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ABSTRACT

PURPOSE 
Diffusion tensor imaging (DTI) studies of primary open-angle glaucoma (POAG) patients 
have demonstrated that glaucomatous degeneration is not confined to the retina but 
involves the entire visual pathway. Due to the lack of direct biological interpretation of DTI 
parameters, the structural nature of this degeneration is still poorly understood. In this study, 
we utilized neurite orientation dispersion and density imaging (NODDI) to characterize the 
microstructural changes in the pre-geniculate optic tracts (OTs) and the post-geniculate 
optic radiations (ORs) of POAG patients, in order to better understand the mechanisms 
underlying these changes.

METHODS
T1- and diffusion-weighted scans were obtained from 23 POAG patients and 29 controls. 
Maps of NODDI parameters, including neurite density index (NDI; a measure of axonal 
density) and orientation dispersion index (ODI; a measure of axonal coherence), were 
produced. Probabilistic tractography was used to delineate the OTs and ORs. Finally, 
NODDI parameters were computed for the OTs and ORs and the measures were compared 
between both groups using ANCOVA. Statistical significance was reported at P <0.05.

RESULTS
The OTs of POAG patients showed a higher ODI and lower NDI compared to the controls 
(P < 0.001 and P = 0.001, respectively), while their ORs showed a higher ODI only  
(P = 0.003). 

CONCLUSIONS
The pre-geniculate visual pathways of POAG patients exhibited a loss of both axonal 
coherence and density, while the post-geniculate pathways exhibited a loss of axonal 
coherence only. Given the anterograde nature of glaucomatous trans-synaptic degeneration, 
we speculate that disruption of OR axonal coherence is a potential marker of early post-
geniculate spread.
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5.1 INTRODUCTION

Primary open-angle glaucoma (POAG) is a leading cause of irreversible blindness worldwide.1 
It is characterized by the death of retinal ganglion cells (RGCs), which leads to progressive 
visual field loss and structural degeneration of the retina.2 While clinical assessment of POAG 
remains focused on examining the eye, MRI studies of POAG patients have demonstrated 
that glaucomatous degeneration spreads downstream from the pre-geniculate RGCs to 
the post-geniculate visual pathways through anterograde trans-synaptic degeneration, 
eventually reaching the visual cortex.3 Specifically, diffusion-weighted imaging (DWI) studies 
have shown evidence of white matter (WM) degeneration throughout the visual pathways, 
including the optic tracts (OTs) and optic radiations (ORs).4–18 However, the underlying 
pathophysiology of this degeneration has yet to be determined.

The vast majority of DWI studies of visual pathway WM degeneration in POAG have relied 
on the diffusion tensor imaging (DTI) approach for data analysis. DTI uses a tensor to model 
water diffusion within every voxel, producing parameters such as fractional anisotropy (FA) 
and mean diffusivity (MD). A decrease of FA and an increase of MD are generally interpreted 
as an indication of WM structural integrity loss. However, these DTI parameters are non-
specific, as they reflect a wide range of WM structural changes, including changes in axonal 
density, myelination, axonal orientation and membrane permeability.19 To address this issue, 
higher order biophysical models of DWI have been recently developed to provide more 
specific and biologically meaningful measures of WM degeneration. Neurite orientation 
dispersion and density imaging (NODDI) is such a higher order biophysical model.20

NODDI models water diffusion in the different biological tissue compartments. It models 
restricted diffusion in the intranuerite space, hindered diffusion in the extraneurite space, 
and isotropic diffusion in cerebrospinal fluid (CSF).20 By doing so, NODDI produces three 
parameters: neurite density index (NDI), orientation dispersion index (ODI), and fraction of 
isotropic diffusion (FISO). NDI indicates the volume fraction occupied by the intraneurite 
space, and thus represents the density of neurites (axons and dendrites) within a voxel. A 
low NDI is generally associated with a loss of neurites and hence neurodegeneration. ODI 
indicates the variation of axonal orientation in the extraneurite space, and hence represents 
how well-aligned and coherent axons are in a voxel. A high ODI indicates axonal dispersion, 
while a low ODI indicates axonal coherency. Lastly, FISO is the volume fraction occupied by 
CSF in a voxel. A multicompartment model such as NODDI can provide new insights into 
WM changes occurring in degenerative disorders previously studied exclusively using DTI. 

