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INTRODUCTION
Visual pathway changes in glaucoma have been established in numerous MRI studies
(Chen et al. 2013; Chen et al. 2013; Yu et al. 2013; Wang et al. 2013; Dai et al. 2013; Li
et al. 2014; Garaci et al. 2009; Hernowo et al. 2011; Boucard et al. 2009; Li et al. 2012;
Liu et al. 2012; Murai et al. 2013; Zikou et al. 2012; Prins, Hanekamp, Cornelissen ...;
Boucard et al. 2016). The most parsimonious explanation for the brain involvement in
glaucoma is that it is a consequence of decreased visual input (visual deprivation; ‘use it
or lose it’) synaptic connections through the mechanism of anterograde transsynaptic
degeneration (Cowan, 1970). However, previous MRI studies have even implied the
presence of brain changes in structures beyond the primary visual pathways (Li et al.
2014b; Zikou et al. 2012b; Boucard et al. 2016; Frezzotti et al. 2014; Li et al. 2012). In
agreement, in Chapter 4, we found that post-geniculate visual pathway differences in
monocular glaucoma differ from those found in monocular blindness (see also Prins et
al 2017, submitted). This suggests that glaucoma is in fact a neurodegenerative disease
that also involves the brain. The current study aims to test this hypothesis. If we can
demonstrate that a brain component contributes to glaucoma, this is of great importance
as it may imply that current treatment – which is only directed at the eye – could be
supplemented by also targeting the visual pathway or perhaps even the entire brain.

Specifically, the hypothesis predicts that in glaucoma the WM diffusion differences
should extend beyond the visual pathways (see Chapter 4). A second prediction is that
the WM differences should be larger than expected on the basis of visual deprivation
or ATD originating from the eye and ON. To test this prediction, we will investigate
WM integrity in vision-related and non-vision tracts1 of patients with glaucoma and
subjects with non-glaucomatous monocular blindness. We will use a tractometric
approach to assess regional and global diffusion measures in 20 major WM tracts, by
applying probabilistic tractography combined with Automated Fiber Quantification
to diffusion-weighted MRI (dMRI) images (AFQ,; (Yeatman et al. 2012)). Tractometry
takes a fundamentally different approach to the analysis of dMRI data compared to
conventional methods and therefore holds the promise of shedding a new and more
detailed light on the origin of brain changes in glaucoma. It uses an algorithm that
automatically identifies and quantifies diffusion measurements at multiple locations
along the trajectory of WM tracts (i.e. tractometry): resulting in a ‘Tract Profile’.
To test the first prediction, we will compare regional and global diffusion measures
of major WM tracts between glaucoma patients and healthy controls. As in Chapter 4,
within the European (EU) group we will compare glaucoma patients with a monocular
visual field defect (MGL) to healthy controls and within the Japanese (JP) group we
will compare glaucoma patients with a high incidence of normal tension glaucoma
(NTG) to healthy controls (JHC).
1
Vision-related tracts could be defined as tracts that have a role in vision. However, this
is too ambiguous as there is no consensus on the exact functional role of many white matter
tracts. Therefore, vision-related tracts are defined as tracts originating from or projecting to the
occipital lobe. Non-vision tracts are defined as white matter tracts that are neither part of the
visual pathways nor originate from or project to the occipital lobe.
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To test the second prediction, within the EU group, we will compare diffusion
between MGL patients and subjects with longstanding, non-glaucomatous monocular
blindness (MBL). Both MGL and MBL have decreased visual input – in fact even
more pronounced in the MBL subjects– yet in monocular blindness we can exclude a
possible neurodegenerative component independent of the eye.
METHODS
Subjects
For this study, we included the same groups (i.e. European (EU) and Japanese
(JP)) as in Chapter 4. Characteristics of the subjects can be found in the methods
section of Chapter 4.
Data acquisition and pre-processing
25.2 The acquisition of clinical data and MRI data is identical to Chapter 4. The MRI
data was pre-processed using the same steps as described in Chapter 4. For details we
therefore refer to this chapter.

Whole-brain fiber tractography
Probabilistic whole-brain fiber tracking was performed with the MRtrix software
package (Brain Research Institute, Melbourne, Australia, http://www.brain.org.au/
software; (Tournier et al. 2012)). Constrained spherical deconvolution (CSD) was
used to estimate regional fiber orientation (Tournier et al. 2007). CSD estimates were
generated with a maximum spherical harmonic order of Lmax = 8.  A WM mask was
created (by segmenting WM using SPM’s DARTEL toolbox   (Ashburner & Friston
2000))(Ashburner & Friston 2000) and binarized using FSL (Ashburner & Friston
2000; Jenkinson et al. 2012) and subsequently used as a seed to constrain the fiber
tracking. The ratio generated/selected fibers was set to 1000000/500000.

