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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. 
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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. 
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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 
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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). 

1. Whole-brain Tractography

6. Fiber Tract Quantification

2. Fiber Tract Segmentation

5. Fiber Tract Clipping

3. Fiber Tract Refinement

4. Fiber Tract Cleaning

Waypoints ROIs
Fiber 
Probability Map

Define Central 
Portion of Tract

Calculate 
Diffusion at N 
Locations

Remove Fiber 
Outliers

https://paperpile.com/c/7TIiKX/79pT


26

REFERENCES

Acosta-Cabronero, J. & Nestor, P.J., 2014. Dif-
fusion tensor imaging in Alzheimer’s disease: 
insights into the limbic-diencephalic network 
and methodological considerations. Frontiers 
in aging neuroscience, 6, p.266.

Agarwal, R. et al., 2009. Current concepts in 
the pathophysiology of glaucoma. Indian jour-
nal of ophthalmology, 57(4), pp.257–266.

Alexander, A.L. et al., 2007. Diffusion tensor 
imaging of the brain. Neurotherapeutics: the 
journal of the American Society for Experimental 
NeuroTherapeutics, 4(3), pp.316–329.

Anon, 2017. European Glaucoma Society Ter-
minology and Guidelines for Glaucoma, 4th 
Edition - Chapter 2: Classification and termi-
nologySupported by the EGS Foundation: Part 
1: Foreword; Introduction; Glossary; Chapter 
2 Classification and Terminology. The British 
journal of ophthalmology, 101(5), pp.73–127.

Ashburner, J. & Friston, K.J., 2000. Voxel-based 
morphometry--the methods. NeuroImage, 11, 
pp.805–821.

Ashburner, J. & Friston, K.J., 2001. Why vox-
el-based morphometry should be used. Neuro-
Image, 14, pp.1238–1243.

Basser, P.J. et al., 2000. In vivo fiber tractogra-
phy using DT-MRI data. Magnetic resonance in 
medicine: official journal of the Society of Mag-
netic Resonance in Medicine / Society of Mag-
netic Resonance in Medicine, 44(4), pp.625–632.

Beaulieu, C., 2002. The basis of anisotropic water 
diffusion in the nervous system - a technical re-
view. NMR in biomedicine, 15(7-8), pp.435–455.

Behrens, T.E.J. et al., 2007. Probabilistic diffu-
sion tractography with multiple fibre orienta-
tions: What can we gain? NeuroImage, 34(1), 
pp.144–155.

Behrens, T. & Woolrich, M.W., 2003. Charac-
terization and propagation of uncertainty in 
diffusion‐weighted MR imaging. Magnetic res-
onance. Available at: http://onlinelibrary.wiley.
com/doi/10.1002/mrm.10609/full.

Berman, J.I. et al., 2008. Probabilistic stream-
line q-ball tractography using the residual 
bootstrap. NeuroImage, 39(1), pp.215–222.

Boucard, C.C. et al., 2009. Changes in cor-
tical grey matter density associated with 
long-standing retinal visual field defects. Brain: 
a journal of neurology, 132(Pt 7), pp.1898–1906.

Chen, W.W. et al., 2013. Structural brain abnor-
malities in patients with primary open-angle 
glaucoma: a study with 3T MR imaging. Inves-
tigative ophthalmology & visual science, 54(1), 
pp.545–554.

Chen, Z. et al., 2013. Diffusion tensor magnet-
ic resonance imaging reveals visual pathway 
damage that correlates with clinical severity in 
glaucoma. Clinical & experimental ophthalmolo-
gy, 41(1), pp.43–49.

Dai, H. et al., 2013. Whole-brain voxel-based 
analysis of diffusion tensor MRI parameters 
in patients with primary open angle glaucoma 
and correlation with clinical glaucoma stage. 
Neuroradiology, 55, pp.233–243.

Frackowiak, R.S.J. et al., 2004. Human brain 
function, Academic Press.

