<0.01; r2=0.57, p<0.05, respectively), while FD of the ORs 
showed a significant correlation with pRNFL thickness only (r2=0.41, p<0.05). FC of both 
OTs and ORs showed no significant correlation with neither of the clinical tests. Table 2 lists 
the results of all performed correlation tests.
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Figure 2. Fixel-based analysis of FD along the visual pathways. Fixels exhibiting statistically significant 
FD loss in POAG group compared with controls are color-coded by their assigned FWE-corrected 
P value, whereas nonsignificant fixels are shown in black. Results are shown for a single axial slice 
displayed in radiological convention. Zoomed-in regions show a closer view of the fixels in the right 
optic tract and left optic radiation.

Figure 3. Decreased fixel-based metrics in the visual pathways in POAG. Fixels in the optic tracts 
demonstrated a significant loss of FD, FC, and FDC in the POAG group compared with controls. Fixels 
in the optic radiations demonstrated a significant loss of FD and FDC only. Streamlines corresponding 
to fixels with a significant reduction are overlaid on representative axial and sagittal slices from the 
population template. Images are displayed in radiologic convention.
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Table 2. Correlation between FBA metrics and clinical glaucoma tests  
FBA metric Visual tract Correlation with pRNFL thickness  Correlation with VFMD
  Partial r2 P  Partial r2 P

FD OT 0.77 0.001 0.41 0.047
OR 0.57 0.012 0.25 0.137

FC OT 0.06 0.513 0.32 0.089
OR 0.20 0.195 0.30 0.103

2.3.4 TENSOR-BASED ANALYSIS OF THE VISUAL PATHWAYS
A significant decrease in FA was found bilaterally in the OTs in POAG, while only the left OR 
showed a significant decrease in FA. Significant voxels were evenly distributed along both 
OTs, while the left OR exhibited a cluster of 12 significant voxels mid-pathway (Figure 4). The 
POAG group showed a significant increase in MD along both OTs, while their ORs showed 
no significant difference compared to the controls (Figure 4).

Figure 4. Voxel-based analysis showing differences in fractional anisotropy (FA) and mean diffusivity 
(MD) in the visual pathways in POAG. Voxels showing a significant increase of FA or a significant 
decrease of MD in POAG group are displayed across three sequential axial slices. Top row: Both optic 
tracts exhibited a significant decrease of FA, whereas the left optic radiation showed a cluster of 12 
voxels with a significant decrease and the right optic radiation exhibited no voxels with a significant 
decrease. Bottom row: Both optic tracts exhibited a significant increase of MD, whereas both optic 
radiations showed no significant decrease of MD. Images are displayed in radiologic convention.
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2.4 DISCUSSION

The main findings of this study are that in POAG patients, OTs exhibit both micro- and 
macrostructural degeneration, while ORs show evidence of microstructural degeneration 
only. To the best of our knowledge, this is the first study to use FBA to investigate WM 
degeneration in POAG. We find that FBA is more sensitive to glaucomatous degeneration 
in the ORs compared to conventional DTI, highlighting the importance of adopting higher-
order diffusion models for studying glaucomatous WM changes. Below, we describe these 
conclusions in more detail.

2.4.1 DISTINCT PATTERNS OF FBA CHANGES IN VISUAL PATHWAYS IN POAG
The OTs of POAG patients exhibited a decrease in both FD and FC, implying a loss of 
axons and atrophy of fiber bundles compared to the controls. On the other hand, the ORs 
exhibited a decrease in FD only, implying a loss of axons with no accompanying loss in 
fiber bundle size. The ORs also demonstrated a decrease of FDC in overlapping regions of 
FD loss. This confirms that the decrease of FD in the ORs reflects true axonal loss in the 
absence of fiber bundle atrophy, as an alteration in FC would have resulted in a discrepancy 
between regions of FD and FDC loss.

A possible interpretation of the difference in fiber bundle atrophy between the OTs and 
ORs, in the presence of axonal loss in both the OTs and ORs, is that OTs manifest more 
advanced glaucomatous degeneration compared to ORs. Generally, the earliest sign of WM 
degeneration is axonal loss, which leaves the extra-axonal space filled with axonal debris 
and inflammatory and glial cells.61 Eventually, as the debris is cleared and the inflammatory 
reaction subsides, WM starts exhibiting gross atrophic changes. This chronological 
sequence of degenerative WM changes has been previously described in an animal study 
of time-dependent morphological changes in glaucoma monkey models, where loss of ON 
axons was shown to precede the decrease in ON cross-sectional area.6 Therefore, based on 
our knowledge of WM changes along the time course of glaucomatous neurodegeneration, 
the results of this study potentially suggest that the pre-geniculate pathways of glaucoma 
patients show evidence of more advanced stages of degeneration compared to post-
geniculate pathways. This pattern of WM degeneration corresponds with anterograde 
trans-synaptic spread along the visual pathway, starting pre-geniculately and propagating 
downstream towards the visual cortex. It should be noted that our study population had a 
mean pre-treatment IOP amply above 21 mmHg. In normal tension glaucoma, the underlying 
pathophysiology and degeneration pattern could be different.

2.4.2 CORRELATION WITH STRUCTURAL AND FUNCTIONAL CLINICAL TESTS
The pRNFL thickness showed a stronger correlation with the FD of both the OTs and ORs 
than did the VFMD. This is expected, as both FD and pRNFL thickness are measures of 
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structural degeneration, while VFMD is a measure of functional loss. Additionally, the FD of 
the OTs showed a stronger correlation with both clinical measures compared to the FD of 
the ORs. This could be attributed to the fact that the clinical tests examine the structure 
and function of the optic nerves, which are essentially formed of the same RGCs axons as 
the OTs. Furthermore, the FC of both tracts was not correlated with either of the clinical 
measures. A possible explanation for this lack of correlation is that FC changes, unlike FD 
and structural and functional optic nerve changes, are a delayed secondary outcome of 
axonal loss and not a direct response to it. This further strengthens our assertions regarding 
the time course of micro- and macrostructural WM changes in POAG.

Surprisingly, the average VFMD maps (Supplementary Figure S1) failed to explain the 
difference in spatial pervasiveness of FD loss between the left and right ORs. A similar 
(unexplained) difference has been previously reported in a meta-analysis of DTI studies of 
glaucoma,62 although the meta-analysis found a greater decrease of FA on the right side. 

2.4.3 FBA IS MORE SENSITIVE TO GLAUCOMATOUS DEGENERATION THAN DTI
In agreement with our FBA results, the DTI analysis revealed a decrease in FA and an 
increase in MD along the entire length of both OTs in the POAG group (Figure 4), indicating 
widespread bilateral degeneration. However, in contrast to the FBA results, the left OR 
exhibited a decrease of FA in a relatively small cluster of 12 voxels only, while the right OR 
showed no significant difference in FA or MD.

The discrepancy between FBA and DTI results could be partly explained by the difference 
in the anatomical surroundings of the OTs and ORs. The OTs are surrounded by CSF of the 
perimesencephalic cisterns for most of their length. This reduces the possibility of crossing-
fibers from other WM tracts being present within the same voxel, and hence enables DTI to 
measure changes in diffusivity in OTs voxels. The ORs, on the other hand, are surrounded 
by other cerebral WM bundles, resulting in the presence of crossing and so-called “kissing” 
fibers within the same voxels.63–65 DTI is incapable of modelling such crossing-fibers, limiting 
its ability to analyze regions of complex WM structure of the ORs. FBA overcomes this 
limitation, as it distinguishes between different fiber orientations within the same voxel. 
Figure 2 illustrates the prevalence of crossing fibers in the ORs and lack thereof in OTs, and 
demonstrates the ability of FBA to analyze different crossing fiber populations independently.
While DTI and FBA are not directly comparable techniques, our findings indicate that FBA 
is more suitable for studying glaucomatous neurodegeneration, in particular in the ORs. 
Moreover, DTI measures such as FA and MD provide limited understanding, as they lack 
direct biological interpretation.  Our use of the novel FBA framework allowed us to gain more 
insight into the biological changes underlying the glaucomatous WM degeneration, both on 
a micro- and macro-scale. 
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2.4.4 COMPARISON TO PREVIOUS STUDIES OF WM CHANGES IN POAG 
Previous studies of visual pathway WM in POAG patients have found evidence of degeneration 
in both the OTs and ORs using DTI.62 However, very little can be concluded about the nature 
of this reported WM degeneration, as DTI metrics represent an all-encompassing measure 
of WM “structural integrity”.

A number of whole-brain DTI studies of POAG have reported WM degeneration outside the 
visual system.15–17,66 This implies the involvement of a global degenerative brain component 
in POAG. As such global degeneration can reach the RGCs only through retrograde trans-
synaptic spread, this would contradict our interpretation of a possible predominance of 
anterograde trans-synaptic degeneration. Notably, most whole-brain DTI studies that 
reported evidence in favor of degeneration beyond the visual system have used somewhat 
lenient statistical thresholds. For example, Frezzotti and colleagues15,16 and Giorgio and 
colleagues66 reported results from tract-based spatial statistics (TBSS) without correcting 
for multiple comparisons. Whole-brain studies which applied more stringent statistical 
thresholds found no evidence of WM degeneration outside the visual system.25,35,67 Hence, 
we believe the evidence for a global degenerative brain component in POAG is relatively 
weak at best, whereas our present evidence for suggesting anterograde trans-synaptic 
degeneration is comparatively strong. Therefore, the notion of an independent global 
component contributing to POAG may have to be reconsidered.

Regarding our results using the DTI approach, the lack of significant difference of FA in the 
right OR and of MD in both ORs, which has been reported in previous DTI studies, can be 
ascribed to multiple factors. Firstly, our study included a relatively moderate sample size. 
Secondly, the inclusion of multiple patients with early stage glaucoma (see Supplementary 
Table S1) may have resulted in a relatively small effect size of DTI changes. Finally, our 
use of stringent FWE-correction may have also played a role, as other DTI studies with 
larger sample sizes have failed to find any significant results following correction for multiple 
comparisons.16

2.4.5 CLINICAL IMPLICATIONS
Our current study contributes to understanding the underlying pathophysiology of visual 
pathway WM structural changes in POAG and how to best detect these changes, which 
could have crucial implications for the clinical management of glaucoma patients in the 
future. 

Previous studies have suggested the use of DWI for monitoring glaucoma progression and 
response to treatment. This idea has always been proposed in a theoretical capacity, as MRI 
scans are quite expensive and cumbersome compared to the currently used ophthalmic 
instruments. Based on our interpretation that glaucomatous visual pathway WM changes 
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are potentially caused by anterograde trans-synaptic degeneration originating from the eye, 
our study supports the current practice of using OCT for fast and relatively inexpensive 
glaucoma assessment. Nevertheless, DWI could be used for monitoring glaucoma 
progression in patients for whom OCT might not be ideal, especially in late stage glaucoma 
patients, where OCT fails to detect deterioration following a significant visual field defect.68 
Having more sensitive DWI analysis methods such as FBA available brings such clinical 
translation a step closer to practical application.

Studying glaucomatous WM changes could also play a role in the development of novel 
treatments. For example, newly developed neuroprotective treatments which aim to halt 
the progression of neurodegeneration 69,70 will need to take into account the degeneration 
occurring not only at the level of the retina, but also throughout the visual system. 
Furthermore, novel therapies that aim to restore vision will need to consider the state of the 
entire visual pathway, and not solely that of the retina. For example, RGC transplantation 
is currently being investigated as a treatment option for POAG.71 A degenerated post-
geniculate visual pathway would render such transplants useless, as the connection of the 
transplanted RGCs to the visual cortex would be interrupted. Therefore, understanding the 
nature of visual pathway glaucomatous degeneration and how to best detect it would be 
essential for developing such novel treatments.

2.4.6 LIMITATIONS AND FUTURE DIRECTIONS
The main limitation of this study is that our interpretations regarding the nature of 
glaucomatous spread along the visual pathways are based on cross-sectional data. The 
OTs and ORs differ considerably in size and shape, which means they might exhibit different 
patterns of FBA changes independent of the effect of glaucomatous degeneration. While 
FBA metrics describe distinct aspects of WM degeneration, which we used as potential 
surrogate biomarkers for glaucomatous degenerative advancement, evidence of actual 
disease progression over time is still needed to confirm our findings. 

Another study limitation is the relatively moderate sample size of our POAG group. However, 
finding statistically significant changes despite this sample size, and while following rigorous 
correction for multiple comparisons, is a testament to how sensitive FBA is to glaucomatous 
WM changes. 

In this study, we set a precedent for the use of FBA in investigating POAG, and potentially 
other diseases that may affect the integrity of the visual pathways. Future studies with 
larger sample sizes and a longitudinal nature are required to verify our present suggestion 
that visual pathway WM changes are primarily caused by anterograde trans-synaptic 
degeneration originating from the eye. 
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2.5 CONCLUSIONS

FBA provides a sensitive technique for studying WM changes in glaucoma. While previous 
DTI studies of POAG have reported a non-specific loss of structural integrity of the OTs 
and ORs, the current FBA study characterized these changes in a biologically meaningful 
manner. Our FBA findings suggest that the OTs of POAG patients exhibit signs of a 
more advanced stage of WM degeneration compared to the ORs, potentially implicating 
anterograde trans-synaptic propagation as the primary cause of glaucomatous spread 
along the visual pathways. These novel findings contribute to our understanding of the 
underlying pathophysiology of WM changes in POAG, and could potentially lead to the 
advancement of POAG diagnostics and therapies in the future.
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2.7 SUPPLEMENTARY MATERIAL

Table S1. Clinical tests and H-P-A classification of POAG patients
 pRNFL thickness (μm) VFMD (dB) H-P-A classification*

Right eye Left eye Right eye Left eye Right eye Left eye
Patient 01 79 89 -3.40 -2.23 1 0
Patient 02 60 71 -2.25 -1.10 0 1
Patient 03 66 60 -4.24 -15.29 1 3
Patient 04 75 72 -3.52 -12.60 1 3
Patient 05 69 72 -6.36 -4.56 2 1
Patient 06 70 84 -12.87 -0.50 3 0
Patient 07 86 63 0.52 -4.32 0 1
Patient 08 71 57 -2.36 -28.11 1 4
Patient 09 79 95 -11.76 -0.44 2 0
Patient 10 55 70 -29.58 -1.91 4 1
Patient 11 60 61 -18.57 -23.10 3 4
Patient 12 86 56 -0.92 -23.90 0 4

*Hodapp-Parrish-Anderson (H-P-A) classification: Stage 1 (early glaucoma): VFMD ≥ -6.0 dB; Stage 2 (moderate 
glaucoma): -12.0 ≤ VFMD ≤ -6.0 dB; Stage 3 (advanced glaucoma): -20.0 ≤ VFMD ≤ -12.0 dB; Stage 4 (severe 
glaucoma): -20.0 ≤ VFMD.

Table S2. Comparison of average FBA metrics between POAG patients and controls
Visual tract FBA metric POAG Controls p-value

Left OT FD 0.28 (0.03) 0.31 (0.02) <0.001
FC -0.07 (0.09) 0.02 (0.07) 0.003

FDC 0.26 (0.04) 0.32 (0.03) <0.001

Right OT FD 0.29 (0.02) 0.34 (0.02) <0.001
FC -0.08 (0.08) 0.02 (0.07) 0.001

FDC 0.27 (0.03) 0.35 (0.03) <0.001

Left OR FD 0.39 (0.02) 0.41 (0.02) 0.019
FC 0.04  (0.07) 0.08 (0.08) 0.104

FDC 0.41 (0.04) 0.45 (0.04) 0.013

Right OR FD 0.41 (0.02) 0.42 (0.02) 0.114
FC 0.03 (0.08) 0.07 (0.08) 0.176

FDC 0.42 (0.04) 0.46 (0.05) 0.099
     

Values are presented as mean (SD).
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Figure S1. Average VFMD maps for all POAG patients. Values are in dB units. (A) Average of all VFMD 
values of each point of the visual fields of the left eyes and right eyes of POAG patients. (B) Binocular 
VFMD map representing the average values of each point of left and right hemifields. Average of left 
hemifield: -8.53 dB; average of right hemifield: -8.65 dB.
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ABSTRACT

PURPOSE
To characterize neurodegeneration of glaucomatous optic nerves (ONs) in terms of changes 
in axonal density and morphology using fixel-based analysis (FBA), a novel framework for 
analyzing diffusion-weighted MRI (DWI).  Furthermore, we aimed to explore the potential of 
FBA measures as biomarkers of glaucomatous ON degeneration.

METHODS
DWI scans were obtained from 15 glaucoma patients and 15 controls. ONs were tracked 
and segmented into their three anatomical segments; intraorbital (IO), intracanalicular 
(ICAN) and intracranial (ICRAN). For each segment, FBA measures were computed, which 
included fiber density (FD; a measure of axonal density), fiber-bundle cross-section (FC; an 
estimate of morphological changes), and fiber density and cross-section (FDC). Peripapillary 
retinal nerve fiber layer (pRNFL) thickness and visual field mean deviation (VFMD) were 
assessed for glaucoma patients. ANCOVA was used to compare FBA values between the 
two groups, and Spearman’s correlation analysis was used to test the correlation between 
FBA measures and pRNFL thickness and VFMD.

RESULTS
All glaucomatous ON segments showed a significant loss of FD and FDC compared to the 
controls, while a loss of FC was found in the IO and ICRAN segments only. FD and FDC 
values of the IO and ICAN segments of glaucomatous ONs showed significant correlations 
with pRNFL thickness and VFMD.