Automated Fiber Quantification
After whole-brain fiber tracking, we used the Automated Fiber Quantification software
(AFQ) (Yeatman et al. 2012)https://github.com/jyeatman/AFQ(Yeatman et al. 2012)
to create Tract Profiles of 20 major WM tracts (Table 2). For each subject, first, fiber
tracts are segmented by using a two-waypoint region of interest (ROI) procedure.
Second, fibers tracts are refined by scoring fibers that pass through both waypoint
ROIs of a fiber group and subsequently retained if they score high on similarity
compared to a standard fiber tract probability map. Third, fiber cleaning is done by
removing fibers that deviate substantially from the mean core of the fiber tract as
well as the mean length of the fiber tract. Fourth, the fiber group is clipped to the
central portion between both waypoint ROIs. Fifth, each fiber tract is resampled into
100 equidistant nodes along their trajectories. Lastly, diffusion is calculated at each
node for each participant and each fiber group. For a more detailed description of the
AFQ methodology and algorithms we refer to (Yeatman et al. 2012).
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White matter tracts
Using AFQ, we identified and segmented a total of 20 WM tracts: nine bilateral cerebral
fiber tracts (the anterior thalamic radiation (ATR), the corticospinal tract (CST), the
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cingulum cingulate (CinC), the cingulum hippocampus (CinH), the inferior the frontooccipital fasciculus (IFOF), the inferior longitudinal fasciculus (ILF), the superior  
longitudinal fasciculus (SLF), the uncinate fasciculus (UF) and the arcuate fasciculus
(AF)) and two callosal fiber tracts (the forceps minor and the forceps major) (Table 1).
Table 1 White matter tracts
Tract
Anterior Thalamic Radiation
Corticospinal
Cingulum Cingulate
Forceps Major
Forceps Minor
Inferior Frontal Occipital Fasciculus
Inferior Longitudinal Fasciculus
Superior Longitudinal Fasciculus
Arcuate Fasciculus

Fiber type
Projection
Projection
Association
Commissural
Commissural
Association
Association
Association
Association

ROI1
Frontal
Midbrain
Frontal
Occipital
Frontal
Frontal
Temporal
Frontal
Frontal

ROI2
Temporal
Parietal
Parietal
Occipital
Frontal
Occipital
Occipital
Occipital
Temporal

Optimizing AFQ output
By default, AFQ uses deterministic tractography, however, we choose to use
probabilistic tractography Probabilistic tractography assumes a probability
distribution of the orientation in a voxel, while deterministic tractography assumes a
single orientation. Considering that axons in the brain have diameters in the order of
1μm, each voxel (1-2 mm) contains many axons. Probabilistic tractography accounts
for this uncertainty in the data (Berman et al. 2008; Behrens et al. 2007; Behrens
& Woolrich 2003; Hagler et al. 2009) (for more information on deterministic and
probabilistic tractography, see Chapter 1, section "Tractography"). By default AFQ
cleans tracts by removing fibers that deviate more than 5 standard deviations (SDs)
from the core of the tract (i.e. maximum distance) as well as fibers that are more
than 4 SDs above the mean length of the tract (i.e. maximum length). To determine
the appropriate cleaning parameters for probabilistic tractography, we repeated the
cleaning procedure with different parameters. We began with the default and most
lenient cleaning procedure. We repeated the cleaning procedure with a maximum
distance of 4 SDs and 3 SDs and a maximum length of 4, 3 and 2 SDs (giving a total of
9 different combinations of cleaning parameters). Next, we visually inspected each
segmented tract of our HC subject groups and determined which cleaning parameters
showed the most typical representation of the tract. The cleaning procedure with a
maximum distance of 3 SDs and a maximum length of 4 SDs was selected as being
the most appropriate. We found that AFQ was not able to correctly segment the UF
and CingH; for this reason, these tracts were excluded from our further analyses,
leaving a total of 16 tracts in our actual analyses.
Diffusion measures
For each node of each tract, several diffusion measures (fractional anisotropy (FA),
mean diffusivity (MD), radial diffusivity (RD) and axial diffusivity (AD)) were derived
for describing the anisotropy. For a more detailed description and interpretation of
these measures we refer to the methods section of Chapter 1 (paragraph Parameters to
describe anisotropy; Table 1) (Alexander et
	
   al. 2007; Basser et al. 2000; Jones et al. 1999).
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Statistical analysis
For each WM tract, we computed tract diffusion profiles. For the diffusion measures,
we made the following group comparisons: MGL versus EHC, NTG versus JHC, MBL
versus EHC and MGL. The first and last 10 nodes of each tract were excluded from
analyses since the ends of the tract may contain ambiguous voxels of the grey-white
matter junction. We compared the diffusion measures for the left and right tract
separately as well as for their average.
Statistical analysis was done both at a regional (node) and a global level in the
following manners:

Regional diffusion
Diffusion measures along each WM tract (left, right and mean) were compared using
two-tailed t-tests for independent samples. As recommended by (Yeatman et al.
2012), we corrected for multiple comparisons along each tract and node (80 nodes ×
16 fiber tracts = 1280) using a permutation-based method (Nichols & Holmes 2001),
implemented in the AFQ toolbox. The significance level was set at p<0.05.

Global diffusion
To compare global diffusion measures, we averaged diffusion measures over the
length of the 80 centre nodes of each WM tract (left, right and mean) to create a global
diffusion tract measure per tract (left, right and mean) for each subject group. We
performed a Multivariate Analysis of Covariance (MANCOVA) to compare groups, with
a planned simple contrast of the first (EHC) to the second (MGL) and third groups
(MBL). We used Helmert post-hoc contrasts to compare the second and third level,
thus comparing MGL and MBL. To calculate group differences between NTG and JHC,
we used simple post-hoc contrast of the first (JHC) to the second (NTG) group. We
applied a Bonferroni correction for multiple comparisons. The significance level was
set at p<0.05. All comparisons included age and gender as covariates.

