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AIMS OF THIS THESIS

Although glaucoma is traditionally considered an eye disease, over the past decade, 
numerous MRI studies have shown that structures of the brain show changes1 as 
well. In this thesis I will investigate the occurrence of brain changes in patients with 
glaucoma using diffusion-weighted Magnetic Resonance Imaging (dMRI). By doing so, 
I hope to answer the outstanding question whether glaucoma should be considered an 
eye disease or  a brain disease. Sub-questions that will be addressed are:

•	 What has research taught us thus far about brain changes in glaucoma? 
•	 Is white matter (WM) integrity affected in glaucoma patients belonging to a 

population with a high prevalence of normal-tension glaucoma (NTG)?
•	 What is the effect of glaucoma on the WM of the optic radiation (OR)?
•	 What is the effect of glaucoma on the WM of vision-related and non-vision tracts?
•	 What mechanisms can explain brain changes in glaucoma? 
•	 Can we distinguish between these mechanisms? 

Whether glaucoma should be considered an eye disease or  a brain disease is not a 
trivial question. To answer it, it must be demonstrated that the brain changes are not 
simply an indirect consequence of the ocular damage and the subsequent loss of visual 
input. First, for post-geniculate visual pathways, the damage must extend beyond 
what can be explained as a consequence of a loss of visual input. Second, WM changes 
should be present beyond the visual pathways. Third, WM changes in vision-related or 
non-vision tracts should be larger than expected on the basis of visual deprivation or 
anterograde transsynaptic degeneration (ATD) originating from the eye and ON. This 
will provide an important indication for the involvement of a brain component (Prins, 
Hanekamp & Cornelissen, 2016). 

I will address these questions by investigating WM integrity in the visual pathways 
and other brain structures. Two groups of glaucoma patients, from a European (EU) 
and Japanese (JP) population,  will be assessed and compared to controls of the 
same ethnicity. In Europe the predominant form of glaucoma occurs with increased 
intraocular pressure (IOP) levels, whereas in Japan over 90% of patients have normal-
tension glaucoma (NTG) (Iwase et al. 2004). Furthermore, to investigate the effect of 
decreased visual input independent of the eye I will compare the EU glaucoma patients 
with longstanding, non-glaucomatous monocular blind subjects of the same EU cohort. 
I will use several dMRI analysis techniques (Tract-Based Spatial Statistics (TBSS) and 
probabilistic tractography combined with tractometry). By using a comprehensive 
analysis approach, the properties of the mechanism(s) underlying glaucoma may 
be unraveled, thereby shedding light on the question whether glaucoma should be 
considered an eye or brain disease. 

1 I will use the term brain changes when grey or white matter changes (e.g. increase or de-
crease) are observed using neuroimaging without making an assumption about the underlying  
mechanism.

https://paperpile.com/c/7TIiKX/D07W
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OUTLINE OF THIS THESIS

Chapter 1 gives an introduction about the topic and most important concepts used 
throughout this thesis. I will discuss the pathology of glaucoma, the route from retina 
to visual cortex, different concepts and mechanisms of neurodegeneration and will 
explain the methods that I used.

Chapter 2 reviews what MRI studies performed in human patients with the eye 
diseases albinism, amblyopia, hereditary retinal dystrophies, age-related macular 
degeneration and glaucoma have revealed thus far about their association with brain 
changes.	It	also	discusses	the	clinical	relevance	of	these	findings.

Chapter 3 further investigates brain changes in glaucoma by using dMRI in 
combination with TBSS to study WM integrity in a Japanese glaucoma population. 
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 IOP that characterizes 
the more common form of glaucoma.

Chapter 4 examines WM integrity in the optic radiation (OR) in two groups of 
glaucoma patients as well as subjects with non-glaucomatous monocular blindness by 
using  dMRI combined with probabilistic tractography and subsequent tractometry. 
This	chapter	provides	insight	into	the	specific	effect	of	glaucoma	on	the	OR	in	addition	
to the effect of decreased visual input.

Chapter 5 examines WM integrity in vision-related and non-vision WM tracts in two 
groups of glaucoma patients as well as subjects with non-glaucomatous monocular 
blindness by using dMRI combined with probabilistic tractography and subsequent 
Automated	Fiber	Quantification	(tractometric	approach).	This	chapter	aims	to	test	the	
hypothesis that a brain component contributes to glaucoma. 

Chapter 6 provides a general discussion by integrating the results and addresses the 
question whether glaucoma should be considered an eye or a brain disease. Further, 
it discusses the potential clinical relevance of this thesis. In addition, I will give 
recommendations for future research and conclude with  the highlights of my thesis.

BACKGROUND
Glaucoma
Primary open-angle glaucoma (POAG; from here on referred to as glaucoma) is a 
chronic, progressive, age-related optic neuropathy characterized by morphological 
changes	at	the	optic	nerve	head	(ONH)	and	retinal	nerve	fiber	layer	(RNFL).	Progressive	
death	of	retinal	ganglion	cells	(RGCs)	and	visual	field	loss	are	associated	with	these	
changes (Anon 2017).	In	most	of	the	cases,	the	visual	field	loss	starts	in	the	periphery	
and remains unnoticed until severe. When untreated or detected too late, glaucoma 
often leads to blindness (if untreated, approximately 50% of the patients die blind, as 
opposed	to	less	than	5%	in	case	of	a	timely	initiated	and	sufficiently	intense	treatment)	
– resulting in a profound loss of quality of life and high costs for society (van Gestel 
et al. 2010). Glaucoma is one of the most common age-related neurodegenerative 

https://paperpile.com/c/7TIiKX/VJSa
https://paperpile.com/c/7TIiKX/iJuZ
https://paperpile.com/c/7TIiKX/iJuZ
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eye diseases in western society and one of the four major blinding eye diseases. 
The current estimate of glaucoma prevalence for people aged 40-80 years is 3-4%, 
accounting for approximately 64 million people worldwide. In our aging population, 
blindness caused by glaucoma will become an even more substantial problem in the 
future. It is estimated that the rate of people with glaucoma will increase by 74% from 
year 2013 to 2040 (Tham et al. 2014). 

The exact pathophysiology of glaucoma is yet not fully understood (Agarwal et al. 
2009). However, according to the European Glaucoma Society, a deformed lamina 
cribrosa, resulting from IOP levels that are not tolerated by the eye, causes axonal 
damage and consequent apoptotic death of RGCs. Although RGC and ON damage are 
often associated with the presence of elevated IOP, glaucoma with normal levels of IOP 
– normal-tension glaucoma (NTG) – is also commonly diagnosed. Therefore, IOP is seen 
as a risk factor for glaucoma, not as a necessary prerequisite for its diagnosis. Other risk 
factors are old age, ethnicity, positive family history of glaucoma, pseudoexfoliation, 
thin central corneal thickness, myopia, and impaired ocular perfusion. To preserve 
visual function and prevent blindness, current clinically proven treatments focus on 
treating the eye by lowering IOP using medication, laser or incisional surgery. However, 
also because the disease is often diagnosed too late, slowing down progression by 
reducing	 the	 IOP	 is	not	always	sufficient	 to	prevent	blindness:	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). Moreover, rather than being a disease restricted to the 
eye, damage of the RGCs extends to the axons that form the visual pathways as well2. 
Previous studies have shown alterations along the entire length of the visual pathways 
and other brain structures in both the grey and WM (Boucard et al. 2009; Garaci et al. 
2009;	Hernowo	et	al.	2011;	Li	et	al.	2012;	Zikou	et	al.	2012;	Liu	et	al.	2012;	Z.	Chen	et	
al. 2013; W. W. Chen et al. 2013; Yu et al. 2013; Wang et al. 2013; Dai et al. 2013; Murai 
et	al.	2013;	Li	et	al.	2014).	Treatment	insufficiency	combined	with	the	involvement	of	
the brain indicates that there is “more to glaucoma than meets the eye”. In particular, 
involvement of the post-geniculate visual pathways and other brain structures begs 
the question whether glaucoma is solely and eye disease, or should be considered a 
brain disease as well. 

Visual pathways: from retina to cortex
Following the pathway of visual information propagation from retina to visual cortex, 
vision	is	first	generated	by	light	projecting	onto	the	retina.	In	the	retina,	photoreceptors	
respond to light by producing electrical signals that are transmitted through bipolar 
cells, which, in turn, project to the RGCs. The axons of the RGCs exit the eye at the optic 
disc	and	form	the	ON	(Figure	1).	ON	fibers	that	originate	from	ganglion	cells	responding	
to	the	left	visual	field	decussate	in	the	optic	chiasm	to	the	right	optic	tract,	and	vice	
versa. Consequently, each optic tract contains axons representing the contralateral 
half	of	the	visual	field.	Optic	tract	fibers	terminate	on	neurons	in	the	lateral	geniculate	
nucleus	(LGN)	of	the	thalamus.	LGN	neurons	send	their	axons,	bundled	as	the	optic	

2  We define the visual pathways as consisting of the retina, optic nerve (ON), optic chiasm, op-
tic tract, lateral geniculate nucleus (LGN), optic radiation (OR) and the visual cortex. The anterior 
visual pathway refers to structures before the LGN (i.e. pre-geniculate structures), whereas the 
posterior visual pathway refers to structures after this   nucleus (i.e. post-geniculate structures). 

https://paperpile.com/c/7TIiKX/GBtr
https://paperpile.com/c/7TIiKX/3qft
https://paperpile.com/c/7TIiKX/3qft
https://paperpile.com/c/7TIiKX/bAbg
https://paperpile.com/c/7TIiKX/na48+mR0Q+wa1p+ne6m+hmOw+hsCX+iJjY+SNL1+YmY9+OkFi+1gt2+Ikbh+Na9z
https://paperpile.com/c/7TIiKX/na48+mR0Q+wa1p+ne6m+hmOw+hsCX+iJjY+SNL1+YmY9+OkFi+1gt2+Ikbh+Na9z
https://paperpile.com/c/7TIiKX/na48+mR0Q+wa1p+ne6m+hmOw+hsCX+iJjY+SNL1+YmY9+OkFi+1gt2+Ikbh+Na9z
https://paperpile.com/c/7TIiKX/na48+mR0Q+wa1p+ne6m+hmOw+hsCX+iJjY+SNL1+YmY9+OkFi+1gt2+Ikbh+Na9z
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radiation, to the primary visual cortex. Throughout this thesis, the primary visual 
system	 is	defined	as	 consisting	 the	 retina,	ON,	 optic	 chiasm,	optic	 tract,	 LGN,	optic	
radiation and primary visual cortex. Further, the anterior visual pathway refers to 
structures	 before	 the	 LGN	 (i.e.	 pre-geniculate	 structures),	 whereas	 the	 posterior	
visual pathway refers to structures after this nucleus (i.e. post-geniculate structures). 

Mechanisms of brain changes in glaucoma
Numerous MRI studies have shown that degeneration in glaucoma is not restricted 
to the axons that form the ON, but extends to other parts of the visual pathways as 
well	 as	 other	 brain	 structures.	 Little	 is	 known	 about	 the	mechanisms	 behind	 this	
degeneration. Throughout this thesis I will explore several candidate mechanisms. 
A schematic overview of the normal visual pathways and the consequence of these 
several mechanisms on the visual pathways is shown in Figure 2.

Brain changes
This thesis uses the term brain changes when grey or white matter (WM) differences 
(e.g. increase or decrease) are observed between patients and healthy controls using 
neuroimaging	 without	 making	 an	 assumption	 of	 the	 cause.	 Also	 more	 specifically	
described in this thesis as visual pathways changes or WM changes. 

Neuroplasticity
Neuroplasticity indicates changes in the organization of the brain as a result of 
development, learning, memory, experience or recovery from brain injury. It can occur 
on different levels, ranging from changes in synapses to neural pathways. The theory 
behind	this	process	is	that	synchronous	firing	of	neurons	leads	to	distinctive	increases	
in	synaptic	strength	between	those	neurons.	Synchronous	firing	makes	neurons	more	

Figure 1 Visual pathways: from retina to 
cortex. (A) The visual pathways consists of 
the retina, optic nerves, optic chiasm, op-
tic tract, lateral geniculate nucleus of the 
thalamus (LGN), optic radiation and the 
visual cortex. The anterior visual pathway 
refers to structures before the LGN (i.e. 
pre-geniculate structures), whereas the 
posterior visual pathway refers to struc-
tures after this nucleus (i.e. post-genic-
ulate structures). (B) Left-hemispheric 
optic radiation comprising the anterior 
bundle termed Meyer’s loop (yellow), the 
central bundle (green), and the dorsal bun-
dle (blue). Source: Hofer S, Karaus A and 
Frahm J (2010)). Reconstruction and dis-
section of the entire human visual pathway 
using diffusion tensor MRI. Front. Neuroanat. 
4:15.  doi: 10.3389/fnana.2010.00015 http://
journal.frontiersin.org/article/10.3389/fna-
na.2010.00015/full

https://paperpile.com/c/7TIiKX/BpdG/?noauthor=1
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Figure 2 Mechanisms of brain changes in glaucoma. A. A simplified illustration of the normal 
visual pathway from eye to the visual cortex. B. Functional deprivation leading to degeneration 
of the visual cortex C. Wallerian degeneration resulting in degeneration of the axonal part of the 
neuron in response to an injury. D. Anterograde transsynaptic neurodegeneration in which death 
at the level of the first neuron leads to death of cells at the second neuron. E. This process could 
also occur in the opposite direction; retrograde transsynaptic degeneration. F. An independent 
brain component with primary injury sites outside the optic nerve as well. G. An accumulated 
effect of several mechanisms. 



15

I

likely	to	fire	together	in	the	future:	“neurons	that	fire	together,	wire	together”.	In	case	
of functional deprivation decreased activity could lead to decreased synaptic strength: 
“neurons	that	fire	out	of	sync,	fail	to	link”.

Retinotopic-specific visual deprivation
A	 term	 to	 specifically	 describe	 neurodegeneration	 in	 the	 visual	 cortex	 caused	 by	
decreased visual input (Boucard et al. 2009).	 In	 case	 of	 a	 visual	 field	 defects	 that	
overlap in both eyes, the corresponding part of the retinotopically organized visual 
cortex no longer receives input, which results in local cell death (Figure 2B).

Neurodegeneration
In general, neurodegeneration can be explained as progressive loss of neuronal 
structure, loss of function and cell death. Neurodegenerative diseases each have their 
own	characteristic	profile	of	regional	neuronal	cell	death	(Przedborski et al. 2003). 
To understand different mechanisms of neurodegeneration it is important to know 
that, typically, a neuron has a cell body (soma), dendrites and an axon. As information 
propagates through the brain, it passes from one neuron to the next via a synapse. The 
first	neuron	passing	through	the	information	is	called	the	presynaptic	neuron	and	the	
second neuron receiving the information is called the postsynaptic neuron (Figure 3). 
In	the	visual	pathway,	the	visual	information	flows	from	the	retina	via	the	LGN	to	the	
visual cortex. If degeneration spreads from one neuron to the next via a synapse, it is 
referred to as transsynaptic degeneration. 

Wallerian degeneration
Wallerian degeneration is a form of anterograde degeneration in which only the 
axonal part of the neuron (i.e. not transsynaptic) degenerates in response to an injury 
that separates the cell body of the neuron from the distal part of the axon (Rotshenker, 
2007)(Figure 2C).

Figure 3 Presynaptic and postsynaptic 
neuron. The first neuron passing through 
the information is called the presynaptic 
neuron and the second neuron receiving the 
information is called the postsynaptic neuron.

https://paperpile.com/c/7TIiKX/na48
https://paperpile.com/c/7TIiKX/KCvR
https://paperpile.com/c/7TIiKX/5Yfx
https://paperpile.com/c/7TIiKX/5Yfx
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Anterograde transsynaptic degeneration
Anterograde transsynaptic degeneration (ATD) can be caused by a loss of input or 
after	 neuronal	 injury.	 Breakdown	 of	 presynaptic	 neurons	 (i.e.	 first	 neuron)	 at	 the	
primary injury site causes the death of its downstream postsynaptic neurons (i.e. 
second neuron) due to lack of innervation (e.g. degeneration from retina to brain) 
(Nauta & Ebbesson 1970) (Figure 2D). In other words, if the ON is damaged, the rest 
of the visual pathways receives less input thereby causing the death of these cells. ATD 
is a general mechanism of neurodegeneration; it 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 2007b; Gupta & Yücel 2007a). 

Retrograde transsynaptic degeneration
Retrograde transsynaptic degeneration is degeneration in the opposite direction of 
ATD. (Figure 2E). It occurs when axonal damage in the postsynaptic neuron causes the 
death of the upward presynaptic neuron (e.g. from brain to retina) and target tissues 
no longer receive trophic support (Nauta & Ebbesson 1970). 

An independent brain component
Glaucoma could also be a neurodegenerative disease with primary injury sites beyond 
the ON as well (Figure 2F). In this case, brain changes are not simply a secondary 
result of glaucoma, but part of the primary clinical manifestation.

Accumulative effect
Brain changes in glaucoma could also be an accumulated consequence of more than 
one of these mechanism (Figure 2G).

METHODOLOGY

Measuring visual functioning
Visual acuity
Visual acuity (VA) is the capacity of the visual system to resolve small details (i.e. 
spatial resolution). This may be thought of as the clarity or sharpness of vision. 

VA is tested by identifying black symbols, so-called optotypes, on an acuity chart 
with a white background from a standardized distance (6 meters or 20 feet). Normal 
VA is described as 6/6 or 20/20 when, respectively, meter or feet is used a unit of 
measure. The numerator is the subject’s distance from the chart and the denominator 
the number written next to the smallest line of letters the subject can accurately read 
(the number, called “denominator of Snellen” after the Dutch ophthalmologist Herman 
Snellen	(1834-1908),	reflects	the	distance	at	which	a	healthy	eye	is	able	to	read	that	
line). Although VA is the most common measure to determine visual functioning, it is 
mostly spared in glaucoma, at least in early stages of the disease and therefore not a 
very useful diagnostic technique.

Visual fields
The	visual	field	(VF)	refers	to	the	total	area	of	visual	space	in	which	objects	can	be	
seen	when	the	gaze	is	directed	on	a	central	fixation	point.	The	VF	can	be	measured	in	

https://paperpile.com/c/7TIiKX/RjlH
https://paperpile.com/c/7TIiKX/VWz2+GktE
https://paperpile.com/c/7TIiKX/RjlH
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terms	of	degrees	from	fixation	(eccentricity).	Central	vision	-	or	vision	with	a	part	of	
the retina called the macula -  corresponds approximately to the central 18 degrees of 
the VF, that is, up to an eccentricity of 9 degrees. The center of the macula, called the 
fovea, corresponds approximately to the central 2 degrees (1 degree eccentricity). The 
area of vision outside the central vision is referred to as peripheral vision. In normal 
vision,	a	monocular	VF	(visual	field	of	one	eye)	extends	approximately	100	degrees	
temporally (towards the ear), 60 degrees nasally (towards the nose), 60 degrees 
superiorly (above) and 75 degrees inferiorly (below) from the center. The binocular 
VF	(both	eyes)	has	a	horizontal	field	range	of	approximately	200	degrees	and	vertical	
field	 range	 of	 135	 degrees.	 The	 left	 VF	 corresponds	 to	 the	 area	 left	 of	 the	 vertical	
meridian (which is the temporal VF for the left eye, and the nasal VF for the right eye); 
and vice versa for the right VF (Heatley 1999) (Figure 4). The vertical meridian is the 
vertical	line	through	fixation,	that	is,	through	the	fovea.

A perimeter can systematically assess 
an individual’s VFMD by pre senting 
lights with incremental intensities of 
brightness at dif ferent locations in 
the VF of one eye while the individual 
fixates	 on	 a	 central	 point.	 The	person	
indicates whether he or she has seen 
the light by pushing a button. This re-
sults in a (Weber) contrast sensitivity 
(CS) value for each test location. Each 
CS value is compared to an age-cor-
rected normative database. The local 
deviations from the expected values 
are subsequently averaged. This yields 
the primary outcome measure, called 
mean deviation (MD). From the variety 
of perimeters that can be used for VF 
testing, the Humphrey Field Analyser 
(HFA;	 Carl	 Zeiss	 Meditec,	 Dublin,	 CA,	
USA) is used in this thesis. For screen-
ing purposes we also used the Frequen-
cy Doubling Technology perimeter 
(FDT), which has a stimulus consisting 
of a low spatial high temporal frequen-
cy	sinusoidal	grating,	yielding	a	flicker-
ing illusion.

Optic nerve damage 
Glaucoma	is	characterized	by	morphological	changes	at	the	ON	head	(ONH)	and	RNFL.	
The ON is a cylinder-shaped structure with an approximate length of 50 mm. The 
ONH,	or	optic	disc,	is	the	intraocular	part	of	the	ON.	The	RNFL	is	the	innermost	layer	
of the retina and consists of the axons of the RGCs. Within the center of the ONH there 
is a small depression called the optic cup. The axons of the RGCs run between the optic 
disc border and the cup and form the neuroretinal rim (Figure 5). 

Figure 4 Normal limits of the visual field. The 
human field of view (FOV) for both eyes showing 
far, mid- and near peripheral vision, macular, 
paracentral and central (foveal) vision. Source: 
Wikimedia commons

https://paperpile.com/c/7TIiKX/O0kq
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In glaucoma, ON damage is assessed 
by evaluating the cup-disc ratio, the 
optic	 disc	 size,	 the	 RNFL	 thickness,	
the contour of neuroretinal rim 
and the overall appearance of these 
structures (for instance color or the 
occurrence of hemorrhages). This cli-
nical examination can be done using 
an ophthalmoscope, but can also be 
quantified	 and	 visualized	 by	 scanning	
laser devices such as confocal scanning 
laser ophthalmoscopy (e.g. Heidelberg 
Retina Tomograph (HRT)), scanning 
laser polarimetry (e.g. GDx) and optical 
coherence tomography (OCT). In this 
thesis, both GDx and OCT are used to 
asses ON damage. 

Intraocular pressure
The IOP refers to the pressure inside 
the eye. The normal IOP ranges 
between 10 and 20 millimeters of 
mercury (mmHg) with an average of 
15 mmHg. The IOP depends both on 
the production and the drainage of the 
aqueous	 humor	 (fluid).	 The	 aqueous	
humor is produced in the ciliary body of 
the	eye	and	flows	through	the	anterior	
chamber (Figure 6). The aqueous 
humor is drained from the eye through 
a drainage system called the trabecular 
meshwork . If the trabecular system 
is blocked, the aqueous humor cannot 
leave the eye, hence IOP increases, 
which in turn is thought to damage 
the ON. IOP can be measured using a 
tonometer. The Goldmann applanation 
tonometers and noncontact air-puff 
tonometers are most commonly used. 

