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AIM

Throughout this thesis I investigated the occurrence of brain changes1 in patients 
with glaucoma using diffusion-weighted Magnetic Resonance Imaging (dMRI). By 
doing so, I intended to answer the outstanding question whether glaucoma should 
be considered an eye disease or  a brain disease. The sub-questions I addressed in my 
thesis are:
•	 What has research taught us thus far about brain changes in glaucoma?  

(Chapter 2)
•	 Is white matter (WM) integrity affected in glaucoma patients belonging to a 

population with a high prevalence of normal-tension glaucoma (NTG)??  
(Chapter 3)

•	 What is the effect of glaucoma on the WM of the optic radiation? 
Chapter 4)

•	 What is the effect of glaucoma on the WM of vision-related and non-vision tracts? 
(Chapter 5)

•	 What mechanisms can explain brain changes in glaucoma?   
(General discussion)

•	 Can we distinguish between these mechanism?  
(General discussion)

Below, while also summarizing the results of the different chapters, I will address the 
answers that I found to these subquestions.
 

SUMMARY OF FINDINGS

What has research taught us thus far 
about brain changes in glaucoma? (Chapter 2)
In	 the	 first	 chapter,	we	reviewed	 the	current	 literature	on	structural	brain	changes	
in several eye diseases (albinism, amblyopia, hereditary retinal dystrophies, AMD, 
and	glaucoma).	For	glaucoma,	we	 found	 that	 although	 the	 specific	 results	vary,	 the	
common	 finding	 in	 all	MRI	 studies	 is	 that	 the	pre-geniculate,	 geniculate,	 and	post-
geniculate structures are affected in glaucoma, at least in later stages of the disease. In 
addition, some studies reveal changes in other parts of the brain as well. We discussed 
that the most parsimonious explanation for the association between eye diseases and 
the structural changes is a loss of visual input and the subsequent deprivation of the 
visual pathways. Moreover, we also found indications that glaucoma might be part of a 
more general neurodegenerative disease. 

Is WM integrity affected in glaucoma patients belonging to a 
population with a high prevalence of normal-tension glaucoma? (Chapter 3)
To further examine the occurrence of brain changes in glaucoma, we investigated 
white matter (WM) integrity in a Japanese (JP) glaucoma population using tract-

1  I haved used the term brain changes for grey or white matter differences (e.g. an increase or 
a decrease) were observed between patients and controls using neuroimaging without making 
an assumption about the underlying mechanism. Brain changes include visual pathway changes.
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based spatial statistics (TBSS). This population has a very high incidence of normal-
tension glaucoma (NTG), in which optic nerve (ON) damage occurs in the absence 
of the elevated intraocular pressure that characterizes the more common form 
of	 glaucoma.	 Our	 findings	 showed	 that,	 in	 this	 specific	 population,	 glaucoma	 is	
associated with lower fractional anisotropy (FA) in the bilateral optic radiations 
(OR), forceps major, and corpus callosum (CC). We interpreted these reductions as 
evidence for WM degeneration. In particular, the degeneration of the CC suggests the 
presence of neurodegeneration in the brain beyond what can be explained on the 
basis of propagated retinal and pre-geniculate damage. We noted that the observed 
pattern of  WM degeneration in the CC is also seen in posterior cortical atrophy (PCA), 
also referred to as ‘the visual variant of Alzheimer’s disease.  We concluded that the 
findings	link	to	the	emerging	view	that	a	brain	component	that	is	independent	from	
the eye damage plays a contributing role in the aetiology of glaucoma. 

What is the effect of glaucoma on the WM of the optic radiation? (Chapter 4)
To	 follow-up	 on	 our	 previous	 findings,	 we	 applied	 probabilistic	 tractography	 and	
tractometry to investigate global and regional diffusion measures of the OR in two 
groups	of	glaucoma	patients;	European	(EU)	patients	with	monocular	glaucoma	(MGL)	
and the above JP patients belonging to a population with a high prevalence of normal-
tension glaucoma (NTG). Additionally, we investigated global and regional diffusion in 
the	OR	of	EU	subjects	with	non-glaucomatous	monocular	(MBL)	blindness.	Comparing	
glaucoma	to	MBL	provides	an	opportunity	to	shed	light	on	the	effect	of	glaucoma	on	
the	OR	independent	of	the	eye	as	both	groups	have	decreased	visual	input,	but	MBL	
is not associated with a possible neurodegenerative component. The results showed 
that	for	NTG	and	MGL,	OR	diffusion	values	differed	compared	to	healthy	controls	of	the	
same ethnicity. Moreover, we found that diffusion values of the OR  differed between 
MBL	and	MGL.	The	findings	show	that	WM	integrity	of	the	OR	is	affected	in	glaucoma.	
As	we	did	not	observe	affected	WM	integrity	in	MBL	compared	to	the	EHC,	we	deemed	
it not likely that decreased visual input alone results in affected OR integrity. For this 
reason, the involvement of an mechanism in glaucoma that acts independent of what 
happens at the level of the eye and ON appears most likely. 