Correlation analysis
To examine an association between significant diffusion measures and clinical
measures, we calculated Pearson’s correlations. We used age and gender as a covariate.
In NTG, correlations were examined between diffusion measures and retinal nerve
fiber layer thickness and visual field sensitivity. For MGL, we examined the correlation
between diffusion measures and NFI, visual field sensitivity and duration of disease.
For MBL, we examined correlations between duration of disease. The significance
level was set at p<0.05.
RESULTS
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Using probabilistic tractography combined with AFQ, we examined regional and
global diffusion measures in 16 major WM tracts and compared these between the
patient and control groups. We find: i) global and regional diffusion differences
between glaucoma patients and healthy controls, ii) between non-glaucomatous
monocular blind subjects and healthy controls and iii) between glaucoma patients
and non-glaucomatous monocular blind subjects. Figure 1 at the end of the Results
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section shows a representative selection of Tract Profiles to illustrate the appearance
and interpretation of several diffusion differences. Below, we will describe our results
in detail. Tables of the results are shown at the end of the Result section.

Demographic and clinical characteristics
The demographic and clinical characteristics of the subjects are summarized in
Chapter 4, Table 1(EU) and Table 2 (JP). The groups did not differ in mean age (MGL
versus EHC: (p=0.953), MBL versus EHC: (p=0.723), NTG versus JHC: (p=0.714)). The
gender distribution did not differ in the EU group (MGL versus EHC: (p=0.260), MBL
versus EHC: (p=0.818)), but did differ in the JP group (NTG and JHC (p=0.029)).

Glaucoma versus healthy controls
Regional diffusion differences
For MGL compared to EHC, we found regional diffusion differences in the ATR (FA↑),
the CinC (FA↑) and the ILF (FA↓). For NTG compared to JHC, we found regional diffusion
differences in the ATR (FA↓, MD↑ and RD↑), the ILF (MD↓) and the SLF (FA↓). Nodes
that showed significant differences  are summarized in for MGL in Table 2 and NTG in
Table 3 (column: “Affected nodes and Location”).
Global diffusion differences
For MGL compared to EHC, we found global diffusion differences in the IFOF (MD↑
and RD↑), the ILF (FA↓) and the SLF (MD↑ and AD↑). Additionally, for NTG compared
to JHC, we found differences in the ATR (RD↓) and the IFOF (MD↑ and RD↑). Global
diffusion values and their corresponding p-values are reported for MGL in Table 2 and
for NTG in Table 3 (column: “Mean”, “Std. Error” and “P-value”).

Correlation analysis
Results from our correlation analyses are summarized in Tables 4 (MGL) and 5 (NTG).
For MGL, we found that the severity of the visual field defect correlated with the
diffusion values of the CinC (FA and RD), the IFOF (AD), the ILF (MD and RD) and the
SLF (FA). The NFI correlated with the diffusion values of the AF (FA),  the ATR (FA and
RD), the CinC (AD), the FM (FA and RD), the ILF (FA, MD and RD) and the SLF(FA).
For the NTG, we found that the severity of the visual field defect correlated with the
diffusion values of the ATR (FA and RD) and the IFOF (FA).
Non-glaucomatous monocular blind versus healthy controls
Regional diffusion differences
For MBL compared to EHC, we found regional diffusion changes in the CinC (MD↓).
The affected nodes are summarized in Table 6 (column: “Affected nodes”).

Global diffusion differences
For MBL compared to EHC, we found global differences in the ATR (FA↑), the CinC
(MD↓) and the ILF (MD↑ and RD↑). Global diffusion values and their corresponding
p-values are reported in Table 6 (column: “Mean”, “Std. Error” and “P-value”)
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Glaucoma versus non-glaucomatous monocular blind
Regional diffusion differences
For MGL compared to MBL, we found regional diffusion differences in the right IFOF
(AD↑) The affected nodes are summarized in Table 7 (column: “Affected nodes”).

Global diffusion differences
For the MGL compared to MBL, we found differences in the AF (MD↑, RD↑ and AD↑),
the ATR (FA↓, MD↑ and RD↑), the IFOF (MD↑ and RD↑) and the SLF (FA↓, MD↑ and
RD↑). Global diffusion values and their corresponding p-values are reported in Table 7
(column: “Mean”, “Std. Error” and “P-value”).