Garaci, F.G. et al., 2009. Optic nerve and op-
tic radiation neurodegeneration in patients 
with glaucoma: in vivo analysis with 3-T dif-
fusion-tensor MR imaging. Radiology, 252(2), 
pp.496–501.

van Gestel, A. et al., 2010. Modeling complex 
treatment strategies: construction and valida-
tion of a discrete event simulation model for 
glaucoma. Value in health: the journal of the In-
ternational Society for Pharmacoeconomics and 
Outcomes Research, 13(4), pp.358–367.

Good, C.D., Ashburner, J. & Frackowiak, R.S., 
2001. Computational neuroanatomy: new 
perspectives for neuroradiology. Revue neu-
rologique, 157(8-9 Pt 1), pp.797–806.

Gupta, N. & Yücel, Y.H., 2007a. Glaucoma as a 
neurodegenerative disease. Current opinion in 
ophthalmology, 18(2), pp.110–114.

http://paperpile.com/b/7TIiKX/oU3n
http://paperpile.com/b/7TIiKX/oU3n
http://paperpile.com/b/7TIiKX/oU3n
http://paperpile.com/b/7TIiKX/oU3n
http://paperpile.com/b/7TIiKX/oU3n
http://paperpile.com/b/7TIiKX/oU3n
http://paperpile.com/b/7TIiKX/oU3n
http://paperpile.com/b/7TIiKX/3qft
http://paperpile.com/b/7TIiKX/3qft
http://paperpile.com/b/7TIiKX/3qft
http://paperpile.com/b/7TIiKX/3qft
http://paperpile.com/b/7TIiKX/3qft
http://paperpile.com/b/7TIiKX/bGaK
http://paperpile.com/b/7TIiKX/bGaK
http://paperpile.com/b/7TIiKX/bGaK
http://paperpile.com/b/7TIiKX/bGaK
http://paperpile.com/b/7TIiKX/bGaK
http://paperpile.com/b/7TIiKX/bGaK
http://paperpile.com/b/7TIiKX/VJSa
http://paperpile.com/b/7TIiKX/VJSa
http://paperpile.com/b/7TIiKX/VJSa
http://paperpile.com/b/7TIiKX/VJSa
http://paperpile.com/b/7TIiKX/VJSa
http://paperpile.com/b/7TIiKX/VJSa
http://paperpile.com/b/7TIiKX/VJSa
http://paperpile.com/b/7TIiKX/VJSa
http://paperpile.com/b/7TIiKX/VJSa
http://paperpile.com/b/7TIiKX/LPIy
http://paperpile.com/b/7TIiKX/LPIy
http://paperpile.com/b/7TIiKX/LPIy
http://paperpile.com/b/7TIiKX/LPIy
http://paperpile.com/b/7TIiKX/LPIy
http://paperpile.com/b/7TIiKX/USa3
http://paperpile.com/b/7TIiKX/USa3
http://paperpile.com/b/7TIiKX/USa3
http://paperpile.com/b/7TIiKX/USa3
http://paperpile.com/b/7TIiKX/USa3
http://paperpile.com/b/7TIiKX/49y3
http://paperpile.com/b/7TIiKX/49y3
http://paperpile.com/b/7TIiKX/49y3
http://paperpile.com/b/7TIiKX/49y3
http://paperpile.com/b/7TIiKX/49y3
http://paperpile.com/b/7TIiKX/49y3
http://paperpile.com/b/7TIiKX/49y3
http://paperpile.com/b/7TIiKX/4LM2J
http://paperpile.com/b/7TIiKX/4LM2J
http://paperpile.com/b/7TIiKX/4LM2J
http://paperpile.com/b/7TIiKX/4LM2J
http://paperpile.com/b/7TIiKX/4LM2J
http://paperpile.com/b/7TIiKX/nJ3Z
http://paperpile.com/b/7TIiKX/nJ3Z
http://paperpile.com/b/7TIiKX/nJ3Z
http://paperpile.com/b/7TIiKX/nJ3Z
http://paperpile.com/b/7TIiKX/nJ3Z