Our	comparison	between	MBL	and	MGL	revealed	differences	in	diffusion	that	led	me	to	
propose  that different mechanisms may underlie the OR changes in these two groups. 
We	hypothesized	that	in	MGL	the	OR	changes	may	be	the	result	of	neurodegeneration,	
whereas	those	in		MBL	may	be	the	result	of	neuroplasticity.	

What is the effect of glaucoma on the WM 
of vision-related and non-vision tracts? (Chapter 5)
To further test the hypothesis of glaucoma as a neurodegenerative disease, we 
investigated WM integrity in vision-related and non-vision WM tracts2 by applying 
probabilistic	tractography	and	tractometry	using	Automated	Fiber	Quantification	(AFQ).

2  Vision-related structures could be defined as structures that have a role in vision. How-
ever, this is too ambiguous as there is no consensus on the exact functional role of many WM 
structures. Therefore, vision-related structures are defined as fiber tracts originating from the 
occipital lobe. Non-vision structures are defined as WM fibers that are neither part of the visual 
pathways nor originate from the occipital lobe.
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We compared the same groups as in Chapter 4. Our hypothesis predicts that for 
glaucoma WM changes should be present also beyond the visual pathways (as shown in 
Chapter 4). A second prediction is that the WM changes in vision-related tracts should 
be larger than expected on the basis of visual deprivation or ATD originating from 
the eye and ON. The results revealed that for NTG compared to JHC regional diffusion 
differed	in	the	anterior	thalamic	radiation	(ATR),	inferior	longitudinal	fasciculus	(ILF)	
and	superior	longitudinal	fasciculus	(SLF)	and	global	diffusion	differences	in	the	ATR	
and	 inferior	 fronto-occipital	 fasciculus	 (IFOF).	 In	MGL	 compared	 to	EHC,	we	 found	
regional	diffusion	differences	in	the	ATR,	cingulum	cingulate	(CinC)	and	ILF	and	global	
diffusion	differences	 in	 the	 IFOF,	 ILF	and	SLF.	 	 In	MBL	compared	 to	EHC,	we	 found	
regional diffusion differences in the CinC and global diffusion differences in the ATR, 
CinC	and	ILF.	 	 In	MBL	compared	to	MGL,	we	found	regional	diffusion	differences	 in	
the IFOF and global diffusion differences for the arcuate fasciculus (AF), ATR, IFOF, 
and	SLF.	 (For	an	overview	of	 findings	 see	Table	1).	We	concluded	 that	glaucoma	 is	
associated with widespread WM changes in vision-related WM tracts and non-
vision WM tracts. Finding such widespread abnormalities in vision-related tracts in 
glaucoma suggests the presence of neurodegeneration beyond what can be explained 
on the basis of decreased visual input or ON damage. On the other hand, we also found 
evidence for neuroplasticity in non-vision tracts in both glaucoma and monocular 
blindness. We suggested that these tracts may be boosted to compensate for dealing 
with the consequences of decreased visual input. 

Although	we	 found	 similarities	with	MBL,	 the	WM	 changes	 in	 glaucoma	 are	more	
extensive: more vision-related tracts show affected WM integrity. In our view, this 
suggests that, in addition to an effect of decreased visual input or ATD,  an independent 
brain component contributes to brain changes in glaucoma. 

GENERAL DISCUSSION AND FUTURE RECOMMENDATIONS

Which mechanisms can explain brain changes?
I started my investigation with the assumption  that the most parsimonious 
explanation is that visual deprivation causes brain changes; as concluded in Chapter 
2,	this	explanation	required	the	fewest	disease-specific	assumptions.	However,	there	
were also indications that glaucoma might be a neurodegenerative disease. Below I 
will address my current views on the extent to which of the following mechanisms can 
explain brain changes in glaucoma: 1) decreased visual input triggers neuroplasticity; 
2) optic nerve damage triggers anterograde transsynaptic degeneration; 3) optic 
radiation damage triggers retrograde transsynaptic degeneration; 4) Wallerian 
degeneration and 5) a brain component independent of the eye.

	  

 
Table 1 An overview of the involvement of visual pathways, vision-related and non-tracts 
Group Decreased 