Correlation analysis
In short, for MBL, we found that the duration of the disease showed a correlation with
diffusion values of the ATR (MD, RD and AD), the FM (FA and RD), the IFOF (FA) and
the ILF (MD and RD). The results of the correlation analysis are summarized in Table 8.
Table 2 Global and regional diffusion values between European glaucoma subjects and healthy controls
of the same cohort
Group Diffusion Side Tract Mean
Mean Difference
SD
p
Affected Location
EHC
MGL
Nodes
EHC
AD
R
SLF
1.11
1.16
0.05
0.02 0.02
0
vs
FA
LR
ILF
0.43
0.40
-0.03
0.01 0.02
0
MGL
MD
R
IFOF
0.83
0.86
0.03
0.01 0.02
0
FA
R
ILF
0.42
0.38
-0.04
0.02 0.02
0
RD
R
IFOF
0.60
0.63
0.04
0.02 0.04
0
MD
R
SLF
0.75
0.78
0.03
0.01 0.04
0
RD
LR
IFOF
0.60
0.63
0.03
0.02 0.05
0
FA
L
ATR
0.45
0.47
0.03
0.01 0.08
3
54-56
FA
L
ILF
0.44
0.41
-0.03
0.02 0.08
12
47-58
FA
R
CinC
0.47
0.50
0.03
0.02 0.10
5
58-62
The mean value of the European healthy controls and European glaucoma patients show the estimated
means of the global diffusion values for the entire tract, P-value and SD correspond to the differences
between the global diffusion values of the groups. The number of affected nodes and location show the
significant results of the regional diffusion values (p<0.05, corrected for multiple comparisons). EHC=
European healthy control subjects; MGL= European glaucoma subjects with a monocular visual field defect;
ATR= anterior thalamic radiation; CinC=cingulum cingulate; IFOF= inferior fronto-occipital fasciculus; ILF=
inferior longitudinal fasciculus; SLF=superior longitudinal fasciculus; FA=fractional anisotropy; MD= mean
diffusivity; RD=radial diffusivity; AD=axial diffusivity

98

5
Table 3 Global and regional diffusion values between Japanese glaucoma patients and healthy controls of
the same ethnicity
Group
Diffusion Side Tract Mean
Mean Difference
SD
p
Affected Location
JHC
NTG
Nodes
NTG
RD
LR
IFOF
0.56
0.58
0.02
0.01 0.03
0
RD
R
IFOF
0.56
0.59
0.03
0.01 0.03
0
RD
R
ATR
0.51
0.49
-0.02
0.01 0.04
5
46-50
MD
LR
IFOF
0.78
0.80
0.02
0.01 0.04
0
MD
R
ATR
0.71
0.69
-0.02
0.01 0.06
7
42-48
FA
R
ATR
0.47
0.48
0.02
0.01 0.07
9
58-66
MD
R
ILF
0.78
0.80
0.02
0.01 0.12
4
12-15
FA
LR
ATR
0.47
0.48
0.01
0.01 0.29
3
62-64
FA
L
SLF
0.41
0.40
-0.01
0.01 0.60
6
1-6
The mean value of the Japanese healthy controls and Japanese glaucoma patients show the estimated
means of the global diffusion values for the entire tract, P-value and SD correspond to the differences
between the global diffusion values of the groups. The number of affected nodes and location show the
significant results of the regional diffusion values (p<0.05, corrected for multiple comparisons). JHC=
Japanese healthy control subjects ATR= anterior thalamic radiation; IFOF= inferior fronto-occipital
fasciculus; ILF= inferior longitudinal fasciculus; SLF=superior longitudinal fasciculus; FA=fractional
anisotropy; MD= mean diffusivity; RD=radial diffusivity

Table 4 Correlation between diffusion measures and clinical measures in European glaucoma patients
Group
Tract Side Dfsn
VFD Worst
VFD Mean
NFI Best
NFI Worst
NFI Mean
eye
eye
eye
eye
eye
MGL
r
p
r
p
r
p
r
p
r
p
- -0.73
ATR
R
FA
0.01
- -0.63
LR
FA
0.03
R
RD
0.63 0.03
LR
RD
0.58 0.05
- -0.64
Arc
R
FA
0.02 -0.61 0.03
CinC
R
FA
0.52 0.05 0.53 0.04
R
RD
-0.53 0.04 -0.55 0.03
- -0.64
LR
AD
0.02
- -0.60
LR
AD
0.04
- -0.82
FM
FA
0.00
RD
0.80 0.01
IFOF
L
AD
-0.51 0.06 -0.52 0.05
- -0.60
ILF
R
FA
0.04 -0.67 0.02
- -0.57
L
MD
0.05
R
MD
-0.63 0.01 -0.62 0.01
- -0.61
L
RD
0.04
R
RD
-0.54 0.04 -0.55 0.03
0.60 0.04 0.65 0.02
- -0.59
SLF
L
FA
0.04
- -0.62
LR
FA
0.52 0.05
0.03
MGL= European glaucoma patients with a monocular visual field defect; VFD= visual field defect measured
by perimetry (outcome measure mean deviation); NFI= nerve fiber indicator; Arc= arcuate fasciculus;
CinC=cingulum cingulate; ATR= anterior thalamic radiation; FM= forceps major; IFOF= inferior frontooccipital fasciculus; ILF= inferior longitudinal fasciculus; SLF=superior longitudinal fasciculus; FA=fractional
anisotropy; MD= mean diffusivity; RD=radial diffusivity; AD=axial diffusivity
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Table 5 Correlation between diffusion measures and clinical measures in Japanese glaucoma patients
Group
Tract
Side
Diffusion
VFMD Best eye
VFMD Worst eye
VFMD Mean eye
NTG
r
p
r
p
r
p
ATR
R
FA
0.40
0.05
0.40
0.05
R
RD
-0.47
0.02
-0.42
0.04
-0.46
0.02
IFOF
R
FA
0.39
0.05
NTG= Japanese glaucoma patients with a high-prevalence of normal-tension glaucoma; ATR= anterior
thalamic radiation; IFOF= inferior fronto-occipital fasciculus; VFD= visual field defect measured by perimetry
(outcome measure mean deviation); FA=fractional anisotropy; RD=radial diffusivity