http://paperpile.com/b/7TIiKX/nJ3Z
http://paperpile.com/b/7TIiKX/tdWh
http://paperpile.com/b/7TIiKX/tdWh
http://paperpile.com/b/7TIiKX/tdWh
http://paperpile.com/b/7TIiKX/tdWh
http://paperpile.com/b/7TIiKX/tdWh
http://paperpile.com/b/7TIiKX/tdWh
http://onlinelibrary.wiley.com/doi/10.1002/mrm.10609/full
http://onlinelibrary.wiley.com/doi/10.1002/mrm.10609/full
http://paperpile.com/b/7TIiKX/tdWh
http://paperpile.com/b/7TIiKX/uuKi
http://paperpile.com/b/7TIiKX/uuKi
http://paperpile.com/b/7TIiKX/uuKi
http://paperpile.com/b/7TIiKX/uuKi
http://paperpile.com/b/7TIiKX/uuKi
http://paperpile.com/b/7TIiKX/na48
http://paperpile.com/b/7TIiKX/na48
http://paperpile.com/b/7TIiKX/na48
http://paperpile.com/b/7TIiKX/na48
http://paperpile.com/b/7TIiKX/na48
http://paperpile.com/b/7TIiKX/na48
http://paperpile.com/b/7TIiKX/SNL1
http://paperpile.com/b/7TIiKX/SNL1
http://paperpile.com/b/7TIiKX/SNL1
http://paperpile.com/b/7TIiKX/SNL1
http://paperpile.com/b/7TIiKX/SNL1
http://paperpile.com/b/7TIiKX/SNL1
http://paperpile.com/b/7TIiKX/SNL1
http://paperpile.com/b/7TIiKX/iJjY
http://paperpile.com/b/7TIiKX/iJjY
http://paperpile.com/b/7TIiKX/iJjY
http://paperpile.com/b/7TIiKX/iJjY
http://paperpile.com/b/7TIiKX/iJjY
http://paperpile.com/b/7TIiKX/iJjY
http://paperpile.com/b/7TIiKX/iJjY
http://paperpile.com/b/7TIiKX/1gt2
http://paperpile.com/b/7TIiKX/1gt2
http://paperpile.com/b/7TIiKX/1gt2
http://paperpile.com/b/7TIiKX/1gt2
http://paperpile.com/b/7TIiKX/1gt2
http://paperpile.com/b/7TIiKX/1gt2
http://paperpile.com/b/7TIiKX/seA7
http://paperpile.com/b/7TIiKX/seA7
http://paperpile.com/b/7TIiKX/seA7
http://paperpile.com/b/7TIiKX/seA7
http://paperpile.com/b/7TIiKX/mR0Q
http://paperpile.com/b/7TIiKX/mR0Q
http://paperpile.com/b/7TIiKX/mR0Q
http://paperpile.com/b/7TIiKX/mR0Q
http://paperpile.com/b/7TIiKX/mR0Q
http://paperpile.com/b/7TIiKX/mR0Q
http://paperpile.com/b/7TIiKX/mR0Q
http://paperpile.com/b/7TIiKX/iJuZ
http://paperpile.com/b/7TIiKX/iJuZ
http://paperpile.com/b/7TIiKX/iJuZ
http://paperpile.com/b/7TIiKX/iJuZ
http://paperpile.com/b/7TIiKX/iJuZ
http://paperpile.com/b/7TIiKX/iJuZ
http://paperpile.com/b/7TIiKX/iJuZ
http://paperpile.com/b/7TIiKX/iJuZ
http://paperpile.com/b/7TIiKX/5Aku
http://paperpile.com/b/7TIiKX/5Aku
http://paperpile.com/b/7TIiKX/5Aku
http://paperpile.com/b/7TIiKX/5Aku
http://paperpile.com/b/7TIiKX/5Aku
http://paperpile.com/b/7TIiKX/5Aku
http://paperpile.com/b/7TIiKX/GktE
http://paperpile.com/b/7TIiKX/GktE
http://paperpile.com/b/7TIiKX/GktE
http://paperpile.com/b/7TIiKX/GktE
http://paperpile.com/b/7TIiKX/GktE


27

I
Gupta, N. & Yücel, Y.H., 2007b. What chang-
es can we expect in the brain of glaucoma 
patients? Survey of ophthalmology, 52 Suppl 
2(November), pp.S122–6.