input 
Optic nerve 

damage 
Brain 

component 
Visual 

pathways 
Vision- 
related 

Non- 
vision 

NTG ✓ ✓ ? ✓OR ✓ ILF, SLF, IFOF ✓ATR 
MGL ✓ ✓ ? ✓OR ✓ ILF, SLF, IFOF ✓ATR, CinC 
MBL ✓ ✓ ✗ ✗ ✓ ILF ✓ATR, CinC 
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Hypothesis 1: Decreased visual input triggers neuroplasticity 
Brain changes can be relatively straightforwardly explained as a consequence of a 
decreased visual input (visual deprivation; popularly phrased as: “use it or lose it” 
or	“neurons	that	fire	out	of	sync,	fail	to	link”).	The	mechanism	behind	these	changes	
would	be	neuroplasticity:	synchronous	firing	of	neurons	leads	to	distinctive	increases	
in	 synaptic	 strength	 between	 those	 neurons	 (“neurons	 that	 fire	 together	 wire	
together”). In case of functional deprivation the opposite of this happens: decreased 
activity leads to decreased synaptic strength and ultimately to neuronal cell death.. 
If the primary reason for the brain changes in glaucoma would have been decreased 
visual	 input,	 then	we	 should	 have	 found	 similar	 changes	 in	MBL,	 as	 in	 this	 group	
decreased	visual	 input	is	present	(and	in	fact	even	more	pronounced	than	in	MGL).	
However, compared to healthy controls, we only observed affected WM integrity of 
the OR in the patients with glaucoma, and not in the monocular blind subjects. This 
implies	that	a	reduction	in	visual	activity	alone	is	insufficient	to		affect	the	OR	integrity.	
In Chapter 5, we observed similarities in the affected WM of  vision-related and non-
vision tracts between the glaucoma and monocular blindness groups. However, the 
WM changes in glaucoma were more extensive; in glaucoma more vision-related 
tracts exhibited affected WM integrity. This lends further  support to the idea that in 
glaucoma an (additional) mechanism has to play a role and that visual deprivation 
alone	does	not	suffice	to	cause		WM	changes.	

Hypothesis 2: Optic nerve damage triggers anterograde transsynaptic degeneration
In anterograde transsynaptic degeneration (ATD), a breakdown of presynaptic 
neurons at the primary injury site causes the death of its postsynaptic neuron due to 
a lack of innervation (Cowan 1970). If ON damage via ATD  causes brain changes, then 
we should have found affected WM integrity of the OR (i.e. the postsynaptic neuron) 
in	both	glaucoma	and	MBL	subjects.	For	glaucoma	subjects	ON	damage	is	part	of	their	
disease	while	for	MBL	subjects	the	ON	ipsilateral	to	the	affected	eye	is	degenerated	
(as shown in a previous study of (Prins et al. 2017).(Prins et al. 2017)However, as 
reported	in	Chapter	4,	we	did	not	find	affected	OR	integrity	in	the	MBL	subjects	(and	
neither did Prins et al. 2017). As such it can be concluded that by itself, ON damage 
does not necessarily result in affected WM integrity of the OR. Again, this supports the 
idea that an independent brain component plays a role in glaucoma. 
 
Hypothesis 3: Optic radiation damage triggers retrograde transsynaptic degeneration
In retrograde transsynaptic degeneration (RTD), degeneration occurs in the opposite 
direction of ATD (i.e. from the brain to the retina). RTD is observed in multiple 
sclerosis or after acquired brain injury (Graham & Klistorner 2017) in which case 
lesions in the visual pathways may subsequently cause RGC loss. At the start of my 
PhD project, brain changes in glaucoma had only been observed in later stages of the 
disease. Therefore, I deemed it not likely that the OR changes would precede the RGC 
loss	and	did	not	specifically	 include	this	mechanism	in	my	hypotheses.	However,	 in	
this thesis I did observe WM changes in the OR, vision-related and non-vision tracts of 
MGL	patients	-	which	may	be	an	early	stage	of	glaucoma	-	and	it	may	therefore	be	of	
interest to include this mechanism in future studies. Moreover, it would be interesting 
to	study	the	possible	occurrence	of	lesions	in	glaucoma.	Lesions	in	the	OR	of	patients	
with	glaucoma	could	be	 identified	by	 tractometry	as	 spikes	 in	 the	diffusion	profile	
of an individual patient (Klistorner et al. 2015).	 However,	 we	 did	 not	 specifically	

https://paperpile.com/c/5Qa2kW/Ollh7
https://paperpile.com/c/5Qa2kW/gy4G
https://paperpile.com/c/5Qa2kW/gy4G
https://paperpile.com/c/5Qa2kW/4hyAy
https://paperpile.com/c/5Qa2kW/Pjpb
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investigate this in the study of the OR described in Chapter 4. For future studies, it 
may be of additional interest to use MRI sequences optimised for detecting lesions 
(such	as	T2	or	flair)(Fox 2008). 