Table 6 Global and regional diffusion values between European subjects with non-glaucomatous
monocular blindness and healthy controls of the same ethnicity
Group Diffusion Side Tract Mean Mean Diffusion
SD
p Affected
Location
EHC
MBL
Nodes
EHC
RD
R
ILF
0.62
0.69
0.07 0.03 0.02
0
vs
FA
R
ATR
0.46
0.49
0.04 0.01 0.02
0
MBL
MD
R
ILF
0.81
0.88
0.07 0.03 0.03
0
MD
LR
CinC
0.54
0.51
-0.04 0.02 0.04
5
28-28; 42-44
FA
LR
ATR
0.45
0.48
0.03 0.01 0.04
0
MD
L
CinC
0.75
0.73
-0.02 0.01 0.12
1
40
The mean value of the European healthy controls and European subjects with non-glaucomatous monocular
blindness show the estimated means of the global diffusion values for the entire tract, P-value and SD
correspond to the differences between the global diffusion values of the groups. The number of affected
nodes and location show the significant results of the regional diffusion values (p<0.05, corrected for
multiple comparisons). CinC=cingulum cingulate; ATR= anterior thalamic radiation; IFOF= inferior frontooccipital fasciculus; ILF= inferior longitudinal fasciculus; SLF=superior longitudinal fasciculus; FA=fractional
anisotropy; MD= mean diffusivity; RD=radial diffusivity; AD=axial diffusivity
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Table 7 Global and regional diffusion values between European subjects with non-glaucomatous
monocular blindness and European monocular glaucoma patients
Group Diffusion Side Tract Mean Mean Mean
Dif.
SD
p Affected Location
MBL
EHC
MGL
Nodes
MBL
MD
R
SLF
0.74
0.75
0.78
0.04 0.01 0.01
0
vs
MD
R
Arc
0.76
0.79
0.83
0.07 0.02 0.01
0
MGL
RD
R
Arc
0.59
0.62
0.66
0.07 0.03 0.01
0
RD
R
ATR
0.51
0.55
0.57
0.06 0.02 0.02
0
RD
LR
SLF
0.56
0.57
0.60
0.04 0.02 0.02
0
RD
R
SLF
0.55
0.57
0.59
0.04 0.02 0.02
0
MD
LR
Arc
0.76
0.77
0.81
0.06 0.02 0.02
0
MD
R
IFOF
0.83
0.83
0.86
0.04 0.02 0.02
0
RD
LR
IFOF
0.59
0.60
0.63
0.04 0.02 0.02
0
MD
LR
SLF
0.74
0.75
0.77
0.03 0.01 0.02
0
FA
R
ATR
0.49
0.46
0.46 -0.03 0.02 0.02
0
AD
LR
Arc
1.12
1.14
1.18
0.06 0.03 0.03
0
AD
R
Arc
1.12
1.13
1.17
0.06 0.03 0.03
0
FA
L
SLF
0.41
0.40
0.38 -0.03 0.01 0.03
0
RD
L
IFOF
0.58
0.60
0.62
0.04 0.02 0.04
0
AD
L
Arc
1.13
1.14
1.18
0.06 0.03 0.04
0
RD
L
SLF
0.57
0.58
0.60
0.04 0.02 0.04
0
RD
R
IFOF
0.59
0.60
0.63
0.04 0.02 0.04
0
RD
LR
Arc
0.57
0.59
0.63
0.06 0.03 0.04
0
MD
R
ATR
0.74
0.75
0.78
0.04 0.02 0.05
0
AD
R
IFOF
1.29
1.30
1.33
0.03 0.02 0.20
2
37-38
The mean value of the European subjects with non-glaucomatous monocular blindness, European healthy
controls and European glaucoma patients with a monocular visual field defect show the estimated means of
the global diffusion values for the entire tract, P-value and SD correspond to the differences (Dif). between
the global diffusion values of the patient groups. The number of affected nodes and location show the
significant results of the regional diffusion values (p<0.05, corrected for multiple comparisons). Arc=
arcuate fasciculus; ATR= anterior thalamic radiation; CinC=cingulum cingulate; IFOF= inferior frontooccipital fasciculus; ILF= inferior longitudinal fasciculus; SLF=superior longitudinal fasciculus; FA=fractional
anisotropy; MD= mean diffusivity; RD=radial diffusivity; AD=axial diffusivity

Table 8 Correlation between diffusion measures and clinical measures in subjects with nonglaucomatous monocular blindness
MBL
Tract
Side
Diffusion
Duration, in years
r
p
ATR
R
MD
0.67
0.02
Forceps Major
FA
-0.80
0.00
RD
0.80
0.00
IFOF
L
FA
-0.57
0.05
ILF
R
MD
0.58
0.05
L
AD
0.68
0.02
R
AD
0.66
0.02
LR
AD
0.69
0.01
MBL= European patients with a monocular blindness; ATR= anterior thalamic radiation; IFOF= inferior
fronto-occipital fasciculus; ILF= inferior longitudinal fasciculus; FA=fractional anisotropy; MD= mean
diffusivity; RD=radial diffusivity; AD=axial diffusivity
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Figure 1 Examples of global and regional diffusion differences between groups
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A) Regional decrease in fractional aniso
tropy indicative of neurodegeneration