Hagler, D.J., Jr et al., 2009. Automated 
white-matter tractography using a probabilis-
tic diffusion tensor atlas: Application to tempo-
ral lobe epilepsy. Human brain mapping, 30(5), 
pp.1535–1547.

Heatley, G., 1999. Automated Static Perime-
try, Second Edition. Archives of ophthalmology, 
117(12), p.1671.

Hernowo, A.T. et al., 2011. Automated mor-
phometry of the visual pathway in primary 
open-angle glaucoma. Investigative ophthal-
mology & visual science, 52, pp.2758–2766.

Hofer, S., Karaus, A. & Frahm, J., 2010. Recon-
struction and dissection of the entire human 
visual pathway using diffusion tensor MRI. 
Frontiers in neuroanatomy, 4, p.15.

Hugdahl, K., 2003. Experimental methods in 
neuropsychology, Springer.

Iwase, A. et al., 2004. The prevalence of primary 
open-angle glaucoma in Japanese: The Tajimi 
Study. Ophthalmology, 111(9), pp.1641–1648.

Jones, D.K., Horsfield, M.A. & Simmons, A., 
1999. Optimal strategies for measuring dif-
fusion in anisotropic systems by magnetic 
resonance imaging. Magnetic resonance in 
medicine: official journal of the Society of Mag-
netic Resonance in Medicine / Society of Mag-
netic Resonance in Medicine, 42(3), pp.515–525.

Köhler, T. et al., 2014. Computer-Aided Diag-
nostics and Pattern Recognition: Automated 
Glaucoma Detection. In Teleophthalmology in 
Preventive Medicine. pp. 93–104.

Le Bihan, D. & Van Zijl, P., 2002. From the diffu-
sion coefficient to the diffusion tensor. NMR in 
Biomedicine, 15(7-8), pp.431–434.

Li, C. et al., 2012. Voxel-based morphometry 
of the visual-related cortex in primary open 
angle glaucoma. Current eye research, 37(9), 
pp.794–802.

Li, K. et al., 2014. Alteration of fractional aniso-
tropy and mean diffusivity in glaucoma: novel 
results of a meta-analysis of diffusion tensor 
imaging studies. PloS one, 9(5), p.e97445.

Liu, T. et al., 2012. Reduced white matter in-
tegrity in primary open-angle glaucoma: A 
DTI study using tract-based spatial statistics. 
Journal of neuroradiology. Journal de neuroradi-
ologie, 40(2), pp.89–93.

Murai, H. et al., 2013. Positive correlation be-
tween the degree of visual field defect and optic 
radiation damage in glaucoma patients. Japa-
nese journal of ophthalmology, 57, pp.257–262.

Nauta, W.J.H. & Ebbesson, S.O.E. eds., 1970. Con-
temporary Research Methods in Neuroanatomy, 
Berlin, Heidelberg: Springer Berlin Heidelberg.

Nucifora, P.G.P. et al., 2007. Diffusion-Tensor 
MR Imaging and Tractography: Exploring Brain 
Microstructure and Connectivity. Radiology, 
245(2), pp.367–384.

Prins D. Hanekamp S. Cornelissen, F.W., 2015. 
Structural brain MRI studies in eye diseases are 
of clinical importance. Acta ophthalmologica.

Przedborski, S., Vila, M. & Jackson-Lewis, V., 
2003. Neurodegeneration: what is it and where 
are we? The Journal of clinical investigation, 
111(1), pp.3–10.