Acquiring images of the brain
Magnetic Resonance Imaging
Magnetic Resonance Imaging (MRI) is a non-invasive method to visualize the 
structure of tissues in the body, such as the brain. The body is largely composed of 
water molecules. Each water molecule has two hydrogen nuclei or protons. MRI is 
based	on	the	susceptibility	of	protons	in	the	atomic	nucleus	to	magnetic	fields.	This	
is particularly true for a hydrogen atom, which has only one proton in its nucleus.  An 
MRI	uses	a	strong	external	magnetic	field.	When	protons	are	inside	this	magnetic	field,	

Figure 5 Fundus image showing the optic 
nerve head. The optic cup is visible as bright 
spot inside the optic disk enclosed by the 
neuroretinal rim. Source: http://www5.cs.fau.de/
research/data/fun-dus-images 

Figure 6 A simplified view of where fluid is 
formed and where fluid exits in the eye. Source: 
National Eye Institute, National Institutes of Health

http://www5.cs.fau.de/research/data/fundus-images
http://www5.cs.fau.de/research/data/fundus-images
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they	have	the	tendency	to	align	parallel	to	the	direction	of	the	magnetic	field.	When	
a radio frequency pulse is emitted by the scanner, some of the hydrogen protons are 
‘knocked	out’	of	alignment	with	the	magnetic	field.	Afterwards,	protons	that	are	excited	
by the radio frequency pulse will re-align (i.e. relaxation) with the scanner and in 
addition, they emit a radio frequency. The MRI scanner measures this radio frequency 
signal and calculates an image from this. Because different types of tissue contain 
different concentrations of hydrogen and thus send slightly different signals, different 
tissues types, and therefore different structures in the body, can be distinguished. By 
using different (radio frequency) pulse sequences in the MRI scanner, one can make 
different type of scans (Andrew, 1992). In thesis I use two different type of MRI scans: 
a T1-weighted MRI and dMRI scan.

T1-weighted MRI
A T1-weighted MRI scan is obtained by applying one of the basic pulse sequences. This 
pulse sequence results in images with a high resolution and a high contrast between 
WM,	greymatter	and	cerebrospinal	fluid	(CSF).	This	type	of	scan	is	used	to	create	an	
image of the anatomy of the brain (Figure 7).

Diffusion-weighted MRI
The pulse sequence used in dMRI (Figure 7) uses the direction and extent of diffusion 
(i.e. diffusion trajectory) of water molecules to generate images of the axonal 
architecture	of	WM	fibers.	The	diffusion	trajectory	in	each	voxel	(a	three-dimensional	
volume	element)	can	be	plotted	in	a	three-dimensional	figure	with	an	X-,	Y-	and	Z-axis	
creating a so-called tensor (Figure 8A). Mathematically, the tensor is composed out of 
three	eigenvalues	(λ1,	λ2,	λ3)	and	three	eigenvectors	(ε1,	ε2,	and	ε3).	The	eigenvalues	
represent	the	magnitude	of	diffusion	and	the	corresponding	eigenvectors	reflect	the	
directions of maximal diffusion (Köhler et al. 2014; Soares et al. 2013) 

Figure 7 T1-weighted and diffusion-weighted MRI scan. An axial slice of a T1-
weighted image scan on the left and a diffusion-weighted image on the right. 

https://paperpile.com/c/7TIiKX/jtJ7+5KGU
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The	 value	 and	 shape	 of	 each	 tensor	 can	 be	 quantified	 and	 described	 in	 terms	 of	
anisotropy. When the tensor has the shape of a sphere (e.g. soccer ball), water 
molecules can diffuse equally in all directions; there are no boundaries. This is called 
isotropic diffusion. Whereas in anisotropic diffusion, the tensor has the shape of an 
oval (e.g. rugby ball or cigar) and the water molecules cannot diffuse equally; they are 
restricted	(Figure	8B	and	8C).	The	degree	of	anisotropy	can	be	viewed	as	a	reflection	
of the degree of WM integrity. The microstructure of the tissue determines the 
diffusion	of	water.		In	WM	fibers,	water	diffusion	tends	to	occur	in	the	same	direction	
(anisotropic) rather than freely (isotropic) as the myelin sheath of axons restricts 
random diffusion thus producing cigar-shaped tensors. 

Figure 8 Principles of diffusion. (A) The diffusion tensor ellipsoid represents the probability 
that water molecules within a voxel will diffuse in a given direction. (B) Fractional anisotropy 
(FA) is calculated from the diffusion tensor. Areas of high anisotropy have a more elongated 
probability distribution, reflecting the higher likelihood of diffusion in one direction. (C) Areas 
of lower anisotropy have a more spherical distribution. (D) This FA image has been colored to 
illustrate the principal directions of diffusion within different white matter pathways. (E) Here, 
the principal direction of diffusion within each voxel (red line) is shown overlaid on an FA map 
(lighter grey indicates higher anisotropy). Within white matter, the principal direction of diffusion 
is often aligned parallel to the length of the tract. Figure and figure description taken from: Roberts, 
R. E., Anderson, E. J., & Husain, M. (2013). White Matter Microstructure and Cognitive Function. The 
Neuroscientist, 19(1), 8–15. 

https://paperpile.com/c/7TIiKX/2eOB/?noauthor=1
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Visualization of tensors
Each tensor has a predominant direction of minimal and maximal diffusion (e.g. 
eigenvectors),	 which	 is	 difficult	 to	 interpret	 in	 a	 two-dimensional	 grey-scaled	
image. Therefore, this additional information gets color-coded and visualized in an 
orientation map of diffusion (Figure 8D). In the common color code: 
•	 Red	indicates	direction	in	X-axis:	diffusion	from	left	to	right;
•	 Green indicates direction in Y-axis: diffusion in anterior- 

posterior direction (front-to-back);
•	 Blue	indicates	direction	in	Z-axis:	diffusion	in	superior- 

inferior direction (foot-to-head).

Parameters to describe anisotropy
For	quantification	of	 the	 shape	of	 the	 tensor,	 several	parameters	 can	be	derived	 to	
describe the anisotropy in each voxel. From the three eigenvalues four different 
measures of diffusion can be derived: fractional anisotropy (FA), mean diffusivity 
(MD), radial diffusivity (RD) and axial diffusivity (AD). FA is the result of the standard 
deviation of the three eigenvalues. MD is the mean of the three eigenvalues, RD is the 
mean	of	the	second	and	third	eigenvalue	(λ2	and	λ3)	and	AD	is	the	first	eigenvalue	
(λ1).	 Each	 measure	 of	 diffusivity	 is	 thought	 to	 reflect	 different	 properties	 of	 WM	
integrity. While FA is assumed to be highly sensitive for microstructural changes in 
general,	other	scalars	are	more	specific	for	the	type	of	microstructural	changes.	MD	
is thought be sensitive to cellularity, necrosis and edema. RD is seen as a measure 
that	is	sensitive	to	dysmyelination	and	demyelination.	AD	is	more	specific	to	axonal	
degeneration or injury (Prins D. Hanekamp S. Cornelissen 2015; Alexander et al. 
2007; Basser et al. 2000; Jones et al. 1999). The interpretation of diffusion measures 
is not straightforward (Beaulieu	2002;	Le	Bihan	&	Van	Zijl	2002). The table below 
attempts to clarify the interpretation of diffusion measures and shows what pattern of 
differences could be expected in different biological tissues.

Analyzing images of the brain
Voxel-based morphometry 
Voxel-based morphometry (VBM) is a neuroimaging analysis technique of T1-
weighted images to investigate differences in brain anatomy. VBM comprises a voxel-
wise (e.g. location-by-location) statistical comparison of the local tissue concentration 

Table 1 Interpretation of diffusion measures   
 FA MD RD AD 
  (λ1+λ2+λ3)/3 (λ2+λ3)/2 λ1 
Grey matter ! − ↑ ! 
White matter ↑ − ! ↑ 

CSF ! ↑ ↑ ↑ 
High myelination ↑ ! ! − 
Dense axonal packing ↑ ! ! − 
WM Maturation ↑ ! ! ↑/! 
Axonal degeneration ! ↑ ↑ !/↑ 
Demyelination ! ↑ ↑ − 
Low SNR ! ↑ − ! 
Source: Do Tromp, DTI Scalars (FA, MD, AD, RD) - How do they relate to brain structure?, The 
Winnower3:e146119.94778 (2016). DOI:10.15200/winn.146119.94778 
  

https://paperpile.com/c/7TIiKX/hSUJ+bGaK+49y3+cZOb
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of	grey	matter	volume,	WM	volume	or	cerebrospinal	fluid	across	groups	of	subjects.	
Therefore, VBM can quantify the magnitude of structural differences between groups. 
It is appropriate for whole-brain analysis as well as region-of-interest (ROI) analysis. 
The processing pipeline for VBM starts with the spatial normalization of T1-weighted 
MRI	scans	and	registration	to	a	template	brain,	in	order	to	reduce	possible	influences	
of individual differences in brain  anatomy. Subsequently, the grey or WM is segmented 
from the spatially normalized images, smoothed and group voxel-wise parametric 
statistical tests can be performed. VBM has been specially designed to be sensitive 
for different tissue types while omitting large-scale volumetric differences in brain 
anatomy. Resulting output images show regions where grey or WM concentration 
differs	 significantly	 between	 groups	 (Ashburner & Friston 2001; Good et al. 2001; 
Ashburner & Friston 2000; Hugdahl 2003; Frackowiak et al. 2004). 

Tract-Based Spatial Statistics
Tract-based Spatial Statistics (TBSS) is a neuroimaging analysis technique of dMRI to 
examine differences in local anisotropy (i.e. FA or MD) in WM on a voxel-wise basis 
across groups of subjects (Smith et al. 2006). This method is appropriate for whole-
brain analysis. The processing pipeline for TBSS consists of the registration of all 
FA	images	to	a	specific	template	space.	Next,	a	mean	FA	image	as	well	as	a	mean	FA	
skeleton are created, representing the center of all WM common to the group. The 
resulting ‘mean FA skeleton’ is then thresholded to suppress areas of low mean FA 
(not likely to be WM) and/or high inter-subject variability thus excluding minor tracts 
carrying high inter-subject variability and/or partial volume effects. Finally, each 
subject’s aligned FA data is projected onto the ‘mean FA skeleton’ . Next, statistical 
analysis can be done for each of voxels of the FA skeleton (Figure 9)(Smith et al. 2006).

Figure 9 Tract-based spatial statistics (TBSS) processing pipeline. “(Left to right) 
DTI-derived fractional anisotropy (FA) images are co-registered to a template; 
they are then averaged, from which a “skeleton” containing all major tract centers 
common to all subjects is derived. Skeleton voxels with low FA-values (typically 
FA < 0.2) are excluded to ensure only white matter is present. Next, spatially 
normalized FA images are projected to the skeleton. In this step, the center of 
each tract is identified for each individual FA image and projection vectors to their 
analogous location in the skeleton are computed and applied. Transformation fields 
(to template space) and projection vectors (to the skeleton) are then also applied 
to the additional DTI parametric maps (i.e., MD, λ1, RD). Finally, non-parametric, 
permutation based, statistical testing of the null-hypothesis is performed.” Figure 
and figure description are taken from Acosta-Cabronero, J. and Nestor, P.J., (2014) 
Diffusion tensor imaging in Alzheimer’s disease: insights into the limbic-diencephalic 
network and methodological considerations. Frontiers in aging neuroscience, 6, p.266.
(Acosta-Cabronero & Nestor 2014).

FA native Co-registration Averaging Skeleton Projection Stats
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Tractography
Tractography is a neuroimaging analysis technique of dMRI that uses the shape of 
the tensor in each voxel to estimate the course of WM trajectories. The most common 
approach	consists	of	defining	a	starting	ROI	 (i.e.	 seed	 location)	and,	 from	that	ROI,	
following the preferred direction of diffusion through the orientation of the longest 
eigenvector	(ε1)	voxel	by	voxel	until	the	entire	WM	trajectory	is	traced.	This	method	
is called streamline tractography or deterministic tractography (Figure 13). Whereas 
deterministic tractography assumes a single orientation and uses one streamline 
per voxel, probabilistic tractography assumes a distribution of orientations and uses 
multiple streamline samples per seed voxel (drawn from a probability distribution 
of the orientation in a voxel). The trajectory is traced many times, each time using 
slightly different orientations per voxel based on their likelihood. In the end the most 
likely WM trajectory is chosen (Figure 10). 

Considering that axons in the brain have diameters in the order of 1μm,	each	voxel	
(1-2 mm) contains many axons. Deterministic tractography does not account for this 
uncertainty and therefore I use probabilistic tractography in this thesis (Figure 11) 
(Berman et al. 2008; Behrens et al. 2007; Behrens & Woolrich 2003; Hagler et al. 2009).  

Figure 10 Deterministic tractography versus probabilistic tractography. (A)Abstract 
representation of tensors in a 55 grid, with two regions of interest (ROIs) (red and 
green). Strongly anisotropic voxels are dark blue, whereas weakly anisotropic voxels 
are light blue. (B)Streamline tractography propagates a fiber tract in the direction 
of principal eigenvector, preserving voxel-to-voxel directional information. (C)
Probabilistic tractography produces a likelihood map of the diffusion path between 
two ROIs. Rather than delineate a single best path, the likelihood map shows the 
probability that a particle diffusing between ROIs traverses each voxel. Coronal 
images of internal capsule in healthy adults demonstrate (D )diffusion ellipsoid maps 
(principal eigenvector is denoted by color: red, left to right; blue, cranial to caudal; 
green, anterior to posterior), (E) streamline tractography of corticospinal tract 
(red) and (F)probabilistic tractography of corticospinal tract (color denotes index of 
probability that voxel is included in tract). Figure and figure description are taken from 
(Nucifora et al. 2007).

a.

d.

b.

e.

c.

f.
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Tractometry
Tractometry	 quantifies	 diffusion	 measurements	 at	 multiple	 locations	 along	 the	
trajectory of WM tracts in each subject’s brain. Tractometry is performed after the 
reconstruction of tracts via tractography. WM tracts can be resampled into equidistant 
nodes along their trajectories on an individual basis (Step 6 of Figure 12). At each node, 
diffusion can be extracted for each participant. The main difference with tractography 
is that tractometry can calculate FA (or another diffusion measure) for each node of 
the tract instead of calculating a mean value over the entire tract. The main difference 
with TBSS is that tractometry can show patterns of peaks and valleys of diffusion of 
WM	tracts,	instead	of	only	significant	differences	per	voxels	at	the	group	level.	

Automated Fiber Quantification
Automated	 Fiber	 Quantification	 (AFQ)	 (Yeatman et al. 2012) uses an algorithm 
that	 automatically	 identifies	 and	 segments	WM	 tracts	 and	 subsequently	 quantifies	
diffusion measurements at multiple locations along the trajectory of WM tracts on 
an individual basis (i.e. tractometry). The processing pipeline is that for each subject, 
first,	 fiber	 tracts	 are	 segmented	 by	 using	 a	 two-waypoint	 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,	as	 in	 tractometry,	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	(Figure	12).	The	current	method	
is able to identify twenty major tracts.

Figure 11 Depiction of the optic radiation using different tractography methods. 
The resulting optic radiation  from diffusion tensor with deterministic tractography 
(left), constrained spherical deconvolution with deterministic tractography (middle), 
or probabilistic tractography (right). Source: Tournier, J., Calamante, F., & Connelly, 
A.(2012).MRtrix: diffusion tractography in crossing fiber regions. International Journal of 
Imaging Systems and Technology, 22(1), 53-66.
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Figure 12. Automated Fiber Quantification (AFQ) procedure for the left hemisphere inferior 
fronto-occipital fasciculus. (1) Whole brain tractography is initiated from each white matter voxel 
with fractional anisotropy (FA) >0.3. (2) Fibers that pass through two waypoint regions of interest 
(ROIs) become candidates for the left IFOF fiber group. (3) Each candidate fiber is then scored 
based on its similarity to a standard fiber tract probability map. Fibers with high probability 
scores are retained. (4) Fibers tracts are represented as a 3-dimensional Gaussian distribution 
and outlier fibers that deviate substantially from the mean position of the tract are removed. (5) 
The fiber group is clipped to the central portion that spans between the two defining ROIs. (6) The 
fiber group core is calculated by resampling each fiber into 100 equidistant nodes and calculating 
the mean location of each node. Diffusion measurements are calculated at each node by taking 
a weighted average of the FA measurements of each individual fibers diffusion properties at that 
node. Weights are determined based on the Mahalanobis distance of each fiber node from the 
fiber core. Figure and figure description are taken from (Yeatman et al. 2012). 
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INTRODUCTION

Recently, numerous magnetic resonance imaging (MRI) studies have shown that eye 
diseases are associated with brain changes, in particular in the visual pathways (an 
overview of what we mean by the general term “brain changes” is given in Chapter 1, 
section "Mechanisms of brain changes in glaucoma)(Barnes et al. 2010, Boucard et al. 
2009, Bridge et al. 2012, Hernowo et al. 2011, Hernowo et al. 2014, Plank et al. 2011, 
Xiao	et	al.	2007,	Xie	et	al.	2007).	These	brain	changes	have	primarily	been	shown	in	
eye diseases that reduce visual acuity or are associated with the occurrence of retinal 
defects, such as glaucoma, age-related macular degeneration (AMD) and hereditary 
retinal dystrophies.

The potential role of MRI studies in ophthalmology is increasing due to current 
advances in ophthalmic therapeutic strategies, such as the development of retinal 
implants and  neuroprotective agents. The success of these therapies may require that 
the central visual system is still capable of transmitting and processing the retinal 
signals. Therefore, it is becoming increasingly important to establish the integrity of 
the visual pathways and brain and their ability to transmit and process potentially 
restored input. Furthermore, parallel developments in brain imaging and analysis 
techniques make it more and more feasible that brain imaging could perhaps be used 
as a diagnostic tool or to evaluate the response to neuroprotective agents.

We reviewed the current literature on structural brain changes in humans associated 
with the eye diseases albinism, amblyopia, hereditary retinal dystrophies, AMD, and 
glaucoma. For each eye disease, we focused on two main questions. First, what have 
structural studies found thus far, and second, what is the potential clinical relevance 
of	these	findings?	In	our	discussion	we	will	generalize	our	findings	and	give	directions	
for future research.

Although numerous animal and functional MRI (fMRI) studies have also been 
performed, we limited the scope of our review to the results obtained in humans 
with structural imaging and analysis techniques such as voxel- and surface based 
morphometry (VBM/SBM) and diffusion-weighted MRI (dMRI). (For reviews focusing 
on fMRI, we refer to Wandell and Smirnakis (2009) and Haak et al. (2013). 

METHODS

Search protocol
The data base search was updated last on December 2014. The searched databases 
are: EMBASE, PubMed, and Web of Science. 

Search string
For	each	eye	disease	a	specific	search	string	was	used.	The	part	of	the	search	string	that	
corresponds to structural neuroimaging was equal for all eye diseases. An example of 
the search string for glaucoma is given below. Search strings for each eye disease can 
be found in Supplement 1 of this thesis. 
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Example of search string for 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])

Inclusion criteria studies
All articles were screened and selected for inclusion according to several criteria. 
Inclusion was based on the following criteria:
•	 Methodology: use of structural neuroimaging (e.g. DTI, VBM, or conventional MRI 

examination) and use of human population;
•	 Research question: investigation of brain changes;
•	 Type of eye disease: albinism, amblyopia, hereditary retinal dystrophies, AMD, and 

glaucoma.

RESULTS

Albinism
Pathology
Albinism refers to a heterogeneous group of genetically determined disorders that 
are characterized by hypopigmentation in the skin, hair, and eyes. Ocular features in 
albinism are reduced visual acuity and nystagmus, which are related to the degree 
of ocular pigmentation; hypoplasia of the fovea; hypopigmentation of the fundus; 
translucency of the iris; strabismus; high refractive errors; and red deviation in colour 
vision (Kinnear, Jay & Witkop 1988).

What has been found?
A conventional MRI study revealed structural abnormalities in albino patients: the 
diameters of the optic nerves and optic tracts and the width of the chiasm were 
smaller, and the shape of the chiasm was different (Schmitz et al. 2003).

In more recent VBM studies, more subtle changes in the brain have been shown. Von 
dem Hagen et al.	 found	a	 regionally	 specific	decrease	 in	grey	matter	volume	at	 the	
occipital poles in albinism. The location of the decrease in grey matter corresponds 
to	the	cortical	representation	of	the	central	visual	field.	This	reduction	was	possibly	a	
direct result of decreased ganglion cell numbers in the central retina in albinism (von 
dem	Hagen	et	 al.	 2005).	Moreover,	 the	 calcarine	 fissure	was	 shorter	 and	 the	mean	
surface	area	of	the	calcarine	fissure	was	smaller	in	albinism	than	in	healthy	controls	
(Neveu et al. 2008). More recently, Bridge et al. (2012) reported increased grey matter 
volume in the calcarine sulcus in albinism, which was related to increased cortical 
thickness. They also found decreased grey matter volume in the posterior ventral 
occipital cortex. These results suggest that albinism is associated with pre-geniculate 
and post-geniculate changes. 

What is the potential clinical relevance of the findings?
It is unclear if the reported brain abnormalities in albinism are congenital, or if they 
are secondary to the ocular symptoms in albinism. The hypoplasia of the fovea, the 
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subsequently reduced visual acuity, and the nystagmus can all cause abnormal input. This 
abnormal input could be a plausible explanation for the observed alterations the brain.

No curative therapy for albinism is currently available. Therapy is aimed at treatment 
of the symptoms of albinism, such as the prevention of possible development of 
amblyopia, appropriate refraction and protection against sun. Therefore, at present, 
the	 findings	 of	 brain	 abnormalities	 do	 not	 have	 implications	 for	 the	 treatment	 of	
albinism, but they do provide us more insight in the disorder itself.

Amblyopia
Pathology 
Amblyopia is a reduction of best-corrected central visual acuity by misuse of disuse 
during	the	critical	period	of	visual	development.	It	has	no	exact	identifiable	organic	
cause, although it is thought to originate in the central nervous system. Disuse or 
misuse mostly occurs because of deprivation, unequal refractive errors, or strabismus 
and	is	classified	accordingly.	The	decrease	in	vision	develops	in	the	first	decade	of	life	
and does not decline thereafter. It occurs most often unilaterally, but it can also appear 
bilaterally (Day 1997). 

What has been found?
Using VBM, decreased grey matter density in the visual cortex has been found in 
children	with	amblyopia,	compared	to	children	with	normal	sight	(Xiao	et	al.	2007,	
Xie	et	al.	2007).	 In	a	study	of	children	and	adults	with	anisometropic	or	strabismic	
amblyopia, decreased grey matter volume was found in the visual cortex in both age 
groups, although this volumetric reduction was more widespread in children than 
in adults (Mendola et al. 2005). Moreover, Barnes et al. (Barnes et al. 2010) found 
decreased	 grey	matter	 concentration	 in	 the	 LGN	 in	 adult	 patients	with	 strabismic	
amblyopia  Lv et al. (2008) found no difference in mean global cortical thickness and 
the mean regional thickness of the primary and secondary visual cortex (V1 and V2) in 
amblyopic subjects, compared to healthy controls. However, in the unilateral amblyopic 
subjects, a difference between the two hemispheres was shown More recently, grey 
and white matter (WM) changes were observed in a group of unilaterally amblyopic 
children. These changes contained both increases and decreases in the visual cortex 
and around the calcarine areas. The volumetric loss occurred in cortices related to 
spatial	vision(Li	et	al.	2013).	 In	summary,	 this	 indicates	that	amblyopia	 is	 linked	to	
changes in the pregeniculate and geniculate part of the visual pathways. 