CONCLUSIONS
Glaucomatous ONs exhibit lower FD and FC compared to controls, indicating axonal loss 
and gross atrophy. The correlation between FBA measures of glaucomatous ONs and 
established clinical tests of glaucoma demonstrates the potential of FBA measures as 
biomarkers of glaucomatous ON degeneration.
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3.1 INTRODUCTION

Glaucoma is a progressive, irreversible optic neuropathy, characterized by the death of 
retinal ganglion cells (RGCs) and a distinct pattern of visual field loss.1 Clinical evaluation of 
glaucoma involves the assessment of both functional loss and structural retinal degeneration. 
A hallmark of glaucomatous structural degeneration is the loss of retinal nerve fiber layer 
(RNFL) thickness. The RNFL is composed of RGCs axons, and therefore exhibits a decrease 
in thickness following the loss of RGCs due to glaucoma. 

Glaucomatous structural loss, however, is not confined to the RNFL, but it rather manifests 
throughout the entire length of the optic nerve (ON),2 as the ON is primarily formed of 
myelinated RGC axons. Therefore, probing the ON in glaucoma patients could present 
a new approach for detecting glaucomatous structural degeneration. Indeed, diffusion-
weighted MRI (DWI) studies of glaucoma patients have reported degenerative changes in 
glaucomatous ONs beyond the retina.3–12 Furthermore, DWI measures of glaucomatous 
ONs were found to correlate with ophthalmic measures of glaucoma, indicating the potential 
of DWI measures as biomarkers of structural glaucomatous degeneration.

To date, most DWI studies of glaucomatous ONs have relied on diffusion tensor imaging 
(DTI) for data analysis. DTI uses a tensor model to characterize water diffusion on a voxel 
level, producing measures of white matter (WM) structural integrity such as fractional 
anisotropy (FA) and mean diffusivity (MD).13 However, such DTI measures are nonspecific, 
as they reflect a wide range of WM structural changes. For example, a change in FA could 
be a response to changes in membrane permeability, myelination, axonal size or axonal 
packing density.14 Furthermore, due to its single-compartmental nature, the tensor model 
is incapable of distinguishing different tissue types within the same voxel.15 This can affect 
the reliability of tensor-derived measures, especially in relatively small structures such as 
the ON, where partial volume effects from surrounding tissues are inevitable. Therefore, 
adopting higher-order models which overcome some of the limitations of DTI could improve 
the prospects of DWI measures as biomarkers of glaucomatous degeneration.

Fixel-based analysis (FBA) is a novel framework for analyzing DWI, which overcomes some 
of the limitations of DTI by using a multi-compartmental model to analyze distinct WM fiber 
populations within a voxel (termed “fixels”).16 By doing so, FBA is able to produce measures 
that directly correspond to biological changes occurring in WM fibers (Figure 1). These 
measures are (1) fiber density (FD), (2) fiber-bundle cross-section (FC), and (3) fiber density 
and cross-section (FDC). FD examines microstructural WM changes by estimating the 
axonal density of a specific WM fiber population within a voxel.17 A decrease in FD indicates 
axonal loss in a WM fiber population. FC, on the other hand, represents morphological (or 
macrostructural) changes to the cross-sectional area of a specific fiber bundle. A decrease 
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of FC indicates gross atrophy of a WM fiber bundle. Finally, FDC combines FD and FC, 
providing a more comprehensive measure of the overall information carrying capacity of 
WM fiber bundles. Thus, characterizing glaucomatous ON degeneration using FBA could 
provide new insights into the nature of the glaucomatous neurodegeneration and potentially 
provide reliable biomarkers for clinically assessing the ON of glaucoma patients.

Figure 1. Schematic of fiber bundle cross-sections exhibiting changes in FBA measures. Blue circles 
represent cross-sections of axons within a fiber bundle. A decrease in FD represents a loss of axonal 
density. A decrease in FC represents morphological atrophy of a fiber bundle. A decrease of FDC 
represents both a loss of axonal density and atrophy of a fiber bundle (Figure adapted from Raffelt et al.16)

In this study, we aimed to characterize glaucomatous WM degeneration along the different 
anatomical segments of the ON using FBA. Furthermore, we aimed to evaluate the potential 
of FBA measures as biomarkers for glaucomatous ON degeneration by determining their 
correlation with established ophthalmic tests of glaucoma. Finally, for comparison, we 
performed the same analyses using the conventional voxel-based DTI approach.

3.2 METHODS

3.2.1 ETHICAL APPROVAL
This study was approved by the ethics board of the University Medical Center Groningen 
(UMCG). The study adhered to the tenets of the Declaration of Helsinki. All participants 
provided written informed consent prior to participation.

50

C
H

AP
TE

R 
3



3.2.2 PARTICIPANTS
Eighteen glaucoma patients and 18 control subjects were initially recruited for this cross-
sectional study.   Inclusion criteria for glaucoma patients was having been diagnosed with 
glaucoma in at least one eye. Inclusion criteria for controls included having an intraocular 
pressure (IOP) of ≤ 21 mmHg, no visual field defects, and a visual acuity of 0.8 or higher 
(+0.1 logMAR or less) in both eyes. Exclusion criteria for controls and glaucoma patients 
included having any ophthalmic disease that affects optic nerve structure or function (apart 
from glaucoma in the glaucoma group), having a neurodegenerative disorder, having an 
unsuccessful eye exam or MRI scan during data collection, having a contraindication to 
being inside an MRI scanner, and the detection of any apparent pathology on an acquired 
MRI scan. Two controls were excluded for having uncorrectable MRI artifacts compromising 
their DWI scans. Three glaucoma patients were excluded, all for having incomplete eye 
exams. In total, 15 glaucoma patients and 15 controls were included in this study.

3.2.3 OPHTHALMIC TESTS
All participants underwent visual acuity, tonometry, optical coherence tomography (OCT) 
and standard automated perimetry exams. Visual acuity was tested using Snellen charts 
with optimal correction for the viewing distance. Tonometry was performed using a Tonoref 
non-contact tonometer (Nidek, Hiroishi, Japan). A Canon OCT-HS100 scanner (Canon, 
Tokyo, Japan) was used to measure the average peripapillary RNFL (pRNFL) thickness. For 
glaucoma patients, perimetry was performed using a Humphrey Field Analyzer (HFA; Carl 
Zeiss Meditec, Jena, Germany) using the 30-2 grid and the Swedish Interactive Threshold 
Algorithm (SITA), and the results were expressed as visual field mean deviation (VFMD). For 
controls, perimetry was performed using Frequency Doubling Technology (FDT; Carl Zeiss 
Meditec, Jena, Germany) with the C20-1 screening mode to exclude controls with any 
visual field defects. 

3.2.4 DWI DATA ACQUISITION
Whole-brain DWI scans were acquired on a Siemens MAGNETOM Prisma 3T MRI scanner 
(Siemens, Erlangen, Germany) with a 64-channel head coil. The following parameters were 
used for data acquisition: echo-time/repetition time (TE/TR) = 85/5500 ms, 66 axial slices, 
slice thickness = 2 mm, voxel size = 2 mm isotropic, field of view (FoV) = 210 x 210 mm, two 
DWI shells (b=1000 s/mm2 and b=2500 s/mm2), 64 diffusion gradient directions for each 
shell in two phase-encoding directions (anteroposterior and posteroanterior), and three 
non-diffusion weighted images (b=0 s/mm2) in each phase-encoding direction (six in total). 
During scanning, we ensured the inclusion of the entire length and thickness of both ONs in 
the FoV of each participant. The participants were asked to close their eyelids and reduce 
eye movements during the scan as much as possible. 
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3.2.5 DATA PREPROCESSING 
The images were first denoised,18 then corrected for susceptibility,19 motion, and eddy 
current induced distortions20 using FMRIB’s Software Library (FSL v5.011, https://fsl.fmrib.
ox.ac.uk/fsl), and finally corrected for bias field inhomogeneity.21 The images were then 
visually inspected for any uncorrected motion artifacts of the ONs.

3.2.6 FIXEL-BASED ANALYSIS
The complete FBA pipeline has been previously described in detail by Raffelt et al.16 
Here, we briefly give an overview of the main steps of FBA, and specifically highlight any 
performed analyses which deviate from the default FBA pipeline. All described steps have 
been performed in MRtrix3 (www.mrtrix.org).22 A summary of the main steps of this study’s 
pipeline is illustrated in Figure 2.

First, average tissue response functions were produced from the WM, grey matter, and 
cerebrospinal fluid of all included subjects.23 Then, all images were upsampled to an isotropic 
voxel size of 1.3 mm. Next, brain masks were computed for the upsampled images and 
manually edited to include the ONs. Multi-tissue constrained spherical deconvolution24 was 
then performed using the produced set of average tissue response functions to estimate 
fiber orientation distributions (FODs) for each subject, followed by joint bias field correction 
and intensity normalization.17

A group-specific FOD template was produced from all 30 included subjects,25 and all 
FODs were then non-linearly registered to the FOD template space to attain spatial 
correspondence.26 Subsequently, the FOD lobes were segmented to identify the number 
and orientation of fixels within each voxel, and the fixels were assigned FD values based 
on the amplitude of the FOD lobes. Then, the fixels were reoriented in FOD template space 
based on the non-linear transformation of their corresponding voxels, and then assigned 
to their spatially corresponding template fixels. The FC was then computed for each fixel 
based on the warps produced during registration. Finally, the FDC was calculated based on 
the computed FD and FC values.

3.2.7 OPTIC NERVE TRACKING AND SEGMENTATION
In order to analyze the ONs, deterministic tractography was used to track the ONs in the 
FOD template space (Figure 2C). The tracking was performed using three spherical inclusion 
regions of interest (ROIs) placed along the length of both ONs and a single rectangular 
inclusion ROI at the optic chiasm. All three ON inclusion ROIs measured 2 mm in radius, 
and were placed manually in the center of the ON at approximately the middle of the IO 
segment, the distal opening of the optic canal and the middle of the ICRAN segment. The 
optic chiasm ROI was created in the coronal plane, measuring 7 x 15 x 1 voxels (9.1 x 19.5 
x 1.3 mm).
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Figure 2. Overview of data analysis pipeline. (A) Preprocessing of raw DWI data. i) Example of single 
subject DWI scans acquired using anteroposterior and posteroanterior phase-encoding directions, ii) 
Preprocessed DWI scan of the same subject; (B) Fixel-based analysis. i) A close-up view of FODs 
estimated for a single subject. Zoomed inset shows FODs in a segment of the optic nerve (ON), ii) 
Cropped image of the produced population template, color-coded based on the directionality of 
diffusion, iii) Cropped image of identified fixels in a single subject. Fixels are color-coded based on their 
fiber density (FD) values, with yellow representing higher FD and red representing lower FD. Zoomed 
inset shows fixels in a segment of the ON; C) ON tracking and segmentation. i) Placement of regions 
of interest (ROIs). Yellow: optic chiasm ROI; magenta: visual representation of spherical ROIs placed 
along the ONs. ii) The result of deterministic tracking between the ROIs, color-coded by directionality. 
iii) ON segmentation. Each optic nerve is segmented into 14 sub-segments, and each sub-segment is 
assigned to an anatomical ON segment. Alternating shades of the same color represent different sub-
segments of the same anatomical segment. Green: intraorbital segment; red: intracanalicular segment; 
blue: intracranial segment.
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Following ON tracking, approximately 3 mm of the distal ends of the ONs were excluded from 
the analysis to avoid signal contamination from the posterior poles of the eye globes.12,27 The 
ONs were then segmented into 14 sub-segments of equal coronal thickness, each segment 
measuring 2.6 mm (or the equivalent of two slices) in thickness. The resulting ON sub-
segments were then numbered in ascending order, starting at the sub-segments closest to 
the eye globes and ending at the optic chiasm. Then, each sub-segment was assigned to 
one of the three anatomical segments of the ON; intraorbital (IO), intracanalicular (ICAN) or 
intracranial (ICRAN) segment. The categorization was done based on visual inspection of 
anatomical landmarks and the surroundings of the ON. The IO was identified as the segment 
starting at the posterior pole of the eye globe and ending at the apex of the orbit, marked 
by the origin of the extraocular rectus muscles (annulus of Zinn). Seven sub-segments (1-7) 
were assigned to the IO segment. The ICRAN was identified as the segment emerging from 
the proximal end of the optic canal to enter the cranial cavity and ending at the optic chiasm. 
Four sub-segments (11-14) were assigned to the ICRAN. The ICAN was determined as the 
segment between the IO and ICRAN (sub-segments 8-10). 

Finally, the FD, FC and FDC values were computed for each of the 14 sub-segments. The 
FD was computed using the Apparent Fiber Density framework described by Raffelt et al.,17 
where the amplitude of an FOD along a WM fiber population is assumed to represent the 
within-voxel volume occupied by the axons of that specific fiber population. The FC was 
calculated using the non-linear warps required to co-register the fixels of each subject to the 
population template, where a positive FC indicates a cross-sectional area greater than that 
of the population template and a negative FC represents a cross-sectional area smaller than 
that of the population template. The FDC was computed as described by Raffelt et al.,16 to 
incorporate both FD and FC, providing a measure which takes into account both micro- and 
macrostructural changes.

3.2.8 DTI ANALYSIS
For comparison, a conventional voxel-based DTI analysis was also performed. First, diffusion 
tensors were produced from the b=0 s/mm2 and b=1000 s/mm2 shells of the preprocessed 
diffusion data. Then, FA and MD maps were derived from the tensors. The maps were then 
warped to the FOD template space using the same non-linear subject-to-template warps 
produced during FOD registration. Voxel-based masks for each of the 14 ON sub-segments 
were also created. Finally, the FA and MD of each sub-segment were computed.

3.2.9 STATISTICAL ANALYSIS
As some of the glaucoma patients were affected unilaterally and others bilaterally, a 
single ON was included from each patient for statistical analysis. For unilaterally affected 
patients, the glaucomatous ON was included; for bilaterally affected patients, a single ON 
was randomly selected. For the control group, a single random ON was included for each 
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subject, ensuring to keep the same right-to-left side ratio as the glaucoma group. In total, 
nine right-sided and six left-sided ONs were included from both groups.

To analyze the patients’ demographics and clinical characteristics of the included ONs, 
independent-samples t-test was used for parametric continuous variables, Mann-Whitney U 
test was used for non-parametric continuous variables, and χ2 test was used for categorical 
variables. Statistical significance was reported at P < 0.05.

To compare FBA and DTI measures of each ON sub-segment between the two groups, 
analysis of covariance (ANCOVA) was used, while controlling for age and sex as nuisance 
co-variates. To study the three ON anatomical segments, FBA measures were first 
averaged for each segment, then ANCOVA was also used to compare the measures of 
each anatomical segment between the two groups. False discovery rate (FDR) was used to 
correct for multiple comparisons, and statistical significance was reported at PFDR < 0.05. 
A within-subject comparison between the average FBA measures of each ON segment 
was performed for the controls and glaucoma patients using within-subjects ANOVA, and 
statistical significance was reported at a post-hoc Bonferroni corrected P < 0.05. Spearman’s 
rank correlation analysis was used to study the correlation between the average FBA and 
DTI measures of each anatomical segment of the glaucomatous ONs and the average 
pRNFL thickness and VFMD. A Spearman’s correlation coefficient (ρ) ≤ 0.3 signified a very 
weak correlation, 0.3 < ρ ≤ 0.5 signified a weak correlation, 0.5 < ρ ≤ 0.7 signified a 
moderate correlation, and ρ > 0.7 signified a strong correlation. Statistical significance was 
reported at P < 0.05.

3.3 RESULTS

3.3.1 DEMOGRAPHICS AND CLINICAL CHARACTERISTICS
A summary of participants’ demographics and the clinical characteristics of the eyes 
corresponding to the included ONs can be found in Table 1. The two groups did not differ 
significantly in age, sex or IOP. Visual acuity and pRNFL thickness were significantly lower 
in the glaucoma group. The glaucoma group included twelve primary open-angle glaucoma 
(POAG) patients, two pseudoexfoliative glaucoma (PEX) patients and a single case of 
pigmentary glaucoma (PG). Based on the Hodapp-Parrish-Anderson (H-P-A) classification, 
the included eyes comprised four early stage, two moderate, five advanced, and four severe 
glaucomatous eyes.
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Table 1. Group demographics and clinical characteristics of included ONs
 Glaucoma Controls  
 (n = 15) (n = 15) P
Age (years) 67.60 (7.4) 70.13(7.4) 0.44
Males (%) 8 (53.3%) 8(53.3%) 1.00
Visual acuity (logMAR) 0.88 (0.25) 1.14(0.3) 0.02
IOP during study (mmHg) 13.51 (4.3) 12.13(3.8) 0.48
pRNFL (μm) 65.07 (7.4) 99.53(7.8) <0.001
VFMD (dB) -14.9 (9.9) - -
Glaucoma subtype

POAG 12 (80%) - -
PEX 2 (13.3%) - -
PSD 1 (6.7%) - -

H-P-A stage
1 4 (26.7%) - -
2 2 (13.3%) - -
3 5 (33.3%) - -
4 4 (26.7%) - -

Values are presented as mean (SD) or number (%). 

3.3.2 FIXEL-WISE ANALYSIS
All sub-segments of the glaucomatous ONs showed a significant decrease (PFDR < 0.05) in 
FD and FDC compared to the controls, while only sub-segments 2-5 and 12-14 showed 
a significant loss of FC (Figure 3). Group difference effect sizes for different FBA measures 
along the ONs are illustrated in Figure 4. The average of each anatomical ON segment 
showed a significant decrease in FD and FDC in all three segments (PFDR < 0.05), and a 
significant decrease of FC in the IO and ICRAN segments only (Table 2).