Roberts, R.E., Anderson, E.J. & Husain, M., 
2013. White matter microstructure and cog-
nitive function. The Neuroscientist: a review 
journal bringing neurobiology, neurology and 
psychiatry, 19(1), pp.8–15.

Rotshenker, S., 2007. Wallerian Degeneration. 
In R. F. Schmidt & W. D. Willis, eds. Encyclopedia 
of Pain. Berlin, Heidelberg: Springer Berlin Hei-
delberg, pp. 2659–2662. 

Smith, S.M. et al., 2006. Tract-based spatial sta-
tistics: voxelwise analysis of multi-subject dif-
fusion data. NeuroImage, 31(4), pp.1487–1505.

Soares, J.M. et al., 2013. A hitchhiker’s guide 
to diffusion tensor imaging. Frontiers in neuro-
science, 7, p.31.

http://paperpile.com/b/7TIiKX/VWz2
http://paperpile.com/b/7TIiKX/VWz2
http://paperpile.com/b/7TIiKX/VWz2
http://paperpile.com/b/7TIiKX/VWz2
http://paperpile.com/b/7TIiKX/VWz2
http://paperpile.com/b/7TIiKX/VWz2
http://paperpile.com/b/7TIiKX/fdJ9
http://paperpile.com/b/7TIiKX/fdJ9
http://paperpile.com/b/7TIiKX/fdJ9
http://paperpile.com/b/7TIiKX/fdJ9
http://paperpile.com/b/7TIiKX/fdJ9
http://paperpile.com/b/7TIiKX/fdJ9
http://paperpile.com/b/7TIiKX/fdJ9
http://paperpile.com/b/7TIiKX/O0kq
http://paperpile.com/b/7TIiKX/O0kq
http://paperpile.com/b/7TIiKX/O0kq
http://paperpile.com/b/7TIiKX/O0kq
http://paperpile.com/b/7TIiKX/O0kq
http://paperpile.com/b/7TIiKX/wa1p
http://paperpile.com/b/7TIiKX/wa1p
http://paperpile.com/b/7TIiKX/wa1p
http://paperpile.com/b/7TIiKX/wa1p
http://paperpile.com/b/7TIiKX/wa1p
http://paperpile.com/b/7TIiKX/wa1p
http://paperpile.com/b/7TIiKX/BpdG
http://paperpile.com/b/7TIiKX/BpdG
http://paperpile.com/b/7TIiKX/BpdG
http://paperpile.com/b/7TIiKX/BpdG
http://paperpile.com/b/7TIiKX/BpdG
http://paperpile.com/b/7TIiKX/J0m1
http://paperpile.com/b/7TIiKX/J0m1
http://paperpile.com/b/7TIiKX/J0m1
http://paperpile.com/b/7TIiKX/J0m1
http://paperpile.com/b/7TIiKX/D07W
http://paperpile.com/b/7TIiKX/D07W
http://paperpile.com/b/7TIiKX/D07W
http://paperpile.com/b/7TIiKX/D07W
http://paperpile.com/b/7TIiKX/D07W
http://paperpile.com/b/7TIiKX/cZOb
http://paperpile.com/b/7TIiKX/cZOb
http://paperpile.com/b/7TIiKX/cZOb
http://paperpile.com/b/7TIiKX/cZOb
http://paperpile.com/b/7TIiKX/cZOb
http://paperpile.com/b/7TIiKX/cZOb
http://paperpile.com/b/7TIiKX/cZOb
http://paperpile.com/b/7TIiKX/cZOb
http://paperpile.com/b/7TIiKX/cZOb
http://paperpile.com/b/7TIiKX/jtJ7
http://paperpile.com/b/7TIiKX/jtJ7
http://paperpile.com/b/7TIiKX/jtJ7
http://paperpile.com/b/7TIiKX/jtJ7
http://paperpile.com/b/7TIiKX/jtJ7
http://paperpile.com/b/7TIiKX/jtJ7