In this study, we present the first application of NODDI to investigate WM changes in POAG, 
specifically in the pre-geniculate OTs and the post-geniculate ORs. By doing so, we aim to 
characterize the structural nature of these glaucomatous WM changes in terms of axonal 
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density and coherence in order to better understand their underlying pathophysiology. 
Additionally, we assess the diagnostic performance of the NODDI measures of glaucomatous 
WM degeneration. Finally, for comparison, we use the conventional DTI approach for DWI 
data analysis. 

5.2 METHODS

5.2.1 ETHICAL APPROVAL
This study was approved by the medical ethics committee of the University Medical Center 
Groningen (UMCG). The study adhered to the tenets of the Declaration of Helsinki. All 
participants granted written informed consent prior to participation.

5.2.2 PARTICIPANTS
This study included two groups: POAG patients and healthy controls. POAG patients were 
diagnosed based on having reproducible visual field loss and optic neuropathy consistent 
with glaucoma in at least one eye, accompanied with open angles on gonioscopy. Inclusion 
criteria for the controls were: having intact visual fields, a decimal visual acuity score of 0.8 
or higher, and an intraocular pressure (IOP) ≤ 21 mmHg bilaterally. Exclusion criteria for both 
groups included: having an ophthalmic disorder (other than glaucoma in POAG group), a 
history of neurological or psychiatric disorders, a history of brain surgery, and having an MRI 
contraindication. In total, 23 POAG patients and 29 controls were included in this study.

5.2.3 OPHTHALMIC TESTS
Visual acuity was tested using a Snellen chart with optimal correction for the viewing distance. 
IOP was measured using a Tonoref non-contact tonometer (Nidek, Hiroishi, Japan). Optical 
coherence tomography (OCT) was utilized to measure the average peripapillary retinal nerve 
fiber layer (RNFL) thickness using a Canon OCT-HS100 device (Canon, Tokyo, Japan). For 
POAG patients, visual fields were assessed using a Humphrey field analyzer (Carl Zeiss 
Meditec, Jena, Germany). A 24-2 test grid was used for 11 patients and a 30-2 grid was 
used for 12 patients, and the results were expressed as visual field mean deviation (VFMD). 
For the controls, visual fields were screened for defects using an FDT perimeter (Carl Zeiss 
Meditec, Jena, Germany) with C20-1 screening mode (no reproducibly abnormal test 
locations allowed at P < 0.01).

5.2.4 MRI DATA ACQUISITION
MRI data were acquired on a Siemens MAGNETOM Prisma 3T MRI scanner (Siemens, 
Erlangen, Germany) with a 64-channel head coil. High-resolution 3D T1-weighted MPRAGE 
scans were performed using the following parameters: repetition time (TR) = 2300 ms, echo 
time (TE) = 2.98 ms, inversion time (TI) = 900 ms, flip angle = 9°, bandwidth = 240 Hz, field 
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of view (FoV) = 240 x 256 mm2, voxel size = 1 x 1 x 1 mm, slices per slab = 176 slices. 
DWI scans were performed using the following parameters: TR = 5500 ms, TE = 85 ms, 
bandwidth = 2404 Hz, FoV = 210 x 210 mm2, voxel size = 2.0 x 2.0 x 2.0 mm, number of 
slices = 66. DWI data was acquired at b = 1000 s/mm2 and b = 2500 s/mm2 in 64 non-
collinear directions in an anteroposterior phase-encoding direction, and three images were 
acquired at b = 0 s/mm2 in both anteroposterior and posteroanterior directions to allow for 
correction of susceptibility induced image artifacts.