What is the potential clinical relevance of the findings?
From these studies we may conclude that both the grey and white matter of the visual 
pathways are involved in amblyopia. This has mostly been shown in the visual cortex. 
The reduced visual acuity probably causes a lack of information transported through 
the visual pathways to the visual cortex. It is unknown whether regeneration of the 
visual cortex is possible. However, the fact that occlusion therapy in amblyopia is often 
successful in children indicates that the visual pathways are still capable of receiving 
input from the affected side in childhood, but not necessarily in adults.
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Hereditary retinal dystrophies
Pathology
Hereditary retinal dystrophies are a collective name for Medelian genetic eye diseases 
such as Juvenile macular degeneration (e.g. Stargardt’s disease and Best’s vitelliform 
retinal dystrophy (Best’s disease)), cone-rod dystrophy, central areolar choroidal 
dystrophy and retinitis pigmentosa. They start early in life and lead to dysfunction 
and cell death of various retinal cell types. Non-progressive forms of this disease 
often	result	in	reduced	visual	acuity	and	visual	field	defects.	Forms	in	which	cell	death	
predominates mostly lead to permanent vision loss. In many of these diseases, there 
is progressive appearance of pigmentary deposits in the retina as a result of changes 
in the retinal pigment epithelium, often accompanied by the death of the retinal 
photoreceptors (PRs) (Hamel, 2014).

What has been found?
When	analysed	with	VBM,	patients	with	a	binocular	central	visual	field	defect	due	to	
hereditary retinal dystrophies showed a reduction of grey matter volume around the 
calcarine sulcus in both hemispheres, particularly on the posterior part of the calcarine 
sulcus (Plank et al. 2011). This suggests that neuronal degeneration is retinotopically 
related	to	the	location	of	the	visual	field	defect.	

In an earlier dMRI study in (only) 6 patients with acquired blindness, of which 5 patients 
were	 blind	 due	 to	 retinitis	 pigmentosa,	 no	 significant	 difference	 in	 the	 fractional	
anisotropy	of	the	visual	fibre	tracts	was	found	in	blind	patients	compared	to	the	healthy	
control subjects (Schoth et al. 2006). Hernowo et al (2014) observed WM changes in 
JMD patients in the optic radiations (OR) and visual cortex. Taken together, these results 
show that in hereditary retinal dystrophies post-geniculate changes are observed. 

What is the potential clinical relevance of the findings?
The various eye conditions that are described in hereditary retinal dystrophies are 
usually	 considered	 to	 be	 exclusively	 eye	 diseases.	 The	 finding	 of	 degeneration	 in	
the post-geniculate part of the visual pathways in these patients can have extensive 
consequences	 for	 the	treatment	with	artificial	retinal	 implants	or	stem-cell-derived	
retinal implants. Such implants have been used experimentally in humans with 
retinitis pigmentosa, thus far with rather variable results (Stingl et al. 2010). Brain 
involvement in hereditary retinal dystrophies could be an explanation for these 
results, because the central visual system in these patients should still be capable 
of transmitting and processing visual signals for these therapies to be successful. 
Degeneration of the pathways and cortex could interfere with this. Hence, a retinal 
implant might be more effective when implanting it at an earlier stage of the disease, 
ideally at the time when degeneration of the visual pathways has not yet occurred 

Age-related macular degeneration
Pathology
In AMD, the retinal metabolism is obstructed by the accumulation of drusen in the 
macular area. This in turn induces degeneration of the macula, which causes a central 
visual	field	defect	(Arden	2006,	Gehrs	et	al.	2006,	Holz	et	al.	2004,	Zarbin	2004)/	AMD	
is the most prevalent cause of visual impairment in the European adult population 
(Augood et al. 2006). 
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What has been found?
By using VBM, Boucard et al.	(2009)	found	an	association	between	visual	field	defects	
caused by long-standing glaucoma and AMD, and reductions in grey matter density in 
the occipital cortex. In AMD patients, the main reduction was found near the occipital 
pole (primarily in the left hemisphere), particularly around the posterior part of the 
calcarine sulcus. Hernowo et al.	 (2014)	 confirmed	such	grey	matter	 changes	 in	 the	
visual cortex and additionally found WM reductions in the ORs and visual cortex. 
Interestingly, a WM decrease in the frontal lobe was found. Collectively, this means 
that besides post-geniculate changes, frontal changes are observed as well.

What is the potential clinical relevance of the findings?
Degeneration in the post-geniculate part of the visual pathways of patients with AMD 
could	be	explained	by	decreased	input	from	the	visual	field	towards	the	visual	cortex.	
However, Hernowo et al. (2014) found WM volumetric reduction in the frontal lobe of 
AMD patients, which was proposed to be the neural correlate of a previously described 
association between AMD and mild cognitive impairment (MCI) or AD (Hernowo 
et al. 2014, Ikram et al. 2012, Klaver et al. 1999, Woo et al. 2012). Several studies 
have revealed that AMD and AD share multiple clinical and pathological features. 
This supports the notion that AMD could be the manifestation of a more general 
neurodegenerative disease, of which the visual pathway degeneration may be the 
primary manifestation (Kaarniranta et al. 2011). Contrarily, it seems that these two 
diseases have a different genetic background (Proitsi et al. 2012). Further, in a recent 
AMD cohort of 65.984 people concluded that the chance of developing AD after AMD 
is no different from that expected by chance (Keenan, Goldacre & Goldacre 2014). For 
the treatment of AMD, the distinction between eye disease and neurodegenerative 
disease is highly relevant. Studies on treatments that aim to restore visual function in 
AMD patients have been performed, such as macular translocation (Eckardt & Eckardt 
2002)	and	retinal	pigment	epithelium	transplantation	(Van	Zeeburg	et	al.	2012).	These	
studies showed varying results in improvement of visual function. However, if AMD 
turns out to be a neurodegenerative disease, then the neurodegenerative component 
might be responsible for the sometimes poor effects of such treatments. So far, studies 
on treatment of AMD have mainly been focused on ocular treatment only.

Glaucoma
Pathology
Primary open angle glaucoma (POAG) is a common neurodegenerative disease of 
retinal ganglion cells (RGCs) characterized by axon degeneration of the optic nerve, 
causing	 progressive	 loss	 of	 peripheral	 visual	 fields	 and	 ultimately	 blindness.	 The	
exact pathophysiology of POAG is not yet fully understood (Chang & Goldberg 2012, 
Fechtner & Weinreb 1994, Nickells 1996). Although RGC and optic nerve damage is 
often associated with the presence of elevated intraocular pressure (IOP), glaucoma 
with normal levels of IOP – normal tension glaucoma – is commonly diagnosed as well. 

What has been found?
There have been a number of structural MRI studies investigating brain changes in 
glaucoma. By conventional examination of MR images, earlier studies found that 
patients with glaucoma had a lower optic chiasm height (Iwata 1997, Kashiwagi, 
Okubo & Tsukahara 2004) and smaller optic nerve diameter (Kashiwagi, Okubo & 
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Tsukahara	 2004).	 More	 recently,	 MRI	 studies	 have	 confirmed	 degeneration	 of	 the	
lateral	geniculate	nucleus	(LGN)(Gupta	et	al.	2009,	Zhang	et	al.	2012,	Zikou	et	al.	2012).

Using VBM, Boucard et al. (2009) found reduced grey matter density in glaucoma 
patients in the region of the calcarine sulcus. In agreement with the more peripheral 
location	of	visual	field	defects	in	glaucoma,	this	reduction	was	more	pronounced	in	the	
anterior than in the posterior region. Together with their results in AMD, this suggests 
that long-term cortical deprivation – due to retinal lesions acquired later in life – is 
associated	 with	 retinotopic-specific	 neuronal	 degeneration	 of	 the	 visual	 cortex.	 A	
follow-up study by Hernowo et al. (2011) indicated decreased volume along the full 
length of the visual pathway in glaucoma in both grey and WM. More recently, studies 
examining grey matter volume in glaucoma patients have reported both increases as 
well	as	decreases	of	grey	matter	in	various	areas	of	the	brain(Chen	et	al.	2013,	Li	et	al.	
2012,	Williams	et	al.	2013).	Inconsistent	findings	with	respect	to	grey	matter	volume	
changes may be explained by differences in glaucoma stages of the patients included 
in these various studies. 

Brain involvement in glaucoma has also been observed using dMRI. Previous studies 
using dMRI have reported WM abnormalities in different parts of the visual pathway, 
such as the optic nerve, optic tract, chiasm, OR and occipital lobe (Chang et al. 2013, 
Chen	et	al.	2013,	Dai	et	al.	2013,	Doerfler	et	al.	2012,	El-Rafei	et	al.	2013,	Garaci	et	al.	
2009,	Liu	et	al.	2012,	Murai	et	al.	2013,	Wang	et	al.	2013,	Zhang	et	al.	2012).	Zikou et al 
(2012)demonstrated WM changes in brain structures that play a role in visuospatial 
processing. In support of this, the robustness of WM changes in glaucoma is recently 
confirmed	by	 a	meta-analysis	 of	 existing	dMRI	 studies	by	 revealing	 changes	 in	 the	
optic nerve, OR, and optic tract changes compared to controls. Together with age, 
glaucoma severity was found to be an important factor correlated with the extend of 
the	damage	(Li	et	al.	2014).	

In	summary,	although	the	specific	results	still	vary,	the	common	finding	in	all	these	
VBM and dMRI studies is that the pregeniculate, 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. 

What is the potential clinical relevance of the findings?
To	consider	the	clinical	relevance	of	these	findings,	it	is	important	to	know	whether	
glaucoma should be considered as solely an eye disease, or as a neurodegenerative 
brain disease. Although we cannot yet conclude whether brain changes occurred 
before, simultaneously, or after the development of the eye disease, the most plausible 
explanation seems to be that glaucomatous changes in the eye cause the brain 
changes, since thus far no differences in grey matter volume have been found in early 
stage	POAG	(Li	et	al.	2012).	However,	this	may	be	a	consequence	of	a	lack	of	power	
in studies performed thus far. Moreover, several studies have found correlations 
between changes in visual pathway structures and glaucoma severity (Chen et al. 
2013, Dai et al. 2013, Garaci et al. 2009, Michelson et al. 2013, Wang et al. 2013), which 
supports the notion that brain changes are caused by the eye disease itself.  On the 
contrary, some researchers suggest an association between Alzheimer’s disease (AD) 
and glaucoma. Glaucoma and Alzheimer's disease share several characteristics: they 
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are both neurodegenerative, chronic, progressive, age-related and cause irreversible 
neuronal cell loss.  This may indicate that glaucoma and Alzheimer's disease are 
connected through the same underlying pathologic mechanism(Ghiso et al. 2013, 
Inoue, Kawaji & Tanihara 2013, Janssen et al. 2013, Sivak 2013). However, this notion 
is	 still	 being	 questioned	 after	 the	 publication	 of	 conflicting	 epidemiologic	 reports.	
Some	epidemiologic	studies	find	an	increased	prevalence	of	glaucoma	in	Alzheimer's	
disease (Bayer, Ferrari & Erb 2002, Chandra, Bharucha & Schoenberg 1986, Helmer 
et al. 2013, Tamura et al. 2006), while other studies do not (Bach-Holm et al. 2012, 
Kessing et al. 2007, Ou et al. 2012).  In support of the hypothesis that glaucoma may 
be part of a neurodegenerative disease, some studies examined trans-lamina cribrosa 
pressure	 difference	 (TLCPD),	which	 is	 calculated	 as	 the	 intraocular	 pressure	 (IOP)	
minus	the	cerebrospinal	fluid	pressure	(CSFP).	These	studies	suggest	that	TLCPD	has	
a better association with glaucoma presence than IOP (Jonas et al. 2014, Wang et al. 
2013,	Wostyn	et	 al.	 2013,	Wostyn	et	 al.	 2013,	Zhang	et	 al.	 2014).	This	 could	be	an	
indication that glaucoma should be seen as part of a neurological disorder. 

DISCUSSION

This review commenced to describe the current state of knowledge of structural 
MRI studies in various eye diseases. Within it, we did not aim to resolve all 
outstanding issues nor to cover in depth the physiological mechanisms that can 
explain how eye diseases might cause brain damage, such as retinal remodelling or 
transsynaptic degeneration. We summarized the current findings, the relevance of 
these findings for understanding the aetiology of eye diseases and its current and 
future clinical relevance. Below, we answer our main questions and give directions 
for future research.

a) What have studies on structural brain changes in ocular diseases revealed thus 
far? 
Regarding	the	current	research	findings,	in	all	eye	diseases	described	in	this	review	–	
glaucoma, hereditary retinal dystrophies, AMD, albinism, and amblyopia – MRI studies 
have shown the presence of structural changes in the visual pathways.  Changes in the 
post-geniculate pathways are observed in glaucoma, hereditary retinal dystrophies, 
macular degeneration, albinism, and amblyopia, whereas geniculate changes were 
seen in glaucoma and amblyopia, and pregeniculate changes were shown in glaucoma 
and albinism. 

b) What is the potential clinical relevance of the findings?
Clinical focus
The brain changes in the eye diseases that we reviewed here have several implications 
for clinical practice. Presently, the clinical focus is on the ocular treatment of these 
diseases. The primary goal of the current treatment is to maintain existing visual 
function	and	to	prevent	a	further	decline.	However,	our	finding	of	brain	involvement	
in all eye diseases suggests that the current clinical focus on treating the eye might 
have to be expanded to treating the brain as well. Involvement of the brain could also 
explain why some treatment strategies, such as restoring of visual function in AMD, 
have poor outcome results.
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Treatments focused on restoring visual function 
In retinitis pigmentosa, retinal implants are being used experimentally in patients 
who	are	blind	 to	 restore	 their	 visual	 function	 (da	Cruz	et	 al.	 2013,	 Zrenner	2002).	
The results of these implanted devices are encouraging, but rather variable. Since 
the central visual system needs to process the signals from these implants, it is 
questionable	whether	patients	can	benefit	optimally	from	such	a	retinal	implant	if	the	
eye disease has caused changes to the brain. Therefore, the timing of the insertion of a 
retinal implant in the disease process might have a substantial impact on the result of 
the retinal implant. A retinal implant might be more effective on the long term when 
implanting it at a stage in the disease in which degeneration of the visual pathways 
has not yet occurred. If in the future retinal implants become a broadly used therapy 
for retinitis pigmentosa, MRI-based group studies studies might help to determine the 
appropriate timing for the implanting of a retinal device and thus for the improvement 
of such treatment. 

Treatments focused on protecting the brain
Neurodegeneration can be considered as therapeutic target in eye diseases. 
Neuroprotective	agents	may	be	beneficial	 in	 treating	eye	diseases	due	 to	 its	ability	
to protect neurons from degeneration or aptosis (Shahsuvaryan 2012). The target 
neurons should be in the visual pathways, in particular the RGCs for glaucoma and 
photoreceptors and retinal pigment epithelial cells for retinitis pigmentosa (Cottet & 
Schorderet 2009, Doonan & Cotter 2004). In glaucoma for example, neuroprotective 
medication could be prescribed to prevent degeneration of visual pathway structures, 
in addition to the standard treatment that is aimed at reducing intra-ocular pressure 
(Chang & Goldberg 2012, Gupta & Yücel 2007, Nucci, Strouthidis & Khaw 2013, 
Osborne 2009, Pascale, Drago & Govoni 2012). With such combination therapies, it 
could even be possible to prevent brain damage.

MRI as a diagnostic tool
Some studies suggest that dMRI examination can be helpful in the early diagnosis 
of	glaucoma	in	 individual	patients	(Li	et	al.	2014).	However,	statistical	evidence	for	
this	is	lacking.	Current	MRI	findings	are	obtained	in-group	studies	and	as	of	yet,	no	
study has demonstrated that individual patient diagnosis can become more accurate 
when adding MRI information to the ophthalmological examination. In addition, the 
use	of	MRI	examination	in	individuals	requires	a	sufficient	specificity	and	selectivity	
and cost effectiveness. On the assumption that MRI could be used as a diagnostic tool 
in the future, it could contribute to the monitoring of the effect of neuroprotective 
medication. MRI research can reveal whether the visual pathways have been 
prevented from further degeneration or perhaps reversed degeneration during the 
use of neuroprotective medication in a group of glaucoma patients. 

Reversibility
Given	 these	 findings,	 an	 important	 question	 on	 the	 topic	 remains:	 to	 what	 extent	
is structural brain damage in eye diseases reversible? To our knowledge, only 
one structural neuroimaging study has been performed so far to address the issue 
of reversibility of brain changes. A study of Rosengarth et al. (2013) showed an 
increase in grey and WM in the posterior cerebellum in AMD patients after 6 months 
of oculomotor training, compared to AMD patients that were given sham training.  
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Although this is the most relevant study performed so far on the role of reversibility 
of structural changes, it does not directly indicate that reversibility is possible. The 
increased	grey	and	WM	in	the	cerebellum	might	reflect	a	general	effect	of	learning	to	
control eye movements rather than reversibility of degeneration of the visual pathways. 
Additional studies on the role of reversibility results from two functional MRI studies. 
In a functional MRI study, an AMD patient who underwent treatment with intravitreal 
antiangiogenic injections with ranibizumab, and whose visual acuity improved after 
the	treatment,	showed	an	increased	activation	area	in	the	visual	cortex	after	the	first	
treatment	Baseler	et	al.	2011).	A	study	by	Lou	et	al.	(2013)	examined	changes	in	grey	
matter volume after cataract surgery in patients with unilateral cataract. Compared 
to two days after surgery, six weeks after surgery grey matter volume was increased 
in the V2 area contralateral to the operated eye. These studies provide some limited 
support for the notion that improving visual function – and therefore increasing the 
activity in the visual pathways – may induce neural regeneration in the visual cortex. 
However, this may not necessarily be true for all eye diseases for which changes in the 
brain have been reported. 

Aetiology
With	specific	relevance	to	understanding	aetiology,	the	presence	of	cortical	structural	
changes raises the causality question. Did the manifestation of the eye disease 
subsequently cause changes in the visual pathways and visual cortex, or did the 
disease start with brain changes and subsequently – or simultaneously – affect the eye?

In all eye diseases described in this review, a decrease in visual acuity or a visual 
field	defect	occurs.	Both	of	these	symptoms	cause	sensory	deprivation	in	the	visual	
pathways. Since these eye diseases are of diverse origin, we believe that the most 
parsimonious explanation is that eye diseases cause changes in the brain; this 
explanation	 requires	 the	 fewest	 disease-specific	 assumptions.	 Two	 mechanisms	
could support this hypothesis. First, visual deprivation can induce brain changes 
due to decreased activity along the visual pathways. This sensory deprivation can 
eventually	lead	to	retinotopic-specific	neuronal	degeneration.	Second,	brain	changes	
in eye diseases may be caused by anterograde transsynaptic degeneration, in which a 
breakdown of axons at the primary injury site spreads to connected neurons, resulting 
in axonal damage along the visual pathways towards the visual cortex. In support, 
this process has also been observed to occur in the opposite direction. In retrograde 
transsynaptic degeneration, breakdown of an axon from the point of damage spreads 
back towards the cell body.  In other words, damage that occurs at the visual cortex 
will spread towards the eye resulting in retinal atrophy. It has been suggested that 
this mechanisms contributes to axon damage in a number of neurodegenerative 
disorders in which atrophy of the retinal layers was observed after a long-standing 
disease, such as multiple sclerosis, Parkinson’s disease and Alzheimer’s disease, and 
after stroke (Balk et al. 2014, Gabilondo et al. 2014, Jindahra et al. 2010, Kirbas et al. 
2013, Klistorner et al. 2014, Tanito & Ohira 2013).

Besides that neurodegeneration can be caused by a decreased visual input, for 
glaucoma and AMD there is additional evidence for a primary neuronal degeneration 
process that could also explain the brain changes in these eye diseases. Recent 
studies found possible links between Alzheimer’s disease and the two eye diseases 
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described here that occur later in life: glaucoma (Cumurcu et al. 2013, Inoue, Kawaji 
& Tanihara 2013, Tamura et al. 2006) and AMD (Ikram et al. 2012, Klaver et al. 1999, 
Woo	 et	 al.	 2012).	 Moreover,	 an	 association	 between	 fluctuations	 in	 intracranial	
pressure and glaucoma has been found (Wostyn et al. 2013, Wostyn et al. 2013, 
Zhang	 et	 al.	 2014).	 These	 findings	 contribute	 to	 the	notion	 that	 in	 glaucoma	 and	
AMD, the changes to the visual pathways and the brain might – at least partially – be 
interpreted also as the primary manifestation of a neurological or neurodegenerative 
disease.	The	finding	of	volumetric	reduction	of	frontal	WM	in	AMD	patients	supports	
this theory (Hernowo et al. 2013).

Recommendations for future research
Future studies on treatment of the aforementioned eye diseases should consider 
shifting their focus to research on therapies that can combine eye treatment with 
treatment of the neurodegeneration. Furthermore, the association between eye 
diseases and brain changes should be studied, particularly on the issue whether the eye 
disease	causes	the	brain	changes,	or	if	the	specific	eye	disease	should	be	considered	as	
part of a neurodegenerative disease. A longitudinal study could be performed in which 
patients with one of the aforementioned eye diseases undergo periodic structural 
brain scans. Ideally, patients would be included even before the disease is diagnosed, 
thus in a cohort study. In such a study, the development of structural brain changes can 
be monitored. This could help answer the question of whether brain alterations occur 
due	to	the	specific	eye	disease,	or	if	the	supposed	eye	disease	is	only	a	symptom	of	a	
more general neurodegenerative disease.

Furthermore, future research is needed on the issue of regeneration of brain changes 
in	 eye	 diseases.	 More	 specifically,	 it	 could	 address	 the	 question	 to	 what	 extend	
structural damage can be reversed following restoration of input by a retinal implant. 
It would be interesting to perform a study in which patients with retinitis pigmentosa 
that received a retinal implant would undergo a structural brain scan before treatment 
and several times after. In such a study it would be possible to determine if the retinal 
implant	influences	the	brain,	and	if	implanting	such	a	device	can	reverse	anatomical	
brain changes. Together with measurements of visual function in these patients this 
would	 provide	 valuable	 information	 about	 the	 influence	 of	 the	 retinal	 implant	 on	
the brain, and would help to determine whether a retinal implant is more effective if 
implanted early in the disease process.

Moreover, future MRI-studies are needed to determine whether MRI examination on 
an individual basis can be helpful in the diagnosis and monitoring of treatment in eye 
diseases. For instance, in retinitis pigmentosa MRI would be helpful to determine the 
optimal timing of implanting a retinal device. For glaucoma, MRI can be a useful tool 
for monitoring the use of neuroprotective medication. 