3.3.3 DTI ANALYSIS
Sub-segments 2 to 14 of the glaucomatous ONs showed a significant decrease 
 (PFDR < 0.05) in FA compared to the controls, while only sub-segment 14 showed a significant 
increase of MD (Figure 5). Group difference effect sizes for FA and MD along the ONs are 
illustrated alongside their FBA counterparts for comparison in Figure 4. The average of 
each anatomical ON segment showed a significant decrease in FA in all three segments  
(PFDR < 0.05), and a significant increase of MD in the ICRAN segment only (Table 2).
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Figure 3. Fixel-based analysis measures along the optic nerves of the glaucoma and control groups. 
FD (A), FC (B) and FDC (C) measures along the length of glaucomatous and control optic nerves. Solid 
lines represent group mean; transparent ribbons represent SD; * indicates sub-segments showing 
statistically significant difference between the groups (PFDR < 0.05).

Figure 4. Group difference effects sizes for fixel- and tensor-based measures. Effect sizes of group 
differences between glaucoma and control groups along the length of their optic nerves for both fixel-
based (FD, FC, and FDC; solid lines) and tensor-based (FA and MD; dashed lines) measures. All effect 
size values are plotted regardless of statistical significance.
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Figure 5. Tensor-based measures along the optic nerves of the glaucoma and control groups. FA (A) and 
MD (B) measures along length of glaucomatous and control optic nerves. Solid lines represent group 
mean; transparent ribbons represent SD; * indicates sub-segments showing statistically significant 
difference between the groups (PFDR < 0.05).

Table 2. Comparison of FBA and DTI measures of ON segments between glaucoma patients and 
controls

 
Anatomical 

segment Glaucoma Controls Effect size (ηp²) PFDR

FBA metric
FD IO 0.15(0.05) 0.27(0.03) 0.72 <0.001

ICAN 0.15(0.03) 0.23(0.05) 0.49 <0.001
ICRAN 0.12(0.03) 0.19(0.06) 0.33 <0.01

FC IO -0.02(0.09) 0.07(0.11) 0.20 0.03
ICAN -0.02(0.10) 0.03(0.10) 0.05 0.24

ICRAN -0.05(0.10) 0.07(0.12) 0.26 0.02
FDC IO 0.14(0.05) 0.28(0.03) 0.75 <0.001

ICAN 0.15(0.05) 0.24(0.05) 0.42 <0.001
ICRAN 0.11(0.04) 0.21(0.08) 0.35 <0.001

DTI metric
FA IO 0.21(0.08) 0.32(0.07) 0.36 <0.001

ICAN 0.27(0.07) 0.39(0.06) 0.47 <0.001
ICRAN 0.18(0.03) 0.25(0.04) 0.53 <0.001

MD IO 1.48(0.32) 1.37(0.24) 0.04 0.33
ICAN 1.05(0.25) 0.86(0.15) 0.19 0.06

ICRAN 1.42(0.30) 1.21(0.31) 0.19 0.03
Values are presented as mean (SD).

3.3.4 WITHIN-SUBJECT COMPARISON OF ON SEGMENTS
For the glaucoma group, FD was significantly higher in the IO and ICAN segments compared 
to the ICRAN segment (P = 0.044 and P = 0.001, respectively) and FDC was higher in the 
ICAN segment compared to the ICRAN segment (P = 0.010). For the control group, FD 
was significantly higher in the IO segment compared to the ICAN and ICRAN segments 
(P = 0.023 and P = 0.001, respectively) and FDC was higher in the IO segment compared 
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to the ICAN and ICRAN segments (P = 0.016 and P = 0.006, respectively). FC showed no 
difference between segments in both groups.

3.3.5 CORRELATION WITH OPHTHALMIC TESTS
Average FBA and DTI measures of the anatomical segments of glaucomatous ONs showed 
varying degrees of correlation with the average pRNFL thickness and the VFMD (Table 3). 
The strongest correlation was found between the FDC of the IO segment and VFMD (ρ2 
= 0.83, P < 0.001), while the FC of all segments showed no correlation with either of the 
ophthalmic tests.

Table 3. Correlation between FBA and DTI measures of glaucomatous ON segments and ophthalmic 
tests

 
Anatomical 

segment Average pRNFL thickness  VFMD
  ρ2 P  ρ2 P
FBA metric

FD IO 0.47 <0.01 0.76 <0.001
ICAN 0.53 <0.01 0.53 <0.01
ICRAN 0.34 0.02 0.26 0.05

FC IO 0.01 0.77 0.00 0.85
ICAN 0.02 0.58 0.14 0.16
ICRAN 0.08 0.30 0.07 0.33

FDC IO 0.52 <0.01 0.83 <0.001
ICAN 0.28 0.04 0.39 0.01
ICRAN 0.30 0.03 0.21 0.09

DTI metric
FA IO 0.25 0.06 0.37 0.02

ICAN 0.34 0.02 0.56 <0.01
ICRAN 0.08 0.30 0.07 0.35

MD IO -0.02 0.61 -0.15 0.16
ICAN -0.19 0.10 -0.47 <0.01
ICRAN 0.11 0.23 0.07 0.35

3.4 DISCUSSION

This study presents the first application of FBA to characterize glaucomatous ON 
degeneration. We find that glaucomatous ONs show axonal loss and decreased cross-
sectional area compared to healthy subjects. Furthermore, we find a strong correlation 
between FBA measures and both functional and structural glaucoma tests. This suggests 
the viability of FBA measures as potential biomarkers of glaucomatous ON degeneration.
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3.4.1 GLAUCOMATOUS ONs EXHIBIT AXONAL LOSS
Glaucomatous ONs showed a decrease of FD along their entire length, indicating axonal 
loss. This finding is in line with our knowledge of glaucoma as a degenerative disease of the 
RGCs and their ON-forming axons. This axonal loss has been previously reported by Gupta 
et al. in the only human postmortem study of the ONs of a glaucoma patient.28 Specifically, 
axonal loss was found to be more evident inferiorly in both ONs, which corresponded with 
a bilateral superior visual field loss experienced by the patient.28 Although Gupta et al. 
analyzed only the ICRAN segments of the ONs, there is no reason to believe the other ON 
segments would have shown different results. Furthermore, studies of primate glaucoma 
models found a similar loss of axons in the IO segments of the ONs following the induction 
of experimental glaucoma.29,30

While all anatomical segments of the glaucomatous ONs showed a significant decrease in 
FD, the effect size of this decrease appears to be considerably higher at the IO segment. 
From a histopathological perspective, we expect axonal loss to be uniform throughout the 
length of the ON. Therefore, this variation in effect size along the ON is most likely due 
to technical limitations of DWI. The skull base and air-filled paranasal sinuses adjacent to 
the ONs create susceptibility-induced magnetic field inhomogeneities, which can cause 
geometric distortions and signal loss.27,31 These magnetic susceptibility artifacts are more 
likely to affect the ICAN and ICRAN segments, as they are in closer proximity to the magnetic 
field distortions compared to the IO segment, which explains the lower effect sizes found 
in these segments. This, in addition to the within-subject FD differences we found between 
the ON segments, highlights the importance of assessing the entire length of the ON to 
overcome some of the limitations of DWI of the ON and to gain a more complete picture of 
glaucomatous ON degeneration.

3.4.2 SEGMENT-SPECIFIC ATROPHY OF GLAUCOMATOUS ONs 
Glaucomatous ONs showed atrophic changes (as indicated by a decrease in FC) at the IO 
and ICRAN segments, but not the ICAN segment. The aforementioned postmortem and 
primate studies have also found macrostructural atrophy in the ICRAN and IO segments, 
respectively.28,30 Moreover, structural MRI studies of glaucomatous ONs have also reported 
a decrease in diameter4,32–34 and cross-sectional area35,36 of the IO segment. However, no 
previous study has specifically reported on morphological changes in the ICAN segment of 
glaucomatous ONs, most likely due to its inconvenient position within the bony optic canal.
The cause of this lack of atrophy at the ICAN segments of glaucomatous ONs in the present 
study is unclear. However, it is most likely a true reflection of ON morphology and not a 
result of imaging limitations. This is evident from the different patterns of FC changes along 
the glaucomatous and healthy ONs, where the FC values converge at the ICAN compared 
to other segments, producing a bottleneck-like effect (Figure 3B). This finding further 
demonstrates the importance of assessing the entire length of glaucomatous ONs.
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3.4.3 DTI ANALYSIS IN COMPARISON TO FBA
All three anatomical segments of the glaucomatous ONs showed a decrease in FA, which 
lacks an explicit biological interpretation and rather indicates a general loss of structural 
integrity. This is in agreement with other DTI studies of glaucomatous ONs,3–12 the majority 
of which investigated the IO segment only. While the loss of FA in the IO segment in our 
study was significant, it had a considerably lower effect size compared to the FD and FDC 
values of the same segment. This can be explained by the aforementioned limitations of 
the tensor-model, especially partial volume effects produced by the cerebrospinal fluid 
surrounding the ON. Interestingly, the effect size of FA loss showed a relatively flat profile 
along the ON, and did not exhibit the same noticeable decline found with FD at the ICAN 
and ICRAN segments (Figure 4). This could be due to the fact that our DTI analysis utilized 
only the low b-value shell for tensor fitting, while FBA used the high b-value shell as well, 
which is associated with lower signal-to-noise ratio and greater geometric distortions,37 to 
which the ICAN and ICRAN segments are susceptible due to their anatomical proximity to 
the skull base and paranasal sinuses.

3.4.4 FBA MEASURES AS BIOMARKERS OF GLAUCOMATOUS ON DEGENERATION
A moderate to strong correlation was found between the FD of the glaucomatous ONs 
and the average pRNFL thickness and VFMD. This correlation is expected, as a decrease 
in FD represents a loss of RGC axons, which reflects a loss of structure and function of 
the RGCs at the level of the retina. A primate study found a similar correlation between the 
RNFL thickness and nerve fiber density in ONs with experimentally induced glaucoma.29 
FC of the glaucomatous ONs, however, showed no significant correlation with either of 
the ophthalmic tests. This is most likely due to the difference in scale between these tests, 
as the FC is a coarse measurement of gross morphological changes while the ophthalmic 
tests operate on a much finer scale. The FDC showed the strongest correlation with the 
ophthalmic tests, specifically at the IO segment. As FDC is a combination of both FD and 
FC, it is supposed to represent the overall information carrying capacity of the ONs, which 
explains its strong correlation with the ophthalmic tests. This finding suggests that FDC of 
the IO segment offers the most accurate representation of glaucomatous ON degeneration 
and hence shows the most potential for being used as a biomarker of glaucomatous ON 
degeneration.

3.4.5 COMPARISON TO PREVIOUS FBA STUDIES
In a previous study, we utilized FBA to investigate post-chiasmatic visual pathway changes 
in POAG patients to better understand the underlying pathophysiology of the central 
degeneration found in these patients.38 We found a significant loss of FD, FC and FDC in 
the optic tracts (OTs) of POAG patients, which is in line with our current findings as the OTs 
and ONs are both formed of RGC axons. However, as the OTs are partially formed of RGC 
axons which cross the midline at the chiasm, they cannot be directly probed to assess 
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glaucomatous degeneration affecting a single eye. In our current study, we focused on 
characterizing degenerative changes along glaucomatous ONs using FBA and evaluating 
the potential of FBA measures along the ONs as direct biomarkers for glaucomatous 
degeneration.

3.4.6 CLINICAL IMPLICATIONS
Currently, OCT is the most widely used ophthalmic test for assessing structural degeneration 
in glaucoma. However, OCT has a number of limitations. For example, OCT measurements 
of RNFL thickness exhibit a so-called “floor effect”, where visual field loss continues 
progressing while detectable thinning of the RNFL plateaus.39 This limits the ability of OCT 
to follow disease progression in advanced glaucoma. Furthermore, the presence of ocular 
media opacities (for example, a dense cataract or corneal scarring) can influence the 
reliability of OCT measurements.40 Given the irreversible nature of glaucomatous damage, 
a diagnostic test circumventing the limitations of OCT could improve glaucoma patient 
care. FBA measures show promise as potential biomarkers of structural glaucomatous 
degeneration, and hence could prove to be a viable alternative, or at the very least a 
complementary test, to OCT in the future. In addition to its potential for clinical use, FBA 
could also be of value to the in vivo testing of novel glaucoma therapies such as RGC 
transplantation41 and neuroprotection.42

3.4.7 STUDY LIMITATIONS AND FUTURE DIRECTIONS
The present study has a number of limitations. Firstly, the number of participants is moderate.  
However, our group sizes are still in line with previous DWI studies of glaucoma.3,12,43–46 
Future studies could benefit from a larger sample size and a separate analysis of different 
stages of glaucoma. Furthermore, a normative database including representative samples 
of normal ONs of different age groups, genders and ethnicities would be needed to make 
FBA measures of ONs clinically applicable. 

Another limitation is the relatively low resolution of the DWI scans in comparison to ON 
size. However, this limitation is not specific to our study, but is rather a general limitation of 
imaging small structures like the ON using DWI. Optimizing a DWI protocol for ON imaging 
and using a dedicated surface coil could increase image resolution and reduce scanning 
time considerably, making FBA a more feasible clinical tool for assessing ON structural 
changes in glaucoma.
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3.5 CONCLUSIONS

Using FBA, we were able to detect axonal loss (as indicated by FD loss) and gross atrophy 
(as indicated by FC decrease) along the different anatomical segments of glaucomatous 
ONs. Our findings are congruent with postmortem and primate studies of glaucomatous 
ON pathology. Compared to conventional voxel-based DTI, FBA provides more biologically 
meaningful measures of glaucomatous ON degeneration. Furthermore, FBA measures of 
glaucomatous ON degeneration show a strong correlation with the outcomes of established 
ophthalmic tests of glaucoma. This suggests a potential for FBA measures to serve as 
biomarkers of glaucomatous ON degeneration, in particular in conditions where current 
ophthalmic imaging techniques are unable to trace such degeneration.
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ABSTRACT

BACKGROUND
Primary open-angle glaucoma (POAG) patients exhibit widespread white matter (WM) 
degeneration throughout their visual pathways. Whether this degeneration starts at the 
pre- or post-geniculate pathways remains unclear. In this longitudinal study, we assess the 
progression of WM degeneration exhibited by the pre-geniculate optic tracts (OTs) and the 
post-geniculate optic radiations (ORs) of POAG patients over time, aiming to determine the 
source and pattern of spread of this degeneration. 

METHODS
Diffusion-weighted MRI scans were acquired for 12 POAG patients and 14 controls at two 
time-points 5.4 ± 2.1 years apart. Fiber density (FD), an estimate of WM axonal density, was 
computed for the OTs and ORs of all participants in an unbiased longitudinal population 
template space. First, FD was compared between POAG patients and the controls at time-
point 1 (TP1) and time-point 2 (TP2) independently. Secondly, repeated measures analysis 
was performed for FD change in POAG patients between the two time-points. Finally, we 
compared the rate of FD change over time between the two groups.

RESULTS
Compared to the controls, POAG patients exhibited significantly lower FD in the left OT 
at TP1 and in both OTs and the left OR at TP2. POAG patients showed a significant loss 
of FD between the time-points in the right OT and both ORs, while the left OR showed a 
significantly higher rate of FD loss in POAG patients compared to the controls.

CONCLUSIONS
We find longitudinal progression of neurodegenerative WM changes in both the pre- and 
post-geniculate visual pathways of POAG patients. The pattern of changes suggests that 
glaucomatous WM degeneration starts at the pre-geniculate pathways and then spreads to 
the post-geniculate pathways. Furthermore, we find evidence that the trans-synaptic spread 
of glaucomatous degeneration to the post-geniculate pathways is a prolonged process 
which continues in the absence of detectable pre-geniculate degenerative progression. This 
suggests the presence of a time window for salvaging intact post-geniculate pathways, 
which could prove to be a viable therapeutic target in the future.
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4.1 INTRODUCTION

Primary open-angle glaucoma (POAG) is a degenerative optic neuropathy and a major 
cause of irreversible blindness worldwide.1 POAG is characterized by the death of retinal 
ganglion cells (RGCs) and progressive visual field loss.2 While an increase in intraocular 
pressure is recognized as a major risk factor, the underlying pathophysiology of POAG 
remains unclear.3

Over the past decade, cross-sectional MRI studies of POAG patients have found evidence 
of structural degeneration along the entire length of their visual pathways.4-24 Degeneration 
was reported in both pre-geniculate pathways, including the optic nerves and optic tracts 
(OTs), and post-geniculate pathways, comprising the optic radiations (ORs) and visual 
cortex. The cause of the reported degeneration in post-geniculate pathways is still a 
matter of debate. The spread of glaucomatous degeneration from pre- to post-geniculate 
pathways through anterograde trans-synaptic degeneration is the most widely accepted 
explanation.25 However, some have suggested that glaucomatous degeneration originates 
in the post-geniculate pathways and then reaches the pre-geniculate pathways through 
retrograde trans-synaptic degeneration, eventually producing the characteristic RGCs death 
and vision loss found in POAG,26,27 although this is not a mainstream opinion. If retrograde 
trans-synaptic degeneration is in fact responsible for the degenerative changes found in the 
pre-geniculate pathways, and hence the retina, POAG could be considered as a primarily 
degenerative disease of the brain rather than the eyes. Additionally, some MRI studies have 
reported degenerative changes beyond vision-related areas of the brain, further suggesting 
the presence of an independent brain component in POAG.9,10

Using a novel method for analyzing diffusion-weighted MRI (DWI) known as fixel-based 
analysis (FBA),28 we have recently characterized degenerative WM changes of the visual 
pathways in POAG in terms of microstructural axonal loss and macrostructural atrophy.29 In 
contrast to conventional methods of DWI analysis, FBA produces biologically interpretable 
measures of white matter (WM) structural degeneration. These measures are: fiber density 
(FD), fiber-bundle cross section (FC), and fiber density and bundle cross section (FDC). FD is an 
estimate of axonal density in a WM fiber bundle, reflecting degeneration on a microstructural 
scale. FC, on the other hand, is a morphological measure of changes in cross-sectional 
area experienced by a WM fiber bundle, reflecting degeneration on a more macrostructural 
scale. FDC is a combined measure of both FD and FC, reflecting the overall information 
carrying capacity of a WM fiber bundle. Using FBA, we found evidence of microstructural 
axonal loss in the OTs and ORs of POAG patients and evidence of macrostructural atrophy 
in their OTs only. Animal studies have indicated that axonal loss precedes atrophic changes 
in glaucomatous WM degeneration.30 Therefore, we proposed that our findings could be 
evidence that the OTs were exhibiting signs of later stages of degeneration compared to the 
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ORs. In turn, this would imply that glaucomatous degeneration of the OTs precedes that 
of the ORs, hence implicating anterograde trans-synaptic degeneration. However, as our 
study was cross-sectional in nature, this interpretation remained strictly speculative. In fact, 
to date, all MRI studies of WM degeneration in POAG have been cross-sectional, limiting 
their ability to identify the source and pattern of progression of this degeneration over time.