(B) Regional increase in fractional aniso
tropy indicative of neuroplasticity

(C) Global increase in mean diffusivity indicative of neurodegeneration

(D) Global decrease in mean diffusivity indicative of neuroplasticity

5
E) Global differences in mean diffusivity
implying that opposing mechanisms may
affect non-glaucomatous blindness and monocular glaucoma

(F) Regional and global differences in radial
diffusivity indicative of neuroplasticity

Figure 1 Selection of Tract Profiles to illustrate the appearance and interpretation of several
diffusion differences between groups. Examples of tracts that show a: (A) Regional decrease of
fractional anisotropy (FA) of the left inferior longitudinal fasciculus (ILF) in European monocular
glaucoma patients (MGL) compared to healthy controls of the same ethnicity (EHC) indicative
of neurodegeneration; (B) Regional increase of FA of the right anterior thalamic radiation (ATR)
in Japanese glaucoma patients (NTG) compared to healthy controls of the same ethnicity (JHC)
indicative of neuroplasticity; (C) Global increase of mean diffusivity (MD) of the right superior
longitudinal fasciculus (SLF) in European monocular glaucoma patients (MGL) compared to
healthy controls of the same ethnicity (EHC) indicative of neurodegeneration; (D) Global decrease
of MD of the mean cingulum cingulate (CinC) in non-glaucomatous monocular blind subjects
(MBL) compared to healthy controls of the same ethnicity (EHC) indicative of neuroplasticity; (E)
Global increase of MD of the right arcuate fasciculus (AF) in MGL compared to MBL indicate
opposing mechanisms. The direction of change of MD in MGL compared to EHC is an increase,
while the direction of change for MBL to EHC is a decrease (even though not significant); (F)
Regional and global decrease of radial diffusivity (RD) of the right anterior thalamic radiation
(ATR) in Japanese glaucoma patients (NTG) compared to healthy controls of the same ethnicity
(JHC) indicative of neuroplasticity.
The black bold line shows the mean value and the grey band shows the standard deviation at 80
different positions for the healthy controls (EHC and JHC). For the European glaucoma patients
(MGL) the mean value is shown as green bold, the standard deviation is shown as a green dashed
line and the significant regional differences are shown as a green shaded area; for the Japanese
glaucoma patients (NTG) the mean value is shown as purple bold, standard deviation is shown
as a purple dashed line and significant regional differences between the glaucoma patients as
a shaded purple area; for the European non-glaucomatous blindness (MBL) subjects the mean
value is shown as orange bold and the standard deviation is shown as a orange dashed line.
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DISCUSSION
The aim of this study was to test the hypothesis that a brain component contributes to
glaucoma. Although the involvement of specific WM tracts varies between groups, we
find WM differences in both glaucoma patients and non-glaucomatous blind subjects
and in both vision-related and non-vision WM tracts. However, the WM differences
in glaucoma are generally more extensive (e.g. more affected vision-related tracts).
Below, we will first summarize our findings, and then discuss the findings for each
WM tract.. Second, we will discuss why vision-related and non-vision tract may be
involved in glaucoma. Third, we will discuss how these findings provide evidence for a
brain component contributing to glaucoma as a neurodegenerative disease.

Regional and global diffusion differences in WM tracts
For NTG compared to JHC, we found regional differences in the ATR, the ILF and the
SLF and global diffusion differences in the ATR and the IFOF. For MGL compared to
EHC, we found regional diffusion differences in the ATR, the CinC and the ILF and
global diffusion differences in the IFOF, the ILF and the SLF. In addition, for MBL
compared to EHC, we found regional diffusion differences in the CinC and global
diffusion differences in the ATR,  the CinC and the ILF.  For MBL compared to MGL, we
found differences in regional diffusion values of the IFOF and global diffusion values
of the AF,  the ATR, the IFOF, and the SLF.

Our primary aim was to test the hypothesis that glaucoma is a neurodegenerative
disease. In our view, both the regional and global differences2 lend support to
this theory which is why we will discuss these integrally when discussing the
findings for each tract.
WM changes in vision-related white matter tracts
Inferior Longitudinal Fasciculus (ILF)
The ILF is a structure that connects the posterior occipital lobe and anterior part of the
temporal lobe. It runs inferiorly and laterally to the OR, but the tracts are distinctive
(Catani et al. 2003a). The exact function of the ILF is still poorly understood, but it is
assumed to be involved in visual perception, reading and spoken language (MoritzGasser et al. 2015) and is considered part of the ventral stream (also known as the
“what” pathway) (Urbanski et al. 2014; Migliaccio et al. 2012). In MGL, NTG and MBL,
we observed WM changes in the ILF that indicate neurodegeneration (i.e. FA↓, MD↑ or
RD↑ (either regional or global)).