Main messages
In summary, structural brain MRI studies in eye disease have shown us the following:
•	 Glaucoma, hereditary retinal dystrophies, AMD, albinism and amblyopia are 

associated with structural changes in the visual pathways;
•	 The most parsimonious explanation for the association between eye diseases 

and structural changes in the visual pathways is that eye diseases cause 
changes in the brain;
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•	 In addition, for glaucoma and AMD, there are indications that these eye diseases 
might be part of a more general neurological or neurodegenerative disorder;

•	 Treatment should perhaps be expanded to treatment of both the eye and the brain;
•	 Future structural brain MRI studies are needed to:

•	 Establish	 whether	 specific	 eye	 diseases	 (such	 as	 AMD	 and	 glaucoma)	
should be considered part of a more general neurodegenerative disease;

•	 Investigate the degree to which degeneration of the brain in eye diseases 
is reversible, relevant for effectively restoring vision following retinal 
restoration;

•	 Evaluate and monitor the effect of neuroprotective medication in ocular 
disease (e.g. in glaucoma);

•	 Determine the optimal timing for the insertion of a retinal implant, if in 
the future such treatment would become more common (e.g. in retinitis 
pigmentosa or AMD);

•	 Assess whether MRI examination can be a useful diagnostic tool in 
certain	eye	diseases	(i.e.	has	sufficient	specificity	and	selectivity	and	cost	
effectiveness for such a purpose).
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INTRODUCTION

Glaucoma is the most common age-related neurodegenerative eye-disease in western 
society and one of the four major blinding eye diseases1. Glaucoma is an insidious 
disease	that	leads	to	peripheral	visual	field	loss	and	–	when	untreated	or	detected	too	
late – inevitably leads to blindness – resulting in a profound loss of quality of life for 
the individual and his family and in major costs to society.

The classic view of glaucoma2 is that of an eye disease in which elevated intraocular 
pressure (IOP) mechanically damages the optic nerve (ON) causing the death of retinal 
ganglion cells (RGCs). Indeed, in high-tension glaucoma (HTG) – the most common 
form of glaucoma– RGC and ON damage are associated with an elevated IOP (>21 
mmHg)(European Glaucoma Society 2003). However, this view cannot be complete 
as glaucoma with normal levels of IOP is commonly reported as well. In such normal-
tension glaucoma (NTG), damage occurs to the ON without the IOP exceeding the 
normal	range.	By	definition,	NTG	only	differs	from	HTG	in	that	the	IOP	is	consistently	
below 22 mmHG (European Glaucoma Society 2003). Moreover, rather than being a 
disease restricted to the eye, damage of the RGCs extends to the axons that form the 
visual pathways3. Previous studies have shown alterations along the entire length of 
the visual pathways in both the grey and WM (Boucard et al. 2009; Chang et al. 2013; 
Dai	et	al.	2013;	Garaci	et	al.	2009;	Gupta	et	al.	2006;	Hernowo	et	al.	2011;	Liu	et	al.	2012;	
Murai	et	al.	2013a;	M.-Y.	Wang	et	al.	2013;	Zhang	et	al.	2012;	Zikou	et	al.	2012;	W.	W.	
Chen	et	al.	2013;	Z.	Chen	et	al.	2013).	In	conformation,	a	recent	meta-analysis	of	dMRI	
studies found that glaucoma is associated with lower fractional anisotropy (FA) in the 
ON	and	optic	radiation	(OR),	as	well	as	with	an	increased	(MD)	in	the	optic	tracts	(Li	
et al. 2014). In particular, involvement of post-geniculate structures begs the question 
whether glaucoma should be considered a brain disease as well. However, most post-
geniculate visual pathway damage can be relatively straightforwardly explained as 
a consequence of propagated retinal and ON (i.e. pre-geniculate) damage – either 
through Wallerian degeneration or anterograde transsynaptic degeneration (ATD). 

However, research to date has tended to focus on brain involvement in patients with 
HTG (Chang et al. 2013; Dai et al. 2013; Garaci et al. 2009; Gupta et al. 2009; Iwata 
1997;	Kashiwagi	et	al.	2004;	Li	et	al.	2012;	Li	et	al.	2014;	Liu	et	al.	2012;	Murai	et	
al.	 2013a;	M.-Y.	Wang	et	 al.	 2013;	Williams	et	 al.	 2013;	Zikou	et	 al.	 2012;	Kitsos	et	
al.	2009;	Boucard	et	al.	2009;	Hernowo	et	al.	2011;	Z.	Chen	et	al.	2013).	In	contrast,	
systematic research into neuroanatomical changes associated with NTG is scarce 

1  These four being: cataract, macular degeneration, glaucoma and diabetic retinopathy.
2  We refer here to primary open-angle glaucoma (POAG)): chronic, progressive optic neu-
ropathies that have in common characteristic morphological changes at the optic nerve head 
and retinal nerve fiber layer in the absence of other ocular disease or congenital anomalies.
3  We define the primary visual pathways as consisting of the retina, optic nerve (ON), optic 
chiasm, optic tract, lateral geniculate nucleus (LGN), optic radiation (OR), and the visual cortex. 
Secondary visual pathways would comprise connections between visual cortical areas, includ-
ing those in the corpus callosum. The anterior visual pathway refers to structures before the 
LGN (i.e. pre-geniculate structures), whereas the posterior visual pathway refers to structures 
after this nucleus (i.e. post-geniculate structures). 
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(Zhang	 et	 al.	 2012;	 Kashiwagi	 et	 al.	 2004).	 This	 may	 limit	 our	 understanding	 of	
glaucoma in general, as HTG and NTG may be the two sides of the same coin. Hence, 
studying NTG may reveal different properties of the mechanism underlying glaucoma. 
In our present study, we examine WM integrity in a Japanese glaucoma population 
using tract-based spatial statistics (TBSS). In this population, over 90% of glaucoma 
patients have NTG (Iwase et al. 2004). First of all, we expect changes in the structural 
properties in WM of the visual pathways in patients compared to age-matched healthy 
controls.	Second,	we	expect	to	find	associations	between	these	changes	and	clinical	
measures	that	assess	glaucomatous	damage.	Additionally,	if	we	were	to	find	changes	
in WM structures beyond those that can be considered a consequence of propagated 
ON damage, this would be an important indication that there is an independent brain 
component to glaucoma. 

METHODS

Subjects
Thirty participants diagnosed with primary open-angle glaucoma (POAG) were 
recruited among the ophthalmologic patient population of the Jikei University hospital 
(Tokyo, Japan). The diagnosis of glaucoma required examination of the head of the ON 
through	Optical	Coherence	Tomography	(OCT)	as	well	as	a	visual	field	exploration.	All	
participants presented an IOP below 21 mmHg. The mean age of the glaucoma group 
was 52 (SD=10.7) years. The control group included twenty-one healthy participants 
with no history of glaucoma or other neurological problems. The mean age of the 
control group was 52.3 (SD=15.3) years. This study conformed to the tenets of the 
Declaration of Helsinki and was approved by the medical ethical committee of the Jikei 
University School of Medicine. All participants gave their informed written consent 
prior to participation.

Clinical data
The clinical data for each participant can be found in Table 1.
Retinal	nerve	fibre	layer	thickness	(RNFLT)	was	measured	by	means	of	OCT	(Stratus	OCT	
3000,	Carl	Zeiss	Meditec,	Dublin,	CA,	USA).	The	average	values	(average	in	micron)	in	the	
glaucoma group were 66.9(SD= 17.8) for the right eye and 69.3 (SD=15.4) for the left eye. 

The OCT values in the control group were 100 (SD=17.4) for the right eye and 101.8 
(SD=12.8) for the left eye.

Visual	field	sensitivity	(expressed	as	mean	deviation:	VFMD)	was	measured	using	the	
30-2 program SITA (Swedish Interactive Threshold Algorithm) standard of Humphrey 
Field	Analyser	(HFA)	(Carl	Zeiss	Meditec,	Dublin,	CA,	USA).	VFMD	values	correspond	to	the	
weighted	average	in	visual	field	sensitivity	relative	to	the	norm	for	a	particular	age	group.	

In the glaucoma group, the mean VFMD values were -8.9 (SD=9.4) for the right eye and 
-6.8(SD=8.9) for the left eye. As expected, the VFMD values of the control group did not 
significantly	vary	from	0.	The	mean	VFMD	values	were	0.9	(SD=1.3)	for	the	right	eye	
and -0.4 (SD=1.3) for the left eye.



55

3

Neuro-imaging
Whole brain high-resolution MRI was performed on a Siemens 3 Tesla MAGNETOM 
Trio A Tim System (Siemens, Erlangen, Germany) with a 32 channels matrix head coil.
The anatomical scan was acquired with a T1 weighted 3D MPRAGE sequence: 9 
degrees	flip	angle,	TR	2300ms,	TE	2.98ms,	matrix	size	256x256,	field	of	view	256,	176	
slices with a voxel size of 1x1x1mm3. The brain images were corrected for intensity 
inhomogeneity using the built-in console.

The dMRI data of the whole brain were acquired using a single shot echo planar 
sequence collected with 64 directions of motion proving gradient and including an 
additional	b0	 image.	The	scanning	parameters	were:	TR	8800ms,	TE	87ms,	 field	of	
view 210~230, 140x140 matrix, slice distance factor 5%, voxel size 1.5x1.5x1.5mm, b 
value 1000 s/mm2. The data were acquired with an acceleration factor of 2 (GRAPPA).

Group analysis: tract-based spatial statistics (TBSS) 
Group analysis of the FA and MD data was carried out using the automated voxel-wise 
tract-based	spatial	statistics	(TBSS)	implemented	in	FSL	(Smith	et	al.	2006).	

The	 TBSS	 method	 consisted	 in	 first	 correcting	 the	 data	 for	 the	 effects	 of	 head	
movement	and	eddy	currents.	FA	images	were	created	by	fitting	a	tensor	model	to	the	
raw	diffusion	data	using	FMRIB’s	Diffusion	Toolbox	(FDT)	(part	of	FSL).	Second,	using	
non-linear registration, the FA images were aligned to a standard space (FMRIB58_FA). 
Third, a mean FA image as well as a mean FA skeleton representing the centres of all 
tracts common to the group was created. The resulting “mean FA skeleton” was then 
thresholded to a mean FA of 0.25 to suppress areas of low mean FA and/or high inter-
subject variability and exclude minor tracts carrying high inter-subject variability 
and/or partial volume effects. Finally, each subject’s aligned FA data was projected 
onto the “mean FA skeleton”. Basically, each voxel contained in the “mean FA skeleton” 
took the subject’s FA value from the local centre of the nearest relevant tract, reducing 
potential problems related to alignment and smoothing. To compare MD values, FA 
images were used to achieve the nonlinear registration and skeletonisation stages, 
and to estimate the projection vectors from each individual subject onto the mean 
FA skeleton. The nonlinear warps and skeleton projection were then applied to MD.

We	used	FSL’s	randomise	permutation	test	with	a	threshold-free	cluster-enhancement	
(TFCE) correction for multiple comparisons (p<0.05) to statistically compare the 
glaucoma and control groups’ FA and MD values included in the “mean FA skeleton”. 
The number of permutations was set to 2000. Considering glaucoma is an age-related 
disease, we included age as a covariate in our analysis. To check whether gender could 
also	be	a	confounder,	we	compared	FA	values	between	females	and	males	using	FSL’s	
randomise permutation test (number of permutations was set to 2000) with a TFCE 
correction for multiple comparisons (p<0.05).

Exploratory tract-based spatial statistics (TBSS) analysis
An exploratory data analysis was performed to gain more insight in the causes of WM 
changes revealed by our initial TBSS analysis. For this purpose, the results of the whole-
brain analysis with a threshold-free cluster enhancement (TFCE) correction for multiple 
comparisons were examined using a more lenient statistical threshold of p<0.09.
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Region of Interest (ROI)-based multiple regression analysis
In order to assess associations between WM integrity and clinical measures of 
glaucomatous	damage	(RNFLT	and	VFMD)	we	performed	a	ROI-based	analysis	using	
a multiple regression with TFCE correction for multiple comparisons. We anticipated 
neurodegeneration	in	the	left	and	right	OR(Li	et	al.	2014).	The	OR	ROI	was	taken	from	
the Juelich Histological Atlas. ROIs were multiplied with the skeletonized FA image 
using fslmaths	resulting	in	masks	specific	to	our	participants.	Clinical	measures	were	
de-meaned and added to the analysis as covariates.  Considering glaucoma is an age-
related	disease,	we	corrected	for	age.	We	used	FSL’s	randomise	permutation	test	with	
a TFCE correction for multiple comparisons (p<0.05). The number of permutations 
was set to 2000.

Additional post-hoc ROI-based analyses were performed to verify whether neuro-
degeneration in unanticipated WM structures was associated with clinical measures.

Exploratory whole-brain multiple regression analysis
To further explore the relationship between the diffusion indices (FA and MD) and 
the	clinical	measures	(RNFLT	and	VFMD),	a	whole-brain	multiple	regression	analysis	
was performed. The clinical measures were all de-meaned and added to the multiple 
regression	analysis	as	 covariates.	 	We	corrected	 for	age.	The	significance	 threshold	
was set at p<0.05, based on the TFCE statistic image. The number of permutations 
was set to 2000. 

RESULTS

Demographic and clinical characteristics
The glaucoma and the control groups’ demographic and clinical characteristics are 
summarized in Table 1. The groups did not differ in mean age. The gender distribution 
differed	between	groups.	Of	the	glaucoma	measures,	both	the	RNFLT	and	the	VFMD	
differed between the two groups.
TBSS analysis

In order to assess WM integrity, the FA and MD values of the two groups were 
compared using a threshold-free cluster enhancement (TFCE) correction for multiple 
comparisons.	We	did	not	find	significant	differences	in	MD.	FA	values	were	significantly	

	  

 
 
Table 1 Patients’ characteristics  
 Glaucoma (N=30) Healthy controls (N=21)  
 Mean (SD) Mean (SD) P-value 
Age 52(10.7) 52.3(15.3) .892 
Male sex, % 77% 48% .033 
Visual field sensitivity, VFMD    
        Right eye -8.9(9.4) 0.9(1.3) .000 
        Left eye -6.8(8.9) 0.4(1.3) .000 
RNFLT    
        Right eye 66.9(17.8) 100(17.4) .000 
        Left eye 69.3(15.4) 101.8(12.8) .005 
VFMD= mean deviation (dB), RNFLT= retinal nerve fibre layer thickness (micron), SD= standard deviation 
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lower (p<0.05) in patients with glaucoma compared to healthy controls in a cluster 
(380 voxels) in the right occipital lobe (Table 2). As shown in Figure 1, the voxels of 
this	cluster	comprise	both	fibres	of	the	OR	as	well	as	fibres	of	the	forceps	major	(FM;	
identified	 as	 callosal	 body	 using	 FSL’s	 Juelich	 Histological	 Atlas)	 and	 could	 not	 be	
exclusively	assigned	to	either	one	of	 these	 fibre	 tracts.	A	permutation	test	revealed	
that	FA	values	did	not	differ	significantly	between	genders	indicating	gender	was	not	
a confounding effect.  

Explorative TBSS analysis
For two reasons, an additional explorative TBSS analysis using a more lenient statistical 
threshold (p<0.09) was performed. First, it might help in assigning the FA reduction 
to the OR, the FM, or both. Second, we wanted to determine if the FA reduction in 
the glaucoma patients was uni- or bilateral (as would a priori be expected). This 
new	analysis	revealed	that	the	previously	identified	cluster	in	the	right	occipital	lobe	
increased	to	823	voxels	and	contained	both	fibres	of	the	right	OR	as	well	as	the	right	
FM. In addition, clusters of lower FA values in glaucoma patients appeared in the left 
occipital	lobe,	right	superior	parietal	lobe	(SPL),	and	in	the	body	and	splenium	of	the	
corpus callosum (CC). Similar to the cluster in the right occipital lobe, the left cluster 
contained	fibres	of	both	the	OR	and	FM.	(Table	3;	Figure	1).	

Figure 1 Differences in FA in the white matter of glaucoma patients and 
controls. White matter region of 380 voxels showing significant difference in 
fractional anisotropy in three axial slices and two sagittal slices by using a TFCE 
correction for multiple comparisons. Violet-coloured highlights (p < 0.05) and 
cyan-coloured highlights (p < 0.09) show areas with decreased FA in patients 
with glaucoma compared to healthy controls. For visualization purposes, green-
coloured highlights show the fibres of the optic radiation and yellow-coloured 
highlights show the fibres of the forceps major.
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ROI-based multiple regression analysis
Figure 2 and Table 4 show that bilateral in the OR, we found sections that showed 
a	 positive	 relationship	 between	 FA	 values	 and	RNFLT.	 Such	 a	 relationship	was	 not	
found	for	FA	and	HFA-MD.	 In	addition,	based	upon	us	 finding	 lower	FA	 in	the	body	
and splenium of the CC in the group-based comparison, we created ROIs of these 
structures using the ICBM-DTI-81 white-matter labels atlas(Mori et al. 2008). In 
these ROIs, we found no relationship between FA and either of the clinical measures. 

Exploratory whole-brain multiple regression analysis
No	significant	associations	were	found	between	the	diffusion	indices	(FA	and	DTI-MD)	
and	the	clinical	measures	(RNFLT	and	HFA-MD).	

DISCUSSION

The current study shows lower FA values in a number of clusters in the occipital lobes 
of glaucoma patients compared to healthy controls. We interpret lower FA values as 
evidence	for	neurodegeneration.	The	clusters	comprise	fibres	of	the	OR,	FM	and	the	
body and splenium of the CC. Furthermore, we found a positive association between 
FA	and	RNFLT	for	the	bilateral	ORs.		What	we	consider	our	most	remarkable	finding	
is the evidence for degeneration of the body and the splenium of the CC. As we will 
discuss	below	in	more	detail,	this	latter	finding	in	particular	indicates	degeneration	
beyond what can be explained straightforwardly as a propagated consequence of pre-
geniculate damage. In our view, this implies the involvement of an independent brain 
factor in glaucoma. 

	  

 
Table 2 Brain region of the main cluster with significant difference between patients with glaucoma and 
healthy controls  
Brain region MAX 

z-statistic 
Cluster size 

(mm3) 
MNI coordinates 

   x y z 
57% Optic radiation R, 30% Callosal body 0.986 380 27 -76 2 
Results show the brain region of the main cluster with significant difference between patients with 
glaucoma and healthy controls corrected with TFCE, cluster size, the z-value of the peak in the cluster and 
its MNI coordinates. Brain regions are identified according to the Juelich Histological Atlas using FSL. 
 
 
 
 
 
 
 
 
  

	  

 
 

 
 
 
 
 
  

Table 3 Brain regions with significant differences between patients with glaucoma and healthy controls 
with a more lenient threshold  
Brain Region MAX 

z-statistic 
Cluster size  

(mm3) 
MNI Coordinates 

   x y z 
57% Optic radiation R, 30% Callosal body 0.986 823 27 -76 2 
40% Optic radiation L, 33% Callosal body 0.923 221 -26 -78 2 
96% Callosal body 0.919 205 5 -28 22 
2% Anterior intra-parietal sulcus R (SPL) 0.923 84 21 -52 42 
72% Optic radiation R 0.929 69 22 -87 4 
95% Callosal body 0.915 60 6 -41 15 
70% Callosal body 0.916 43 -13 -34 24 
44% Optic radiation L, 40% Callosal body 0.919 43 -37 -49 -5 
79% Callosal body 0.914 19 2 -38 10 
Results show brain regions with significant differences between patients with glaucoma and healthy 
controls with a more lenient threshold of 0.91 corrected with TFCE, cluster size, the z-value of the peak in 
the cluster and its MNI coordinates. Brain regions are identified according to the Juelich Histological Atlas 
using FSL. 
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Neurodegeneration of the optic radiations is 
consistent with anterograde transsynaptic degeneration (ATD)
Both	the	group	and	the	ROI	analysis	indicated	degeneration	of	the	OR	in	this	specific	
population. This result corroborates the conclusions of a previous meta-analysis of 
dMRI	studies(Zhang	et	al.	2012;	Dai	et	al.	2013;	Murai	et	al.	2013a;	Garaci	et	al.	2009;	
Z.	Chen	et	al.	2013;	Chang	et	al.	2013;	Liu	et	al.	2012;	M.-Y.	Wang	et	al.	2013).	Given	
that glaucoma is typically considered an eye disease, neurodegeneration of the OR 
remains	a	remarkable	finding.	Two	processes	could	be	responsible	for	it(Prins	et	al.	
2015; Raz et al. 2015). Firstly, via Wallerian degeneration, the breakdown of axons 
and their accompanying myelin sheaths of the ON could spread ‘downstream’ along 
the	visual	pathways	to	the	LGN.	This	would	result	in	degeneration	of	LGN	neurons	and	
their axons in the OR. Secondly, due to a decrease of visual input, ATD would cause 
degeneration of the postsynaptic neuron that is associated with a similar function 
as the presynaptic neuron (i.e. the “use it or lose it” principle). On the basis of our 
present results, we cannot distinguish conclusively between these two explanations. 
However, there are a number of reasons to assume that ATD is the primary cause 
of OR degeneration. Firstly, as visual pathway degeneration has been described in 
very different eye diseases, we have previously argued that the most parsimonious 
explanation is loss of visual input and subsequent deprivation (Prins et al. 2015).  
Secondly,	Wallerian	degeneration	would	predict	finding	degeneration	of	the	anterior	

	  

 
 
Table 4 Clusters of the optic radiation showing an association between FA and RNFLT 

Brain Region MAX 
z-statistic 

Cluster size  
(mm3) 

MNI Coordinates 

   x y z 
72% Optic radiation R 0.973 31 22 -85 5 
56% Optic radiation L 0.964 15 -16 -88 13 
39% Optic radiation L, 22% Callosal body 0.964 12 -24 -67 0 
8% Optic radiation L  0.97 9 -34 -51 -12 
Clusters of the optic radiation with a significant difference showing an association between FA and RNFLT. 
Results are based on a ROI-based multiple regression analysis that included glaucoma patients and 
controls corrected with TFCE (p<0.05), cluster size, the z-value of the peak in the cluster and its MNI 
coordinates. Brain regions are identified according to the Juelich Histological Atlas using FSL. 
 
 
 
 
 
 
 
 
 
  

Figure 2. Regions of the optic radiations showing a relation between FA and RNFLT. 
Results are based on a ROI-based multiple regression analysis that included glaucoma patients 
and controls. Representative axial, sagittal, and coronal slices show the white matter regions of 
the OR for which the analyses revealed a significant relationship between FA and RNFLT values 
(p<0.05; FWE-corrected). 
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visual pathways (optic chiasm and optic tracts) as well, which we did not. It may be that 
the OR is more susceptible to damage than other WM structures. For instance, axon 
size is an important determinant of susceptibility to damage(Evangelou et al. 2001). 
Us	not	finding	anterior	visual	pathway	degeneration	could	also	be	due	to	challenges	
in imaging and analysing these relatively small tracts (see also limitations). Thirdly, 
the neurodegeneration in the right occipital lobe was larger than in the left occipital 
lobe. Even though the origin of this lateralization remains unknown, it is consistent 
with	the	results	of	the	already	mentioned	dMRI	meta-analysis	(Li	et	al.	2014).	 	The	
lateralization might be a consequence of an asymmetry in the –average– location of 
the	visual	field	defects(Murai	et	al.	2013b)	or	be	related	to	a	hemispheric	functional	
asymmetry in visual information processing. Either way, lateralization is consistent 
with OR degeneration being the result of ATD. 