To address this issue, we re-invited participants of two of our previous DWI studies of 
POAG31,32 to assess the progression of WM degeneration exhibited by their visual pathways 
since the initial studies were undertaken. We used FBA to investigate degenerative 
progression in the pre-geniculate OTs and the post-geniculate ORs of the POAG patients 
compared to the controls. By doing so, we aimed to determine the source and pattern of 
spread of visual pathway WM degeneration in POAG.

4.2 MATERIALS AND METHODS

4.2.1 ETHICAL APPROVAL
This study adhered to the tenets of the Declaration of Helsinki and was approved by the 
ethics board of the University Medical Center Groningen (Approval number: 2017/232). A 
written informed consent was provided by all participants.

4.2.2 PARTICIPANTS
During the periods of April 2008 to December 2009 and May 2013 to June 2014, 27 
POAG patients and 27 controls participated in two DWI studies of WM degeneration in 
POAG.31,32 All surviving participants (24 POAG patients and 27 controls) were invited to 
participate in the current retrospective follow-up investigation, of which 14 POAG patients 
and 17 controls agreed to participate again. The inclusion criteria for the POAG group 
were: having participated in one of the two previous DWI studies and being diagnosed 
with POAG. For POAG, reproducible visual field loss had to be present in at least one eye. 
The visual field loss had to be compatible with glaucoma, accompanied by glaucomatous 
optic neuropathy (defined as a vertical cup-to-disc ratio above 0.7 or notching), and without 
any other explanation. Open angles on gonioscopy were required as well as absence of 
signs of pigment dispersion, pseudoexfoliation, or secondary causes of glaucomatous optic 
neuropathy. The inclusion criteria for controls were: having participated in one of the two 
previous DWI studies, having no visual field defects, having a decimal visual acuity score of 
0.8 or higher, and having an intraocular pressure (IOP) of ≤ 21 mm Hg. General exclusion 
criteria for both groups were: development of any ophthalmic, neurologic or psychiatric 
disorders since the initial studies were undertaken, having any contraindication to being 
inside an MRI scanner, and the detection of apparent lesions or abnormalities in the acquired 
MRI scans. Two POAG patients were excluded, both for having MRI-incompatible cardiac 
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implantations. Three controls were excluded, one for experiencing a transient ischemic 
attack since participating in the initial studies, one for having a possible metal shrapnel in an 
eye, and one for having an IOP > 21 mmHg during assessment for recruitment in the current 
follow-up. In total, 12 POAG patients and 14 controls were included in this longitudinal 
study (Table 1). Follow-up data was acquired during the period of October 2017 to February 
2018. The mean time interval between the initial and the follow-up visits was 6.1 ± 2.4 
years for POAG patients and 4.8 ± 1.7 years for controls (P = 0.118). From hereon, both 
initial studies will be referred to as Time-point 1 (TP1) and the follow up investigation will be 
referred to as Time-point 2 (TP2).

4.2.3 OPHTHALMIC TESTS
All included participants underwent the same ophthalmic tests that were performed at TP1. 
Visual acuity was tested using a Snellen chart with optimal refractive correction for viewing 
distance. IOP was measured using a Tonoref non-contact tonometer (Nidek, Hiroishi, 
Japan), which relies on a puff of air to applanate the cornea and estimates the IOP by 
measuring the force of the air jet at applanation. The RNFL thickness was assessed using 
laser polarimetry (GDx; Carl Zeiss Meditec, Jena, Germany) and expressed as Nerve Fiber 
Indicator (NFI). Laser polarimetry involves the projection of a beam of polarized light into 
the eye and estimating the RNFL thickness based on the phase shift experienced by the 
beam as it passes through the RNFL. Visual fields in POAG patients were tested using a 
Humphrey Field Analyzer (HFA; Carl Zeiss Meditec, Jena, Germany) with 30-2 grid and 
SITA strategy, and the outcome was expressed as visual field mean deviation (VFMD). HFA 
works by projecting light stimuli of different intensities on a hemisphere covering the visual 
field being tested, and the patient is asked to press a button once they detect the projected 
light stimulus. For healthy controls, the visual fields were tested using frequency doubling 
technology (FDT; Carl Zeiss Meditec, Jena, Germany) C20-1 screening mode to screen 
for any visual field defects. All test locations had to show no reproducible abnormalities 
(P < 0.01) to be considered intact. FDT uses the frequency doubling phenomenon to test 
contrast sensitivity in different sections of the visual field and subsequently detect visual field 
defects. The outcome of the tests and duration of glaucoma for POAG patients are listed in 
Supplementary Table S1. 

4.2.4 IMAGE ACQUISITION AND PREPROCESSING
The same MRI scanner and scanning protocol were used to acquire the DWI data for both 
studies at TP1. To ensure data comparability, the same MRI scanner and scanning protocol 
used at TP1 were also used in the current follow-up investigation. A Philips Intera 3T MRI 
scanner (Eindhoven, The Netherlands) was used, with either an 8- or 16-channel head 
coil, depending on the head coil used for the initial scan of each participant. The scanning 
parameters were as follows: field of view (FoV) = 240 x 240 x 102 mm, 51 axial slices, voxel 
size = 1.875 x 1.875 x 2 mm, echo time (TE) = 79 ms, repetition time (TR) = ~5500 ms, EPI 
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factor = 45, 60 diffusion gradient directions (b= 800 s/mm2) acquired in two phase-encoding 
directions (anteroposterior and posteroanterior) with a single b= 0 s/mm2 volume in each 
phase-encoding direction.

The acquired DWI data was then preprocessed, which included denoising to improve the 
signal-to-noise ratio,33 correction for susceptibility,34 motion and Eddy current induced 
distortions35 in FMRIB’s Software Library (FSL v5.011, https://fsl.fmrib.ox.ac.uk/fsl). Finally, 
bias field inhomogeneity correction36 and global intensity normalization was performed.

4.2.5 FIXEL-BASED ANALYSIS
All FBA steps were performed using MRtrix337 according to the recommended FBA 
pipeline,28 unless specified otherwise. First, an average WM response function was derived 
from the DWI data of all participants.38 Then, the DWI data was upsampled to an isotropic 
voxel size of 1.3 mm, and a fiber orientation distribution (FOD) map was produced for each 
participant using the average WM response function. 

To build an unbiased longitudinal population template, we adapted a method described 
previously by Genc and colleagues.39 Figure 1 outlines the main steps followed. First, the 
FOD maps of each participant at TP1 and TP2 were co-registered to midway space using 
rigid body transformation, followed by the production of an intra-subject population template 
using iterative nonlinear registration and averaging of both FOD maps.40,41 The produced intra-
subject population templates of all 26 participants were then used to produce an unbiased 
longitudinal population template as described in the recommended FBA pipeline.28 Finally, 
all individual FOD maps were non-linearly registered to the longitudinal population template.

Subsequently, the FOD lobes were segmented to identify the fixels within each voxel. The 
produced fixels were then reoriented to achieve fixel correspondence with the population 
template and each fixel was assigned an FD value based on the amplitude of the FOD lobe 
they represent. Then, FC values were computed for each fixel based on the warps produced 
during their registration to the population template. Finally, FDC was calculated from the 
produced FD and FC values.

A whole-brain tractogram was produced using the longitudinal population template to 
determine local connectivity between fixels and hence allow the use of Connectivity-based 
Fixel Enhancement (CFE) for statistical inference.42 A total of 20 million streamlines were 
produced initially, then they were filtered down to 2 million streamlines using Spherical-
deconvolution Informed Filtering of Tractograms43 method to reduce tractography biases. 
To specifically analyze the visual pathways, the OTs and ORs were tracked in population 
template space as previously described29 and then converted to fixel masks to be used as 
regions-of-interest for FBA (Figure 1).
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Figure 1. Flow-chart summarizing the main steps for creating an unbiased longitudinal population 
template. First, an intra-subject template was created from TP1 and TP2 scans of each participant 
individually. Then, the intra-subject templates of all participants were used to create an unbiased inter-
subject population template. To achieve spatial correspondence between all participants in template 
space, each of the participant’s scans were warped from native space to template space using non-
linear registration. To specifically analyze the visual pathways, the OTs (red) and the ORs (green) were 
tracked using probabilistic tractography in template space.

4.2.6 STATISTICAL ANALYSIS
4.2.6.1 Demographics and clinical characteristics
For group comparisons, independent-samples t-test was used for parametric continuous 
variables of equal variance, Welch’s t-test was used for parametric continuous variables of 
unequal variance, Mann-Whitney U test was used for nonparametric continuous variables, and 
χ2 test was used for categorical variables. Statistical significance was reported at P < 0.05.

4.2.6.2 Fixel-based analyses
Fixel masks produced from the tracked OTs and ORs were used as region-of-interest masks 
for FBA. All fixel-based analyses used non-parametric permutation testing and CFE for 
statistical inference.42 Following 5000 permutation tests, fixels were assigned a family-wise 
error (FWE)-corrected P value. Statistical significance was reported at an FWE-corrected 
P < 0.05. To visualize the results, streamline segments corresponding to fixels showing 
statistically significant outcomes were cropped from the produced population template 
tractogram and displayed. 

We performed both cross-sectional and longitudinal fixel-based analyses of the data. 
The aim of the cross-sectional analyses was to qualitatively assess the spatial spread 

75

C
H

AP
TE

R 
4



of degenerative changes in the POAG group. To do so, independent cross-sectional 
comparisons between FBA measures of the POAG group and the controls at TP1 and TP2 
were performed to identify visual pathways exhibiting significant degeneration at each time-
point. Sex, demeaned age at the time of scan, and type of head coil used were included as 
nuisance covariates. 

The aim of the longitudinal analyses was to quantitatively assess the progression of 
visual pathway degeneration. Two different longitudinal analyses were performed. In the 
first of these, a repeated measures analysis was used to compare FBA measures of the 
POAG group at TP1 and TP2. The second longitudinal analysis served to ensure that any 
degenerative progression detected in the POAG group is not the result of natural age-related 
WM degeneration over time. To do so, we compared the progression of FBA changes over 
time between the POAG group and the controls. As the average time interval between 
the scans was not equal between the two groups (see Participants subsection), a rate of 
progression of FBA changes was calculated for each participant and used for comparison. 
For each participant, the rate of progression was calculated by subtracting each FBA metric 
TP1 image from its corresponding TP2 image, and then dividing the resulting difference 
image by the time interval in years, as described by Genc and colleagues.39 The average 
rate of progression of all three FBA measures were then compared between the two groups, 
adding sex, demeaned average age, and type of head coil used as nuisance covariates.

4.2.6.3 Supplementary confirmatory analyses
As the POAG group and the controls experienced unequal experimental time intervals on 
average, the results of the cross-sectional analyses may have been influenced by unequal 
amounts of natural age-related WM degeneration experienced by both groups. To ensure 
a qualitative comparability of the spatial spread of degenerative changes between the 
cross-sectional analyses at both time-points, participants from both groups were matched 
one-to-one based on approximately equal time intervals. This resulted in a total of nine 
pairs of time-interval-matched POAG patients and controls (see Supplementary Table S2 
for matching details). Following time-interval-matching, the mean time interval was 5.2 ± 
2.0 years for both groups. All cross-sectional fixel-wise analyses producing statistically 
significant results with all participants included were repeated for the time-interval-matched 
participants to confirm the results.

To further confirm the results of the longitudinal analyses, each FBA metric TP1 image was 
subtracted from its corresponding TP2 image, and the time interval for each subject was 
used as a regressor in the analysis. The differences in FBA measures were then compared 
between the two groups, adding sex, demeaned average age, and type of head coil used 
as nuisance covariates.
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4.2.6.4 Correlation between FBA measures and clinical tests
To study the correlation between the change in FBA measures and the change in ophthalmic 
test results over time in POAG patients, the average FBA measures (FD, FC and FDC) 
for each tract (OTs and ORs) were first computed for each patient. Then, the values of 
the right and left tracts for each computed FBA value were averaged. The results of the 
ophthalmic tests were also averaged over both eyes for each patient. This was done to 
allow comparisons between the results of the ophthalmic tests and the FBA measures 
derived from post-chiasmatic pathways. Missing data points for both NFI and HFA tests 
were excluded from the analysis. Spearman’s correlation analysis was used to investigate 
the correlation between the differences in the computed measures between the two time-
points. Statistical significance was reported at P < 0.05.

4.3 RESULTS

4.3.1 DEMOGRAPHICS AND CLINICAL CHARACTERISTICS
Table 1 summarizes the demographics and clinical characteristics of the POAG and control 
groups at TP1 and TP2.  Participants of both groups did not differ significantly in age or 
sex at TP1 (P = 0.47, P = 0.72, respectively) or TP2 (P = 0.98, P = 0.72, respectively). The 
POAG group showed a significantly higher mean NFI compared to controls at both time-
points (both P < 0.001).

Table 1. Group Demographics and Clinical Characteristics at Time-point 1 and Time-point 2
 Time-point 1  Time-point 2

 POAG (n=12)
Controls 
(n=14)

Group 
difference P  POAG (n=12)

Controls 
(n=14)

Group 
difference P

Age (y)  62.8(8.0) 0.469 66.5(7.2) 67.4(7.4) 0.979
Male sex 6(50%) 8(57.1%) 0.716 6(50%) 8(57.1%) 0.716
IOP (mmHg)

OD 15.5(4.6) 14.8(3.1) 0.688 12.9(3.3) 12.2(3.2) 0.954
OS 14.7(4.7) 14.5(3.1) 0.906 13.0(4.7) 13.1(3.7) 0.588

Mean 15.1(4.5) 14.7(3.0) 0.792 12.9(3.5) 12.7(3.3) 0.846
NFI

OD 50.5(24.5)* 25.5(15.0)† 0.006 57.9(21.3) 25.9(11.0) <0.001
OS 46.7(27.6)* 19.5(9.3)† 0.013 53.8(27.8) 22.1(8.5) 0.002

Mean 48.6(11.6)* 22.5(11.0)† <0.001 55.9(16.2) 24.0(9.0) <0.001
VFMD (dB)

Worse eye‡ -13.3(9.1)* - - -14.5(9.7) - -
Better eye‡ -1.5(1.5)* - - -3.3(5.1) - -

Mean -6.9(4.7)* - - -8.9(6.1) - -
Values are presented as mean (SD) or number (%).
* Two missing data points
† One missing data point
 Worse/better refers to eye with more/less negative VFMD values
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4.3.2 CROSS-SECTIONAL FIXEL-BASED ANALYSES AT BOTH TIME-POINTS
Compared to the controls, the POAG patients exhibited a significant loss of FD in the left 
OT at TP1 and in both OTs and left OR at TP2 (Figure 2). No significant difference in FC was 
found between the groups at both time-points. FDC was significantly lower in both OTs of 
the POAG patients at both time-points, although the right OT showed an increase in spatial 
pervasiveness of the FDC loss at TP2 compared to TP1 (Figure 2).

Figure 2. Significant loss of FD and FDC in the visual pathways of POAG patients compared to 
controls at Time-point 1 and Time-point 2. Loss of FD was found in the left OT at Time-point 1 and 
in both OTs and left OR at Time-point 2. Loss of FDC was found in both OTs at both time-points. 
Streamlines corresponding to fixels exhibiting significant (FWE-corrected P < 0.05) loss are overlaid 
on a representative axial slice of the inter-subject population template and colored according to their 
p-values. Images are shown in radiologic convention.

4.3.3 LONGITUDINAL FIXEL-BASED ANALYSES
Within-subject repeated measures analysis of POAG patients showed a significant decrease 
in FD and FDC in the right OT and both ORs and a decrease of FC in the right OR between 
the time-points (Figure 3). The left OT showed no significant change in any FBA measure 
between the two time-points. Following comparison of the rate of change in FBA measures 
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in POAG patients and controls, the left OR showed a significantly higher rate of FD loss in 
POAG patients (Figure 4). Rate of FC and FDC changes showed no significant difference 
between the groups.