Hypothesis 4: Wallerian degeneration
Another candidate mechanisms for brain changes in glaucoma is Wallerian 
degeneration; a form of anterograde degeneration in which only the axonal part of 
the neuron (i.e. not transsynaptic) degenerates in response to an injury (Rotshenker, 
2007); Kanamori et al. 2012). In case of glaucoma, damage of the ON would propagate 
towards the axons of neighbouring neurons. In addition, (hypothetical) degeneration 
at	 the	 level	 of	 the	 lateral	 geniculate	nucleus	 (LGN),	may	 cause	degeneration	of	 the	
OR via Wallerian degeneration. This phenomenon has been observed in patients 
with	 LGN	 lesions	 (Savoiardo et al. 1992) and temporal lobectomy (Wieshmann et 
al. 1999). However, this explanation for changes in OR integrity would also require 
finding	changes	in	LGN	integrity	in	glaucoma.	Although	some	MRI	studies	found	LGN	
degeneration in glaucoma (for instance (Hernowo et al. 2011), a previous region-
of-interest-based	 analysis	 of	 the	 LGN	of	 our	MGL	 and	MBL	 subjects	 did	 not	 reveal	
degeneration	of	the	LGN	compared	to	healthy	controls	((Prins et al. 2017). A whole-
brain	analysis	of	our	NTG	subjects	did	not	reveal	LGN	degeneration	either	(Boucard 
et al. 2016).  Nevertheless, by spreading degeneration – caused by other mechanisms 
– to neighbouring axons, Wallerian degeneration may contribute to the extent of the 
changes in WM tracts. I believe that a tractometric study in which the entire visual 
pathways (from the eye to the visual cortex) are studied would be required for 
studying	this	specific	mechanism.	

Hypothesis 5: A brain component independent of the eye  
Glaucoma could be a more general neurodegenerative disease in which the death 
of RGCs and axon degeneration in the visual pathways and other WM tracts are all 
part of the clinical manifestation of glaucoma. Our hypothesis stated that if glaucoma 
is a neurodegenerative disease, WM changes would be present beyond the visual 
pathways.	As	discussed,	we	confirmed	this	hypothesis	in	Chapter	5.	We	also	expected	
that if glaucoma is a neurodegenerative disease, WM differences in the OR, in vision-
related and/or in non-vision tracts should be larger than expected on the basis of 
visual deprivation or ATD originating from the eye and ON (i.e. larger than observed 
in	MBL).	This	has	been	confirmed	in	Chapter	4	and	5.	All	together,	this	supports	the	
contribution of an independent brain component to glaucoma. 

Can we distinguish between mechanisms?
I started my investigation by selecting several candidate mechanisms that could result 
in glaucomatous brain changes. Along the way I gained the insight that distinguishing 
between these mechanisms on the basis of MRI alone is challenging. For instance, 
ATD could be triggered by death at the primary injury site resulting in the death of 
the postsynaptic neuron. However, as described in Chapter 5, ATD is also the mode 
of disease spread in neurodegenerative diseases such as Alzheimer’s disease (AD), 
Parkinson’s	 disease	 (PD)	 and	 amyotrophic	 lateral	 sclerosis	 (ALS).	 Furthermore,	 it	
is challenging, and perhaps even impossible, to distinguish ON damage resulting in 
ATD from decreased visual input as in glaucoma ON damage also results in decreased 
visual input. The mechanisms are intertwined. 

https://paperpile.com/c/5Qa2kW/OtCP
https://paperpile.com/c/5Qa2kW/pi9K+cAsR
https://paperpile.com/c/5Qa2kW/pi9K+cAsR
https://paperpile.com/c/5Qa2kW/HdBN
https://paperpile.com/c/5Qa2kW/h7kC
https://paperpile.com/c/5Qa2kW/h7kC
https://paperpile.com/c/5Qa2kW/2cPL
https://paperpile.com/c/5Qa2kW/gy4G
https://paperpile.com/c/5Qa2kW/gH0B
https://paperpile.com/c/5Qa2kW/gH0B
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One of the sub-questions of my thesis was if possible degenerative  mechanisms 
could be distinguished from each other based on MRI data. The simple answer is that 
they cannot, as there is no gold standard to compare with. However, I can distinguish 
between the triggers that activate these mechanisms: are the brain changes simply 
a secondary result of the eye disease glaucoma or are the brain changes part of the 
primary clinical manifestation of the neurodegenerative disease glaucoma?  Below, I 
will answer this main research question. 

IS GLAUCOMA AN EYE OR A NEURODEGENERATIVE DISEASE? 

This is the main question of my thesis.  I have several arguments  to argue that 
glaucoma is a neurodegenerative disease with a brain component to it:

1. WM changes in the visual pathways cannot be explained on the basis of visual 
deprivation or ON damage alone;

2. WM changes are present beyond the visual pathways;
3. WM changes in vision-related or non-vision tracts are larger than expected on the 

basis of visual deprivation or ON damage (i.e. larger than in non-glaucomatous 
monocular blindness);

4. ATD is also the mode of disease spread in other neurodegenerative diseases, 
such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, and 
Amyotrophic lateral sclerosis;

5. A	 characteristic	 of	 neurodegenerative	 diseases	 is	 that	 specific	 neuronal	
populations and structures are affected, for glaucoma this would be the RGCs,  
the visual pathways and vision-related WM tracts; 

6. WM	changes	 in	vision	and	vision-related	 tracts	 in	glaucoma	 fits	 the	Network	
Degeneration Hypothesis which suggests that degeneration in neurodegenerative 
diseases relates to neural network dysfunction;

7. Glaucoma shares similarities with 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); they both affect vision-related WM tracts;

8. Glaucoma shares several characteristics with Alzheimer’s disease: they are 
progressive, chronic, age-related diseases and cause RGC degeneration and 
irreversible neuronal cell loss;

9. Research suggests a genetic link between glaucoma and Alzheimer’s disease  
(Cumurcu et al. 2013; Inoue et al. 2013; Tamura et al. 2006) and Parkinson 
(Janssen et al. 2013).