Neurodegeneration of the FM, CC, and SPL 
indicates degeneration beyond the primary visual pathways
The main clusters of degeneration in the occipital lobes (i.e. those near the OR) also 
contain	fibres	of	the	FM.	The	FM	is	an	interhemispheric	fibre	bundle	that	connects	the	
occipital lobes and extends through the splenium of the CC. Here, we also found evidence 
for neurodegeneration in the glaucoma patients. The FM is thought to be involved in 
higher-order visual functions such as reading, pattern discrimination, perceptual 
equivalence,	 and	 binocular	 rivalry	 (Berlucchi	 2014).	 The	 SPL	 is	 involved	 in	 visual	
spatial orientation; degeneration in this lobe could be due to altered viewing behaviour 
as	a	consequence	of	visual	field	defects.	It	seems	unlikely	that	the	degeneration	of	the	
FM,	CC,	and	SPL	is	a	direct	consequence	of	propagated	pre-geniculate	degeneration,	as	
these structures lie not adjacent to the anterior visual pathways. However, the damage 
of	 the	 OR	 fibres	 may	 locally	 spreads	 towards	 neighbouring	 axons	 via	 Wallerian	
degeneration (Nucci, Martucci, et al. 2013). In addition, reduced activity in the primary 
visual pathways may have downstream effects on vision related regions connected to 
these pathways, such as the FM. However, while this may explain degeneration of the 
FM, this does not explain the involvement of the body of the CC. 

Neurodegeneration of the CC implicates 
an independent brain component in glaucoma
In various neurologic diseases, measurement of the CC has been used to assess 
neuronal	degeneration.	Therefore,	 finding	neurodegeneration	of	both	 the	body	and	
splenium of the CC suggests that there may be an additional degenerative mechanism 
acting in glaucoma. In line with this idea, a study by Ong et al (Ong et al. 1995) found 
that – based on manual measurents –  the body and genu of the CC where thinner in 
NTG patients compared to healthy controls. Ong et al. suggested that – as the thickness 
of	both	the	neuroretinal	rim	area	and	the	CC	reflect	the	number	of	nerve	fibres	–	the	
thinning	of	the	CC	might	have	a	similar	origin	as	the	thinning	of	the	retinal	nerve	fibre	
layer	(RNFL).	On	this	basis,	Ong	et	al.	 suggested	that	glaucoma	might	entail	a	 form	
of accelerated aging of the central nervous system. However, somewhat countering 
this	specific	explanation,	the	pattern	of	neurodegeneration	seen	in	glaucoma	(i.e.	of	
the visual pathways) is different from that seen in normal aging: in normal aging, the 
prefrontal cortex is most affected while the visual cortex is mostly spared (Peters 
2006). To our knowledge, beyond our present results and the study of Ong et al.(Ong 
et al. 1995), there is no further literature that directly implicates the CC in glaucoma.
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A different line of evidence for a brain component to glaucoma comes from recent 
studies that suggest that glaucoma and Alzheimer’s disease share the same underlying 
pathologic mechanism (Ghiso et al. 2013; Inoue et al. 2013; Janssen et al. 2013; Sivak 
2013). Glaucoma and Alzheimer's disease are both neurodegenerative, progressive, 
chronic and age-related diseases and cause RGC degeneration and irreversible 
neuronal cell loss. In this context, it is rather interesting that our 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”(Levine	et	al.	1993;	Bokde	et	al.	2001;	
Lee	&	Martin	2004).	PCA	is	characterized	by	atrophy	of	the	occipito-temporal	(ventral	
stream) and occipito-parietal (dorsal stream) cortex resulting in both visuospatial 
and visuoperceptual problems (Crutch et al. 2012). Secondary degeneration of the 
splenium has been suggested as one of the characteristics of PCA (Yoshida et al. 
2004). Similary, glaucoma shows a large degree of genetic overlap with Parkinson’s 
disease, another age-related neurodegenerative disease (Janssen et al. 2013).

Finally, recent studies suggest that the trans-lamina cribrosa pressure difference 
(TLCPD)	 –	 the	 difference	 between	 IOP	 and	 intracranial	 pressure	 (ICP)–	 correlates	
stronger	with	glaucoma	than	only	IOP	(Jonas	et	al.	2014;	Wostyn	et	al.	2013;	Zhang	
et	 al.	 2014;	 Y.	 X.	Wang	 et	 al.	 2013).	 Possibly,	 an	 abnormal	 intracranial	 pressure	 in	
glaucoma may somehow also affect the integrity of the CC, since the lower surface of CC 
forms the roof of the lateral ventricle, which supports the circulation of cerebrospinal 
fluid	 (CSF).	While	 these	 lines	of	evidence	do	not	necessarily	 converge	on	 the	 same	
underlying mechanism, they all support the notion that degeneration of the CC implies 
a role for an independent brain component in glaucoma. We consider the absence 
of	an	association	between	FA	of	 the	CC	and	RNFLT	 to	be	 in	 support	of	 this	notion.

Implications
Our study has several implications. First, it challenges the notion that the brain 
degeneration commonly observed in glaucoma is solely a consequence of propagated 
pre-geniculate damage. Previous studies suggest that elevated IOP causes the loss 
and apoptosis of RGCs (M.-Y. Wang et al. 2013; Sidek et al. 2014; Urcola et al. 2006). 
Increased IOP would block the transport of neurotrophic factors (e.g. proteins that 
regulate the growth, differentiation, and death of neurons), which results in RGC 
apoptosis and subsequently myelin breakdown or neurodegeneration (Rudzinski et 
al. 2004). Second, our study has revealed a different pattern of WM damage in NTG 
than the pattern previously described for HTG. This implies that HTG and NTG each 
have	a	unique	profile	of	neuronal	cell	death.		The	most	parsimonious	explanation	for	
this is that HTG and NTG each reveal different aspects of one and the same disease that 
has both an ocular and a brain component to it. 

Third, despite the absence of increased IOP, WM integrity is affected in the primary 
visual pathway and even beyond. The current treatment strategy is lowering IOP, even 
in NTG (Song & Caprioli 2014). Our study contributes to the idea that neuroprotective 
medication could be prescribed to prevent degeneration of the primary visual 
pathways and other brain structures, in addition to the standard treatment that is 
aimed at normalizing IOP (Osborne 2009; Pascale et al. 2012; Nucci, Strouthidis, et al. 
2013; Gupta & Yücel 2007; Chang & Goldberg 2012). 
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Limitations 
A limitation - shared by all dMRI studies - is  that a reduction in FA cannot be straight-
forwardly interpreted as a reduction in WM. Although we interpret FA changes in terms 
of neurodegeneration, strictly speaking we cannot. Values of the fractional anisotropy 
(FA)	are	a	quantification	of	the	directionality	of	water	diffusion	(Beaulieu;	Le	Bihan	&	
Van	Zijl	2002)	within	a	voxel.	When	it	is	not	constrained,	as	in	cerebrospinal	fluid	or	
grey matter, water diffuses equally or isotropically in all directions, resulting in lower 
FA	values.	Water	restricted	to	the	myelinated	microstructure	of	the	WM	flows	parallel	
to	the	axonal	fibres	and	becomes	anisotropic	resulting	in	higher	FA	values.	A	change	in	
FA	is	thought	to	reflect	microstructural	changes	in	WM.	However,	lower	FA	values	could	
also	indicate	regions	of	crossing	fibres	from	two	fibre	populations	of	similar	density	
(i.e.	“kissing”	fibres)	(Jbabdi	et	al.	2010).		We	found	no	evidence	of	degeneration	in	the	
ON, optic chiasm, and optic tracts. A reason might that imaging these relatively small 
structures	 with	 dMRI	 is	 challenging.,	 They	 are	 surrounded	 by	 cerebrospinal	 fluid	
and	nearby	bony	structures	and	sinus	cavities	filled	with	air(Chabert	et	al.	2005).	In	
addition,	the	ON	is	prone	to	motion	because	of	eye	movements	Therefore,	not	finding	
changes in these structures could be due to an inability to detect these.

The degeneration of the CC was found after applying a more liberal statistical 
threshold. As such, somewhat more caution than usual must be applied, as the chance 
for	false	positive	findings	increases	with	a	more	liberal	statistical	threshold.	

Conclusion
This study investigated WM integrity in a Japanese glaucoma population.  This population 
has a very high incidence of NTG, a sub-class of glaucoma in which ON damage occurs 
in	the	absence	of	elevated	IOP.	Therefore,	our	finding	of	visual	pathway	degeneration	
in this population challenges the notion that the elevated IOP is solely responsible 
for RGC death and subsequent neurodegeneration at the level of the visual pathways. 

Most remarkably, in this population, neurodegeneration is not limited to the primary 
visual	pathways,	but	 includes	the	CC.	In	our	view,	this	finding	is	hard	to	exclusively	
reconcile with propagated pre-geniculate neurodegeneration thus implying a brain 
component	to	glaucoma.	Hence,	our	results	suggest	that	NTG	has	a	different	profile	of	
neuronal cell death than HTG. Further research is required to establish whether the 
neurodegeneration in NTG and HTG is caused by the same or by different mechanisms. 
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INTRODUCTION

Glaucoma is a chronic and progressive optic neuropathy characterized by mor-
phological	changes	at	the	optic	nerve	(ON)	and	retinal	nerve	fiber	layer	(RNFL).	These	
changes are associated with progressive death of retinal ganglion cells (RGCs) and 
peripheral	 visual	 field	 loss.	 Although	 glaucoma	 is	 traditionally	 considered	 an	 eye	
disease, damage is not restricted to the axons that form the ON. Over the past decade, 
numerous MRI studies have shown that the pre-geniculate, geniculate, and post-
geniculate structures such as the optic radiations (OR) are affected as well, at least in 
later stages of the disease(Z.	Chen	et	al.	2013;	W.	W.	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 2015; Boucard et al. 2016).

The origin of these brain changes1 has not yet been established, limiting our ability 
to translate these findings of neurodegeneration in glaucoma into significant 
clinical application. 

In the current study, we address this by investigating which mechanisms may underlie 
these brain changes. We focus on changes of the optic radiation (OR), the tract 
connecting	the	lateral	geniculate	nucleus	(LGN)	to	the	primary	visual	cortex.	First,	the	
OR involvement could be relatively straightforwardly explained as a consequence of 
a decreased visual input (visual deprivation; ‘use it or lose it’). Second, damage to the 
RGCs and ON could cause the degeneration of the postsynaptic neurons in the lateral 
geniculate	nucleus	(LGN)	and	axons	in	the	OR	through	the	mechanism	of	anterograde	
transsynaptic degeneration (ATD). Third, in Wallerian degeneration, the axon distal 
to the site of injury degenerates (Rotshenker, 2007) causing OR changes following 
degeneration	of	the	LGN.	Fourth,	glaucoma	could	also	be	a	neurodegenerative	disease	
with primary injury sites beyond the ON as well. Furthermore, the OR changes in 
glaucoma could be an accumulated consequence of more than one of these mechanism.
Previous dMRI studies in glaucoma primarily used voxel-based morphometric 
(VBM) and tractography approaches (for an explanation of dMRI analysis methods, 
we refer to Chapter 1, section “Analyzing images of the brain”). Tractometry takes 
a fundamentally different approach to the analysis of dMRI data compared to these 
previously used methods and therefore promises to shed new and more detailed light 
on	 the	origin	of	brain	 changes	 in	 glaucoma.	 It	 determines	 a	 ‘Tract	Profile’	 of	dMRI	
parameters that can be used to study WM tissue properties in healthy brains or to 
quantify abnormalities in diseased brains. Due to a disease, changes in diffusion could 
occur	either	at	a	specific	location	along	the	tract	(regional	change),	or	along	the	entire	
tract (global change). 

1  The term ‘changes’ is used when differences are observed between groups (e.g. increase 
or decrease) in grey or white matter using neuroimaging without making an assumption of the 
cause. Also used in this chapter as brain changes (this includes the visual pathways) or more 
specifically as white matter changes, diffusion changes, optic radiation changes or visual path-
ways changes.

https://paperpile.com/c/eQmfqO/HLbA+GOMe+KDCf+NbDQ+PvOJ+ioJm+rCKF+0cpG+O6SS+wCqg+73xn+Qpyg+Be8m+SnFy+A90W
https://paperpile.com/c/eQmfqO/HLbA+GOMe+KDCf+NbDQ+PvOJ+ioJm+rCKF+0cpG+O6SS+wCqg+73xn+Qpyg+Be8m+SnFy+A90W
https://paperpile.com/c/eQmfqO/HLbA+GOMe+KDCf+NbDQ+PvOJ+ioJm+rCKF+0cpG+O6SS+wCqg+73xn+Qpyg+Be8m+SnFy+A90W
https://paperpile.com/c/eQmfqO/HLbA+GOMe+KDCf+NbDQ+PvOJ+ioJm+rCKF+0cpG+O6SS+wCqg+73xn+Qpyg+Be8m+SnFy+A90W
https://paperpile.com/c/eQmfqO/VBD3K
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This study has two aims: 1) to determine the effect of glaucoma on global and regional 
diffusion measures of the OR and 2) to determine which mechanisms may underlie 
the glaucomatous neurodegeneration in the brain. For this purpose, we studied two 
groups of glaucoma patients, European (EU) patients with monocular glaucoma 
(MGL)	and	Japanese	(JP)	patients	with	a	high	incidence	of	normal-tension	glaucoma	
(NTG). The patients were compared to healthy controls of the same age and ethnicity 
(EHC and JHC). The EU subjects have been previously studied using morphometry 
of structural MRI data (T1-weighted images) (Prins 2016), whereas the JP subjects 
have been previously studied using Tract-Based Spatial Statistics (TBSS) (Boucard et 
al. 2016). In those studies, the NTG patients showed affected WM integrity of the OR, 
whilst	the	MGL	patients	did	not	reveal	a	volumetric	changes	in	the	OR.	

In	addition,	we	compared	 the	MGL	patients	 to	EU	subjects	with	 longstanding,	non-
glaucomatous	monocular	 blindness	 (MBL)	 and	 the	MBL	 to	 EHC;	 Specifically,	 these	
comparisons provide an opportunity to shed light on the effect of glaucoma on the OR 
in addition to the effect of decreased visual input (which is present in both groups  – 
and	in	fact	even	more	pronounced	in	MBL	than	in	MGL).	

	  

 
Table 2 Characteristics of Japanese subjects  
 JHC (N=21) NTG (N=28) 
 Median (IQR) or % Median (IQR) or % 
Age 51.5 (44 to 66.25) 50 (44 to 61.75) 
Male gender, % 47.8% 73.3% 
VFMD, dB 

Best eye 1.3 (0.4 to 2.0) -2.5 (-9.6 to 0.9) 
Worst eye 0.5 (-0.2 to 1.4) -6.2 (-17.8 to -2.5) 
Mean eye 1.0 (0.3 to 1.6) -4.3 (-10.4 to -1.0) 

RNFL 
Best eye 107.4 (97.1 to 116.4) 75.5 (64.8 to 83.9) 
Worst eye 101.1 (93.2 to 107.6) 65.0 (58.5 to 75.0) 
Mean eye 105.0 (94.1 to 113.2) 71.0 (63.1 to 78.9) 

VFMD= mean deviation (dB), RNFL= retinal nerve fibre layer thickness 
(micron) 
 
  

	  

 
Table 1 Characteristics of European subjects 
 EHC (N=18) MGL (N=17) MBL (N=14) 
 Median (IQR) or % Median (IQR) or % Median (IQR) or % 
Age 64 (56.0 to 68.8) 59 (54.5 to 72.5) 63.0 (57.8 to 68.3) 
Male gender, % 63.2% 44.4% 50.0% 
Duration defect, yrs  6.4 (4.0 to 9.0) 17 (7 to 25) 
VFMD, dB    

Best eye - -1.4 (-2.3 to -0.4) - 

Worst eye - -23.8 (-28.3 to -11.7) - 

Mean eye - -12.9 (-15.1 to -7.0) - 

NFI    
Best eye 17 (13.5 to 22.3) 25 (15.3 to 30.5) 18 (13 to 24) 
Worst eye 22.5 (17.8 to 39.3) 85 (55.3 to 98.0) - 

Mean eye 21.8 (15.9 to 33.3) 48.75 (37.5 to 62.5) - 

IOP, mmHg    
Best eye 14 (12.0 to 16.5) 14 (12.0 to 16.5) 15 (14 to 18) 
Worst eye 15 (11.5 to 16.5) 14.5 (11.0 to 17.0) - 

Mean eye 15 (11.9 to 16.5) 13.5 (10.8 to 16.5) - 

VFMD= mean deviation (dB), NFI= nerve fiber indicator, IOP= intraocular pressure 
 
  

https://paperpile.com/c/eQmfqO/xlqL5
https://paperpile.com/c/eQmfqO/A90W
https://paperpile.com/c/eQmfqO/A90W
https://paperpile.com/c/eQmfqO/A90W
https://paperpile.com/c/eQmfqO/A90W
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METHODS

Subjects
We included two patient groups and three control groups. For the patient groups we 
included	17	EU	subjects	with	glaucoma	with	a	monocular	visual	field	defect	(MGL),	28	
Japanese (JP) subjects with a high prevalence of normal-tension glaucoma (NTG). As 
control groups we included 18 healthy age-matched EU subjects (EHC) and 21 healthy 
age-matched JP subjects (JHC) and 14 EU subjects with non-glaucomatous monocular 
blindness	(MBL).

The EU subjects were recruited from among the ophthalmologic patient population of 
the University Medical Center Groningen (Groningen, the Netherlands) whereas the JP 
subjects were recruited from among the ophthalmologic patient population of the Jikei 
University hospital (Tokyo, Japan). The inclusion criteria can be found in Appendix 1. 
Characteristics of the EU subjects can be found in Table 1 and of the JP subjects in 
Table 2. This study conformed to the tenets of the Declaration of Helsinki. The study 
on the EU subjects  was approved by the medical ethical committee (METC) of the 
University Medical Center Groningen while that on the JP subjects was approved by  
the METC of the Jikei University School of Medicine. All subjects gave their informed 
written consent prior to participation.

Clinical data acquisition
Visual acuity was measured for all EU subjects with the Snellen chart with optimal 
correction for the viewing distance. 

Visual	 field	 of	 the	 MGL,	 NTG	 and	 JHC	 subjects	 were	 assessed	 using	 a	 Humphrey	
Field	Analyser	 (HFA;	Carl	Zeiss	Meditec,	Dublin,	CA,	USA)	30-2	Swedish	 Interactive	
Threshold	Algorithm	SITA)	fast.	An	abnormal	visual	field	was	defined	as	a	glaucoma	
hemifield	test	‘outside	normal	limits’	for	at	least	two	consecutive	fields;	defects	had	to	
be compatible with glaucoma and without any other explanation; for a normal visual 
field	the	glaucoma	hemifield	test	had	to	be	within	normal	 limits.	Visual	field	loss	is	
reported in terms of mean deviation (VFMD) The Frequency Doubling Technology 
perimeter	(FDT;	C20-1	screening	mode)	was	used	in	the	MBL	and	EHC	subjects.	An	
abnormal	test	result	was	defined	as	at	least	1	reproducibly	abnormal	test	location	at	
P<0.01.	Both	eyes	of	the	EHC	subjects	and	the	contralateral	eye	of	the	MBL	subjects	
had to be normal.

Retinal	 nerve	 fiber	 layer	 (RNFL)	 was	 assessed	 for	 the	 MGL	 patients	 using	 laser	
polarimetry		(GDx;	Carl	Zeiss	Meditec,	Jena,	Germany);	output	measure	was	the	Nerve	
Fiber Indicator (NFI) (a summary value that indicates the likelihood of glaucomatous 
RNFL	loss).	RNFL	thickness	of	the	NTG	patients	was	measured	by	means	of	Optical	
Coherence	Tomography	(OCT;	Stratus	OCT	3000;	Carl	Zeiss	Meditec,	Dublin,	CA,	USA).

MRI Acquisition 
Europe
Whole brain high-resolution MRI was performed on a 3.0 T Philips Intera (Eindhoven, 
The Netherlands) with an 8 channel Sense head coil. The anatomical scan was acquired 
with	a	T1W/3D/TFE-2	sequence:	8	degrees	flip	angle,	TR	8.70ms,	TE	2.98ms,	matrix	
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size	256x256,	field	of	view	230	×	160	×	180, 160 slices with a voxel size of 1x1x1mm3.  
We also acquired two 60-direction gradient diffusion-weighted (DW) images for every 
subject.	The	first	DW	scan	was	made	using	DwiSE	technique,	resolution	128	x	128,	APP	
fat shift 11.722 pixels, degree of angulation 0.57 1.405 -15.9, repetition time 5485 ms, 
field	of	view	240	x	102	x	240,	echo	time	79	ms,	diffusion	b	value	800s/mm2,	EPI	factor	
45, and voxel dimension 1.875 x 1.875 x 2.000 mm. The second DW scan has similar 
parameters	as	the	first,	except	for	APA	fat	shift	2.035	pixels	and	repetition	time	5516	ms.

Japan
Whole brain high-resolution MRI was performed on a Siemens 3 Tesla MAGNETOM 
Trio A Tim System (Siemens, Erlangen, Germany) with a 32 channels matrix head coil.
The anatomical scan was acquired with a T1 weighted 3D MPRAGE sequence: 9 
degrees	 flip	 angle,	TR	2300ms,	TE	2.98ms,	matrix	 size	256x256,	 field	of	 view	256,	
176 slices with a voxel size of 1x1x1mm3. The brain images were corrected for 
intensity inhomogeneity using the built-in console. The DW data of the whole brain 
were acquired using a single shot echo planar sequence collected with 64 directions 
of motion proving gradient and including an additional b0 image. The scanning 
parameters	were:	TR	8800	ms,	TE	87	ms,	 field	of	view	210~230,	140	matrix,	 slice	
distance factor 5%, voxel size 1.5x1.5x1.5mm, b value 1000 s/mm2. The data were 
acquired with an acceleration factor of 2 (GRAPPA).

MRI Pre-processing
The anatomical scan was realigned to the Anterior and Posterior Commissure (ACPC) 
by using the MRVISTA software (github.com/vistalab). The European DW data was 
collected with two 60-direction gradient images, resulting in pairs with distortions 
going in opposite directions. These two images were combined into a single corrected 
one	 by	 estimating	 the	 susceptibility-induced	 off-resonance	 field	 using	 TOPUP	 as	
implemented	 in	FSL	(Smith et al. 2004; Jenkinson et al. 2012a). By using MRVISTA 
the resulting single corrected DW image of the EU data and the single original DW 
image of the JP data were then aligned to the ACPC aligned anatomical scan (github.
com/ vistalab/vistasoft/mrDiffusion; see dtiInit.m). The DW images were corrected 
for eddy current induced distortions as well as motion by a rigid body alignment 
algorithm.	A	robust	fitting	method	was	used	for	tensor	fitting.