Figure 3. Significant loss of FD, FC, and FDC in the visual pathways of POAG patients between 
Time-point 1 and Time-point 2. Repeated measures analysis of POAG patients reveals a significant 
loss of FD and FDC at the right OT and both ORs, and a significant loss of FC in the right OR. 
Streamlines corresponding to fixels exhibiting significant (FWE-corrected P < 0.05) loss are overlaid 
on a representative axial slice of the inter-subject population template and colored according to their 
p-values. Images are shown in radiologic convention.

Figure 4. Significant difference in the rate of FD loss exhibited by visual pathways of POAG patients 
compared to controls. The left OR of POAG patients showed a significantly higher rate of FD loss 
compared to the controls. Streamlines corresponding to fixels exhibiting a significant (FWE-corrected 
P < 0.05) difference between groups are overlaid on representative axial (left) and sagittal (right) slices 
of the inter-subject population template and colored according to their p-values. Images are shown in 
radiologic convention.
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4.3.4 SUPPLEMENTARY CONFIRMATORY ANALYSES
In the confirmatory cross-sectional analyses, similar patterns of FBA changes were found 
in all repeated analyses for the time-interval-matched participants (Supplementary Figures 
S1 and S2). While the same patterns were detected, their spatial distribution differed slightly 
from the results of the analyses which included all the participants. For the confirmatory 
longitudinal analyses, the left OR showed a significantly higher FD loss between the time-
points in POAG patients (Supplementary Figure S3).

4.3.5 CORRELATION BETWEEN FBA MEASURES AND CLINICAL TESTS
No significant correlation was found between the differences in the results of the clinical 
tests of glaucoma (NFI and VFMD) and the differences in FBA measures of the POAG group 
between the two time-points (Figure 5).

Figure 5. Scatterplots showing correlations between changes in FBA measures of the OTs and ORs 
and changes in (A) RNFL thickness (represented by NFI) and (B) visual function (represented by VDMD) 
over time. Displayed FBA, NFI, and VMFD values are the differences in the measures between the two 
time-points.
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4.4 DISCUSSION

Our main finding is longitudinal progression of neurodegenerative WM changes in both the 
pre- and post-geniculate visual pathways of POAG patients. We find that WM degeneration 
starts at the pre-geniculate visual pathways, represented by the OTs, then spreads to the 
post-geniculate visual pathways, represented by the ORs. This signifies that in POAG, 
anterograde trans-synaptic degeneration is responsible for the spread of degeneration 
along the visual pathways. Furthermore, we find evidence of continued progression of 
post-geniculate visual pathway degeneration in the absence of detectable pre-geniculate 
visual pathway degenerative progression. We discuss these results, as well as their clinical 
implications, in more detail below.

4.4.1 EVIDENCE OF ANTEROGRADE TRANS-SYNAPTIC DEGENERATION ALONG 
THE VISUAL PATHWAYS IN POAG
The cross-sectional analysis at TP1 revealed a loss of FD in the left OT in POAG patients, 
while the analysis at TP2 revealed an additional loss of FD in the right OT and the left 
OR. The spread of glaucomatous degeneration from OT to OR on the left side and the 
appearance of degeneration on the right starting at the OT and not the OR is evidence 
that glaucomatous degeneration in the POAG group starts at the OTs. The spread of 
glaucomatous degeneration from the pre-geniculate OTs to the post-geniculate ORs 
implicates anterograde trans-synaptic degeneration as the main mechanism of spread of 
glaucomatous degeneration along the visual pathways. While the ORs did not show a loss 
of FDC at either time-point, the spatial expansion of FDC loss over time in the right OT, in the 
absence of such FDC loss in the right OR, is further proof that glaucomatous degeneration 
starts at the pre-geniculate pathways. Moreover, the confirmatory analyses of the time-
interval-matched subgroups show a similar pattern of spread, albeit on a smaller spatial 
scale, which can be attributed to the smaller group sizes resulting from the one-to-one 
matching of controls to patients. Furthermore, the repeated measures analyses of the POAG 
group showed a loss of FD and FDC in the right OT and both ORs over time, confirming 
the anterograde trans-synaptic degeneration pattern of spread. The laterality in our findings 
is most likely statistical in nature, and not a reflection of an underlying pathophysiological 
mechanism. Lateralized degeneration was reported in a previous meta-analysis of cross-
sectional DWI studies of glaucoma,44 although evidence of greater degeneration was found 
on the right rather than the left side. If the laterality was a true reflection of glaucomatous 
brain pathology, the side showing evidence of more advanced degeneration would have 
been consistent across studies.

The current findings confirm our previously proposed interpretation of the results of a cross-
sectional FBA study of the visual pathways in POAG.29 In that study, we found evidence 
of FD loss in both the OTs and ORs with simultaneous FC loss in the OTs only. As animal 
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studies have shown that axonal loss precedes atrophy of WM in POAG,30 we interpreted this 
to be evidence of anterograde trans-synaptic degeneration. While the pattern of spread in 
our current study is in line with our previous FBA findings, we did not find a similar loss of FC 
at either time-point. A possible explanation could be that the POAG patients in the current 
study have not collectively reached a late enough stage of glaucomatous degeneration to 
exhibit detectable WM atrophy, and hence significant FC loss. Another possible explanation 
is that in our previous cross-sectional FBA study, we were able to use a more advanced 
multi-shell DWI protocol optimized specifically for FBA, while in the current retrospective 
longitudinal study we had to conform to the same single-shell DWI protocol used to acquire 
the data several years ago at TP1. Nonetheless, our present observation of progression 
of FD loss over time in the absence of any FC loss after accounting for age-related WM 
degeneration between the time-points agrees with the concept of axonal loss preceding 
gross WM atrophy in glaucoma.

To our knowledge, all previous studies of WM degeneration in POAG have been cross-
sectional in nature, making direct comparison to our current work difficult. Some cross-
sectional whole-brain studies of POAG have found evidence of degenerative changes 
outside the visual system,9,10 suggesting that POAG is a global neurodegenerative disease 
of the brain and that glaucomatous changes found at the level of the eye are secondary to 
this global degeneration. These findings imply that retrograde trans-synaptic degeneration 
is responsible for the spread of glaucomatous degeneration along the visual pathways, 
which would contradict our current findings. However, we note that to obtain their results, 
such studies had to rely on lenient statistical methods, which calls into question the reliability 
of their findings. For example, Frezzotti and colleagues9,10 performed tract-based spatial 
statistics (TBSS) without correction for multiple comparisons. Similar TBSS studies of POAG 
that applied FWE-correction did not find evidence of WM degeneration outside the visual 
pathways.6,20 Furthermore, as mentioned, all current evidence of retrograde trans-synaptic 
degeneration has been derived from cross-sectional investigations, which are not suitable 
for studying the progression of degenerative changes over time.

4.4.2 PROGRESSION OF POST-GENICULATE VISUAL PATHWAY DEGENERATION 
IN THE ABSENCE OF DETECTABLE PRE-GENICULATE VISUAL PATHWAY 
DEGENERATION
While only the repeated measures analyses show a loss of FD in the right OT and OR, 
both longitudinal analyses demonstrate FD loss between the time-points in the left OR 
with no detectable FD loss in the left OT. This cannot be attributed to an overall absence 
of FD loss in the left OT, as the cross-sectional analyses at TP1 and TP2 show a loss of 
FD in the left OT in comparison to the controls. Therefore, while the left OT exhibits signs 
of glaucomatous degeneration, there is no evidence that this degeneration progressed 
significantly between the time-points. The absence of a detectable degenerative progression 
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in the pre-geniculate OT coupled with the presence of a degenerative progression in the 
post-geniculate OR suggests that trans-synaptic spread of glaucomatous degeneration 
is a prolonged process that does not necessarily cease once pre-synaptic degeneration 
plateaus have been reached.

A similar pattern of continued trans-synaptic degenerative spread following the arrest of 
degeneration of the source has been previously described in the visual pathways in both 
antero- and retrograde directions. A longitudinal study of multiple sclerosis patients who 
suffered their first episodes of optic neuritis found evidence of continued anterograde trans-
synaptic degeneration affecting their ORs for up to at least a year following the episodes,45 
an observation the investigators referred to as a “trans-synaptic lag effect.” Another 
longitudinal study of patients suffering from homonymous visual field defects due to post-
geniculate injury found evidence of continued retrograde trans-synaptic degeneration in the 
optic nerves for up to ten years in some of the patients.46 Therefore, our study supports 
the notion that prolonged trans-synaptic spread is a common characteristic of trans-
synaptic degeneration along the visual pathways. Importantly, this observation has not been 
documented in POAG before, and can potentially change the way central degeneration in 
POAG is viewed and clinically managed.

4.4.3 CORRELATION BETWEEN FBA MEASURES AND CLINICAL TESTS OF 
GLAUCOMA
In the current study, we found no statistically significant correlation between the changes 
in structural and functional clinical tests of glaucoma and the changes in FBA measures 
in POAG patients. This lack of correlation could be attributed to our relatively moderate 
sample sizes, in addition to some missing data points at TP1 (Table 1 and Supplementary 
Table S1). Additionally, the RNFL thickness was assessed using laser polarimetry, which 
was found to be less sensitive to retinal changes over time in comparison to other methods 
such as optical coherence tomography.47 Furthermore, DWI data was acquired using a 
single-shell scanning protocol which was not optimized for FBA. Most likely, the lack of 
correlation found in the current study is the combined outcome of all the suggested causes. 

4.4.4 CLINICAL IMPLICATIONS
Characterizing the pattern of spread of glaucomatous degeneration along the visual 
pathways contributes to our understanding of the underlying pathophysiology of POAG. 
This knowledge could have great significance to POAG diagnostics and therapeutics.

Our current findings could play a role in the development of novel glaucoma therapies. 
For example, novel neuroprotective therapies aiming to stop the progression of glaucoma 
would benefit from being able to assess glaucomatous spread along the visual pathways, 
which can only be determined once the pattern of this spread has been identified. Other 
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novel therapies such as RGC transplantation could also benefit from this knowledge, as 
transplanting RGCs to the pre-geniculate pathway would be ineffective if glaucomatous 
degeneration was found to start at the post-geniculate pathway.

Identifying the previously mentioned “trans-synaptic lag effect” in POAG could also prove 
to be beneficial to glaucoma treatment in the future. By further studying this effect and 
identifying its time frame more precisely, viable post-geniculate neurons corresponding to 
degenerated pre-geniculate neurons could be salvaged before they succumb to trans-
synaptic degeneration A similar argument related to retrograde trans-synaptic degeneration 
following injury to the post-geniculate pathways has been presented by de Vries-Knoppert 
and colleagues.48 Such preventative measures could become critical in the context of the 
development of RGC transplantation efforts. 

4.4.5 LIMITATIONS AND FUTURE DIRECTIONS
Our current study has several limitations. The relatively small pool of potential participants 
for this follow-up study, in addition to being restricted by the number of participants who 
agreed to return and who were also eligible for recruitment, limited our present sample 
sizes. Nevertheless, our sample sizes are still in line with a number of previous cross-
sectional studies of WM degeneration in POAG.9,11,13,29 Another limitation is the different time 
intervals experienced by the participants of the two previous studies, and an overall time 
interval difference between the included POAG patients and the controls. To address this 
issue, we performed a time-interval-matched analysis, the results of which confirmed our 
main findings. Future studies investigating glaucomatous spread could consider increasing 
the number of follow-up time-points, in order to increase the precision with which the 
time frames of degeneration and the trans-synaptic lag effect can be studied. Such future 
prospectively planned longitudinal studies could further benefit from more consistent time 
intervals, the inclusion of early stage POAG patients, larger sample sizes and utilizing a 
DWI acquisition protocol optimized for higher-order diffusion models. Moreover, including 
participants who are still in a “glaucoma suspect” stage would be ideal. However, to retain 
meaningful numbers of participants that have progressed into more advanced stages of 
glaucoma would require huge numbers of initial inclusions, which would render such a study 
prohibitively expensive.
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4.5 CONCLUSIONS

We find that the degenerative changes present throughout the visual pathways of POAG 
patients are most likely the result of anterograde trans-synaptic spread of glaucomatous 
degeneration originating at the pre-geniculate pathways. Furthermore, trans-synaptic spread 
of glaucomatous degeneration is a prolonged process which continues in the absence of 
detectable pre-geniculate visual pathway degeneration. This suggests the presence of a 
time window for salvaging intact post-geniculate pathways, which could prove to be a viable 
therapeutic target in the future.
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4.7 SUPPLEMENTARY MATERIAL

Figure S1. Significant loss of FD and FDC in the visual pathways of POAG patients compared to time-
interval-matched controls at Time-point 1 and Time-point 2. Loss of FD was found in the left OT at 
time-point 1 and in left OT and OR at time-point 2. Loss of FDC was found in both OTs at both time-
points. Streamlines corresponding to fixels exhibiting significant (FWE-corrected P < 0.05) loss are 
overlaid on a representative axial slice of the inter-subject population template and colored according 
to their p-values. Images are shown in radiologic convention.
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Figure S2. Significant loss of FD, FC and FDC in the visual pathways of time-interval-matched POAG 
patients between Time-point 1 and Time-point 2. Repeated measures analysis of time-interval-matched 
POAG patients reveal a significant loss of FD and FDC at the right OT and both ORs, and a significant 
loss of FC in both ORs. Streamlines corresponding to fixels exhibiting significant (FWE-corrected P 
< 0.05) loss are overlaid on a representative axial slice of the inter-subject population template and 
colored according to their p-values. Images are shown in radiologic convention.

Figure S3. Significant difference in FD loss exhibited by visual pathways of POAG patients compared to 
controls. The left OR of POAG patients showed significantly higher FD loss compared to the controls. 
Streamlines corresponding to fixels exhibiting a significant (FWE-corrected P < 0.05) difference between 
groups are overlaid on representative axial (left) and sagittal (right) slices of the inter-subject population 
template and colored according to their p-values. Images are shown in radiologic convention.
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Table S2. Time-interval-matched POAG patients and controls
 POAG  Time-interval-matched controls

Patient No.
Age at TP1 

(y)
Age at TP2 

(y)
Time interval 

(y)  
Age at TP1 

(y)
Age at TP2 

(y)
Time interval 

(y)
2 60 69 9.5 60 69 9.25
3 73 77 4.42 81 85 4.5
4 72 76 4.5 66 70 4.5
5 57 61 4.17 55 59 4
6 68 72 4.5 68 72 4.42
7 53 61 7.83 50 58 7.83
8 55 58 3.67 67 70 3.5
9 54 59 4.5 53 58 4.5
12 54 57 3.83 55 59 4

Mean (SD) 61.7 (9.8) 66.7 (9.1) 5.2 (2.0) 60.7 (8.1) 65.6 (8.0) 5.2 (2.0)
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ABSTRACT

PURPOSE 
Diffusion tensor imaging (DTI) studies of primary open-angle glaucoma (POAG) patients 
have demonstrated that glaucomatous degeneration is not confined to the retina but 
involves the entire visual pathway. Due to the lack of direct biological interpretation of DTI 
parameters, the structural nature of this degeneration is still poorly understood. In this study, 
we utilized neurite orientation dispersion and density imaging (NODDI) to characterize the 
microstructural changes in the pre-geniculate optic tracts (OTs) and the post-geniculate 
optic radiations (ORs) of POAG patients, in order to better understand the mechanisms 
underlying these changes.

METHODS
T1- and diffusion-weighted scans were obtained from 23 POAG patients and 29 controls. 
Maps of NODDI parameters, including neurite density index (NDI; a measure of axonal 
density) and orientation dispersion index (ODI; a measure of axonal coherence), were 
produced. Probabilistic tractography was used to delineate the OTs and ORs. Finally, 
NODDI parameters were computed for the OTs and ORs and the measures were compared 
between both groups using ANCOVA. Statistical significance was reported at P <0.05.

RESULTS
The OTs of POAG patients showed a higher ODI and lower NDI compared to the controls 
(P < 0.001 and P = 0.001, respectively), while their ORs showed a higher ODI only  
(P = 0.003). 

CONCLUSIONS
The pre-geniculate visual pathways of POAG patients exhibited a loss of both axonal 
coherence and density, while the post-geniculate pathways exhibited a loss of axonal 
coherence only. Given the anterograde nature of glaucomatous trans-synaptic degeneration, 
we speculate that disruption of OR axonal coherence is a potential marker of early post-
geniculate spread.
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5.1 INTRODUCTION

Primary open-angle glaucoma (POAG) is a leading cause of irreversible blindness worldwide.1 
It is characterized by the death of retinal ganglion cells (RGCs), which leads to progressive 
visual field loss and structural degeneration of the retina.2 While clinical assessment of POAG 
remains focused on examining the eye, MRI studies of POAG patients have demonstrated 
that glaucomatous degeneration spreads downstream from the pre-geniculate RGCs to 
the post-geniculate visual pathways through anterograde trans-synaptic degeneration, 
eventually reaching the visual cortex.3 Specifically, diffusion-weighted imaging (DWI) studies 
have shown evidence of white matter (WM) degeneration throughout the visual pathways, 
including the optic tracts (OTs) and optic radiations (ORs).4–18 However, the underlying 
pathophysiology of this degeneration has yet to be determined.