5.2.5 MRI DATA PREPROCESSING AND COREGISTRATION
DWI data was first denoised using MRtrix3 (www.mrtrix.org),21,22 followed by correction for 
motion, susceptibility23 and eddy current-induced24 distortions using FMRIB’s Software 
Library (FSL v5.011, https://fsl.fmrib.ox.ac.uk/fsl). Then rigid body transformation was used 
to coregister the T1-weighted scan of each participant to their preprocessed DWI scan 
using FMRIB’s Linear Image Registration Tool (FLIRT).25 

5.2.6 VISUAL PATHWAY TRACTOGRAPHY
Unless stated otherwise, all tractography steps were performed using MRtrix3. First, a five-
tissue-type (5TT) image was produced from the coregistered T1-weighted images using FSL 
commands invoked through MRtrix3.26,27 5TT images comprise five volumes corresponding 
to different brain tissues, namely WM, cortical grey matter, subcortical grey matter, CSF, and 
pathological tissue. Fiber orientation distributions (FODs) were then computed from the DWI 
data for each tissue type using multi-shell multi-tissue constrained spherical deconvolution.28 
The produced WM FOD maps were subsequently used for tracking the OTs and the ORs.

The OR fibers were tracked between the LGN and the primary visual cortex (V1; Figure 1). 
The LGN was identified manually and a spherical region of interest (ROI) with a 4 mm radius 
was used to circumscribe it. The T1-weighted images were automatically segmented and 
parcellated using Freesurfer (https://surfer.nmr.mgh.harvard.edu)29 to produce V1 masks. 
Probabilistic anatomically-constrained tractography (ACT)27 was then used to produce a 
total of 5000 streamlines between the LGN ROI and V1 mask to delineate the ORs. 

The OTs were tracked between the LGN and the optic chiasm (OC; Figure 1). The OC was 
identified manually and a rectangular ROI covering the coronal cross-section of the OC 
was created. Due to the small size of the OTs, it was not possible to use ACT. Instead, we 
adapted a method originally described for OR tracking to remove anatomically improbable 
streamlines.30 First, a total of 50,000 streamlines were tracked between the LGN and OC 
ROIs using probabilistic tractography. A track density image (TDI) based on the number 
of streamlines passing through each voxel was then produced from the streamlines. 
Subsequently, a threshold was set at the 99th percentile of the intensity distribution of 
the TDI to exclude voxels containing anatomically improbable streamlines, and a binarized 
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mask was then created from the resulting image.  Finally, 500 streamlines were tracked 
between the LGN and OC ROIs while using the thresholded TDI mask to constrain the fiber 
tracking. All tracked OTs were visually inspected to ensure their anatomical plausibility.

Figure 1. Representative example of visual pathway tractography. (A) ROI placement overlaid on an 
axial slice of a T1-weighted image. Yellow = V1 masks; red = representation of LGN spherical ROI; blue 
= optic chiasm. (B) Probabilistic OT and OR fiber tracts. Red = transverse fibers; green = anteroposterior 
fibers; blue = craniocaudal fibers.

5.2.7 Estimation of NODDI and DTI parameters
The NODDI model was fitted to the DWI data on a voxel-by-voxel basis using the NODDI 
Matlab Toolbox (http://mig.cs.ucl.ac.uk/index.php?n=Tutorial.NODDImatlab), producing 
NDI, ODI, and FISO parameter maps. For comparison, standard DTI parameter maps for 
FA and MD were computed from the b = 1000 s/mm2 shell in MRtrix3. Finally, average 
measures of the NODDI and DTI parameters were computed for the tracked OTs and ORs 
of each subject.

5.2.8 STATISTICAL ANALYSIS
Demographics and clinical characteristics of POAG patients and controls were compared 
using independent samples t-test for parametric continuous variables, Mann-Whitney U test 
for nonparametric continuous variables, and χ2 test for categorical variables. NODDI and DTI 
measures of the visual pathways were averaged over both hemispheres and then compared 
using ANCOVA, including sex and age as nuisance covariates. The results of the clinical eye 
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exams were averaged over both eyes and their correlation with NODDI and DTI measures 
was tested using Pearson’s correlation coefficient. ROC curve analysis was used to assess 
the diagnostic performance of NODDI and DTI measures in discriminating between healthy 
and glaucomatous visual pathway WM. All statistical analyses were performed using IBM 
SPSS (version 25; Chicago, IL, USA), and statistical significance was reported at P < 0.05.