Taken together, these arguments lend substantial support for the hypothesis that 
glaucoma is a neurodegenerative disease rather than “just an eye disease”. The 
findings	 of	 this	 thesis	 have	 a	 number	 of	 implications.	While	my	work	 has	 not	 yet	
provided	definitive	answers	to	all	outstanding	questions,	it	has	given	many	indications	
that “there is more to glaucoma than meets the eye”. Below, I will provide my views on 
the implications for research as well as for clinical practice.

https://paperpile.com/c/5Qa2kW/Lz7O+Gdeh+nJGs
https://paperpile.com/c/5Qa2kW/Lz7O+Gdeh+nJGs
https://paperpile.com/c/5Qa2kW/Pj7o+1x1Z+ME4O
https://paperpile.com/c/5Qa2kW/oWdV
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RESEARCH IMPLICATIONS

Recommendations for future MRI studies investigating glaucoma
•	 Investigate the relevance, occurrence and the origin of the regional diffusion 

changes reported on in Chapter 4 and 5. What is their relationship (if any) to the 
global diffusion changes;

•	 The OR is retinotopically organized. Therefore, it should be possible to use 
probabilistic tractography to segment the OR into its separate components  based 
on	 their	 corresponding	 visual	 field	 location	 (e.g.	 central	 and	 upper	 and	 lower	
peripheral vision). As for the entire OR, the properties of these bundles along 
the	tract	could	be	quantified.	Although	the	 influence	of	measurement	noise	will	
increase, such a detailed study might still provide more precise and localized 
measures of neurodegeneration;

•	 Similar to the OR, also other vision-related WM tracts could be divided into their 
components to examine their involvement in glaucomatous neurodegeneration  in 
greater detail;

Potential directions for future MRI studies investigating glaucoma
•	 In general, I believe that a continued investigation of the hypothesis that glaucoma 

is a neurodegenerative disease is worthwhile. In particular, investigate whether 
the NDH indeed applies to glaucoma, as I hypothesized. This could be investigated 
using resting-state MRI in combination with a network-based analysis approach;

•	 I further recommend to establish a non-invasive, quantitative MRI-based tool 
to evaluate degeneration of the ON and simultaneously in other visual pathway 
structures in glaucoma;

•	 The	 first	 goal	 of	 the	 tool	 would	 be	 to	 use	 it	 in	 future	 studies	 studying	
neurodegeneration in glaucoma, and evaluating its effectiveness compared to 
current standard ophthalmic measures such as OCT. If successful,  the tool may 
also prove useful in clinical applications, e.g. in neuroprotective medication trials; 

•	 In addition to studying large groups of patients,  also consider more in-depth, 
individual approaches in glaucoma MRI research; 

•	 Current studies are cross-sectional. To establish neurodegeneration and its 
relevance to clinical assessment, longitudinal studies could be performed in 
which patients with glaucoma undergo periodic structural brain scans to evaluate 
progression; Periodic assessment of persons at risk of developing glaucoma could 
also be considered.

CLINICAL IMPLICATIONS

Glaucoma treatment may have to expanded to include the brain 
Currently, the clinical focus is on treating the eye by lowering intraocular pressure 
(IOP) using medication, laser, or incisional surgery. The primary goal of treatment is 
to preserve visual function and prevent blindness. Yet, studies showed that 15% to 
20% of patients have become blind in at least one eye in 15 to 20 years of follow-
up (Susanna et al. 2015). The involvement of the brain in glaucoma suggests that the 
clinical focus may have to be expanded to treating the brain as well. Ideally, future 
therapeutic strategies should directly target glaucoma at the level of the RGCs to 

https://paperpile.com/c/5Qa2kW/V9Jr
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stop neurodegenerative progression and prevent blindness. Neuroprotection may be 
beneficial	in	treating	glaucoma	due	to	its	ability	to	protect	neurons	from	degeneration	
or apoptosis (Shahsuvaryan 2012). This approach in glaucoma  could be  used to 
“protect” the RGCs rom dying (“direct neuroprotection”). Such medication is currently 
under development (Doozandeh & Yazdani 2016). The target neurons should be in the 
visual pathways, in particular the RGCs for glaucoma. Neuroprotection in glaucoma 
shows promise in preclinical studies and animal models (Palioura & G. 2013). 
Neuroprotective medicine are especially promising for glaucoma since the apparent 
nature of RGC death is that it occurs very slow and variable, making it likely that 
neuroprotection could successfully intervene in this process (Osborne et al. 1999). 
Combining IOP reduction with neuroprotective strategies may therefore provide the 
best approach. IOP reduction is necessary and clinically proven to prevent RGC loss 
in glaucoma and neuroprotection additionally may either prevent healthy RGCs from 
dying or “slow down” the process of already sick RGCs. 