The vast majority of DWI studies of visual pathway WM degeneration in POAG have relied 
on the diffusion tensor imaging (DTI) approach for data analysis. DTI uses a tensor to model 
water diffusion within every voxel, producing parameters such as fractional anisotropy (FA) 
and mean diffusivity (MD). A decrease of FA and an increase of MD are generally interpreted 
as an indication of WM structural integrity loss. However, these DTI parameters are non-
specific, as they reflect a wide range of WM structural changes, including changes in axonal 
density, myelination, axonal orientation and membrane permeability.19 To address this issue, 
higher order biophysical models of DWI have been recently developed to provide more 
specific and biologically meaningful measures of WM degeneration. Neurite orientation 
dispersion and density imaging (NODDI) is such a higher order biophysical model.20

NODDI models water diffusion in the different biological tissue compartments. It models 
restricted diffusion in the intranuerite space, hindered diffusion in the extraneurite space, 
and isotropic diffusion in cerebrospinal fluid (CSF).20 By doing so, NODDI produces three 
parameters: neurite density index (NDI), orientation dispersion index (ODI), and fraction of 
isotropic diffusion (FISO). NDI indicates the volume fraction occupied by the intraneurite 
space, and thus represents the density of neurites (axons and dendrites) within a voxel. A 
low NDI is generally associated with a loss of neurites and hence neurodegeneration. ODI 
indicates the variation of axonal orientation in the extraneurite space, and hence represents 
how well-aligned and coherent axons are in a voxel. A high ODI indicates axonal dispersion, 
while a low ODI indicates axonal coherency. Lastly, FISO is the volume fraction occupied by 
CSF in a voxel. A multicompartment model such as NODDI can provide new insights into 
WM changes occurring in degenerative disorders previously studied exclusively using DTI. 

In this study, we present the first application of NODDI to investigate WM changes in POAG, 
specifically in the pre-geniculate OTs and the post-geniculate ORs. By doing so, we aim to 
characterize the structural nature of these glaucomatous WM changes in terms of axonal 
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density and coherence in order to better understand their underlying pathophysiology. 
Additionally, we assess the diagnostic performance of the NODDI measures of glaucomatous 
WM degeneration. Finally, for comparison, we use the conventional DTI approach for DWI 
data analysis. 

5.2 METHODS

5.2.1 ETHICAL APPROVAL
This study was approved by the medical ethics committee of the University Medical Center 
Groningen (UMCG). The study adhered to the tenets of the Declaration of Helsinki. All 
participants granted written informed consent prior to participation.

5.2.2 PARTICIPANTS
This study included two groups: POAG patients and healthy controls. POAG patients were 
diagnosed based on having reproducible visual field loss and optic neuropathy consistent 
with glaucoma in at least one eye, accompanied with open angles on gonioscopy. Inclusion 
criteria for the controls were: having intact visual fields, a decimal visual acuity score of 0.8 
or higher, and an intraocular pressure (IOP) ≤ 21 mmHg bilaterally. Exclusion criteria for both 
groups included: having an ophthalmic disorder (other than glaucoma in POAG group), a 
history of neurological or psychiatric disorders, a history of brain surgery, and having an MRI 
contraindication. In total, 23 POAG patients and 29 controls were included in this study.

5.2.3 OPHTHALMIC TESTS
Visual acuity was tested using a Snellen chart with optimal correction for the viewing distance. 
IOP was measured using a Tonoref non-contact tonometer (Nidek, Hiroishi, Japan). Optical 
coherence tomography (OCT) was utilized to measure the average peripapillary retinal nerve 
fiber layer (RNFL) thickness using a Canon OCT-HS100 device (Canon, Tokyo, Japan). For 
POAG patients, visual fields were assessed using a Humphrey field analyzer (Carl Zeiss 
Meditec, Jena, Germany). A 24-2 test grid was used for 11 patients and a 30-2 grid was 
used for 12 patients, and the results were expressed as visual field mean deviation (VFMD). 
For the controls, visual fields were screened for defects using an FDT perimeter (Carl Zeiss 
Meditec, Jena, Germany) with C20-1 screening mode (no reproducibly abnormal test 
locations allowed at P < 0.01).

5.2.4 MRI DATA ACQUISITION
MRI data were acquired on a Siemens MAGNETOM Prisma 3T MRI scanner (Siemens, 
Erlangen, Germany) with a 64-channel head coil. High-resolution 3D T1-weighted MPRAGE 
scans were performed using the following parameters: repetition time (TR) = 2300 ms, echo 
time (TE) = 2.98 ms, inversion time (TI) = 900 ms, flip angle = 9°, bandwidth = 240 Hz, field 
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of view (FoV) = 240 x 256 mm2, voxel size = 1 x 1 x 1 mm, slices per slab = 176 slices. 
DWI scans were performed using the following parameters: TR = 5500 ms, TE = 85 ms, 
bandwidth = 2404 Hz, FoV = 210 x 210 mm2, voxel size = 2.0 x 2.0 x 2.0 mm, number of 
slices = 66. DWI data was acquired at b = 1000 s/mm2 and b = 2500 s/mm2 in 64 non-
collinear directions in an anteroposterior phase-encoding direction, and three images were 
acquired at b = 0 s/mm2 in both anteroposterior and posteroanterior directions to allow for 
correction of susceptibility induced image artifacts.

5.2.5 MRI DATA PREPROCESSING AND COREGISTRATION
DWI data was first denoised using MRtrix3 (www.mrtrix.org),21,22 followed by correction for 
motion, susceptibility23 and eddy current-induced24 distortions using FMRIB’s Software 
Library (FSL v5.011, https://fsl.fmrib.ox.ac.uk/fsl). Then rigid body transformation was used 
to coregister the T1-weighted scan of each participant to their preprocessed DWI scan 
using FMRIB’s Linear Image Registration Tool (FLIRT).25 

5.2.6 VISUAL PATHWAY TRACTOGRAPHY
Unless stated otherwise, all tractography steps were performed using MRtrix3. First, a five-
tissue-type (5TT) image was produced from the coregistered T1-weighted images using FSL 
commands invoked through MRtrix3.26,27 5TT images comprise five volumes corresponding 
to different brain tissues, namely WM, cortical grey matter, subcortical grey matter, CSF, and 
pathological tissue. Fiber orientation distributions (FODs) were then computed from the DWI 
data for each tissue type using multi-shell multi-tissue constrained spherical deconvolution.28 
The produced WM FOD maps were subsequently used for tracking the OTs and the ORs.

The OR fibers were tracked between the LGN and the primary visual cortex (V1; Figure 1). 
The LGN was identified manually and a spherical region of interest (ROI) with a 4 mm radius 
was used to circumscribe it. The T1-weighted images were automatically segmented and 
parcellated using Freesurfer (https://surfer.nmr.mgh.harvard.edu)29 to produce V1 masks. 
Probabilistic anatomically-constrained tractography (ACT)27 was then used to produce a 
total of 5000 streamlines between the LGN ROI and V1 mask to delineate the ORs. 

The OTs were tracked between the LGN and the optic chiasm (OC; Figure 1). The OC was 
identified manually and a rectangular ROI covering the coronal cross-section of the OC 
was created. Due to the small size of the OTs, it was not possible to use ACT. Instead, we 
adapted a method originally described for OR tracking to remove anatomically improbable 
streamlines.30 First, a total of 50,000 streamlines were tracked between the LGN and OC 
ROIs using probabilistic tractography. A track density image (TDI) based on the number 
of streamlines passing through each voxel was then produced from the streamlines. 
Subsequently, a threshold was set at the 99th percentile of the intensity distribution of 
the TDI to exclude voxels containing anatomically improbable streamlines, and a binarized 
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mask was then created from the resulting image.  Finally, 500 streamlines were tracked 
between the LGN and OC ROIs while using the thresholded TDI mask to constrain the fiber 
tracking. All tracked OTs were visually inspected to ensure their anatomical plausibility.

Figure 1. Representative example of visual pathway tractography. (A) ROI placement overlaid on an 
axial slice of a T1-weighted image. Yellow = V1 masks; red = representation of LGN spherical ROI; blue 
= optic chiasm. (B) Probabilistic OT and OR fiber tracts. Red = transverse fibers; green = anteroposterior 
fibers; blue = craniocaudal fibers.

5.2.7 Estimation of NODDI and DTI parameters
The NODDI model was fitted to the DWI data on a voxel-by-voxel basis using the NODDI 
Matlab Toolbox (http://mig.cs.ucl.ac.uk/index.php?n=Tutorial.NODDImatlab), producing 
NDI, ODI, and FISO parameter maps. For comparison, standard DTI parameter maps for 
FA and MD were computed from the b = 1000 s/mm2 shell in MRtrix3. Finally, average 
measures of the NODDI and DTI parameters were computed for the tracked OTs and ORs 
of each subject.

5.2.8 STATISTICAL ANALYSIS
Demographics and clinical characteristics of POAG patients and controls were compared 
using independent samples t-test for parametric continuous variables, Mann-Whitney U test 
for nonparametric continuous variables, and χ2 test for categorical variables. NODDI and DTI 
measures of the visual pathways were averaged over both hemispheres and then compared 
using ANCOVA, including sex and age as nuisance covariates. The results of the clinical eye 
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exams were averaged over both eyes and their correlation with NODDI and DTI measures 
was tested using Pearson’s correlation coefficient. ROC curve analysis was used to assess 
the diagnostic performance of NODDI and DTI measures in discriminating between healthy 
and glaucomatous visual pathway WM. All statistical analyses were performed using IBM 
SPSS (version 25; Chicago, IL, USA), and statistical significance was reported at P < 0.05.

5.3 RESULTS

5.3.1 DEMOGRAPHICS AND CLINICAL CHARACTERISTICS
POAG patients and the controls did not differ significantly in age, sex, or IOP. Average RNFL 
thickness was significantly lower in POAG patients compared to the controls. Details are 
provided in Table 1.

Table 1. Demographics and clinical characteristics of participants
 POAG Controls  
 (n = 23) (n = 29) P
Age (years) 69.0 (8.5) 66.7 (6.7) 0.277
Males 12 (52.2%) 18 (62.1%) 0.473
IOP (mmHg)

Right 13.1 (2.6) 13.0 (2.9) 0.947
Left 13.1 (3.7) 13.5 (3.3) 0.444

Mean 13.1 (2.8) 13.2 (3.0) 0.825
RNFL thickness (μm)

Right 69.4 (11.3) 96.9 (8.6) < 0.001
Left 67.2 (11.5) 97.3 (8.7) < 0.001

Mean 68.3 (9.3) 97.1 (7.9) < 0.001
VFMD (dB)

Better eye -4.0 (5.2) - -
Worse eye -13.0 (9.3) - -

Mean -8.5 (6.0) - -
Values are presented as mean (SD) or number (%). IOP = intraocular pressure; POAG = primary open-angle glaucoma; 
RNFL = retinal nerve fiber layer; VFMD = visual field mean deviation.

5.3.2 DIFFERENCES IN NODDI AND DTI PARAMETERS BETWEEN GROUPS 
The OTs of the POAG patients exhibited lower NDI and FA values and higher ODI and MD 
values compared to the controls, while the FISO did not differ between the groups. The ORs 
of the POAG patients exhibited a higher ODI and FA, while the NDI, FISO and MD did not 
differ between the groups. Statistical details and boxplots of the comparisons can be found 
in Table 2 and Figure 2, respectively.

101

C
H

AP
TE

R 
5



Fi
gu

re
 2

. B
ox

pl
ot

s 
sh

ow
in

g 
th

e 
di

st
rib

ut
io

n 
of

 N
O

DD
I a

nd
 D

TI
 m

ea
su

re
s 

of
 th

e 
O

Ts
 a

nd
 O

Rs
 o

f P
O

AG
 p

at
ie

nt
s 

an
d 

th
e 

co
nt

ro
l g

ro
up

. A
st

er
isk

s 
in

di
ca

te
 

st
at

ist
ic

al
ly 

sig
ni

fic
an

t d
iffe

re
nc

e 
be

tw
ee

n 
gr

ou
ps

 (*
 =

 P
 <

 0
.0

1;
 **

 =
 P

 <
 0

.0
01

).

102

C
H

AP
TE

R 
5



Table 2. Comparison of NODDI and DTI measures between POAG patients and controls
Visual tract Parameter POAG Controls partial η2 P

OT NDI 0.64 (0.07) 0.70 (0.07) 0.12 0.001
ODI 0.21 (0.03) 0.18 (0.02) 0.26 < 0.001
FISO 0.51 (0.06) 0.49 (0.07) 0.02 0.375
FA 0.32 (0.04) 0.39 (0.03) 0.50 < 0.001
MD 1.55 (0.10) 1.45 (0.11) 0.18 0.002

OR NDI 0.55 (0.04) 0.57 (0.03) 0.02 0.301
ODI 0.17 (0.01) 0.16 (0.01) 0.17 0.003
FISO 0.13 (0.02) 0.13 (0.02) 0.00 0.800
FA 0.51 (0.02) 0.53 (0.02) 0.20 0.001
MD 0.87 (0.04) 0.85 (0.04) 0.01 0.447

Values are presented as mean (SD). FA = fractional anisotropy; FISO = fraction of isotropic diffusion; MD = mean 
diffusivity; NDI = neurite density index; ODI = orientation dispersion index; OR = optic radiation; OT = optic tract; 
POAG = primary open-angle glaucoma.

5.3.3 CORRELATIONS WITH OPHTHALMIC TESTS
The NDI and FA of the OTs showed a significant positive correlation with VFMD (r = 0.60, P < 
0.005 and r = 0.42, P < 0.05, respectively) while only the FA showed a significant correlation 
with RNFL thickness (r = 0.42, P < 0.05). ODI, MD, and FISO of the OTs and all tested 
parameters of the ORs showed no significant correlation with VFMD or RNFL thickness.

5.3.4 ROC CURVE ANALYSIS
For the OTs, all tested parameters except FISO were able to discriminate between healthy 
and glaucomatous WM (P < 0.05), with FA having the largest area under the curve (AUC; 
AUC=0.90). For the ORs, only ODI and FA were able to discriminate between healthy and 
glaucomatous WM. ROC curves are displayed in Figure 3, and AUC results are listed in Table 3.

Figure 3. ROC curves assessing the ability of NODDI and DTI measures to discriminate between 
healthy and glaucomatous visual pathway WM.
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Table 3. Area under the curve (AUC) for NODDI and DTI measures
Visual tract Parameter AUC 95% CI P

OT NDI 0.73 0.59-0.90 0.005
ODI 0.79 0.65-0.93 < 0.001
FISO 0.57 0.42-0.73 0.372
FA 0.90 0.80-1.00 < 0.001
MD 0.75 0.62-0.88 0.002

OR NDI 0.63 0.47-0.78 0.124
ODI 0.73 0.58-0.87 0.005
FISO 0.53 0.37-0.69 0.713
FA 0.76 0.62-0.90 0.001
MD 0.59 0.44-0.75 0.250

Area under the curve (AUC); FA = fractional anisotropy; FISO = fraction of isotropic diffusion; MD = mean diffusivity; 
NDI = neurite density index; ODI = orientation dispersion index; OR = optic radiation; OT = optic tract.

5.4 DISCUSSION

In this cross-sectional study, we present the first application of NODDI to investigate visual 
pathway WM degeneration in POAG. We find a disruption of axonal coherence in both the 
pre- and post-geniculate visual pathways, and a loss of axonal density in the pre-geniculate 
pathways only. These findings and their possible interpretations are discussed within the 
context of current NODDI and trans-synaptic degeneration literature.

5.4.1 PATTERN OF AXONAL DENSITY AND COHERENCE CHANGES IN THE VISUAL 
PATHWAYS OF POAG PATIENTS
The OTs of POAG patients exhibited a lower NDI and a higher ODI compared to the controls, 
implying a loss of both axonal density and coherence. The ORs, on the other hand, showed 
a higher ODI only, implying a loss of axonal coherence with a preserved axonal density. 

The axonal loss found in the OTs is expected, as glaucoma causes the death of RGCs, 
the axons of which form the OTs. Evidence of OT axonal loss has also been previously 
reported in both animal models of glaucoma and POAG patients.17,31 However, the lack of 
OR axonal loss is surprising, as previous evidence of LGN32–35 and visual cortex36–38 volume 
loss implies the death of the neurons of the ORs. As glaucomatous degeneration starts in 
the pre-geniculate pathways and then spreads to the post-geniculate ones, there is a time 
lag between the degeneration occurring in the OTs and ORs of POAG patients.39 This time 
lag could possibly explain the discrepancy in axonal density changes of the OTs and ORs in 
our group of POAG patients. 

The loss of OR axonal coherence (as indicated by an increased ODI) in the presence of 
preserved OR axonal density suggests that disruption of axonal coherence precedes axonal 
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loss in post-geniculate glaucomatous WM degeneration. Indeed, a longitudinal study of 
anterograde trans-synaptic degeneration in an animal model of optic nerve injury found a 
loss of the “highly coherent appearance” of OR WM preceding axonal loss.40 This supports 
the notion that the loss of axonal coherence in the ORs of our POAG patients is an early sign 
of post-geniculate WM degeneration.