5.3 RESULTS

5.3.1 DEMOGRAPHICS AND CLINICAL CHARACTERISTICS
POAG patients and the controls did not differ significantly in age, sex, or IOP. Average RNFL 
thickness was significantly lower in POAG patients compared to the controls. Details are 
provided in Table 1.

Table 1. Demographics and clinical characteristics of participants
 POAG Controls  
 (n = 23) (n = 29) P
Age (years) 69.0 (8.5) 66.7 (6.7) 0.277
Males 12 (52.2%) 18 (62.1%) 0.473
IOP (mmHg)

Right 13.1 (2.6) 13.0 (2.9) 0.947
Left 13.1 (3.7) 13.5 (3.3) 0.444

Mean 13.1 (2.8) 13.2 (3.0) 0.825
RNFL thickness (μm)

Right 69.4 (11.3) 96.9 (8.6) < 0.001
Left 67.2 (11.5) 97.3 (8.7) < 0.001

Mean 68.3 (9.3) 97.1 (7.9) < 0.001
VFMD (dB)

Better eye -4.0 (5.2) - -
Worse eye -13.0 (9.3) - -

Mean -8.5 (6.0) - -
Values are presented as mean (SD) or number (%). IOP = intraocular pressure; POAG = primary open-angle glaucoma; 
RNFL = retinal nerve fiber layer; VFMD = visual field mean deviation.

5.3.2 DIFFERENCES IN NODDI AND DTI PARAMETERS BETWEEN GROUPS 
The OTs of the POAG patients exhibited lower NDI and FA values and higher ODI and MD 
values compared to the controls, while the FISO did not differ between the groups. The ORs 
of the POAG patients exhibited a higher ODI and FA, while the NDI, FISO and MD did not 
differ between the groups. Statistical details and boxplots of the comparisons can be found 
in Table 2 and Figure 2, respectively.
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Table 2. Comparison of NODDI and DTI measures between POAG patients and controls
Visual tract Parameter POAG Controls partial η2 P

OT NDI 0.64 (0.07) 0.70 (0.07) 0.12 0.001
ODI 0.21 (0.03) 0.18 (0.02) 0.26 < 0.001
FISO 0.51 (0.06) 0.49 (0.07) 0.02 0.375
FA 0.32 (0.04) 0.39 (0.03) 0.50 < 0.001
MD 1.55 (0.10) 1.45 (0.11) 0.18 0.002

OR NDI 0.55 (0.04) 0.57 (0.03) 0.02 0.301
ODI 0.17 (0.01) 0.16 (0.01) 0.17 0.003
FISO 0.13 (0.02) 0.13 (0.02) 0.00 0.800
FA 0.51 (0.02) 0.53 (0.02) 0.20 0.001
MD 0.87 (0.04) 0.85 (0.04) 0.01 0.447

Values are presented as mean (SD). FA = fractional anisotropy; FISO = fraction of isotropic diffusion; MD = mean 
diffusivity; NDI = neurite density index; ODI = orientation dispersion index; OR = optic radiation; OT = optic tract; 
POAG = primary open-angle glaucoma.

5.3.3 CORRELATIONS WITH OPHTHALMIC TESTS
The NDI and FA of the OTs showed a significant positive correlation with VFMD (r = 0.60, P < 
0.005 and r = 0.42, P < 0.05, respectively) while only the FA showed a significant correlation 
with RNFL thickness (r = 0.42, P < 0.05). ODI, MD, and FISO of the OTs and all tested 
parameters of the ORs showed no significant correlation with VFMD or RNFL thickness.

5.3.4 ROC CURVE ANALYSIS
For the OTs, all tested parameters except FISO were able to discriminate between healthy 
and glaucomatous WM (P < 0.05), with FA having the largest area under the curve (AUC; 
AUC=0.90). For the ORs, only ODI and FA were able to discriminate between healthy and 
glaucomatous WM. ROC curves are displayed in Figure 3, and AUC results are listed in Table 3.