http://paperpile.com/b/7TIiKX/CWm6w
http://paperpile.com/b/7TIiKX/CWm6w
http://paperpile.com/b/7TIiKX/CWm6w
http://paperpile.com/b/7TIiKX/CWm6w
http://paperpile.com/b/7TIiKX/CWm6w
http://paperpile.com/b/7TIiKX/ne6m
http://paperpile.com/b/7TIiKX/ne6m
http://paperpile.com/b/7TIiKX/ne6m
http://paperpile.com/b/7TIiKX/ne6m
http://paperpile.com/b/7TIiKX/ne6m
http://paperpile.com/b/7TIiKX/ne6m
http://paperpile.com/b/7TIiKX/Na9z
http://paperpile.com/b/7TIiKX/Na9z
http://paperpile.com/b/7TIiKX/Na9z
http://paperpile.com/b/7TIiKX/Na9z
http://paperpile.com/b/7TIiKX/Na9z
http://paperpile.com/b/7TIiKX/Na9z
http://paperpile.com/b/7TIiKX/hsCX
http://paperpile.com/b/7TIiKX/hsCX
http://paperpile.com/b/7TIiKX/hsCX
http://paperpile.com/b/7TIiKX/hsCX
http://paperpile.com/b/7TIiKX/hsCX
http://paperpile.com/b/7TIiKX/hsCX
http://paperpile.com/b/7TIiKX/Ikbh
http://paperpile.com/b/7TIiKX/Ikbh
http://paperpile.com/b/7TIiKX/Ikbh
http://paperpile.com/b/7TIiKX/Ikbh
http://paperpile.com/b/7TIiKX/Ikbh
http://paperpile.com/b/7TIiKX/Ikbh
http://paperpile.com/b/7TIiKX/RjlH
http://paperpile.com/b/7TIiKX/RjlH
http://paperpile.com/b/7TIiKX/RjlH
http://paperpile.com/b/7TIiKX/RjlH
http://paperpile.com/b/7TIiKX/RjlH
http://paperpile.com/b/7TIiKX/2FPk
http://paperpile.com/b/7TIiKX/2FPk
http://paperpile.com/b/7TIiKX/2FPk
http://paperpile.com/b/7TIiKX/2FPk
http://paperpile.com/b/7TIiKX/2FPk
http://paperpile.com/b/7TIiKX/2FPk
http://paperpile.com/b/7TIiKX/hSUJ
http://paperpile.com/b/7TIiKX/hSUJ
http://paperpile.com/b/7TIiKX/hSUJ
http://paperpile.com/b/7TIiKX/hSUJ
http://paperpile.com/b/7TIiKX/hSUJ
http://paperpile.com/b/7TIiKX/KCvR
http://paperpile.com/b/7TIiKX/KCvR
http://paperpile.com/b/7TIiKX/KCvR
http://paperpile.com/b/7TIiKX/KCvR
http://paperpile.com/b/7TIiKX/KCvR
http://paperpile.com/b/7TIiKX/KCvR
http://paperpile.com/b/7TIiKX/2eOB
http://paperpile.com/b/7TIiKX/2eOB
http://paperpile.com/b/7TIiKX/2eOB
http://paperpile.com/b/7TIiKX/2eOB
http://paperpile.com/b/7TIiKX/2eOB
http://paperpile.com/b/7TIiKX/2eOB
http://paperpile.com/b/7TIiKX/2eOB
http://paperpile.com/b/7TIiKX/tstN
http://paperpile.com/b/7TIiKX/tstN
http://paperpile.com/b/7TIiKX/tstN
http://paperpile.com/b/7TIiKX/tstN
http://paperpile.com/b/7TIiKX/tstN
http://paperpile.com/b/7TIiKX/5KGU
http://paperpile.com/b/7TIiKX/5KGU
http://paperpile.com/b/7TIiKX/5KGU
http://paperpile.com/b/7TIiKX/5KGU
http://paperpile.com/b/7TIiKX/5KGU


28

Susanna, R., Jr et al., 2015. Why Do People 
(Still) Go Blind from Glaucoma? Translational 
vision science & technology, 4(2), p.1.