MRI as a clinical tool
An expansion of the focus treatment would also come with a need for tools that are 
able  to evaluate the effect of such neuroprotective treatment. Prior to embarking on 
new drug trials for glaucoma, a tool should be established that can reliably monitor 
degeneration in the ON as well as the rest of the visual pathways and brain from an 
individually established baseline, ideally without requiring a prolonged follow-up.  As 
shown in Supplement 3, probabilistic tractography combined with tractometry makes 
it possible to investigate the patterns of peaks and valleys in individual glaucoma 
subjects.  Imaging the ON using dMRI and tractometry would be the starting point to 
achieve the establishment of such a tool, as the RGCs are considered the target area for 
neuroprotective treatment. Within this thesis I was not able to investigate this as the 
data was not not suitable for applying tractometry to the ON. Imaging the relatively 
small	ON	with	dMRI	is	technically	challenging.	It	is	surrounded	by	cerebrospinal	fluid	
and	nearby	bony	structures	and	sinus	cavities	 filled	with	air.	However,	advances	 in	
MRI	 technology	 allow	 that	 the	MRI	 sequence	 can	 be	 specifically	 adapted	 to	 image	
the	 ON	 by	 suppressing	 the	 signal	 from	 the	 surrounding	 cerebrospinal	 fluid.	 This	
will enable future tractometric studies on the ON. In addition to using dMRI for the 
evaluation of neuroprotective treatment, dMRI could aso be used for monitoring of 
disease progression and screening of individuals at high-risk of disease. 

HIGHLIGHTS

•	 Glaucoma is associated with WM changes in the OR; 
•	 Not observing OR changes in monocular blindness suggests that decreased input 

or ON damage alone cannot cause these changes;
•	 Both glaucoma and monocular blindness are associated with WM changes in 

vision-related and non-vision WM tracts. However, those in glaucoma are more 
extensive (e.g. more affected tracts);

•	 In	 my	 view,	 these	 findings	 indicate	 the	 contribution	 of	 an	 independent	 brain	
component to glaucoma;

https://paperpile.com/c/5Qa2kW/SU9x
https://paperpile.com/c/5Qa2kW/idPX
https://paperpile.com/c/5Qa2kW/Od20
https://paperpile.com/c/5Qa2kW/vLaG
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•	 Both glaucoma and monocular blindness show indications of neuroplasticity in 
non-vision tracts, potentially as a consequence of having to compensate for the 
consequences of degeneration in vision-related tracts;

•	 Treatment in glaucoma should focus on both the eye and the brain;
•	 The involvement of the brain suggests that neuroimaging – over time – will be 

required in the clinical evaluation of disease progress and treatment outcome;
•	 It is worthwhile to start developing MRI-based tools that are able to evaluate 

and monitor disease progression and the effect of neuroprotection beyond the 
eye and at an individual level; A potential candidate tool for this is tractometry. 
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SUPPLEMENT 1:
SEARCH STRINGS 

Glaucoma
glaucoma[Title] AND (diffusion tensor imaging [Title] OR magnetic resonance 
imaging[Title] OR grey matter [Title] OR gray matter [Title] OR white matter [Title] 
OR Morphometric analyses [Title]) AND humans[Filter] NOT (“review”[Publication 
Type] OR “review literature as topic”[MeSH Terms] OR “review”[All Fields])

Hereditary retinal dystrophies
((Retinal Dystrophies[Mesh] OR Juvenile macular degeneration [Mesh]) AND 
(diffusion tensor imaging [Title] OR magnetic resonance imaging[Title] OR grey 
matter [Title] OR gray matter [Title] OR white matter [Title] OR Morphometric 
analyses [Title]) AND humans[Filter] NOT (“review”[Publication Type] OR “review 
literature as topic”[MeSH Terms] OR “review”[All Fields])

Macular degeneration 
(“Macular Degeneration”[Mesh]) AND ((diffusion tensor imaging[Title] OR 
magnetic resonance imaging[Title] OR grey matter[Title] OR gray matter[Title] 
OR white matter[Title] OR Morphometric analyses[Title]) AND humans[Filter] 
NOT (“review”[Publication Type] OR “review literature as topic”[MeSH Terms] OR 
“review”[All Fields]))

Amblyopia
“Amblyopia”[Mesh] AND ((diffusion tensor imaging[Title] OR magnetic resonance 
imaging[Title] OR grey matter[Title] OR gray matter[Title] OR white matter[Title] OR 
Morphometric analyses[Title]) AND humans[Filter] NOT (“review”[Publication Type] 
OR “review literature as topic”[MeSH Terms] OR “review”[All Fields]))

Albinism
“Albinism”[Mesh] AND ((diffusion tensor imaging[Title] OR magnetic resonance 
imaging[Title] OR grey matter[Title] OR gray matter[Title] OR white matter[Title] OR 
Morphometric analyses[Title]) AND humans[Filter] NOT (“review”[Publication Type] 
OR “review literature as topic”[MeSH Terms] OR “review”[All Fields]))
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SUPPLEMENT 2: 
INCLUSION AND EXCLUSION CRITERIA

European subjects
Healthy subjects
Inclusion:
•	 Both	eyes	have	an	intact	visual	field.	Outcome	of	Frequency	Doubling	Technology	

(C20-1	screeningsmode):	all	test	locations	are	intact	(P≥1%).
•	 A good visual acuity in both eyes. Outcome of the Snellen visual acuity: at least 0.8 

(0.1 logMAR or less).