Figure 3. ROC curves assessing the ability of NODDI and DTI measures to discriminate between 
healthy and glaucomatous visual pathway WM.
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Table 3. Area under the curve (AUC) for NODDI and DTI measures
Visual tract Parameter AUC 95% CI P

OT NDI 0.73 0.59-0.90 0.005
ODI 0.79 0.65-0.93 < 0.001
FISO 0.57 0.42-0.73 0.372
FA 0.90 0.80-1.00 < 0.001
MD 0.75 0.62-0.88 0.002

OR NDI 0.63 0.47-0.78 0.124
ODI 0.73 0.58-0.87 0.005
FISO 0.53 0.37-0.69 0.713
FA 0.76 0.62-0.90 0.001
MD 0.59 0.44-0.75 0.250

Area under the curve (AUC); FA = fractional anisotropy; FISO = fraction of isotropic diffusion; MD = mean diffusivity; 
NDI = neurite density index; ODI = orientation dispersion index; OR = optic radiation; OT = optic tract.

5.4 DISCUSSION

In this cross-sectional study, we present the first application of NODDI to investigate visual 
pathway WM degeneration in POAG. We find a disruption of axonal coherence in both the 
pre- and post-geniculate visual pathways, and a loss of axonal density in the pre-geniculate 
pathways only. These findings and their possible interpretations are discussed within the 
context of current NODDI and trans-synaptic degeneration literature.

5.4.1 PATTERN OF AXONAL DENSITY AND COHERENCE CHANGES IN THE VISUAL 
PATHWAYS OF POAG PATIENTS
The OTs of POAG patients exhibited a lower NDI and a higher ODI compared to the controls, 
implying a loss of both axonal density and coherence. The ORs, on the other hand, showed 
a higher ODI only, implying a loss of axonal coherence with a preserved axonal density. 

The axonal loss found in the OTs is expected, as glaucoma causes the death of RGCs, 
the axons of which form the OTs. Evidence of OT axonal loss has also been previously 
reported in both animal models of glaucoma and POAG patients.17,31 However, the lack of 
OR axonal loss is surprising, as previous evidence of LGN32–35 and visual cortex36–38 volume 
loss implies the death of the neurons of the ORs. As glaucomatous degeneration starts in 
the pre-geniculate pathways and then spreads to the post-geniculate ones, there is a time 
lag between the degeneration occurring in the OTs and ORs of POAG patients.39 This time 
lag could possibly explain the discrepancy in axonal density changes of the OTs and ORs in 
our group of POAG patients. 

The loss of OR axonal coherence (as indicated by an increased ODI) in the presence of 
preserved OR axonal density suggests that disruption of axonal coherence precedes axonal 
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loss in post-geniculate glaucomatous WM degeneration. Indeed, a longitudinal study of 
anterograde trans-synaptic degeneration in an animal model of optic nerve injury found a 
loss of the “highly coherent appearance” of OR WM preceding axonal loss.40 This supports 
the notion that the loss of axonal coherence in the ORs of our POAG patients is an early sign 
of post-geniculate WM degeneration.

5.4.2 ODI AS A POTENTIAL PROXY MARKER OF POST-GENICULATE VISUAL 
PATHWAY DEMYELINATION
A study of anterograde trans-synaptic degeneration in the visual pathways of both POAG 
patients and a glaucoma animal model demonstrated that demyelination of the post-
geniculate visual pathways precedes axonal loss.40 The increase of ODI and absence 
of NDI changes in the ORs of our POAG patients could potentially be a reflection of the 
described post-geniculate demyelination preceding axonal loss. This interpretation is based 
on the findings of recent NODDI studies of multiple sclerosis (MS). First, a NODDI study 
of MS patients found a marked increase of ODI in active MS lesions in comparison to 
inactive lesions and normal appearing WM, suggesting that increased ODI is a sign of active 
demyelination.41 Furthermore, a longitudinal NODDI study of a de- and remyelinating MS 
animal model reported an increase in ODI during the peak of the demyelination phase, 
followed by a drop in ODI during the remyelination phase.42 Whether the reported increase 
of ODI is a direct result of demyelination or a result of other histopathologic changes 
associated with demyelination is unclear. Nonetheless, the association between active 
demyelination and increased ODI together with the evidence of demyelination preceding 
axonal loss in trans-synaptic degeneration of the visual pathways suggest that ODI could 
potentially be a proxy marker of early post-geniculate demyelination. 