5.4.2 ODI AS A POTENTIAL PROXY MARKER OF POST-GENICULATE VISUAL 
PATHWAY DEMYELINATION
A study of anterograde trans-synaptic degeneration in the visual pathways of both POAG 
patients and a glaucoma animal model demonstrated that demyelination of the post-
geniculate visual pathways precedes axonal loss.40 The increase of ODI and absence 
of NDI changes in the ORs of our POAG patients could potentially be a reflection of the 
described post-geniculate demyelination preceding axonal loss. This interpretation is based 
on the findings of recent NODDI studies of multiple sclerosis (MS). First, a NODDI study 
of MS patients found a marked increase of ODI in active MS lesions in comparison to 
inactive lesions and normal appearing WM, suggesting that increased ODI is a sign of active 
demyelination.41 Furthermore, a longitudinal NODDI study of a de- and remyelinating MS 
animal model reported an increase in ODI during the peak of the demyelination phase, 
followed by a drop in ODI during the remyelination phase.42 Whether the reported increase 
of ODI is a direct result of demyelination or a result of other histopathologic changes 
associated with demyelination is unclear. Nonetheless, the association between active 
demyelination and increased ODI together with the evidence of demyelination preceding 
axonal loss in trans-synaptic degeneration of the visual pathways suggest that ODI could 
potentially be a proxy marker of early post-geniculate demyelination. 

5.4.3 COMPARISON TO DTI STUDIES OF POAG
We find a loss of FA in both the OTs and ORs of POAG patients, which is congruent with 
previous DTI studies of visual pathway WM changes in POAG.4-16 These findings give the 
impression that both pre- and post-geniculate visual pathways exhibit the same form of WM 
degenerative changes, whereas our NODDI findings show that the OTs experience a loss 
in axonal density and coherence while the ORs experience a loss in axonal coherence only. 
Our findings challenge the interpretations of previous DTI studies of POAG, and highlight the 
importance of using biophysical models such as NODDI for studying WM microstructural 
changes.

5.4.4 CORRELATIONS WITH OPHTHALMIC TESTS AND DIAGNOSTIC PERFORMANCE 
OF NODDI PARAMETERS
No correlation was found between the RNFL thickness, a measure of retinal structural 
degeneration, and any of the tested NODDI parameters. This is surprising, as the RNFL 
is formed of the same RGCs axons as the OTs, so a correlation between the NDI of the 
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OTs and the RNFL thickness was expected. Yet, a positive correlation was found between 
VFMD, a measure of glaucomatous functional loss, and the NDI of the OTs. The FA of the 
OTs showed a significant correlation with both the RNFL thickness and the VFMD, which is 
in line with previous DTI studies.11,16

For the OTs, ROC curve analysis revealed that FA is the best discriminator (AUC = 0.90) 
of glaucomatous and healthy WM, followed by ODI, MD and NDI. FA likely surpasses ODI 
and NDI in diagnostic ability because the aspects of WM degeneration assessed separately 
by ODI and NDI contribute to FA values collectively, producing a larger FA effect size in 
comparison. This idea is also supported by the results of the ROC curve analysis of the 
ORs, where NDI could not discriminate between glaucomatous and healthy WM, resulting 
in the FA and ODI AUC values being more comparable (0.76 and 0.73, respectively). While 
this makes FA a better binary classifier of glaucomatous WM degeneration, it lacks the 
biological specificity of NODDI parameters. If our suggestion of increased ODI as an early 
sign of trans-synaptic degeneration is accurate, NODDI measures would be more useful in 
discriminating between healthy WM and different stages of glaucomatous WM degeneration 
in comparison to DTI measures.

5.4.5 CLINICAL IMPLICATIONS
While our current findings contribute to the fundamental understanding of the underlying 
mechanisms of POAG visual pathway degeneration, they also have implications for glaucoma 
diagnostics and therapeutics. More specifically, our suggestion of ODI as a marker of early 
post-geniculate WM degeneration could prove to be useful for early detection of trans-
synaptic spread of glaucomatous degeneration. Such a marker could play an important 
role in the development of new glaucoma therapies such as RGCs transplantation and 
neuroprotection, where assessing the state of the post-geniculate visual pathway is crucial.

5.4.6 LIMITATIONS AND FUTURE DIRECTIONS
A main limitation of this study is the relatively moderate group sizes, which may have 
contributed to the lack of detectable axonal loss that we find in the ORs of POAG patients. 
Furthermore, the inherent limitations of the NODDI approach, specifically the inability to 
individually assess different crossing fibers within the same voxel, may have influenced our 
findings. The presence of crossing fibers in the ORs and their absence in the OTs may be 
partially responsible for the discrepancy in NDI changes that we find between the ORs and 
the OTs. Future longitudinal NODDI studies of early stage POAG patients, or a glaucoma 
animal model, are needed to confirm our findings
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5.5 CONCLUSIONS

We find that the pre-geniculate visual pathways of POAG patients exhibit a loss of axonal 
density and coherence, while the post-geniculate pathways exhibit a loss of axonal 
coherence and a preserved axonal density. Given the anterograde nature of glaucomatous 
trans-synaptic spread, we speculate that disruption of axonal coherence (as indicated by an 
increase in ODI) is a marker of early post-geniculate WM degeneration. Further longitudinal 
studies are required to confirm our conclusions.
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6C H A P T E R

Discussion



The main aim of my thesis was to advance our understanding of the underpinnings of 
visual pathway degeneration in primary open-angle glaucoma (POAG) patients. To this 
end, I utilized novel diffusion-weighted imaging (DWI) techniques to analyze visual pathway 
white matter (WM) changes in POAG, revealing new insights into the structural nature of 
these WM changes. Furthermore, by performing the first longitudinal study of glaucomatous 
WM degeneration, I investigated the source and pattern of spread of this degeneration. 
Additionally, I explored the potential of novel DWI techniques to serve as alternative 
approaches for the assessment of glaucoma.

6.1 PROGRESSION OF VISUAL PATHWAY WM 
DEGENERATION IN POAG

While the presence of widespread visual pathway degeneration in POAG patients has been 
established over a decade ago, the progression of this degeneration over time had never 
been studied before. This hindered our understanding of the underlying mechanisms of 
this degeneration. Therefore, by re-inviting POAG patients who participated in prior cross-
sectional DWI studies, we aimed to perform the first longitudinal study of glaucomatous visual 
pathway WM degeneration (see Chapter 4). By doing so, we were able to verify the source of 
this degeneration and advance our understanding of its pattern of spread over time.

6.1.1 PRIMARY SOURCE AND POSSIBLE MECHANISM OF SPREAD OF WM 
DEGENERATION IN POAG
WM changes in the pre-geniculate optic tracts (OTs) and post-geniculate optic radiations 
(ORs) of POAG patients were investigated over two time-points using fixel-based analysis 
(FBA). We found evidence of OT axonal loss at both time-points, and OR axonal loss at the 
second time-point only. This indicates that glaucomatous degeneration starts in the pre-
geniculate pathway and then spreads to the post-geniculate one. As the OTs are essentially 
formed of the axons of retinal ganglion cells (RGCs), the reported OT axonal loss is most 
likely a direct result of the death of RGCs in POAG patients. The spread of this degenerative 
process across the lateral geniculate nucleus (LGN) to reach the post-geniculate ORs can 
be attributed to anterograde trans-synaptic degeneration. Therefore, our findings affirm the 
conventional view of POAG as primarily a degenerative disease of the RGCs, and that the 
glaucomatous degeneration found throughout the visual pathway of POAG patients is a 
secondary manifestation of RGC degeneration.

6.1.2 TRANS-SYNAPTIC SPREAD OF GLAUCOMATOUS DEGENERATION CONTINUES 
IN THE ABSENCE OF PRE-GENICULATE PATHWAY DEGENERATIVE PROGRESSION
By comparing visual pathway WM degeneration in POAG patients to natural, age-related 
visual pathway degeneration occurring in healthy individuals, we found evidence suggesting 
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that post-geniculate glaucomatous degeneration continues progressing in the absence 
of detectable pre-geniculate degenerative progression. This demonstrates that the trans-
synaptic spread of glaucomatous degeneration is a prolonged process which continues 
even after RGC degeneration is halted, which is usually the main goal of POAG treatment. A 
similar pattern of prolonged trans-synaptic spread has been previously reported in studies 
of both antero- and retrograde trans-synaptic degeneration of the visual pathway.1–3 A 
longitudinal investigation of multiple sclerosis patients who experienced an episode of optic 
neuritis reported evidence of OR degeneration for up to at least a year after the inflammatory 
episode.2 Another study of patients with homonymous hemianopia due to post-geniculate 
lesions found evidence of retrograde trans-synaptic degeneration in the form of RGC loss 
for up to ten years in some of the studied patients.1

6.1.3 CLINICAL IMPLICATIONS
We demonstrated that visual pathway degeneration in POAG starts at the pre-geniculate 
pathway, which supports the current approach to POAG management, where the end 
goal is to halt the progression of RGC death. However, the reported progression of post-
geniculate pathway degeneration in the absence of pre-geniculate degenerative progression 
challenges our current view of what constitutes progressive and non-progressive glaucoma. 
Therefore, the status of post-geniculate glaucomatous activity should not be assumed 
based on the status of pre-geniculate activity. This could be of particular importance to 
the implementation of novel glaucoma therapies such as RGC transplantation and other 
stem-cell based treatments, as such approaches would not be ideal if the post-geniculate 
pathway is still experiencing degenerative progression. Furthermore, the identified time 
lag between pre- and post-geniculate pathway degeneration indicates the presence of a 
time window within which the post-geniculate fibers could still be salvaged before they are 
afflicted by the trans-synaptic spread of pre-geniculate degeneration. Such a time window 
could be exploited by novel neuroprotective therapies to halt the trans-synaptic spread of 
glaucomatous degeneration.

6.2 NEW INSIGHTS INTO THE STRUCTURAL NATURE OF 
VISUAL PATHWAY WM CHANGES IN POAG

Numerous diffusion tensor imaging (DTI) studies have demonstrated evidence of widespread 
visual pathway WM degeneration in POAG patients.4,5 However, due to the lack of direct 
biological interpretability of DTI measures, the structural nature of these degenerative 
changes has remained ambiguous. Recently, novel DWI techniques which overcome 
this limitation by producing biologically meaningful measures of WM changes have been 
developed. I presented the first application of two such novel DWI techniques to study 
glaucomatous WM changes in this thesis, namely fixel-based analysis (FBA) in Chapter 2 
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and neurite orientation dispersion and density imaging (NODDI) in Chapter 5. By utilizing 
these novel DWI techniques, we revealed new insights into the structural nature of visual 
pathway WM changes in POAG.

6.2.1 WHAT FBA REVEALED
FBA is a framework which enables the assessment of differently oriented WM fiber 
populations within the same voxel, and by doing so it addresses the “crossing fibers 
problem” encountered with DWI of WM fibers. FBA metrics include fiber density (FD; an 
estimate of WM axonal density) and fiber bundle cross-section (FC; a measure of changes 
in WM bundle cross-sectional area). Using FBA, we detected a loss of FD in the OTs and 
ORs of a group of POAG patients, and a loss of FC in their OTs only. This indicates that 
the pre-geniculate visual pathway of the studied POAG patients exhibited axonal loss and 
gross bundle atrophy, while their post-geniculate pathway exhibited axonal loss only. As 
glaucomatous WM degeneration generally starts with an axonal loss which eventually 
leads to gross WM bundle atrophy,6 our findings suggest that the pre-geniculate pathway 
of POAG patients expresses signs of later stages of WM degeneration compared to the 
post-geniculate pathway. This interpretation is in line with the notion that glaucomatous 
degeneration starts at the pre-geniculate pathway and then spreads through anterograde 
trans-synaptic degeneration to the post-geniculate pathway. Furthermore, our findings 
corroborate the presence of a time lag between pre- and post-geniculate pathway 
degeneration, which we observed in the aforementioned longitudinal study.

6.2.2 WHAT NODDI REVEALED
NODDI is a multicompartment diffusion model which produces metrics such as neurite 
density index (NDI; a measure of axonal density) and orientation dispersion index (ODI; a 
measure of axonal coherency). By using NODDI to study microstructural visual pathway WM 
changes in POAG, we found that the OTs of a group of POAG patients exhibited a lower 
NDI and a higher ODI compared to healthy controls, while their ORs exhibited a higher ODI 
only. This indicates that the pre-geniculate pathway of the POAG patients exhibited a loss 
of both axonal density and axonal coherence, while their post-geniculate pathway exhibited 
a loss of axonal coherence and a preserved axonal density. Given the anterograde direction 
of glaucomatous trans-synaptic spread, we proposed that a loss of axonal coherence 
precedes the loss of axonal density in the post-geniculate pathway of POAG patients, and 
hence can be used as a marker of early trans-synaptic spread. A similar observation was 
made in a longitudinal animal study of anterograde trans-synaptic degeneration following 
optic nerve axotomy, where a loss of axonal coherence of the post-geniculate pathway WM 
was found to precede axonal density loss.7 

Interestingly, while we found no evidence of axonal density loss in the ORs of POAG patients 
using NODDI, we did find evidence of it using FBA in the form of FD loss. This incongruency 
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is most likely the result of NODDI’s inability to resolve the crossing WM fibers of the ORs 
as opposed to FBA’s ability to do so, which makes FBA more sensitive to axonal density 
changes in WM regions with crossing fibers. 

6.2.3 CLINICAL IMPLICATIONS
While utilizing FBA and NODDI advanced our fundamental understanding of the structural 
nature of visual pathway degeneration in POAG, our findings suggest that they could also 
be of benefit to glaucoma therapeutics. Specifically, they could provide biomarkers for early 
trans-synaptic spread of glaucomatous degeneration, which could play a crucial role in 
developing and implementing novel glaucoma treatments. For example, such biomarkers 
could be used to assess whether or not a glaucoma patient is a good candidate for therapies 
such as RGC transplantation, where determining the status of the post-geniculate pathway 
would be essential. Furthermore, the efficacy of novel neuroprotective agents which aim to 
stop glaucomatous degeneration of the visual pathway would need to be assessed at both 
the pre- and post-geniculate level, the latter of which could be accomplished through the 
use of such biomarkers.

6.3 POAG: A BRAIN DISEASE?

Some DWI studies of POAG have found evidence of WM degeneration outside the visual 
system,8–11 bringing into question the involvement of the whole brain in the pathophysiology 
of POAG. These findings can be interpreted in two possible ways: 1) POAG is a global 
degenerative disorder of the brain, and the degenerative changes exhibited by the RGCs 
are secondary to a degenerative process occurring downstream in the visual pathway; or 2) 
POAG is primarily a degenerative disorder of the RGCs, and the spread of this degeneration 
extends beyond the post-geniculate visual pathway to reach non-vision-related regions 
of brain. However, the findings presented in this thesis contradict both of these possible 
explanations. Firstly, the longitudinal study presented in Chapter 4 demonstrated that the 
pre-geniculate visual pathway is the primary source of WM degeneration in POAG, and that 
this degeneration spreads in an anterograde direction to affect the post-geniculate pathway. 
Secondly, an explorative whole-brain FBA of POAG patients found no evidence of WM 
changes outside the visual system (see Appendix 1), which contradicts previous reports of 
the presence of glaucomatous WM changes outside the visual system.

It should be noted that the studies which reported WM changes outside the visual system 
used somewhat lenient statistical approaches to reach their results. For example, Frezzotti 
et al.8,10 and Giorgio et al.11 used tract-based spatial statistics (TBSS) to perform whole-
brain analysis without correction of the voxel-wise p-values for multiple comparisons as 
recommended. In fact, Frezzotti et al.10 found that “no results survived at multiple comparisons 
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correction.” Another TBSS study by Boucard et al.9 performed the recommended correction 
for multiple comparisons, but only found WM changes outside the visual pathway after 
using “a more lenient statistical threshold of p < 0.09.” Furthermore, similar TBSS studies 
of WM changes in POAG which did perform the recommended family-wise error correction 
for multiple comparisons found no evidence of WM changes outside the visual system.12,13

For the above-mentioned reasons, I do not believe that enough evidence exists to make the 
claim that POAG is a degenerative disorder of the brain as some have suggested.

6.4 FBA AS A CLINICAL TOOL FOR ASSESSING OPTIC 
NERVE DEGENERATION IN GLAUCOMA 

In Chapter 3, we investigated both micro- and macrostructural degenerative changes 
of glaucomatous optic nerves (ONs) using FBA. We found evidence of axonal loss and 
gross atrophy throughout their length, which is in line with both postmortem14 and animal 
studies15,16 of glaucomatous ONs. Furthermore, we found a strong correlation between the 
results of established structural and functional clinical tests of glaucoma and our FBA results, 
which demonstrates the potential of FBA to serve as an alternative clinical tool for assessing 
glaucomatous ON degeneration. Such a tool would be particularly useful in scenarios where 
current clinical tests of structural glaucomatous degeneration, such as optical coherence 
tomography (OCT), fail to perform adequately. For example, the presence of ocular media 
opacities such as dense cataracts renders OCT measurements unreliable,17 a limitation 
which could be overcome by using FBA. Furthermore, OCT measurements exhibit a so-
called “floor effect,” which signifies a point after which a loss of retinal thickness is no longer 
measurable,18 making the assessment of glaucomatous progression difficult after this point 
is reached. Such a “floor effect” may not be present in FBA measures of ON degeneration, 
allowing FBA to assess the progression of structural glaucomatous degeneration at later 
disease stages compared to OCT. In Appendix 2, we propose a framework which enables 
the use of FBA to examine glaucomatous ON degeneration on an individual basis, and 
we explore the viability of the framework by applying it to examine the ONs of a glaucoma 
patient.