Inferior Fronto-Occipital Fasciculus (IFOF)
The IFOF is a major fiber tract connecting occipitoparietal and frontal areas. It runs
medially and above the visual pathway and spatially overlaps with the ILF. The IFOF is
part of the ventral stream as well and integrates functions such as reading, attention,
and visual processing (Ashtari 2012; Wu, Sun, Wang & Wang 2016); (Urbanski et al.
2014; Migliaccio et al. 2012). In MGL and NTG,  but not MBL, we found involvement of
the IFOF that is in line with neurodegeneration (MD↑ and RD↑).
2
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Superior Longitudinal Fasciculus (SLF)
The SLF is an association pathway originating from the occipital lobe to the frontal
lobe. Four different subcomponents of the tract can be identified and each is linked
to different functions: ranging from language to higher cortical functions such as
memory, attention, and executive decision-making as well as visuo- and audiospatial processing (Makris et al. 2005). There is a general consensus that (part
of the) SLF is part of the dorsal stream (also known as the “where” pathway). In
MGL and NTG, but not MBL, we found involvement of the SLF that is in line with
neurodegeneration (i.e. FA↓ or MD↑).
WM changes in non-vision white matter tracts
Anterior Thalamic Radiation (ATR)
From the anterior and midline nuclei of the thalamus, the ATR projects its fibers to
the prefrontal cortex, integrating functions of emotion control, memory, and decisionmaking. In MGL, NTG and MBL we found WM abnormalities in the ATR (FA↑ or
RD↓ (regional or global) indicative of denser WM packing and higher myelination
which implies neuroplasticity rather than neurodegeneration. Our finding of ATR
involvement in glaucoma corroborates those of (Frezzotti et al. 2014).
Cingulum Cingulate (CinC)
The CinC connects the frontal and parietal lobe curving around the corpus callosum.
The function of the CinC is associated with executive decision-making, and emotion
processing (Wu, Sun, Wang, Wang, et al. 2016). In both MGL and MBL compared to
healthy controls the CinC3 shows diffusion changes (FA↑ or MD↓ (regional or global)
that are associated with denser WM packing and higher myelination. This suggests
neuroplasticity rather than neurodegeneration.

Arcuate fasciculus (AF)
The AF is a tract that connects the temporal and parietal lobes to the frontal lobe.
Although non-human primate research suggests that the AF and SLF are distinct
bundles, dMRI research of humans provides evidence that the AF is the fourth
subcomponent of the SLF (Makris et al. 2005). However, there is no consensus yet
on their distinction. The AF functionally and clinically relates to language (Dick &
Tremblay 2012; Catani & Mesulam 2008/9). The AF was only found when comparing
MGL to MBL (↑MD, ↑RD and ↑AD), indicating a larger difference between these groups
than either one compared to healthy controls. The specific changes in MGL compared
to MBL indicate neurodegeneration.
Why vision-related white matter tracts may be involved in glaucoma
Our findings of ILF, IFOF and SLF involvement in glaucoma corroborate those of
(Zikou et al. 2012b) and suggest the presence of neurodegeneration in visionrelated WM tracts in patients with glaucoma. As changes in the ILF are observed in
both the glaucoma and monocular blind groups, its involvement could be relatively
straightforward be explained by neurodegeneration due to decreased visual input.
However, this cannot account for the changes in the IFOF and SLF as these are only
3

Note that the parahippocampal part is not included in our Cingulum Cingulate.
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observed in the glaucoma groups. Therefore, this suggests the contribution of a brain
component to the neurodegeneration that is independent of the reduction in visual
input in glaucoma.

Why non-vision white matter tracts may be involved in glaucoma
Anatomically, the ATR and CinC are not vision-related tracts. Nevertheless, their
involvement glaucoma as well as in monocular blindness suggests that these tracts
are somehow associated with visual functioning. As the CinC showed WM changes
associated with higher myelination in both the monocular groups (MGL and MBL) this
suggest a link to monocular vision in particular. A possible explanation for involvement
of the CinC is that monocular vision loss may require compensatory executive control
during the execution of various visual tasks, resulting in the CinC changes. Another
possible link may be that the CinC receives fibers from the anterior thalamic nucleus
(Duffau 2011).

It could also be speculated that the CinC and ATR changes are the result of a
compensating mechanism, described as “neuronal-self defense” ((Parlato &
Mastroberardino 2015) also been observed in neurodegenerative diseases such as
Huntington’s disease or Alzheimer’s disease (Bobkova & Vorobyov 2015; Scheller
et al. 2014; Schiefer 2015; Parlato & Mastroberardino 2015)). From the thalamic
nuclei, glaucoma may decrease the activity posteriorly towards the visual cortex and
– to compensate – the brain would therefore increase activity anteriorly towards the
prefrontal cortex, with subsequent repercussions also on WM structure. Putatively,
the neuroplasticity of the ATR may therefore be associated with the degeneration of
the OR (see Chapter 4).