Regions of interest
For reconstruction of the OR we used a multiple region of interest (ROIs) approach. 
For	the	LGN,	we	manually	created	a	sphere	with	a	radius	of	5mm	at	the	left	and	right	
anatomical location for all subjects by using MrDiffusion. For the V1, we placed a 15 
mm sphere at the end of the posterior horn of the lateral ventricle more towards the 
visual	cortex	for	the	MGL	and	EHC	subjects.	For	the	other	groups,	we	used	the	left	and	
right	waypoint	ROI	(i.e.	ROI	at	an	intermediate	point	of	the	fiber)	of	the	forceps	major	
provided	by	the	Automated	Fiber	Quantification	Toolbox	(AFQ)	(Yeatman	et	al.,	2012).	
These	waypoint	ROIs	are	based	on	the	anatomical	prescriptions	defined	in	Wakana	et	
al. By using AFQ, the ROIs are transformed into an individual’s native space based on 
an estimated non-linear transformation to the MNI template space. In order to exclude 
fibers	that	are	not	part	of	the	OR,	we	created	three	planes	for	each	OR	as	exclusion	
ROIs: one superior, one medial and one anterior to the OR (Figure 1).

https://paperpile.com/c/eQmfqO/sRp8y+zUG4L
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Tractography of the optic radiation
Probabilistic	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	local	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 2007) and binarizing the 
output	using	FSL	(Ashburner & Friston 2000; Jenkinson et al. 2012b). The mask was 
subsequently	used	as	a	seed	to	constrain	the	fiber	tracking.	To	perform	tractography	
of	the	OR	we	used	the	LGN	and	V1	ROI	as	a	seed	and	inclusion	ROIs	and	the	rectangles	
as exclusion ROIs. The minimal radius of the curvature was set to 1 mm and the 
minimal	length	of	the	fiber	to	5	mm.	The	ratio	generated/selected	fibers	was	set	to	
500.000/50.000. 

Manual fiber cleaning
Using	exclusion	ROIs	cannot	completely	prevent	 that	 the	selected	 fibers	 for	 the	OR	
still	contain	fibers	that	are	not	part	of	the	OR.	These	fibers	were	manually	removed	
with QUENCH; a tool for visualization that also allows editing of tracts (Sherbondy et 
al. 2005) (Figure 2).

Tractometry
In	 order	 to	 create	 Tract	 Profiles,	 each	 OR	 tract	 was	 processed	 after	 tractography	
using	the	Automated	Fiber	Quantification	Toolbox	(AFQ)	(Yeatman et al. 2012)github.
com/jyeatman/AFQ; (Yeatman et al. 2012).	Tract	Profiles	are	created	by	quantifying	
diffusion measurements at multiple locations along the trajectory of a WM tract in 
each subject’s brain. Each OR is resampled into 100 equidistant nodes along their 
trajectory and subsequently diffusion is calculated at each node for each subject. 

Figure 1 Regions of interest for tracking of optic radiation 
The LGN spheres (red) of 5 mm were placed on the LGN and the V1 spheres (green) 
of 15 mm were placed at the tip of the posterior horn of the lateral ventricle, towards 
the visual cortex. The forceps majors (yellow) ROI was provided by the Automated Fiber 
Quantification Toolbox (AFQ). The exclusion ROIs were placed medial (purple), anterior 
(dark blue) and superior (light blue) of the OR. The seventh rectangle was placed inferior 
to both LGN. Images A and B are in axial view, C and D are in coronal view, E and F are 
in sagittal view, A, C and E are colour coded orientation maps and B, D and F are the 
corresponding T1 weighted images.

http://www.brain.org.au/software
https://paperpile.com/c/eQmfqO/QmlvS
https://paperpile.com/c/eQmfqO/yGT4Y
https://paperpile.com/c/eQmfqO/OxsQn
https://paperpile.com/c/eQmfqO/7scPV+ydE0S
https://paperpile.com/c/eQmfqO/UPIXl
https://paperpile.com/c/eQmfqO/UPIXl
https://paperpile.com/c/eQmfqO/DGgf
https://github.com/jyeatman/AFQ
https://github.com/jyeatman/AFQ
https://paperpile.com/c/eQmfqO/DGgf
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Diffusion measures
At each node of the OR several diffusion measures are derived that describe the 
anisotropy in each voxel: fractional anisotropy (FA), mean diffusivity (MD), radial 
diffusivity	(RD)	and	axial	diffusivity	(AD).	FA	is	a	summary	measures	that	quantifies	
the underlying tract orientation. While FA is assumed to be highly sensitive for 
microstructural	changes	in	general,	other	diffusion	measures	are	more	specific	for	the	
type of microstructural changes. MD is thought be sensitive for sensitive to cellularity, 
necrosis and edema. RD is seen as a measure that is sensitive to dysmyelination 
and	 demyelination.	 AD	 is	more	 specific	 to	 axonal	 degeneration	 or	 injury	 (Prins D. 
Hanekamp S. Cornelissen 2015; Alexander et al. 2007; Basser et al. 2000; Jones et al. 
1999). For a further explanation and interpretation of these measures, we refer to 
Chapter 1 (section “Acquiring images of the brain”, Table 1).

Statistical analysis
As the EU and JP data was collected with a different scanner and protocol, we compared 
the	following	groups	for	our	analysis:	MGL	versus	EHC,	MBL	versus	EHC,	MGL	versus	
MBL	and	NTG	versus	JHC.	The	first	and	last	10	nodes	of	each	OR	were	excluded	for	
statistical analyses since the end of the tracts may contain ambiguous voxels of the 
grey-white matter junction. This is especially important for diseases that show grey 
matter abnormalities, such as glaucoma (Prins D. Hanekamp S. Cornelissen 2015). We 

Figure 2 The optic radiation of a random healthy subject displayed on a T1 weighted image.
A. The left (blue) and right (purple) optic radiation of a random healthy subject displayed on a 
T1-weighted image before manual cleaning and B. the optic radiation of the same subject after 
manual cleaning. 

https://paperpile.com/c/eQmfqO/SnFy+3zn2B+DAA6J+8FPGa
https://paperpile.com/c/eQmfqO/SnFy+3zn2B+DAA6J+8FPGa
https://paperpile.com/c/eQmfqO/SnFy+3zn2B+DAA6J+8FPGa
https://paperpile.com/c/eQmfqO/SnFy
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then	averaged	diffusion	values	of	the	left	and	right	OR,	creating	a	mean	Tract	Profile	of	
the	OR.	Diffusion	measures	are	compared	for	the	left,	right,	and	mean	OR.	Significant	
level was set at p<0.05. 

Regional diffusion Two-tailed t-tests for independent samples were used to compare 
regional diffusion values between groups at each node along the trajectory of the left, 
right and mean OR. Yeatman et al (2012) point out that neighboring points on the 
Tract	Profile	have	a	high	degree	of	 correlation	and	 therefore	should	not	be	 treated	
as an independent comparison. As recommended, we applied a multiple comparison 
correction along each OR and tract location using a permutation-based method (Nichols 
& Holmes 2001),	implemented	in	the	AFQ	toolbox.	Significant	level	was	set	at	p<0.05.	

Global diffusion Additionally, we averaged diffusion measures for the left, right and 
mean OR over the length of the 80 middle nodes of the OR to create a global diffusion 
value for the left, right and mean OR per 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	planned	
Helmert	contrasts	 to	compare	the	second	and	third	 level,	 thus	comparing	MGL	and	
MBL.	 To	 determine	 the	 presence	 of	 group	 differences	 between	 NTG	 and	 JHC,	 we	
planned	comparisons	with	a	simple	contrast	of	of	the	first	group	(JHC)	to	the	second	
group (NTG). All comparisons included age and gender as covariates. 

Correlation analysis Pearson’s correlations were calculated to examine the relationship 
between the diffusion measures of the OR and the clinical measures. Age and gender 
were used as a covariate. For the NTG patients we examined correlations with diffusion 
measures	 (FA,	MD,	RD,	AD)	 and	 	RNFL	 thickness	 and	VFMD.	 For	MGL	patients,	we	
examined the correlation between diffusion measures and NFI, VFMD and disease 
duration.	For	MBL	subjects,	we	examined	correlations	between	diffusion	measures	and	
the	duration	that	subjects	had	been	monocularly	blind.	Significant	level	was	set	at	p<0.05.	

RESULTS

Using tractometry, we examined global and regional diffusion measures of the OR 
in several groups. We found: i) global and regional diffusion differences between 
glaucoma subjects and healthy controls, ii) no differences between non-glaucomatous 
monocular blind subjects and healthy controls and iii) global and regional diffusion 
differences between glaucoma subjects and non-glaucomatous monocular blind 
subjects. Below, we will describe these results in detail. 

Demographic and clinical characteristics
The two patient and three control groups’ demographic and clinical characteristics are 
summarized in 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	subjects	(MGL	versus	EHC:	(p=0.260),	
MBL	versus	EHC:	(p=0.818)),	but	differed	in	the	JP	subjects	(NTG	and	JHC	(p=0.029).

https://paperpile.com/c/eQmfqO/AvATX
https://paperpile.com/c/eQmfqO/AvATX
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Glaucoma versus healthy controls
Regional diffusion measures of the OR 
For NTG compared to JHC, we found regional differences in the left OR (↑RD)2, 
right OR (↓FA, ↑MD and ↑RD) and mean OR (↓FA and ↑RD) (p<0.05, corrected for 
multiple	comparisons).	For	MGL	compared	to	EHC,	we	found	no	regional	differences.	
The regional diffusion differences, i.e. the affected nodes and their locations, are 
summarized	in	Table	3	(column:	“Affected	nodes	and	Location”).	Diffusion	measures	
along	the	mean	OR	Tract	Profile	are	plotted	for	all	subject	groups	in	Figure	3.	

Global diffusion measures of the OR
For NTG compared to JHC, we found global differences in left OR (↑MD), right OR 
(↓FA, ↑MD and ↑RD) and mean OR (↓FA and ↑RD).	 For	MGL	 compared	 to	EHC,	we	
found global differences  in the left OR (↑MD, ↑RD and ↑AD), right OR (↓FA) and mean 
OR (↓FA, ↑MD, ↑RD and ↑AD). Table 3 shows the global diffusion values and their 
corresponding p-values (column: “Mean”, “Std. Error” and “P-value”). 

Correlation analysis
In NTG, we found a positive correlation between FA and VFMD) of the worst eye. We 
found a negative correlation between both RD and AD and the VFMD of the best and the 
worst	eye,	as	well	as	their	mean.	In	MGL,	we	found	a	positive	correlation	between	FA	and	
the VFMD of the worst eye. We found negative correlation between RD and the VFMD of 
the worst eye and negative correlations of  AD with the VFMD of the worst eye as well 
as	mean	eye.	Table	4	lists	the	significant	correlations	and	the	corresponding	p-values.	

2  ↑↓The direction of the arrows indicates whether there is an increase or decrease in the 
given diffusion parameter  of the patient group compared to the reference group.

	  

 
  
Table 3 Global and regional diffusion values between glaucoma subjects and healthy controls of the 
Japanese and European groups 
Group Side Diffusion Dir. Global diffusion Regional diffusion 
NTG   ↑ ↓ Mean 

JHC 
Mean 

NTG 
Difference SD p Affected 

Nodes 
Location 

 LR FA ! 0.46 0.44 -0.02 0.007 0.037 7 19-20; 65-69 
 R FA ! 0.46 0.44 -0.02 0.007 0.041 1 69 
 R RD ↑ 0.56 0.58 0.02 0.008 0.052 8 63-70 
 LR RD ↑ 0.56 0.58 0.02 0.011 0.163 11 19-22; 63-69 
 R MD ↑ 0.76 0.78 0.02 0.007 0.220 9 60-68 
 L RD ↑ 0.57 0.59 0.02 0.016 0.372 4 19-22 
MGL    EHC MGL      
 L RD ↑ 0.63 0.67 0.04 0.018 0.034 0 - 

 L AD ↑ 1.28 1.30 0.02 0.018 0.034 0 - 

 LR RD ↑ 0.64 0.67 0.03 0.018 0.035 0 - 

 LR AD ↑ 1.27 1.30 0.02 0.018 0.035 0 - 

 LR MD ↑ 0.85 0.88 0.03 0.016 0.038 0 - 

 L MD ↑ 0.85 0.88 0.03 0.017 0.041 0 - 

 LR FA ! 0.43 0.41 -0.02 0.010 0.043 0 - 

 R FA ! 0.43 0.41 -0.02 0.010 0.046 0 - 

The mean values shows the global diffusion values for the left, right and mean optic radiation. P-value and 
SD correspond to the differences corrected for age and gender between the global diffusion values of the 
groups. The number of affected nodes and location show the significant results of the regional diffusion 
values along the middle 80 nodes of left, right and mean optic radiation (p<0.05, corrected for multiple 
comparisons). Means reported are the result from descriptive statistic and not the marginal means. *The 
direction (Dir.) of the arrows indicates whether there is an increase or decrease in the given diffusion value 
of the patient group compared to the control group.  
 
  



77

4

Non-glaucomatous monocular blind versus healthy controls
Global and regional diffusion measures of the OR
No	differences	were	found	between	MBL	and	EHC	in	any	of	the	diffusion	parameters.

Correlation analysis
In	 	MBL,	we	 found	a	positive	correlation	between	the	MD	values	of	 the	OR	and	the	
duration that subjects had been monocularly blind in years. Table 4 shows the 
correlations	and	corresponding	p-values	for	the	significant	correlations.

Glaucoma versus non-glaucomatous monocular blind
Regional diffusion measures of the OR 
For	MGL	compared	to	MBL,	we	found	regional	diffusion	differences	for	the	left	OR	(↑MD 
and ↑AD) and mean OR (↑RD and ↑AD). (p<0.05, corrected for multiple comparisons). 
The regional differences, i.e. the number of affected nodes and their locations, are 
summarized in Table 5. 

	  

 
Table 4 Correlation analysis between diffusion measures of the optic radiation and clinical measures 

Group Side Diffusion VFMD Best VFMD Worst VFMD mean Duration, yrs 
   r p r p r p r p 
NTG R FA 0.48 0.02 - - - - - - 

 L FA 0.48 0.02 - - - - - - 

 LR FA 0.45 0.03 - - - - - - 

 L MD -0.56 0.00 -0.44 0.03 -0.52 0.01 - - 

 L RD -0.61 0.00 -0.43 0.03 -0.54 0.01 - - 

 LR RD -0.47 0.02 - - -0.41 0.04 - - 

 L AD -0.61 0.00 -0.43 0.03 -0.54 0.01 - - 

 LR AD -0.47 0.02 - - -0.41 0.04 - - 

MGL R FA - - 0.70 0.01 - - - - 

 R RD - - -0.57 0.05 - - - - 

 R AD - - -0.57 0.05 -0.58 0.05 - - 

MBL L MD - - - - - - 0.66 0.02 
 LR MD - - - - - - 0.61 0.03 
*VFMD: visual field defect measured using Humphrey Field Analyzer   
 
  

	  

 
 
Table 5 Global and regional diffusion values between monocular glaucoma and monocular blindness 
from the same European group 
Group Side Diffusion Dir. Global diffusion Regional diffusion 
MBL 
vs 

MGL 

  ↑ ↓ Mean 
MBL 

Mean 
EHC 

Mean 
MGL 

Dif. SD p Affected 
Nodes 

Location 

L MD ↑ 0.83 0.85 0.88 0.05 0.018 0.006 9 10-18 
 R MD ↑ 0.84 0.85 0.89 0.05 0.019 0.013 0 - 

 LR MD ↑ 0.83 0.85 0.88 0.05 0.018 0.007 7 9-15 
 L RD ↑ 0.62 0.63 0.67 0.05 0.019 0.016 0 - 

 R RD ↑ 0.63 0.65 0.68 0.05 0.021 0.029 0 - 

 LR RD ↑ 0.63 0.64 0.67 0.05 0.019 0.017 3 10-12 
 L AD ↑ 1.24 1.28 1.30 0.06 0.019 0.016 9 10-18 
 R AD ↑ 1.24 1.27 1.29 0.05 0.021 0.029 0 - 

 LR AD ↑ 1.24 1.27 1.30 0.06 0.019 0.017 8 10-12 
The mean values shows the global diffusion values for the left, right and mean optic radiation. 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 along the middle 80 nodes of 
left, right and mean optic radiation (p<0.05, corrected for multiple comparisons). *The direction (Dir.) of the 
arrows indicates whether there is an increase or decrease in the given diffusion value of the patient group 
(MGL) compared to the reference group (MBL).  
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Global diffusion measures of the OR
For	MGL	compared	to	MBL,	we	found	global	differences	for	the	left	OR	(↑MD, ↑RD and 
↑AD), right OR (↑MD, ↑RD and ↑AD) and mean OR (↑MD, ↑RD and ↑AD). Table 5 shows 
the	global	diffusion	values	for	the	left,	right	and	OR	for	the	significant	comparisons.
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Figure 3 Diffusion Tract Profiles of the mean optic radiation
Tract Profiles of the mean optic radiation are shown for FA (A), MD (B), RD (C) and AD values (D) 
for the European and Japanese group. In all figures the black bold line shows the mean value 
and the grey band shows the standard deviation at 80 different positions of the OR for the healthy 
subjects of the group shown. European glaucoma subjects are shown in green, the monocular 
blind subjects in orange and the Japanese glaucoma subjects in purple. The mean value is shown 
in bold and the standard deviation is shown as a dashed line. Significant differences between the 
glaucoma patients and healthy controls of the Japanese group are shown as a shaded purple 
area, whereas significant differences between non-glaucomatous monocular blindness and 
European glaucoma patients are shown as a shaded yellow area.
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DISCUSSION

In two groups of glaucoma patients,  we determined the effect of glaucoma on global 
and regional diffusion measures of the OR using probabilistic tractography combined 
with tractometry. 

Our	main	 finding	 is	 that	 the	global	and	regional	diffusion	values	of	 the	OR	differed	
between the non-glaucomatous monocular blind subjects and the monocular glaucoma 
patients. This provides evidence that in glaucoma – on top of the effect of  a loss of 
visual input or of ATD – an additional mechanism affects the WM integrity of the OR. 

Moreover, in the JP group, we found that global and regional OR diffusion values 
differed between the glaucoma patients and healthy controls. In the EU group, we also 
found that the global, but not the regional, OR diffusion values differed3 between the 
glaucoma patients and the healthy controls. 

Finally, we found correlations between the diffusion measures of the OR and the VFMD 
in	both	NTG	and	MGL.	This	suggests	that,	for	glaucoma,	the	severity	of	the	visual	field	
defect (VFD)  affects the extent to which the WM integrity of the OR is affected. For 
MBL,	the	OR	diffusion	measures	were	correlated	with	the	duration	that	subjects	had	
been	monocular.	Below,	we	will	discuss	our	findings	in	detail.	

In our view, both global and regional changes provide evidence for affected WM 
integrity in glaucoma. Therefore, we will discuss these results integrally. First, we will 
discuss	how	our	findings	provide	support	for	specific	mechanisms	of	WM	changes	in	
the OR. Second, we will discuss how monocular glaucoma and monocular blindness 
may affect the OR differently. Third, we will discuss the interpretation of global and 
regional diffusion changes separately.

Mechanisms underlying white matter changes in the optic radiations
In our view, both the global and regional changes provide evidence for affected WM 
integrity in glaucoma and therefore we will discuss how these results may explain 
mechanisms of WM changes in the OR integrally. 

In our introduction, we put forth four mechanisms that may explain OR and brain 
changes in glaucoma. Below, we will discuss the likelihood that either of these 
mechanisms could be responsible for our present results. Wallerian degeneration  is 
a form of degeneration in which the axonal part of the neuron (i.e. not transsynaptic) 
degenerates. Theoretically, Wallerian degeneration could cause OR changes via 
degeneration	of	the	LGN.	Although	LGN	degeneration	in	glaucoma	has	been	shown	in	
several studies (Hernowo	et	al.	2011;	Lee	et	al.	2014;	Zhang	et	al.	2012;	Gupta	et	al.	
2009),	our	MGL	and	NTG	patients	did	not	reveal	degeneration	of	the	LGN	compared	
to healthy controls in previous studies of these groups ((Prins et al. 2017a; Boucard 
et al. 2016)	 It	 may	 be	 that	 LGN	 degeneration	was	 undetectable	 in	 these	 previous	
studies of our groups. Secondly, visual deprivation could explain affected OR integrity. 
Our	analyses	 indicate	 that	 in	NTG	and	MGL	diffusion	 (and	hence	 the	WM	 integrity	

3  From here on differences between groups will be referred to as changes.

https://paperpile.com/c/eQmfqO/0cpG+JUfC+k7kD+71MC
https://paperpile.com/c/eQmfqO/0cpG+JUfC+k7kD+71MC
https://paperpile.com/c/eQmfqO/0ssc+BSUz
https://paperpile.com/c/eQmfqO/0ssc+BSUz
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of the OR) correlates with the severity of the VFD. While not indicating causality, 
this would imply that the OR integrity in glaucoma patients is simply affected by the 
decreased visual input and not necessarily by an additional mechanism. However, 
we	did	not	observe	similar	OR	changes	 in	MBL	compared	 to	healthy	controls.	This	
is	unexpected,	as,	the	decreased	visual	input	is	much	more	pronounced	in	MBL	than	
in	MGL.	Moreover,	visual	input	has	been	decreased	in	the	MBL	subjects	for	a	longer	
time. Therefore, it is rather unlikely that the decreased visual input by itself resulted in 
the	affected	OR	integrity	in	NTG	and	MGL.	Thirdly,	affected	WM	integrity	in	glaucoma	
could be explained by ATD in which damage of the ON could cause  degeneration at 
the OR and beyond. However, degeneration of the ON ipsilateral to the blind eye was 
also	observed	in	a	previous	structural	MRI	study	of	the	same	MBL	subjects	(Prins et 
al. 2017b).	Hence,	 both	 glaucoma	 and	MBL	 subjects	 show	degeneration	 of	 the	ON.	
Together	with	not	finding	OR	changes	in	the	current	as	well	as	in	the	previous	study	
of	MBL	subjects,	this	is	evidence	that	ON	degeneration	does	not	inevitably	result	in	
OR degeneration via ATD. Therefore, the involvement of a mechanism in glaucoma 
that acts independent of what happens at the level of the eye and ON appears likely.