Exclusion:
•	 Diagnosis with neurological or psychiatric disorders.
•	 An eye disease.
•	 Pregnancy.
•	 Having metal implants or other metal objects in the body.
•	 Known with claustrophobia .

Monocular glaucoma subjects
Inclusion:
•	 In	 one	 eye	 a	 visual	 field	 defect	 due	 to	 primary	 open	 angle	 glaucoma,	 pseudo-

exfoliation syndrome or pigment dispersion syndrome.
•	 The	contralateral	eye	has	an	 intact	visual	 field.	Outcome	of	the	Humphrey	Field	

Analyzer	(30-2	SITA):	glaucoma	hemifield	test	‘within	normal	limits’.
•	 The contralateral eye has a good visual acuity. Outcome of the Snellen visual acuity: 

at least 0.8 (0.1 logMAR or less).

Exclusion:
•	 Another eye disease than primary open angle glaucoma, pseudo-exfoliation 

syndrome or pigment dispersion syndrome.
•	 Pregnancy.
•	 Having metal implants or other metal objects in the body.
•	 Known with claustrophobia.
•	 Diagnosis with neurological or psychiatric disorders.

Monocular blind subjects
Inclusion:
•	 Unilaterally	 light-perception	negative	 for	 at	 least	 five	 years,	 due	 to	 perforation,	

enucleation, evisceration or ablatio retinae leading to blindness to the affected eye.
•	 Healthy	 had	 to	 have	 an	 intact	 visual	 field.	 Outcome	 of	 Frequency	 Doubling	

Technology	(C20-1	screeningsmode):	all	test	locations	are	intact	(P≥1%).
•	 A good visual acuity in the healthy eye. Outcome of the Snellen visual acuity: at 

least 0.8 (0.1 logMAR or less).

Exclusion:
•	 Existence of monocular vision shorter than 5 years.
•	 Visus lower than 0.8 in the healthy eye. Outcome of the Snellen visual acuity: at 

least 0.8 (0.1 logMAR or less).
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•	 Diagnosis with neurological or psychiatric disorders.
•	 An eye disease.
•	 Pregnancy.
•	 Having metal implants or other metal objects in the body.
•	 Known with claustrophobia.

Japanese subject
Glaucoma subjects
Inclusion:
•	 Optic nerve head changes consistent with glaucoma assessed with Optical 

Coherence Tomography (OCT), evaluated by an ophthalmologist 
•	 Visual	 field	 defects	 consistent	with	 glaucoma	 assessed	with	 a	 Humphrey	 Field	

Analyser (HFA), evaluated by an ophthalmologist

Exclusion criteria:
•	 Diagnosis with neurological or psychiatric disorders.

Healthy subjects
Exclusion criteria:
•	 Diagnosis with neurological or psychiatric disorders.
•	 An eye disease.
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SUPPLEMENT 3: EXPLORATIVE INDIVIDUAL 
SUBJECT ANALYSIS OF THE OPTIC RADIATION

Introduction
An	advantage	of	Fiber	Quantification	is	that	is	can	be	used	to	compare	white	matter	
properties	of	individual	subjects	to	the	average	Tract	Profile	of	a	healthy	population,	
making it possible to examine a particular patient with a unique condition. This 
approach makes it feasible that in the future dMRI could be used to monitor and 
evaluate evaluating disease progression. 

Methods
Optic radiations (OR) were reconstructed using probabilistic tractography. We com-
puted	Tract	Profiles	of	each	OR	tract	using	the	Automated	Fiber	Quantification	Toolbox	
(AFQ) (github.com/jyeatman/AFQ; Yeatman et al. 2012). Details of the methodology 
can be read in Chapter 4. 

For our explorative single subject analysis, we plotted the mean fractional anisotropy 
(FA)	Tract	Profile	healthy	age-matched	of	the	same	age	and	ethnicity	(EHC;	n=18)	and	
all	individual	FA	Tract	Profiles	of	the	European	(EU)	cohort	with	monocular	glaucoma	
(MGL;	n=17).	

One	subject	with	primary-open	angle	glaucoma	with	a	monocular	visual	field	defect	
with	was	selected	based	on	their	deviating	Tract	Profile	in	comparison	to	the	mean	
Tract	Profile	of	all	healthy	subjects.	By	plotting	the	results,	the	profiles	of	this	subject	
turned out to be more than one standard deviation away from the mean. 