Tham, Y.-C. et al., 2014. Global prevalence 
of glaucoma and projections of glaucoma 
burden through 2040: a systematic review 
and meta-analysis. Ophthalmology, 121(11), 
pp.2081–2090.

Tournier, J.-D., Calamante, F. & Connelly, A., 
2012. MRtrix: Diffusion tractography in cross-
ing fiber regions. International journal of imag-
ing systems and technology, 22(1), pp.53–66.

Wang, M.-Y. et al., 2013. Quantitative 3-T diffu-
sion tensor imaging in detecting optic nerve 
degeneration in patients with glaucoma: as-
sociation with retinal nerve fiber layer thick-
ness and clinical severity. Neuroradiology, 55, 
pp.493–498.

Yeatman, J.D. et al., 2012. Tract profiles of 
white matter properties: automating fiber-tract 
quantification. PloS one, 7(11), p.e49790.

Yu, L. et al., 2013. Reduced cortical thickness in 
primary open-angle glaucoma and its relation-
ship to the retinal nerve fiber layer thickness. 
PloS one, 8(9), p.e73208.

Zikou, A.K. et al., 2012. Voxel-based morphom-
etry and diffusion tensor imaging of the optic 
pathway in primary open-angle glaucoma: a 
preliminary study. AJNR. American journal of 
neuroradiology, 33(1), pp.128–134.

http://paperpile.com/b/7TIiKX/bAbg
http://paperpile.com/b/7TIiKX/bAbg
http://paperpile.com/b/7TIiKX/bAbg
http://paperpile.com/b/7TIiKX/bAbg
http://paperpile.com/b/7TIiKX/bAbg
http://paperpile.com/b/7TIiKX/GBtr
http://paperpile.com/b/7TIiKX/GBtr
http://paperpile.com/b/7TIiKX/GBtr
http://paperpile.com/b/7TIiKX/GBtr
http://paperpile.com/b/7TIiKX/GBtr
http://paperpile.com/b/7TIiKX/GBtr
http://paperpile.com/b/7TIiKX/GBtr
http://paperpile.com/b/7TIiKX/8swu
http://paperpile.com/b/7TIiKX/8swu
http://paperpile.com/b/7TIiKX/8swu
http://paperpile.com/b/7TIiKX/8swu
http://paperpile.com/b/7TIiKX/8swu
http://paperpile.com/b/7TIiKX/8swu
http://paperpile.com/b/7TIiKX/OkFi
http://paperpile.com/b/7TIiKX/OkFi
http://paperpile.com/b/7TIiKX/OkFi
http://paperpile.com/b/7TIiKX/OkFi
http://paperpile.com/b/7TIiKX/OkFi
http://paperpile.com/b/7TIiKX/OkFi
http://paperpile.com/b/7TIiKX/OkFi
http://paperpile.com/b/7TIiKX/OkFi
http://paperpile.com/b/7TIiKX/79pT
http://paperpile.com/b/7TIiKX/79pT
http://paperpile.com/b/7TIiKX/79pT
http://paperpile.com/b/7TIiKX/79pT
http://paperpile.com/b/7TIiKX/79pT
http://paperpile.com/b/7TIiKX/YmY9
http://paperpile.com/b/7TIiKX/YmY9
http://paperpile.com/b/7TIiKX/YmY9
http://paperpile.com/b/7TIiKX/YmY9
http://paperpile.com/b/7TIiKX/YmY9
http://paperpile.com/b/7TIiKX/hmOw
http://paperpile.com/b/7TIiKX/hmOw
http://paperpile.com/b/7TIiKX/hmOw
http://paperpile.com/b/7TIiKX/hmOw
http://paperpile.com/b/7TIiKX/hmOw
http://paperpile.com/b/7TIiKX/hmOw
http://paperpile.com/b/7TIiKX/hmOw


29

I