Non-glaucomatous monocular blindness and 
monocular glaucoma have different effects on the OR 
Interestingly,	our	most	significant	results	are	observed	when	comparing	the	global	and	
regional OR diffusion values between the monocular blind subjects and the monocular 
glaucoma	 patients.	 These	 differences	may	 reflect	 different	mechanisms	 underlying	
their	OR	changes.	Observing	the	mean	values	of	the	EHC,	MBL	and	MGL	groups	gives	
us an indication of the direction of change. The direction of change of MD and RD in 
MGL	compared	to	healthy	controls	 is	an	 increase,	while	 the	direction	of	change	 for	
MBL	to	healthy	controls	is	a	decrease	(even	though	not	significant).	We		speculate	that	
on	the	one	hand,	the	MD	and	RD	increases	in	MGL	may	reflect	axonal	degeneration	
and	demyelination	respectively.	On	the	other	hand,	in	MBL	the	decreased	MD	and	RD	
may	reflect	WM	maturation	and	high	myelination,	respectively	(Alexander et al. 2007; 
Basser et al. 2000; Jones et al. 1999). In support of this latter notion, decreases in 
MD	and	RD	have	been	observed	after	training,	supporting	the	idea	that	this	reflects	
neuroplasticity or reorganization (Mackey et al. 2012). Therefore, we hypothesize that 
in	MGL	the	OR	changes	are	a	consequence	of	neurodegeneration,	whereas	in	MBL	the	
OR changes are a consequence of neuroplasticity. 

This	hypothesis	is	supported	by	the	volumetric	study	of	the	MBL	subjects	of	(Prins et 
al. 2017b).(Prins et al. 2017b)They found small sections of volumetric increase in the 
right OR, while they found volumetric loss in the pre-geniculate structures and in the 
bilateral superior lateral occipital cortices. They suggested that volumetric increases 
in	sections	of	the	OR	might	reflect	neural	remodeling	as	a	result	of	compensating	for	
the loss of stereopsis. 

Interpreting global and regional diffusion changes 
We	find	both	global	and	regional	changes	in	our	various	groups.	For	glaucoma,	 it	 is	
currently unknown how a change in WM integrity in the OR exactly manifests itself 
in terms of changes in global and regional diffusion characteristics. For this reason, 
we examined both global and regional diffusion measures of the OR and interpreted 
changes in both as evidence for altered WM integrity. A global diffusion change can 

https://paperpile.com/c/eQmfqO/R1js
https://paperpile.com/c/eQmfqO/R1js
https://paperpile.com/c/eQmfqO/3zn2B+DAA6J+8FPGa
https://paperpile.com/c/eQmfqO/3zn2B+DAA6J+8FPGa
https://paperpile.com/c/eQmfqO/eQJTq
https://paperpile.com/c/eQmfqO/R1js
https://paperpile.com/c/eQmfqO/R1js
https://paperpile.com/c/eQmfqO/R1js
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arise	because	 	 a	 relatively	 large	diffusion	change	was	present	at	a	 specific	 location	
or a relatively small one was present along the entire OR (Yeatman et al. 2012). A 
disadvantage of focussing only on global values is that possible specific	changes	due	
to glaucoma may be missed; however, an advantage is that there is greater consensus 
about the interpretation of such results. Below, we will discuss global and regional 
diffusion changes separately.

Global diffusion changes
In both glaucoma groups, we observed global diffusion changes compared to healthy 
controls.	Specifically,	we	found	decreases	in	FA	and	increases	in	MD,	RD	and	AD.	Our	
findings	corroborate	a	meta-analysis	of	10	dMRI	studies	examining	diffusion	values	
(i.e. FA and MD) in patients with glaucoma, revealing FA decreases and MD increases 
in the OR. Although RD and AD were not reported in the meta-analyses, we found 
these measures to be affected as well. FA is indicative of microstructural changes in 
general.	Other	diffusion	measures	are	more	specific	for	the	type	of	damage.	MD	and	RD	
are	more	specific	for	the	type	of	microstructural	changes;	an	increase	in	MD	indicates	
axonal degeneration; a decrease of RD indicates dysmyelination and demyelination 
(Alexander et al. 2007; Basser et al. 2000; Jones et al. 1999). The interpretation of AD 
changes	is	more	complex	as	conflicting	results	have	been	reported	in	WM	pathology	
(Onu 2011). Taken the interpretation of these measures into consideration, we 
interpret the observed global diffusion changes in the OR of both glaucoma groups as 
evidence for neurodegeneration.

Regional diffusion changes
The interpretation of regional changes in glaucoma remains uncharted territory. 
Regional changes may have several underlying reasons that we will address below. 

In	NTG,	 the	WM	 changes	 of	 the	OR	 (e.g.	 FA,	MD	 and	RD)	were	 found	 at	 a	 specific	
location. As can be observed in Figure 3, the NTG patients show a valley around the 
20th	node	in	the	left	OR	and	towards	the	70th	node	in	the	right	the	OR.	In	MGL,	our	
results	did	not	reveal	changes	in	the	OR	at	a	specific	location.	
Changes around the 20th and 70th node in NTG cannot be straightforwardly linked to 
specific	mechanisms.	Axons	may	not	continue	along	the	entire	tract	length	of	the	tract	
but as of yet we cannot conclude how to interpret regional changes in glaucoma. It 
could be speculated that these nodes represent vulnerable locations of the OR.

Alternatively,	it	may	be	that	changes	at	these	locations	more	simply	reflect	merging	
and/or	kissing	with	adjacent	fibers.	For	the	OR,	adjacent	WM	tracts	are	the	inferior	
longitudinal	fasciculus	(ILF),	a	WM	connection	between	the	anterior	temporal	cortex	
and	the	occipital	cortex,	and	the	splenium,	which	consist	of	U-shaped	fibers,	closely	to	
the end of the OR near V1 (Catani et al. 2003). 

In	MGL,	we	 found	 no	 regional	 diffusion	 changes	 	 in	 the	OR.	 Their	 absence	 of	may	
have several reasons. First, most likely, monocular glaucoma constitutes an early 
stage of glaucoma. A previous meta-analysis of dMRI studies revealed that diffusion 
changes correlate with glaucomatous disease stage (Li	 et	 al.	 2014) (Li	 et	 al.	 2014)
e(Li	et	al.	2014)c(Li	et	al.	2014),(Li	et	al.	2014)i(Li	et	al.	2014)	MGL,	glaucomatous		
neurodegeneration may not have progressed far enough to result in detectable 

https://paperpile.com/c/eQmfqO/DGgf
https://paperpile.com/c/eQmfqO/3zn2B+DAA6J+8FPGa
https://paperpile.com/c/eQmfqO/KIo3
https://paperpile.com/c/eQmfqO/8nrao
https://paperpile.com/c/eQmfqO/ioJm
https://paperpile.com/c/eQmfqO/ioJm
https://paperpile.com/c/eQmfqO/ioJm
https://paperpile.com/c/eQmfqO/ioJm
https://paperpile.com/c/eQmfqO/ioJm
https://paperpile.com/c/eQmfqO/ioJm
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regional OR changes. Second, a monocular VFD may not translate into changes at 
specific	locations	in	the	OR,	as	it	still	receives	visual	input	from	the	healthy	eye.	This	
is	supported	by	the	absence	of	affected	OR	integrity	in	MBL.	Third,	regional	diffusion	
changes may be more susceptible to the degree of homogeneity of the patient group. 
Indeed,	our		MGL	group	was	a	relatively	homogenous	one,	while	the	NTG		group	had	
more spread in disease severity. 

A previous OR tractometry study in patients with binocular glaucoma(Zhou	 et	 al.	
2016)reported regional changes in the middle section of the OR and near V1 regions 
Zhou	et	al	(Zhou	et	al.	2016).	However,	Zhou	et	al.	did	not	use	a	multiple	comparison	
correction (as recommended by Yeatman et al (2012) (in addition to the challenge in 
interpreting	regional	changes	at	specific	locations).	

How do the regional and global changes 
compare to previous studies of the same groups?
The regional diffusion changes can be interpreted by comparing our results to those 
of previous studies of the same groups using different techniques.  Whole-brain 
FA and MD diffusion values of the JP group were studied using Tract-Based Spatial 
Statistics (TBSS) and revealed a local decrease of FA in the patients’ OR (C. Boucard 
et al. 2016).	 This	 is	 in	 agreement	with	our	present	 finding	of	 regional	 FA	 changes.	
As TBSS is a voxel-based method, a comparison to regional changes is appropriate.  
The current study additionally revealed MD changes, which were not observed with 
TBSS.	Not	finding	MD	changes	using	TBSS	could	be	explained	by	technical	restrictions	
of the voxel-based methods in general. Unlike tractometry, TBSS relies on precise 
image registration across subjects. Imprecise image registration and variation in the 
anatomical	features	of	the	OR	between	subjects		may	influence	results.	
 
The T1-weighted image of the EU group was previously studied using a VBM analysis and 
a region-of-interest (ROI) based  morphometric analysis, comparable to respectively 
our regional and global diffusion differences (Prins 2016) et al, submitted). Both their 
analyses did not reveal any volumetric or density changes in the OR. Not observing 
regional diffusion changes in the EU glaucoma group corroborates their voxel-based 
results,	but	our	finding	of	global	diffusion	difference	in	MGL	is	not	in	agreement	with	
their	ROI-based	results	of	 the	OR.	While	dMRI	 is	 thought	 to	reflect	microstructural	
changes	of	 the	WM,	VBM	reflects	 (macroscopic)	volumetric	structural	WM	changes	
(Yoon et al. 2011).	These	discrepancy	in	findings	suggest	that	MGL	is	associated	with	
WM OR changes undetectable by VBM. 

Limitations
A limitation of dMRI studies in general is the interpretation of diffusion values in 
relation to biological microstructure (Beaulieu	2002;	Le	Bihan	&	Van	Zijl	2002). In 
particular, the interpretation of regional diffusion changes needs further exploration 
in	 order	 to	 draw	 conclusions	 from	 it.	 Diffusion	 values	 are	 also	 influenced	 by	 the	
anatomical features of the OR, such as the curvature, partial volume effects with 
neighbouring	tracts	and	crossing	or	kissing	fibers.	As	for	all	subject,	the	fibers	from	the	
ILF	and	splenium	can	merge	or	cross	with	the	OR,	and	including	them	in	the	OR	may	
cause	different	diffusion	values	and	thereby	changes	in	the	Tract	Profiles.	However,	
changes	in	merging	or	crossing	of	fibers	could	also	be	part	of	clinical	manifestation	

https://paperpile.com/c/eQmfqO/l4Qv3
https://paperpile.com/c/eQmfqO/l4Qv3
https://paperpile.com/c/eQmfqO/l4Qv3
https://paperpile.com/c/eQmfqO/A90W
https://paperpile.com/c/eQmfqO/A90W
https://paperpile.com/c/eQmfqO/xlqL5
https://paperpile.com/c/eQmfqO/hLZZ
https://paperpile.com/c/eQmfqO/kd1Uf+PIuuL
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itself.  Further, for our EU subjects, the T1-weighted image had a relatively low 
contrast ratio between grey- and WM compared to the JP subjects. The T1-weighted 
image is used to create a WM mask to constrain tractography to only voxels of the WM 
volume. Although we visually checked our WM masks a lower contrast ratio between 
grey-	and	WM	could	result	in	misclassifications	in	WM	segmentation,	thereby	causing	
unnecessary	determination	of	tracking,	resulting	in	less	fibers	of	the	OR.	
 
Clinical implications
Our research has several clinical implications. First, affected WM integrity in the 
OR shows that damage extends to the visual pathways in glaucoma. In addition, we 
show that monocular glaucoma and monocular blindness affects the OR differently. 
Our	 findings	 indicate	 that	 treatment	might	have	 to	expanded	 to	 target	 the	brain	as	
well. For glaucoma, such neuroprotective medication is currently under development 
(Doozandeh & Yazdani 2016). Neuroprotection may either prevent healthy RGCs from 
dying or “slow down” the process of already sick RGCs. Combining neuroprotection 
with IOP reduction - which is clinically proven to prevent RGC loss in glaucoma - may 
therefore optimize treatment. 

Future directions
As peripheral vision is affected in glaucoma, future research could make a distinctions 
between several components of the retinotopically arranged OR. Hofer et al. 
reconstructed the OR based on dMRI and described that the OR comprised three 
different components (Hofer et al. 2010): an anterior bundle called Meyer’s loop, a 
central bundle and a dorsal bundle (Hofer et al. 2010). (Ogawa et al. 2014) separated 
the	 OR	 into	 five	 separate	 components	 according	 to	 the	 length	 of	 the	 fibers,	 each	
fiber	group	 representing	a	different	 location	 in	 the	visual	 field.	The	 shortest	 fibers	
correspond	to	the	lower	peripheral	field	and	the	longest	fibers	(Meyer’s	loop)	to	the	
upper	 peripheral	 field.	 The	middle	 three	 bundles	 correspond	 to	 the	 central	 visual	
field.	Additionally,	it	would	be	interesting	to	couple	individual	measures	of	the	VFD	to	
the diffusion measures of these separated components. It is currently unknown how 
regional diffusion changes on a group-level should be interpreted.  Future research 
could investigate this by examining regional OR changes in individual subjects. It 
could be speculated that if neurodegenerative changes in the OR are the result of 
lesions or plaques (that are commonly observed in other neurodegenerative diseases 
(Armstrong et al. 2002)) it is more likely that the location of these will differ between 
patients. Furthermore, tractometry could be applied to other neurodegenerative 
diseases such as Alzheimer’s disease, Huntington’s disease, amyotrophic lateral 
sclerosis or Parkinson’s disease as this may provide additional insight into the 
occurrence and interpretation of global and regional diffusion measures and 
mechanisms of neurodegeneration in general. An advantage of tractometry is that 
is can be used to compare the WM properties of individual subjects to those of the 
average	Tract	Profile	of	a	healthy	population,	hence	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 disease progression. To show its 
potential, an explorative individual subject analysis can be found in Supplement 3. 

https://paperpile.com/c/eQmfqO/i8mTi
https://paperpile.com/c/eQmfqO/Cnkw
https://paperpile.com/c/eQmfqO/Cnkw
https://paperpile.com/c/eQmfqO/7oD1f
https://paperpile.com/c/eQmfqO/QXlV
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Conclusion
In	conclusion,	our	findings	show	that	WM	integrity	of	the	OR	is	affected	in	glaucoma	and	
can be revealed by probabilistic tractography and tractometry. As we did not observe 
affected WM integrity in monocular blindness compared to healthy controls, we deem it 
unlikely that decreased visual input or ATD result in affected OR integrity in glaucoma. 
Moreover, our comparison between monocular blind subjects revealed differences 
in diffusion that suggest that different mechanisms may underlie the OR changes in 
these	groups.	Specifically,		OR	changes	in	monocular	blindness	may	be	a	consequence	
of neuroplasticity, whereas those in glaucoma may have a neurodegenerative nature. 
Therefore, the involvement of a mechanism in glaucoma that acts additional to or even 
independent of what happens at the level of the eye and ON appears rather likely. 
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http://paperpile.com/b/eQmfqO/hLZZ
http://paperpile.com/b/eQmfqO/hLZZ
http://paperpile.com/b/eQmfqO/hLZZ
http://paperpile.com/b/eQmfqO/hLZZ
http://paperpile.com/b/eQmfqO/hLZZ
http://paperpile.com/b/eQmfqO/hLZZ
http://paperpile.com/b/eQmfqO/KDCf
http://paperpile.com/b/eQmfqO/KDCf
http://paperpile.com/b/eQmfqO/KDCf
http://paperpile.com/b/eQmfqO/KDCf
http://paperpile.com/b/eQmfqO/KDCf
http://paperpile.com/b/eQmfqO/k7kD
http://paperpile.com/b/eQmfqO/k7kD
http://paperpile.com/b/eQmfqO/k7kD
http://paperpile.com/b/eQmfqO/k7kD
http://paperpile.com/b/eQmfqO/k7kD
http://paperpile.com/b/eQmfqO/k7kD
http://paperpile.com/b/eQmfqO/l4Qv3
http://paperpile.com/b/eQmfqO/l4Qv3
http://paperpile.com/b/eQmfqO/l4Qv3
http://paperpile.com/b/eQmfqO/l4Qv3
http://paperpile.com/b/eQmfqO/l4Qv3
http://paperpile.com/b/eQmfqO/Be8m
http://paperpile.com/b/eQmfqO/Be8m
http://paperpile.com/b/eQmfqO/Be8m
http://paperpile.com/b/eQmfqO/Be8m
http://paperpile.com/b/eQmfqO/Be8m
http://paperpile.com/b/eQmfqO/Be8m
http://paperpile.com/b/eQmfqO/Be8m
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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.

https://paperpile.com/c/6WEHyh/Ob0O+CnBS+bDi8+s57Y+itxC+GT2d+Yx8Q+Jkbv+uWif+jcKZ+Tqac+upIK+ukDg+71FF+41Wb
https://paperpile.com/c/6WEHyh/Ob0O+CnBS+bDi8+s57Y+itxC+GT2d+Yx8Q+Jkbv+uWif+jcKZ+Tqac+upIK+ukDg+71FF+41Wb
https://paperpile.com/c/6WEHyh/Ob0O+CnBS+bDi8+s57Y+itxC+GT2d+Yx8Q+Jkbv+uWif+jcKZ+Tqac+upIK+ukDg+71FF+41Wb
https://paperpile.com/c/6WEHyh/Ob0O+CnBS+bDi8+s57Y+itxC+GT2d+Yx8Q+Jkbv+uWif+jcKZ+Tqac+upIK+ukDg+71FF+41Wb
https://paperpile.com/c/SjfBy5/8xyC+dYCD+dpNK+Qn9H+Yg9s
https://paperpile.com/c/SjfBy5/8xyC+dYCD+dpNK+Qn9H+Yg9s
https://paperpile.com/c/SjfBy5/GNYr
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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). 

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	

http://www.brain.org.au/software
http://www.brain.org.au/software
https://paperpile.com/c/SjfBy5/sMrs
https://paperpile.com/c/SjfBy5/A9LU
https://paperpile.com/c/SjfBy5/3g0M
https://paperpile.com/c/SjfBy5/3g0M
https://paperpile.com/c/SjfBy5/3g0M
https://paperpile.com/c/SjfBy5/3g0M+btqs
https://paperpile.com/c/SjfBy5/3g0M+btqs
https://paperpile.com/c/SjfBy5/GNYr
https://github.com/jyeatman/AFQ
https://paperpile.com/c/SjfBy5/GNYr
https://paperpile.com/c/SjfBy5/GNYr
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cingulum cingulate (CinC), the cingulum hippocampus (CinH), the inferior the fronto-
occipital	 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).	

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).	  

 
Table 1 White matter tracts  
Tract Fiber type ROI1 ROI2 
Anterior Thalamic Radiation Projection Frontal Temporal 
Corticospinal Projection Midbrain Parietal 
Cingulum Cingulate Association Frontal Parietal 
Forceps Major Commissural Occipital Occipital 
Forceps Minor Commissural Frontal Frontal 
Inferior Frontal Occipital Fasciculus Association Frontal Occipital 
Inferior Longitudinal Fasciculus Association Temporal Occipital 
Superior Longitudinal Fasciculus Association Frontal Occipital 
Arcuate Fasciculus Association Frontal Temporal 
  
 
  

https://paperpile.com/c/SjfBy5/ZaiZC+BGdhq+83eji+q6D1i
https://paperpile.com/c/SjfBy5/ZaiZC+BGdhq+83eji+q6D1i
https://paperpile.com/c/SjfBy5/7W9Pc+ascJz+78oHU
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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

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 

https://paperpile.com/c/SjfBy5/GNYr
https://paperpile.com/c/SjfBy5/GNYr
https://paperpile.com/c/SjfBy5/jIQ7


97

5

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 

EHC 
Mean 
MGL 

Difference SD p Affected 
Nodes 

Location 

EHC 
vs 
MGL 

AD R SLF 1.11 1.16 0.05 0.02 0.02 0 - 

FA LR ILF 0.43 0.40 -0.03 0.01 0.02 0 - 

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 
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Table 4 Correlation between diffusion measures and clinical measures in European glaucoma patients 
Group Tract Side Dfsn VFD Worst 

eye 
VFD Mean 

eye 
NFI Best  

eye 
NFI Worst 

eye 
NFI Mean 

eye 
MGL    r p r p r p r p r p 
 ATR R FA - - - - - - -0.73 0.01 - - 

  LR FA - - - - - - -0.63 0.03 - - 

  R RD - - - - - - 0.63 0.03 - - 

  LR RD - - - - - - 0.58 0.05 - - 

 Arc R FA - - - - - - -0.64 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 - - - - - - 

  LR AD - - - - -0.64 0.02 - - - - 

  LR AD - - - - -0.60 0.04 - - - - 

 FM  FA - - - - - - -0.82 0.00 - - 

   RD - - - - - - 0.80 0.01 - - 

 IFOF L AD -0.51 0.06 -0.52 0.05 - - - - - - 

 ILF R FA - - - - - - -0.60 0.04 -0.67 0.02 
  L MD - - - - -0.57 0.05 - - - - 

  R MD -0.63 0.01 -0.62 0.01   - - - - 

  L RD - - - - -0.61 0.04 - - - - 

  R RD -0.54 0.04 -0.55 0.03 - - 0.60 0.04 0.65 0.02 
 SLF L FA - - - - - - - - -0.59 0.04 
  LR FA - - 0.52 0.05 - - - - -0.62 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 fronto-
occipital fasciculus; ILF= inferior longitudinal fasciculus; SLF=superior longitudinal fasciculus; FA=fractional 
anisotropy; MD= mean diffusivity; RD=radial diffusivity; AD=axial diffusivity 
 
  

	  

 
Table 3 Global and regional diffusion values between Japanese glaucoma patients and healthy controls of 
the same ethnicity 
Group Diffusion Side Tract Mean 

JHC 
Mean 

NTG 
Difference SD p Affected 

Nodes 
Location 

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 
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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 

EHC 
Mean 
MBL 

Diffusion SD p Affected 
Nodes 

Location 

EHC 
vs 
MBL 

RD R ILF 0.62 0.69 0.07 0.03 0.02 0 - 

FA R ATR 0.46 0.49 0.04 0.01 0.02 0 - 

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 fronto-
occipital 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 

MBL 
Mean 

EHC 
Mean 
MGL 

Dif. SD p Affected 
Nodes 

Location 

MBL 
vs 
MGL 

MD R SLF 0.74 0.75 0.78 0.04 0.01 0.01 0 - 

MD R Arc 0.76 0.79 0.83 0.07 0.02 0.01 0 - 

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 fronto-
occipital 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 non-
glaucomatous 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

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  indic-
ative of neurodegeneration

(D) Global decrease in mean diffusivity in-
dicative of neuroplasticity
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E) Global differences in mean diffusivity 
implying that opposing mechanisms may 
affect non-glaucomatous blindness and mo-
nocular glaucoma

(F) Regional and global differen ces 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 (Moritz-
Gasser 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  From here on differences between groups will be referred to as changes.

https://paperpile.com/c/SjfBy5/y3b4
https://paperpile.com/c/SjfBy5/hD7P
https://paperpile.com/c/SjfBy5/hD7P
https://paperpile.com/c/SjfBy5/6CNh+ieQZ
https://paperpile.com/c/SjfBy5/ImPn+Sb2F
https://paperpile.com/c/SjfBy5/6CNh+ieQZ
https://paperpile.com/c/SjfBy5/6CNh+ieQZ
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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 audio-
spatial 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 decision-
making.	 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 vision-
related	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.