Results
Subject with  primary-open angle glaucoma with a monocular visual field defect
The subject is a 73 year old female who was diagnosed with primary-open angle 
glaucoma	with	a	monocular	visual	field	defect	of	her	right	eye	six	years	ago.	Her	right	
eye	has	a	mean	deviation	of	-29.7,	nerve	fiber	index	(NFI)	could	not	be	measured.	The	
characteristics of the subject in comparison to the subject group can be found in Table 
1.	Figure	1	shows	the	Tract	Profiles	for	the	mean	OR	of	this	subject	in	comparison	to	
the	mean	Tract	Profile	of	all	EHC	subjects	and	all	MGL	subjects.	The	subject	shows	
substantially decreased FA values throughout the trajectory of the OR. In the mean 
Tract	Profile	of	EHC	subjects		as	well	as	the	MGL	subjects	FA	increases	in	the	first	10	
nodes	of	the	tract.	In	our	subject,	FA	decreases	in	the	first	10	nodes.	From	nodes	20,	
the	pattern	of	peaks	and	valleys	of	the	OR	is	similar	to	the	mean	Tract	Profile	of	the	
healthy controls and the monocular glaucoma subjects, however FA is substantially 
decreased. As can be seen in Figure 2, the segmentation of the OR itself does not show 
any abnormalities. Figure 2 shows the OR of one healthy control and one glaucoma 
patient	with	a	monocular	visual	field	defect.	The	mean	FA	values	for	the	left	and	right	
optic radiation for the control are 0.44 and 0.42 respectively. The mean FA values for 
the left and right optic radiation for the patient are 0.34 and 0.31 respectively. Both 
ORs	of	the	patient	show	a	lower	FA	profile.		The	healthy	subject	was	selected	based	on	
having the least age difference with our glaucoma patient.

https://paperpile.com/c/fXtZyI/Mqu9
https://github.com/jyeatman/AFQ
https://paperpile.com/c/fXtZyI/Mqu9
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Table 1 Individual characteristics of one European monocular glaucoma subject in comparison to their 
subject group 
 MGL MGL Subject 
 Mean Mean 
Age 63.7 73 
Sex 44.4 % male female 
Worst eye  right eye 
Duration of defect, years 6.9 6 
Visual field sensitivity, MD   

Best eye -1.5 -0.34 
Worst eye -19.8 -29.7 

NFI   
Best eye 24.8 21 
Worst eye 75.3 not able to measure 

IOP, mmHg   
Best eye 14.8 16 
Worst eye 13.7 10 

 
  

Figure 1 Individual Tract Profile for the mean optic radiation in a single 
patient with a monocular visual field defect. Individual Tract Profile for the 
mean optic radiation in a single patient with a monocular visual field defect  
(mean deviation: -29.7 dB; mean deviation of worst eye of glaucoma group: 
-19.8 dB) in comparison to the mean Tract Profiles of all healthy subjects and 
all monocular glaucoma subjects.
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Discussion
Our explorative individual subject analysis suggests that OR differences are more 
dependent	of	specific	patient	characteristics.	In	comparison	to	the	mean	demographic	
and clinical characteristics of the monocular glaucoma group, it can be noted that our 
single	subject	has	a	more	severe	visual	 field	defect	(mean	deviation	of	 -29.7	dB)	 in	
comparison to the mean of the worst affected eye of the group (mean deviation: -19.8 
dB). Her NFI could not be measured. Further, she is 10 years older than our average 
monocular	glaucoma	patient.	Her	deviating	Tract	Profile	 could	be	 the	 result	of	her	
age.	However,		glaucoma	severity	is	correlated	with	age	(Li	et	al,	2014)	and	therefore	
these two factors cannot be seen separately. Additionally, diffusion changes as a result 
of age mostly occur in the prefrontal cortex, while the visual cortex is mostly spared 
(Peters 2007).	We	deem	it	most	likely	that	her	deviating	Tract	Profile	is	the	result	of	
glaucomatous damage.

Figure 2 Visualisation of the optic radiations of one healthy control and one glaucoma patient 
with a monocular visual field defect. The left image shows the optic radiations for one healthy 
male subject of 66 years old. The right image shows the optic radiations of a European glaucoma 
patient with a left monocular visual field defect (mean deviation: -29.7 dB; mean deviation 
of worst eye of glaucoma group: -19.8 dB). The colored bar on the side shows the fractional 
anisotropy. This FA value is projected at the core of each optic radiation as a “tube” with a radius 
of 6 millimeters. The mean FA values for the left and right optic radiation for the control are 0.44 
and 0.42 respectively. The mean FA values for the left and right optic radiation for the patient are 
0.34 and 0.31 respectively. Both optic radiations of the patient shows a lower FA profile , however 
especially the right optic is overall lower.  

Healthy Control Monocular Glaucoma Subject

https://paperpile.com/c/fXtZyI/xCyb



