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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.  
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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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