https://paperpile.com/c/SjfBy5/Lx4j
https://paperpile.com/c/SjfBy5/Qn9H
https://paperpile.com/c/SjfBy5/1luT
https://paperpile.com/c/SjfBy5/Lx4j
https://paperpile.com/c/SjfBy5/SOxW+xFRm
https://paperpile.com/c/SjfBy5/SOxW+xFRm
https://paperpile.com/c/SjfBy5/dYCD
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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).]

https://paperpile.com/c/SjfBy5/HiZL
https://paperpile.com/c/SjfBy5/skYh
https://paperpile.com/c/SjfBy5/skYh
https://paperpile.com/c/SjfBy5/khfm+UaLL+MAtl+skYh
https://paperpile.com/c/SjfBy5/khfm+UaLL+MAtl+skYh
https://paperpile.com/c/SjfBy5/GVYk+6UJ4
https://paperpile.com/c/SjfBy5/GVYk+6UJ4
https://paperpile.com/c/SjfBy5/K44k+Kwmk+HQHy
https://paperpile.com/c/SjfBy5/K44k+Kwmk+HQHy
https://paperpile.com/c/SjfBy5/nUrP
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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; Gomez-
Ramirez & Wu 2014). In addition, future studies should consider making vision-
related	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 

https://paperpile.com/c/SjfBy5/1E9k
https://paperpile.com/c/SjfBy5/1E9k
https://paperpile.com/c/SjfBy5/v18l
https://paperpile.com/c/SjfBy5/LRXJ
https://paperpile.com/c/SjfBy5/LRXJ
https://paperpile.com/c/SjfBy5/Apyb
https://paperpile.com/c/SjfBy5/P5Cn+kHIz
https://paperpile.com/c/SjfBy5/DAOcN
https://paperpile.com/c/SjfBy5/DAOcN
https://paperpile.com/c/SjfBy5/U4qt+hk8N+nLGd+yVJh
https://paperpile.com/c/SjfBy5/U4qt+hk8N+nLGd+yVJh
https://paperpile.com/c/SjfBy5/Lx4j
https://paperpile.com/c/SjfBy5/Lx4j
https://paperpile.com/c/SjfBy5/Lx4j
https://paperpile.com/c/SjfBy5/Lx4j
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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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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


120

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. 
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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.
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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 
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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;
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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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http://paperpile.com/b/5Qa2kW/HdBN
http://paperpile.com/b/5Qa2kW/HdBN
http://paperpile.com/b/5Qa2kW/HdBN
http://paperpile.com/b/5Qa2kW/SU9x
http://paperpile.com/b/5Qa2kW/SU9x
http://paperpile.com/b/5Qa2kW/SU9x
http://paperpile.com/b/5Qa2kW/SU9x
http://paperpile.com/b/5Qa2kW/SU9x
http://paperpile.com/b/5Qa2kW/V9Jr
http://paperpile.com/b/5Qa2kW/V9Jr
http://paperpile.com/b/5Qa2kW/V9Jr
http://paperpile.com/b/5Qa2kW/V9Jr
http://paperpile.com/b/5Qa2kW/V9Jr
http://paperpile.com/b/5Qa2kW/ME4O
http://paperpile.com/b/5Qa2kW/ME4O
http://paperpile.com/b/5Qa2kW/ME4O
http://paperpile.com/b/5Qa2kW/ME4O
http://paperpile.com/b/5Qa2kW/ME4O
http://paperpile.com/b/5Qa2kW/ME4O
http://paperpile.com/b/5Qa2kW/h7kC
http://paperpile.com/b/5Qa2kW/h7kC
http://paperpile.com/b/5Qa2kW/h7kC
http://paperpile.com/b/5Qa2kW/h7kC
http://paperpile.com/b/5Qa2kW/h7kC
http://paperpile.com/b/5Qa2kW/h7kC
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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
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LIST	OF	ABBREVIATIONS
ACPC  Anterior and Posterior Commissure  
AD   Axial diffusivity  
AF   Arcuate fasciculus  
AFQ	 	 Automated	Fiber	Quantification	  
ALS	 	 Amyotrophic	lateral	sclerosis	  
AMD  Age-related macular degeneration  
ATD  Anterograde transsynaptic degeneration  
ATR  Anterior thalamic radiation  
CC   Corpus callosum  
CinC  Cingulum cingulate  
CinH  Cingulum hippocampus 
CS   Contrast sensitivity 
CSD  Constrained spherical deconvolution 
CSF	 	 Cerebrospinal	fluid 
dMRI  Diffusion-weighted Magnetic Resonance Imaging
DTI  Diffusion tensor imaging 
DW  Diffusion-weighted 
FA   Fractional anisotropy 
FDT  Frequency Doubling Technology 
FM   Forceps major 
FOV  Field of view 
HFA  Humphrey Field Analyser 
HTG  High-tension glaucoma 
ICP   Intracranial pressure 
IFOF  Inferior fronto-occipital fasciculus 
ILF		 	 Inferior	longitudinal	fasciculus 
IOP   Intraocular pressure 
LGN	 	 Lateral	geniculate	nucleus 
MCI  Mild cognitive impairment 
MD   Mean deviation 
METC  Medical ethical committee 
MRI  Magnetic Resonance Imaging 
NDH  Network degeneration hypothesis 
NFI   Nerve Fiber Indicator 
NTG  Normal-tension glaucoma 
OCT  Optical coherence tomography 
ONH  Optic nerve head 
PCA  Posterior cortical atrophy 
PD   Parkinson’s disease 
POAG  Primary open-angle glaucoma 
RD   Radial diffusivity 
RGC  Retinal ganglion cells 
RNFL	 	 Retinal	nerve	fiber	layer 
RNFLT	 	 Retinal	nerve	fibre	layer	thickness 
ROI  Region-of-interest 
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RTD  Retrograde transsynaptic degeneration 
SD   Standard deviation 
SITA  Swedish Interactive Threshold Algorithm 
SLF	 	 Superior	longitudinal	fasciculus 
SPL	 	 Superior	parietal	lobe 
TBSS  Tract-Based Spatial Statistics 
TFCE  Threshold-free cluster-enhancement 
TLCPD	 	 Trans-lamina	cribrosa	pressure	difference 
UF   Uncinate fasciculus 
VA   Visual acuity 
VBM  Voxel-based morphometry 
VF	 	 	 Visual	field 
VFMD	 	 Visual	field	sensitivity,	mean	deviation 
VFD	 	 Visual	field	defect 
WM  White matter 
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GLAUCOOM

Glaucoom is een vaak voorkomende chronische ziekte die wordt gekenmerkt door 
beschadiging van de oogzenuw. De oogzenuw stuurt lichtprikkels vanuit het oog naar 
de hersenen toe. De gespecialiseerde cellen (de retinale ganglioncellen, RGCs) in het 
oog die hier verantwoordelijk voor zijn sterven bij glaucoom langzaam af. Hierdoor 
ontstaat verlies van het gezichtsveld. Met het gezichtsveld wordt de omgeving 
bedoeld die het oog ziet zonder het te bewegen. De oogzenuw kan uiteindelijk zo 
erg beschadigen dat het leidt tot kokerzien of zelfs blindheid. De huidige schatting 
voor de wereldwijde prevalentie van glaucoom voor mensen tussen de 40-80 jaar ligt 
op 3-4%, dat is goed voor 64 miljoen mensen wereldwijd. Er wordt geschat dat het 
aantal mensen met glaucoom in 2040 zal zijn toegenomen met 74%. Het traditionele 
beeld van glaucoom is dat de RGCs beschadigen door een verhoogde oogdruk, maar 
glaucoom zonder verhoogde oogdruk komt ook. Verhoogde oogdruk geldt nu als een 
belangrijke risicofactor voor glaucoom. Andere bekende risicofactoren zijn leeftijd, 
aanleg en etnische achtergrond. De exacte oorzaak van glaucoom en het afsterven 
van de RGCs is onbekend. Bij het behandelen van glaucoom staat het behouden van 
het zicht en het voorkomen van blindheid centraal. De huidige klinisch bewezen 
behandeling richt zich op de behandeling van het oog zelf door het verlagen van de 
oogdruk en is redelijk succesvol. Echter, tegelijkertijd, is het verminderen van de 
oogdruk niet altijd voldoende om achteruitgang en blindheid te voorkomen: een 
studie toonde aan dat 15% tot 20% van de patiënten blind worden in tenminste één 
oog nadat zij voor een periode van 15 tot 20 jaar gevolgd waren. Bovendien laten 
verschillende MRI-onderzoeken die de afgelopen tien jaar zijn uitgevoerd zien dat bij 
glaucoom niet alleen schade te vinden is van de oogzenuw, maar dat ook in de rest 
van het visuele systeem in de hersenen veranderingen worden gevonden die wijzen 
op schade. Dat de behandeling niet altijd voldoende aanslaat gecombineerd met de 
betrokkenheid van de hersenen zou kunnen betekenen dat glaucoom wellicht geen 
oogziekte is, maar een hersenziekte. 

VRAAGSTELLING

In dit proefschrift heb ik veranderingen in de hersenen bij patiënten met glaucoom 
onderzocht door middel van diffusie-gewogen magnetische resonantie beeldvorming 
(dMRI). Daarmee wilde ik nieuw licht werpen op de vraag of glaucoom als een 
oogziekte of een hersenziekte beschouwd zou moeten worden. De subvragen die ik in 
mijn proefschrift heb behandeld zijn:
•	 Wat heeft onderzoek ons tot nu toe geleerd over veranderingen in de hersenen bij 

patiënten met glaucoom? (Hoofdstuk 2)
•	 Is de witte stof aangetast bij patiënten met glaucoom die behoren tot een populatie 

met een hoge prevalentie van normale druk glaucoom (NTG)? (Hoofdstuk 3)
•	 Wat is het effect van glaucoom op de witte stof van de optische radiatie (OR) 

(visuele hersenstructuur)? (Hoofdstuk 4)
•	 Wat is het effect van glaucoom op de witte stof van visueel-gerelateerde en niet-

visuele hersenstructuren? (Hoofdstuk 5)
•	 Welke mechanismen kunnen veranderingen in de hersenen in glaucoom verklaren?
•	 (Hoofdstuk 1 en hoofdstuk 6)
•	 Kunnen we onderscheid maken tussen deze mechanismen? (Hoofdstuk 6)
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BEVINDINGEN

In hoofdstuk 2 stond de subvraag wat onderzoek ons   tot nu toe heeft geleerd over 
veranderingen in de hersenen bij patiënten met glaucoom centraal. Hiervoor heb ik 
de huidige literatuur bekeken over veranderingen in de hersenen bij verschillende 
oogziekten	 (namelijk	 albinisme,	 amblyopie,	 erfelijke	 retinale	 dystrofieën,	 leeftijds-
gebonden maculadegeneratie en glaucoom). Voor glaucoom is de algemene bevinding 
van	eerdere	MRI-studies,	alhoewel	de	specifieke	resultaten	variëren,		dat	de	structuren	
in het visuele systeem zijn aangetast, in ieder geval in latere fases van de ziekte. 
Daarnaast tonen sommige studies ook veranderingen in andere hersenstructuren 
aan. De verklaring die de minste aannames bevat is dat veranderingen in de hersenen 
bij oogziekten het gevolg zijn van minder visuele input. Desalniettemin vond ik ook 
aanwijzingen dat glaucoom onderdeel zou kunnen zijn van een meer algemene 
neurodegeneratieve ziekte.

Om de aanwezigheid van veranderingen in de hersenen in glaucoom verder te 
onderzoeken heb ik in hoofdstuk 3 het effect van glaucoom op de witte stof van 
de OR met behulp van Tract-Based Spatial Statistics onderzocht in een Japanse 
populatie. Deze populatie heeft een zeer hoge incidentie van NTG, waarbij schade van 
de oogzenuw optreedt zonder dat er sprake is van een verhoogde oogdruk. Uit mijn 
bevindingen	 blijkt	 dat	 glaucoom	 bij	 deze	 specifieke	 populatie	 geassocieerd	 wordt	
met een veranderingen in de witte stof integriteit in verschillende hersenstructuren: 
de OR, forceps major en corpus callosum (CC). Ik heb dit geïnterpreteerd als bewijs 
voor neurodegeneratie. In het bijzonder kan neurodegeneratie in de CC niet verklaard 
worden door verminderde visuele input. Verder beschreef ik dat neurodegeneratie 
in	de	CC	ook	wordt	gezien	in	posterieure	corticale	atrofie,	een	ziekte	die	ook	wordt	
aangeduid als ‘de visuele variant van de ziekte van Alzheimer. Ik concludeer dat de 
bevindingen verband houden met het standpunt dat een hersencomponent een rol 
speelt	in	de	etiologie	van	glaucoom,		onafhankelijk	van	de	oogschade.	

Om mijn eerdere bevindingen op te volgen heb ik in hoofdstuk 4 het effect van 
glaucoom	 op	 de	 OR	 onderzocht	 met	 behulp	 van	 probabilistische	 tractografie	 en	
tractometrie. Ik onderzocht dit in twee groepen glaucoompatiënten; Europese 
patiënten	 met	 monoculaire	 (eenzijdige)	 glaucoom	 (MGL)	 en	 de	 bovengenoemde	
Japanse patiënten met glaucoom die behoren tot een populatie met een hoge 
prevalentie van NTG. Daarnaast onderzocht ik ook de OR van patiënten met niet-
glaucomateuze	 monoculaire	 	 blindheid	 (MBL)	 ten	 gevolge	 van	 bijvoorbeeld	 een	
trauma. Het vergelijken van monoculaire glaucoom en monoculaire blindheid biedt 
de	gelegenheid	om	licht	te	werpen	op	het	effect	van	glaucoom	op	de	OR	onafhankelijk	
van het oog: bij beide groepen is er sprake van verminderde visuele input, maar 
MBL	 wordt	 niet	 geassocieerd	 met	 een	 mogelijke	 hersencomponent.	 De	 resultaten	
toonden aan dat er veranderingen in de witte stof integriteit van OR zijn voor zowel 
de	MGL	en	NTG	groep	in	vergelijking	met	gezonde	controles	van	dezelfde	etniciteit.	
Bovendien	vond	ik	veranderingen	in	de	witte	stof	integriteit	van	de	OR	tussen	MBL	en	
MGL.	Aangezien	ik	geen	bewijs	vond	dat	de	witte	stof	integriteit	van	de	OR	in	MBL	is	
aangetast	in	vergelijking	met	gezonde	controles,	maar	wel	in	MGL	en	NTG,	vind	ik	het	
niet waarschijnlijk dat de verminderde visuele input alleen resulteert in aantasting 
van de witte stof integriteit. Deze bevindingen wijzen daarom op de betrokkenheid 
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van	 een	 mechanisme	 onafhankelijk	 van	 het	 oog.Verder	 opper	 ik	 dat	 de	 grotere	
verschillen	in	witte	stof	integriteit	tussen	MBL	en	MGL	er	op	zouden	kunnen	wijzen	
dat OR veranderingen in glaucoom het gevolg zijn van neurodegeneratie, terwijl er in 
MBL	eerder	sprake	is	van	neuroplasticiteit.

Om de hypothese van glaucoom als neurodegeneratieve ziekte verder te testen, 
onderzocht ik in hoofdstuk 5 de witte stof integriteit in visueel-gerelateerde en niet-
visuele hersenstructuren. Dit deed ik tevens door de toepassing van probabilistische 
tractografie	 en	 tractometrie.	 Ik	 vergeleek	 dezelfde	 groepen	 als	 in	 hoofdstuk	 4.	 De	
hypothese dat glaucoom een neurodegeneratieve ziekte is voorspelt dat de witte 
stof integriteit ook aangetast zal zijn voorbij de visuele banen (zoals gevonden in 
hoofdstuk 4). Een tweede voorspelling is dat witte stof integriteit veranderingen in 
visueel-gerelateerde hersenstructuren groter zullen zijn dan verwacht kan worden 
op basis van minder visuele input. Uit de resultaten bleek dat bij NTG in vergelijking 
met gezonde controles de witte stof integriteit verschilt in de anterieure thalamische 
radiatie (ATR), inferieure fronto-occipitale fasciculus (IFOF), inferieure longitudinale 
fasciculus	(ILF)	en	superieure	longitudinale	fasciculus	(SLF).	In	MGL	vond	ik	verschillen	
in	de	witte	integriteit	in	de	ATR,	cingulum	cingulate	(CinC),	de	IFOF,	de	ILF	en	de	SLF	
in	vergelijking	met	gezonde	controles.	In	MBL	vond	ik	verschillen	in	ATR,	CinC	en	ILF	
in	vergelijking	met	gezonde	controles.	In	MBL	vergeleken	met	MGL	vond	ik	verschillen	
in	de	arcuate	fasciculus	(AF),	de	ATR,	de	IFOF	en	de	SLF.	(Voor	een	overzicht	van	de	
bevindingen zie Tabel 1). Ik concludeer hieruit dat glaucoom wordt geassocieerd 
met witte stof integriteit veranderingen in zowel visueel-gerelateerde en niet-visuele 
hersenstructuren. Het vinden van dergelijke afwijkingen in visueel-gerelateerde 
hersenstructuren in glaucoom suggereert de aanwezigheid van neurodegeneratie 
dat niet enkel verklaard kan worden door verminderde visuele input. Tevens vond 
ik aanwijzingen voor neuroplasticiteit in niet-visuele hersenstructuren in zowel 
glaucoom als monoculaire blindheid. Dit zou wellicht verklaard kunnen worden 
doordat de hersenen willen compenseren voor de gevolgen van verminderde 
visuele	 input.	Hoewel	 ik	overeenkomsten	met	MBL	hebben	gevonden,	zijn	de	witte	
stof integriteit veranderingen in glaucoma uitgebreider: een groter aantal visueel-
gerelateerde hersenstructuren zijn betrokken. Naar mijn mening wijst dit erop dat, 
naast een effect van verminderde visuele input of schade van de oogzenuw, een 
onafhankelijke	hersencomponent	bijdraagt	tot	de	veranderingen	in	de	hersenen	die	
worden gevonden in glaucoom.

Tot slot bespreek ik in hoofdstuk 6 de inzichten die ik heb verkregen over de 
betrokkenheid van verschillende mechanismen die veranderingen in de hersenen 
in glaucoom zouden kunnen verklaren. Potentiële mechanismen die een rol kunnen 
spelen zijn: 1) verminderde visuele input triggert neuroplasticiteit; 2) schade aan de 

	  

 
Tabel 1 Een overzicht van de betrokkenheid van de visuele banen, visueel-gerelateerde structuren en 
niet-visuele structuren  
Groep Minder 

input 
Oogzenuw 

schade 
Hersen 

component 
Visuele  
banen 

Visueel- 
gerelateerd 

Niet- 
visueel 

NTG ✓ ✓ ? ✓OR ✓ ILF, SLF, IFOF ✓ATR 
MGL ✓ ✓ ? ✓OR ✓ ILF, SLF, IFOF ✓ATR, CinC 
MBL ✓ ✓ ✗ ✗ ✓ ILF ✓ATR, CinC 
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oogzenuw leidt tot anterograde transsynaptische degeneratie (ATD); 3) schade aan de 
optische radiatie leidt tot retrograde transsynaptische degeneratie; 4) Walleriaanse 
degeneratie	en	5)	een	hersencomponent	onafhankelijk	van	het	oog.	Ik	beargumenteer	
dat deze mechanismen lastig te onderscheiden zijn, maar dat desondanks de 
hoofdvraag “Is glaucoom een oogziekte of hersenziekte?” beantwoord kan worden. 

IS GLAUCOOM EEN OOGZIEKTE OF EEN HERSENZIEKTE?

Ik heb verschillende argumenten om te betogen dat glaucoom een   neurodegeneratieve 
ziekte is met een zowel een oog- als hersencomponent:

1. Witte stof integriteit veranderingen in de visuele banen kunnen niet verklaard 
worden op basis van verminderde visuele input of schade van de oogzenuw alleen;

2. Witte stof integriteit veranderingen zijn aanwezig voorbij de visuele banen;
3. Witte stof integriteit veranderingen in visueel-gerelateerde of niet-visuele 

hersenstructuren zijn groter dan verwacht kan worden op basis van verminderde 
visuele	input	of	schade	van	de	oogzenuw	(dat	wil	zeggen:	uitgebreider	dan	bij	MBL);

4. ATD is ook kenmerkend voor andere neurodegeneratieve ziekten, zoals de 
ziekte van Alzheimer, de ziekte van Parkinson, de ziekte van Huntington en 
amyotrofische	laterale	sclerose;

5. Een	ander	kenmerk	van	neurodegeneratieve	ziekten	is	dat	specifieke	neuronale	
populaties en hersenstructuren die verband houden met de verschijningsvorm 
van de ziekte zijn aangedaan; voor glaucoom zouden dit de RGCs, de visuele 
banen en visueel-gerelateerde hersenstructuren kunnen zijn;

6. Witte stof integriteit veranderingen in visuele en visueel-gerelateerde hersen-
structuren in glaucoom passen bij de Netwerk Degeneratie Hypothese; die 
suggereert dat degeneratie in neurodegeneratieve ziekten betrekking heeft op 
dysfunctie van neurale netwerken;

7. Glaucoom	deelt	 gelijkenissen	met	 posterieure	 corticale	 atrofie,	 een	 subtype	
van dementie die ook wel wordt aangeduid als “de visuele variant van de ziekte 
van Alzheimer; de ziekten hebben beiden invloed op de visueel-gerelateerde 
hersenstructuren;

8. Glaucoom deelt verschillende eigenschappen met de ziekte van Alzheimer: de 
ziekten zijn beiden progressief, chronisch, leeftijdsgerelateerd en veroorzaken 
RGC degeneratie en onomkeerbaar neuronaal celverlies;

9. Onderzoek suggereert een genetisch verband tussen glaucoom en de ziekte van 
Alzheimer.

Samengevat ondersteunen deze argumenten de hypothese dat glaucoom een   
neurodegeneratieve ziekte is en niet enkel ‘gewoon een oogziekte’. De bevindingen 
van dit proefschrift hebben een aantal implicaties. Het onderzoek in dit proefschrift 
draagt bij aan het idee dat de huidige standaard behandeling die gericht is op het 
normaliseren van oogdruk uitgebreid zou moeten worden naar het voorkomen 
en stoppen van neurodegeneratie. Daarnaast suggereert de betrokkenheid van de 
hersenen dat neuroimaging - mettertijd - nodig is in de klinische evaluatie van de 
voortgang  en behandeling van de ziekte. Om uiteindelijk de hersenen te kunnen 
betrekken in de behandeling en klinische evaluatie, beveel ik aan om de toekomstig 
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onderzoek te richten op het ontwikkelen van MRI-gebaseerde instrumenten die in 
staat zijn om ziekteprogressie in de hersenen te evalueren alsmede te monitoren in 
individuele patiënten. Een potentieel instrument hiervoor is tractometrie. Terwijl 
mijn	 werk	 nog	 geen	 definitieve	 antwoorden	 heeft	 gegeven	 op	 alle	 openstaande	
vragen, heeft het veel aanwijzingen gegeven dat er bij glaucoom ook voorbij het oog 
moet worden gekeken.







143





145



146



147


	Title and contents
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	List of abbreviations
	Nederlandse samenvatting
	Curriculum vitae
	Dankwoord



