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A P P E N D I C E S



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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