5.4.3 COMPARISON TO DTI STUDIES OF POAG
We find a loss of FA in both the OTs and ORs of POAG patients, which is congruent with 
previous DTI studies of visual pathway WM changes in POAG.4-16 These findings give the 
impression that both pre- and post-geniculate visual pathways exhibit the same form of WM 
degenerative changes, whereas our NODDI findings show that the OTs experience a loss 
in axonal density and coherence while the ORs experience a loss in axonal coherence only. 
Our findings challenge the interpretations of previous DTI studies of POAG, and highlight the 
importance of using biophysical models such as NODDI for studying WM microstructural 
changes.

5.4.4 CORRELATIONS WITH OPHTHALMIC TESTS AND DIAGNOSTIC PERFORMANCE 
OF NODDI PARAMETERS
No correlation was found between the RNFL thickness, a measure of retinal structural 
degeneration, and any of the tested NODDI parameters. This is surprising, as the RNFL 
is formed of the same RGCs axons as the OTs, so a correlation between the NDI of the 
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OTs and the RNFL thickness was expected. Yet, a positive correlation was found between 
VFMD, a measure of glaucomatous functional loss, and the NDI of the OTs. The FA of the 
OTs showed a significant correlation with both the RNFL thickness and the VFMD, which is 
in line with previous DTI studies.11,16

For the OTs, ROC curve analysis revealed that FA is the best discriminator (AUC = 0.90) 
of glaucomatous and healthy WM, followed by ODI, MD and NDI. FA likely surpasses ODI 
and NDI in diagnostic ability because the aspects of WM degeneration assessed separately 
by ODI and NDI contribute to FA values collectively, producing a larger FA effect size in 
comparison. This idea is also supported by the results of the ROC curve analysis of the 
ORs, where NDI could not discriminate between glaucomatous and healthy WM, resulting 
in the FA and ODI AUC values being more comparable (0.76 and 0.73, respectively). While 
this makes FA a better binary classifier of glaucomatous WM degeneration, it lacks the 
biological specificity of NODDI parameters. If our suggestion of increased ODI as an early 
sign of trans-synaptic degeneration is accurate, NODDI measures would be more useful in 
discriminating between healthy WM and different stages of glaucomatous WM degeneration 
in comparison to DTI measures.

5.4.5 CLINICAL IMPLICATIONS
While our current findings contribute to the fundamental understanding of the underlying 
mechanisms of POAG visual pathway degeneration, they also have implications for glaucoma 
diagnostics and therapeutics. More specifically, our suggestion of ODI as a marker of early 
post-geniculate WM degeneration could prove to be useful for early detection of trans-
synaptic spread of glaucomatous degeneration. Such a marker could play an important 
role in the development of new glaucoma therapies such as RGCs transplantation and 
neuroprotection, where assessing the state of the post-geniculate visual pathway is crucial.

5.4.6 LIMITATIONS AND FUTURE DIRECTIONS
A main limitation of this study is the relatively moderate group sizes, which may have 
contributed to the lack of detectable axonal loss that we find in the ORs of POAG patients. 
Furthermore, the inherent limitations of the NODDI approach, specifically the inability to 
individually assess different crossing fibers within the same voxel, may have influenced our 
findings. The presence of crossing fibers in the ORs and their absence in the OTs may be 
partially responsible for the discrepancy in NDI changes that we find between the ORs and 
the OTs. Future longitudinal NODDI studies of early stage POAG patients, or a glaucoma 
animal model, are needed to confirm our findings
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5.5 CONCLUSIONS

We find that the pre-geniculate visual pathways of POAG patients exhibit a loss of axonal 
density and coherence, while the post-geniculate pathways exhibit a loss of axonal 
coherence and a preserved axonal density. Given the anterograde nature of glaucomatous 
trans-synaptic spread, we speculate that disruption of axonal coherence (as indicated by an 
increase in ODI) is a marker of early post-geniculate WM degeneration. Further longitudinal 
studies are required to confirm our conclusions.
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