6.5 FUTURE RESEARCH DIRECTIONS

6.5.1 UNDERSTANDING THE UNDERLYING MECHANISMS OF VISUAL PATHWAY 
DEGENERATION IN POAG
While the findings presented in this thesis contributed to advancing our understanding of the 
underlying mechanisms of visual pathway degeneration in POAG, the exact pathophysiology 
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of this degeneration remains unclear. Therefore, further research is needed to unravel the 
underpinnings of glaucomatous visual pathway degeneration. Importantly, because most of 
the investigations presented in this thesis have not been undertaken before, confirmatory 
studies of adequate statistical power are still needed to verify our findings. Furthermore, 
to understand how the measures produced by novel DWI techniques (such as FBA and 
NODDI) are temporally related to visual pathway degeneration in POAG, prospectively 
planned longitudinal studies of early stage glaucoma patients, and perhaps glaucoma 
animal models, are needed. Additionally, combining novel DWI techniques with other 
advanced imaging modalities, such as myelin mapping, can give a more complete picture 
of the changes occurring in the visual pathway of POAG patients.

6.5.2 FBA AS A CLINICALLY FEASIBLE DIAGNOSTIC TOOL
In Chapter 3, we reported a strong correlation between FBA measures of ON degeneration 
and the results of established clinical tests of glaucoma, which demonstrates the potential 
of FBA to serve as an alternative clinical tool for assessing glaucoma. To render FBA a 
clinically feasible tool to examine the ONs, a DWI scanning protocol specifically optimized 
for imaging the ONs should be developed, aiming to acquire high-resolution images of 
the ONs at relatively short scan times. Such a scanning protocol would lower the patient 
burden without compromising image quality. Additionally, the use of microscopy surface 
coils19 should be considered to increase the signal-to-noise ratio, which is crucial for 
imaging relatively small structures such as the ONs.  Furthermore, a normative database of 
FBA measures of healthy ONs would be needed to act as a reference against which FBA 
measures of the examined ONs can be compared.

6.6 CONCLUSIONS

The main aim of my thesis was to unravel the underpinnings of visual pathway degeneration 
in POAG. To do so, I utilized novel DWI techniques which produce biologically meaningful 
measures of WM changes to analyze glaucomatous visual pathway WM degeneration in a 
cross-sectional and a longitudinal manner.

The main findings of my thesis are:
• Visual pathway degeneration in POAG starts at the pre-geniculate pathway and 

eventually spreads downstream through anterograde trans-synaptic degeneration, 
affirming the conventional view of glaucoma as primarily a degenerative disease of the 
RGCs.

• Post-geniculate pathway degeneration appears to progress in the absence of detectable 
pre-geniculate pathway degenerative progression in POAG patients. This suggests the 
presence of a time lag between pre- and post-geniculate degeneration, and hence a 
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time window within which post-geniculate pathway fibers could be salvaged.
• The pattern of glaucomatous WM changes detected by the applied DWI techniques 

seems to differ between the pre- and post-geniculate visual pathways, which suggests 
that certain DWI measures could be utilized as biomarkers of early glaucomatous 
spread beyond the RGCs.

• The measures of glaucomatous ON degeneration produced by the utilized DWI 
techniques showed a strong correlation with the results of established clinical tests 
of glaucoma, demonstrating the potential of these DWI techniques to function as 
alternative approaches for the clinical assessment of glaucoma.
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APPENDIX 1 

AN EXPLORATIVE WHOLE-BRAIN FIXEL-BASED ANALYSIS OF WHITE MATTER 
CHANGES IN PRIMARY OPEN-ANGLE GLAUCOMA

A1.1 INTRODUCTION
In Chapter 2, we used fixel-based analysis (FBA) to investigate visual pathway white matter 
(WM) changes in primary open-angle glaucoma (POAG). The analysis was confined to 
the optic tracts (OTs) and optic radiations (ORs), while the rest of the cerebral WM was 
not investigated. This was done to avoid an unnecessary amplification of the multiple 
comparisons problem, which would have been particularly problematic given the relatively 
small group sizes included. However, this precluded us from studying WM changes outside 
the visual pathway. In this appendix, we present an explorative whole-brain FBA to determine 
if cerebral WM outside the visual pathway is affected in POAG.

A1.2 METHODS
Participants
The same participants described in Chapter 5, Section 5.2.2 were included. In total, 23 
POAG patients and 29 controls were included in this investigation.

Image acquisition and preprocessing
The DWI data and preprocessing steps described in Sections 5.2.4 and 5.2.5 were used.

FBA and Statistical analysis
The FBA pipeline and statistical analysis described in the MRtrix3 documentation was used 
(https://www.mrtrix.org). Statistical significance was determined at family-wise error (FWE)-
corrected P < 0.05. Streamlines from the template tractogram corresponding to significant 
fixels were cropped and used to display the results.

A1.3 RESULTS
The OTs of the POAG patients demonstrated a bilateral loss of fiber density (FD) and fiber 
density and bundle cross-section (FDC) compared to the controls (Figure 1). Both ORs of 
the POAG patients demonstrated a widespread loss of FD, while only the left OR showed 
FDC loss, which was limited to two fixels near the occipital pole (Figure 1). No significant 
difference of fiber-bundle cross-section was detected.

The apparent bifurcation seen in the axial view of the left OR areas with a significant FD loss 
is caused by the curvature of the left OR around the posterior horn of the left lateral ventricle. 
Figure 2 displays a series of coronal images of the left OR and the posterior horn of the 
lateral ventricle to visually clarify the cause of this bifurcating appearance.
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Figure 1. Significant FD and FDC loss in POAG patients. Both OTs and ORs of the POAG patients 
showed a loss of FD (left column). Both OTs and only the left OR of the POAG patients showed a loss 
of FDC (right column). Streamline segments corresponding to significant fixels (red) are overlaid on 
representative axial (top row) and sagittal (bottom row) slices of the population template. Images are 
shown in radiologic convention.

Figure 2. A series of coronal images of the posterior horn of the left lateral ventricle and the corresponding 
areas of the left OR which exhibit significant FD loss. White arrowheads point to the areas of the left 
OR which show no significant FD difference, causing the bifurcating appearance in the axial view. 
Streamline segments corresponding to significant FD fixels (red) are overlaid on an anteroposterior 
series of coronal images.
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A1.4 CONCLUSION
We find no evidence of WM changes outside the visual system of POAG patients using 
whole-brain FBA. For a detailed discussion on whole-brain WM changes in POAG, see 
Chapter 6, Section 6.3.
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APPENDIX 2

A FRAMEWORK FOR UTILIZING FIXEL-BASED ANALYSIS TO ASSESS 
GLAUCOMATOUS OPTIC NERVE DEGENERATION ON AN INDIVIDUAL BASIS

In Chapter 3, we suggested the use of fixel-based analysis (FBA) metrics as biomarkers 
of glaucomatous degeneration of the optic nerves (ONs). In this appendix, we propose a 
framework which enables the use of FBA to assess the ONs on an individual basis.

A2.1 THE PROPOSED FRAMEWORK
The main purpose of this proposed framework is to render FBA measures derived from the 
ONs of a single patient comparable to those derived from a population-based FBA template. 
By doing so, the ONs of a single patient can be compared to a normative database of ONs, 
which would act as a reference to help determine whether or not an ON is glaucomatous.

Here, the main steps of the framework and how to incorporate them into the FBA pipeline 
are described (Figure 1). For brevity, this description assumes that the main FBA pipeline 
has already been implemented and that a population template has been produced. For 
more details on the main FBA pipeline and how to use it to produce a population template 
and to assess ONs on a group-level, see Chapter 3.

First, the diffusion-weighted imaging (DWI) data of the single patient of interest undergoes 
the same preprocessing steps as the DWI data used to produce the population template. 
This includes denoising, correction for susceptibility, motion and eddy current artifacts, 
and bias field correction. Then, fiber orientation distribution (FOD) is estimated using the 
same unique set of average tissue functions obtained during the creation of the population 
template, followed by joint bias field correction and intensity normalization. These steps 
ensure that the absolute FOD amplitudes of the single patient are comparable to those of 
the population.

The produced single subject FOD image is then nonlinearly registered to the population 
template, and subsequently warped to template space. The warped FOD image is then 
segmented to identify the number and orientation of fixels within each voxel. Finally, the 
produced fixels are reoriented and assigned to corresponding fixels in the population 
template. By doing so, fixel-based spatial correspondence between the single subject and 
the population template is achieved. FBA measures of the ONs can then be derived from 
the single subject using the tracked ONs in template space.
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Figure 1. A flowchart illustrating the main steps of the proposed framework. The dotted box represents 
the steps applied to a single subject’s DWI data to produce FBA measures comparable to the measures 
produced from a population template. On the right is the data produced from the main FBA pipeline 
which is utilized by the framework to allow for single-subject analysis.

A2.2 APPLYING THE FRAMEWORK TO A SINGLE PATIENT
To explore the viability of the proposed framework, we applied it to examine the ONs of one 
of the glaucoma patients who were excluded from the FBA study presented in Chapter 3. 
This glaucoma patient (52 years old, male) was specifically chosen out of the three excluded 
patients because he suffers from unilateral glaucoma, which would allow us to compare 
his glaucomatous ON to his healthy ON. He was originally excluded from the study due to 
a failed optical coherence tomography (OCT) examination of his glaucomatous eye, most 
likely caused by capsular fibrosis following a cataract surgery.

First, the proposed framework was used to produce FBA measures for all 14 ON sub-
segments (see Chapter 3, Section 3.2.7) of both ONs of the glaucoma patient. However, 
as there is currently no normative database for FBA measures of healthy ONs to use as a 
reference, we could not assign the FBA values percentile ranks in a similar fashion to clinical 
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tests such as OCT. Instead, for the current proof of concept, we used the FBA measures of the 
glaucomatous and control ONs included in the main FBA study to determine cut-off values for 
classifying ONs into glaucomatous and non-glaucomatous. Fiber density and cross-section 
(FDC) was chosen as the FBA measure to be used for this test as it showed the largest 
between-group effect size when comparing glaucomatous to control ONs (Chapter 3, Figure 
4), and had the strongest correlation with the results of established clinical tests of glaucoma 
(Chapter 3, Table 3). An ROC curve analysis was performed for the FDC values of each of the 
14 sub-segments of the ONs of the cases and controls from Chapter 3, and an optimal cut-
off value for each sub-segment was determined based on Youden’s index. Figure 2 shows 
the determined optimal cut-off FDC value for each sub-segment and the corresponding FDC 
values of both the glaucomatous and non-glaucomatous ON of our current patient.

Figure 2. Fiber density and cross-section (FDC) values along a glaucomatous and a non-glaucomatous 
optic nerve (ON) of a single glaucoma patient. Grey dotted line represents the optimal FDC cut-off 
values for determining the status of an ON sub-segment based on an ROC curve analysis of a group of 
glaucomatous and non-glaucomatous ONs. IO = intraorbital; ICAN = intracanalicular; ICRAN = intracranial.

For most of the ON sub-segments, the FDC values of the glaucomatous ON were below 
the determined cut-off value (i.e., successfully categorized as “glaucomatous”), and the 
FDC values of the non-glaucomatous ON were above it (i.e., successfully categorized as 
“non-glaucomatous”).

A2.3 DISCUSSION
Based on a relatively small group of glaucomatous and non-glaucomatous ONs, we 
demonstrated how the proposed framework was able to determine to some extent the status 
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of the ONs of a single patient. This was, of course, merely an explorative examination of what 
the proposed framework could accomplish, and should not be viewed as a confirmatory 
analysis of the viability of the method. As mentioned earlier, to establish FBA as a clinical tool 
for the assessment of glaucomatous ON degeneration, a normative database of FBA values 
of healthy ONs in different age groups, ethnicities, and sexes would be required to be used 
as a reference. Furthermore, a DWI protocol optimized specifically for imaging the ON could 
provide higher resolution images and shorter scanning times, making FBA a potentially 
viable clinical test (for more details, see Chapter 6, Section 6.4).
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SUMMARY

Glaucoma is a leading cause of irreversible blindness worldwide which is characterized by 
the progressive death of retinal ganglion cells (RGCs). While elevated intraocular pressure 
is recognized as a major risk factor, the exact pathophysiology of glaucoma is yet to be 
determined.

Recent MRI studies have found overwhelming evidence of widespread visual pathway 
degeneration in glaucoma patients, which has led to a great deal of interest in the role 
of the central visual system in the pathophysiology of glaucoma. Specifically, diffusion 
tensor imaging (DTI) studies have found evidence of visual pathway white matter (WM) 
degeneration in glaucoma patients. However, DTI measures of WM changes lack direct 
biological interpretability, which has caused our understanding of the structural nature of 
glaucomatous WM changes to remain ambiguous. Furthermore, all DTI studies of glaucoma 
have been cross-sectional in nature, which limited our understanding of the source and 
mechanism of spread glaucomatous visual pathway degeneration.

The main aim of my thesis was to unravel the underpinnings of glaucomatous visual pathway 
degeneration. To this end, I utilized novel diffusion-weighted imaging (DWI) techniques which 
produce biologically meaningful measures of WM changes to analyze glaucomatous visual 
pathway WM degeneration in a cross-sectional and a longitudinal manner.

The main findings of my thesis are:
• Glaucomatous degeneration starts at the anterior visual pathway and eventually 

spreads downstream through anterograde trans-synaptic degeneration, affirming the 
conventional view of glaucoma as primarily a degenerative disease of the RGCs.

• Posterior visual pathway degeneration appears to progress in the absence of detectable 
anterior pathway degenerative progression in glaucoma patients. This suggests the 
presence of a time lag between anterior and posterior visual pathway degeneration, 
and hence a time window within which posterior pathway fibers could be salvaged.

• The pattern of WM changes detected by the applied DWI techniques seems to differ 
between the anterior and posterior visual pathways, which suggests that certain DWI 
measures could be utilized as biomarkers of early glaucomatous spread beyond the 
RGCs. 

• The measures of glaucomatous optic nerve degeneration produced by the novel DWI 
techniques showed a strong correlation with the results of established clinical tests 
of glaucoma, demonstrating the potential of these DWI techniques to function as 
alternative approaches for the clinical assessment of glaucoma.
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While the findings presented in this thesis contributed to advancing our understanding of the 
structural nature and pattern of spatial spread of visual pathway degeneration in glaucoma, 
which shed light on the underlying mechanisms involved, the exact pathophysiology of 
this degeneration remains unclear. Therefore, further research is needed to unravel the 
underpinnings of glaucomatous visual pathway degeneration.
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SAMENVATTING

Glaucoom is een van de meest voorkomende oorzaken van onherstelbare blindheid. Dit 
komt doordat glaucoom de oogzenuw beschadigt. Hierdoor kan visuele informatie niet 
langer de hersenen bereiken met als uiteindelijk gevolg een permanent verlies van het zicht. 
Wat de exacte oorzaak is van de beschadiging van de oogzenuw is nog onbekend, maar 
een verhoogde oogdruk wordt gezien als een belangrijke risicofactor.

Daarnaast hebben recente MRI-studies aanwijzingen gevonden voor slijtage aan de visuele 
banen bij mensen met glaucoom. De visuele banen verbinden de oogzenuwen met de 
hersenen. Eerdere studies, die gebruik maakten van een specifieke MRI-techniek (DWI: 
diffusion-weighted imaging), lieten zien dat de kwaliteit van de witte stof  van de visuele 
banen in geval van glaucoom achteruit gaat. Dit heeft geleid tot grote wetenschappelijke 
belangstelling voor de mogelijke rol die het centrale visuele systeem speelt bij glaucoom. 
Echter, de tot nu toe gevonden veranderingen aan de witte stof waren lastig biologisch 
te interpreteren waardoor ons begrip van de oorzaak van dergelijke veranderingen vrij 
oppervlakkig bleef. Ook werden bij eerdere studies de proefpersonen niet gevolgd in de 
tijd. Daardoor weten we nog steeds weinig over de primaire oorzaak en het verloop van de 
geleidelijke achteruitgang van de witte stof bij glaucoom.

Daarom wilde ik met mijn onderzoek in kaart brengen wat de mechanismen zijn die de 
verslechtering (degeneratie) van de visuele banen bij glaucoom veroorzaken. Ik gebruikte 
hiervoor nieuwe DWI- en analysetechnieken die biologisch interpreteerbare gegevens 
opleveren. Ook vroeg ik mijn proefpersonen (zowel mensen met als zonder glaucoom) na 
enkele jaren terug te komen om het onderzoek te herhalen.

Mijn voornaamste bevindingen zijn:
• Glaucoom is een degeneratieve ziekte die begint bij de oogzenuw en zich van daar 

verspreidt naar de visuele banen.
• Wanneer de verslechtering aan het begin van visuele banen stagneert, gaat deze 

achteraan in de visuele banen nog door. Dit wijst op een vertraging in de overdracht 
van de degeneratie van de voorste naar de achterste delen van de visuele banen. 
Dit geeft ook aan dat er dus mogelijk een periode is waarin de verslechtering van de 
achterste delen van de visuele banen zou kunnen worden voorkomen. Dit is van belang 
bij toekomstige therapie gericht op herstel van de oogzenuw bij glaucoom.

• De nieuwe DWI- en analysetechniek laat zien dat de veranderingen in de witte stof in 
de voorste en achterste delen van de visuele banen volgens verschillende patronen 
verlopen. Deze metingen kunnen daardoor gebruikt worden om de verspreiding te 
volgen van eventuele degeneratie.

• De nieuwe DWI-techniek kan ook als aanvullende of vervangende methode gebruikt 
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worden in de glaucoomdiagnostiek.

Mijn bevindingen dragen daarmee bij aan ons begrip over het verloop van de degeneratie 
van de visuele banen bij glaucoom. Het volledig in kaart brengen van de degeneratieve 
mechanismen bij glaucoom vereist nog wel verder onderzoek.
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