How these findings provide evidence for a brain component to glaucoma
In agreement with our predictions, we revealed widespread WM changes in glaucoma
in WM tracts not part of the visual pathways. Furthermore, although similarities
with non-glaucomatous blindness are observed, our findings revealed that WM
changes in glaucoma tended to be more extensive. In particular, the greater extent
of the changes in the vision-related tracts in glaucoma suggests the contribution of
a brain component to the neurodegeneration that acts independent of decreased
visual input. Our findings in these tracts fit the network degeneration hypothesis
(NDH), which suggests that neurodegenerative diseases primarily spread through
distinct brain networks, characteristic of the disease (Tahmasian et al. 2016; Greicius
& Kimmel 2012). In the light of NDH hypothesis, the RGCs, the visual pathways and the
vision-related WM tracts (such as the ILF, IFOF and SLF) are the primary network for
glaucoma and the spread of degeneration among these structures would all be part of
its clinical manifestation.
Further supporting the hypothesis that glaucoma is a neurodegenerative disease with
a brain component are the similarities to posterior cortical atrophy (PCA) – a subtype
of dementia also referred to as “the visual variant of AD” (Levine et al. 1993; Bokde
et al. 2001; Lee & Martin 2004). PCA primarily manifests itself as degeneration of
the occipito-temporal (ventral stream) and occipito-parietal (dorsal stream) thereby
causing both visuospatial and visuoperceptual problems (Crutch et al. 2012).]
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Clinical implications
Our study contributes to the idea that glaucoma may have a brain component
independent of the eye. Establishing, however, the origin of the brain changes in
glaucoma remains challenging. Contributing to this challenge is the fact that ATD is
also the mode of disease spread in neurodegenerative diseases such as Alzheimer’s
disease, Parkinson’s disease (PD) and amyotrophic lateral sclerosis (ALS) (Gupta &
Yücel 2007). In such diseases, specific neuronal populations are affected that correlate
with the clinical manifestation of the disease(Kinsley & Siddique 2001); (van der
Flier & Scheltens 2009); (Göbel & Erb 2014). In glaucoma, death of RGCs and axon
degeneration in the visual pathways and vision-related WM tracts manifests as vision
loss. Despite the fact that it remains challenging to establishing the exact origin, it
is clear that the brain is involved. This suggests that patients may currently receive
insufficient treatment and treatment should be expanded to targeting the brain in
addition to the eye. We suggest that one of the next goals for glaucoma research and
treatment is to focus on neuroprotective strategies.
Limitations
As for all dMRI studies, the interpretation of differences between groups in diffusion
values is not straightforward (Beaulieu 2002; Le Bihan & Van Zijl 2002). Differences
may reflect WM abnormalities, but can also be affected by the anatomical features of the
a tract, such as its curvature, by partial volume effects with neighbouring fiber tracts
due to crossing, and by merging or kissing fibers. Fibers originating from the occipital
lobe can can merge, kiss and cross with fibers from neighbouring tracts (Catani et
al. 2003b). As we reported in Chapter 4, OR integrity was affected in glaucoma.
Consequently, this may have caused (part of) the diffusion changes in neighbouring
tracts such as the ILF and IFOF as well. We used a WM mask to constrain the
tractography to the WM voxels. The T1-weighted images of the EU subjects had a lower
contrast ratio between grey and WM than the JP subjects and this may have resulted
in a somewhat higher number of   incorrect classifications of voxels in EU subjects.

Future directions
In general, further research should be undertaken to investigate the mechanism
behind the brain changes in glaucoma. Taking the NHD into account, which suggests
that glaucoma may preferentially spread along a ‘vision network’, future studies may
investigate its role using resting-state MRI in combination with a network-based
analysis approach (Raj et al. 2012; Raj et al. 2015; Menéndez-González 2014; GomezRamirez & Wu 2014). In addition, future studies should consider making visionrelated WM tracts additional to the OR, such as the ILF,  the IFOF and the SLF, also a
priory tracts-of-interest. The regional changes observed in the NTG group may have
resulted from the heterogeneity of the group. For this reason, it should be attempted
to optimize the homogeneity of the glaucoma population in future studies. Tracts
could also be divided into separate subcomponents as these are linked to different
functions.  For instance, the SLF could be divided up into four subcomponents (the
AF could be considered as a fourth subcomponent of the SLF) projecting to distinct
anatomical locations (Makris et al. 2005).(Makris et al. 2005)Visuospatial interaction
between the prefrontal cortex and the posterior parietal region is considered as the
function of the second subcomponent of the SLF (i.e. SLF II) and this subcomponent
may therefore be affected in particular (Makris et al. 2005).(Makris et al. 2005)Also
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the IFOF could further be divided into five subcomponents (Wu, Sun, Wang & Wang
2016). Distinguishing between subcomponents may reveal whether only specific
subcomponents and their associated functions are affected. Additionally, we suggest
that it may be of interest to study neuropsychological features in glaucoma patients. It
has been suggested that WM changes in fiber tracts that run from vision-related areas  
to  emotional- and memory-related areas  results  in  a  visually  specific semantic,  
emotional  or  memory  deficits. For example, ILF integrity is affected in associative
visual agnosia (i.e. impaired object recognition), prosopagnosia (i.e. face blindness),
pure alexia (i.e. selective impairment of reading), visual amnesia (i.e. inability
to recognize objects) , visual hypoemotionality (i.e. reduced emotional response
to viewed objects) (Latini 2015). To our knowledge, there is no to little research
investigating specific (visual) neuropsychological deficits in glaucoma. However,
involvement of the vision-related WM tracts suggests it may be of relevance.
Conclusion
In summary, glaucoma is associated with widespread WM changes in vision-related WM
tracts and non-vision WM tracts. Although we find similarities to non-glaucomatous
blindness, the WM changes in glaucoma are more extensive: more vision-related
tracts show affected WM integrity. Finding such widespread abnormalities suggests
the presence of neurodegeneration beyond what can be explained on the basis of
decreased visual input or ATD following ON damage. Together with degeneration
of the RGCs, the degeneration of visual pathways and vision-related WM tracts may
be part of the manifestation of glaucoma. Additionally, evidence for neuroplasticity
suggests that the structure of a number of non-vision tracts may have been boosted as
a result of having to deal with the functional consequences of glaucoma.
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