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Abstract

Purpose: To quantitatively investigate the microstructural properties of the optic nerve (ON) in vivo
using diffusion magnetic resonance imaging (dMRI) tractography in an elderly population and to

determine the differences between the ON diffusion properties stratified by basic demographics

Methods: We measured fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD) and
axial diffusivity (AD) of the intraorbital ON in cognitively normal controls selected from the
Alzheimer’s Disease Neuroimaging Initiative 3 database (n = 132, mean age 74.5 + 8.2 years) using
dMRI probabilistic tractography and evaluated the correlation between diffusion parameters and

demographic factors. Diffusion parameters were measured in 20 equidistant nodes along the tract.

Results: The mean FA of the entire intraorbital ON was 0.346 + 0.078 and the mean MD was 1.266 +
0.196 um?s. The mean RD was 1.009 + 0.195 pm?/s and the mean AD was 1.764 = 0.210 um?%/s. FA
gradually increased from 0.250 to 0.404 toward the orbital apex, whereas MD, RD and AD decreased
from 1.529 to 1.121 um?/s, from 1.323 to 0.851 pm?/s, and from 1.950 to 1.659 um?’s, respectively. The
multiple linear regression model showed a negative correlation between FA and age in all 20 nodes, and
FA in females was significantly higher thant males. However, MD showed no significant correlation
with age, and the MD of the anterior 19 nodes correlated with sex. Females had significantly lower RD
in all nodes of the intraorbital ON, and RD was correlated with age in a fourth of the ON. Meanwhile,
no variable was entered into the multiple linear regression model by a stepwise entry for AD except for

the first node.

Conclusions: We measured the diffusion properties along the intraorbital ON using dMRI tractography
in an elderly cognitively normal population. FA had an inverse relationship with MD, where the FA
gradually decreased with age and toward the eye globe, and the MD showed the opposite trend. Females
had higher FA and lower MD and RD than males. The diffusion properties detected by dMRI

tractography may substantially reflect the microstructure of the ON.
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Introduction

The optic nerve (ON) is formed by the convergence of 1.2 million retinal ganglion cell axons and it
is the pathway which transfers the visual information from the retina to the visual cortex. It is the
second cranial nerve and considered as a part of the central nervous system as it extends from the
diencephalon during embryonic development. Therefore, the retinal nerve fiber and ON have been
studied as a surrogate for various neurodegenerative diseases such as Alzheimer’s disease and

Parkinson’s disease."?

Optical coherence tomography (OCT), one of the most commonly used imaging techniques in
ophthalmology, provides in vivo images of the retina and ON with high resolution (< 10 pm).**
However, it has several limitations, and the most significant is the penetration depth. OCT can hardly

show deep structures beyond the sclera, such as the retrobulbar ON.>¢

Meanwhile, magnetic resonance imaging (MRI) shows structural changes throughout the ON, and
diffusion MRI (dMRI), which creates images based on the relative diffusion of water molecules in the
tissue, is sensitive to microstructural changes in the brain white matter. Recently dMRI has emerged
as a useful tool to investigate the structure of nervous tissues at a microscopic level, although the
resolution of images is a millimetric scale. It has the potential to provide information of the cellular
organization of nervous tissues noninvasively and in vivo. Moreover, dJMRI has been used to monitor
the dynamic changes during neuronal activation, which suggests that it could perform as a functional

neuroimaging modality.

Based on dMRI, diffusion tensor imaging (DTI) investigates the fiber architectures of several
organs in human body, such as the brain white matter or cardiac muscle fibers. The white matter and

cranial nerves including the ON consist of bundles of axons. The axon membranes and myelin sheaths
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mainly induce diffusion restriction of water molecules. The direction of maximum diffusivity become
parallel to the axonal direction, making the diffusion anisotropic.”® Under the anisotropic condition,
the probable location of a molecule after a certain time will be within an ellipsoid. DTI techniques
were acquired using this ellipsoid shaped mathematical model. The ellipsoid can be characterized by
three vectors (&1, &, €3) called the eigenvectors, with corresponding lengths (A1, A2, A3), the
eigenvalues. (Figure 1) The eigenvectors and eigenvalues describe the shape of the ellipsoid and the

relationship between the principal coordinate axes in three-dimensional space.

Figure 1. Visual presentation of the diffusion tensor model. The ellipsoid shaped area of a water
molecule diffusion can be characterized by three eigenvectors (g1, &, €3) and three eigenvalues (A1, Az,

%a).
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The three-dimensional reconstruction of nerve fiber tracts of DTI data is called tractography. The
global architectures of fiber bundles are reconstructed by connecting the local information in voxels.
There are two major approaches in tractography: deterministic and probabilistic tractography.” '° With
deterministic tractography, the tract begins from a seed point and traces along the most likely
direction. (Figure 2(A)) The major eigenvectors of the diffusion tensor represent the final fiber vector.
However, when DTI is ambiguous and cannot accurately describe the fiber direction in some complex

regions, this tractography is prone to substantial errors.

Meanwhile, probabilistic tractography was proposed to address the reliability of deterministic
tractography. Probabilistic fiber-tracking methods generate a large collection of possible trajectories
from each seed point by repeating the streamlining process multiple times. (Figure 2(B)) Given the
capabilities and ambiguities of dMRI of today, probabilistic tractography provides more complete
information than deterministic tractography. However, probabilistic tractography is computationally

more expensive compared with deterministic tractography."'

Figure 2. Schematic figures showing the differences between (A) deterministic tractography and
(B) probabilistic tractography. In deterministic approach for tractography, the tract begins from a
seed point (blue) and traces along the most likely direction. On the other hand, probabilistic
approaches generate a large collection of possible fibers. Probabilistic approaches are more extensive
and computationally demanding because they track all orientations in all voxels adjacent to the seed

point.
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The most commonly used diffusion parameters in DTI are fractional anisotropy (FA) and mean
diffusivity (MD).'*'* FA is the normalized standard deviation of the three eigenvalues. Its value
characterizes the fraction of molecular displacements ranging from 0 for completely isotropic
diffusion to 1 for completely anisotropic diffusion. FA represents the directionality of diffusion,
independently of the rate of diffusion. Although FA is highly sensitive to microstructural changes, it is
not specific to each type of microstructural changes. Therefore, it is desirable to include other DTI
measurements, such as MD, in any analysis. MD is the mean of three eigenvalues, and it is a measure
of the ellipsoid volume as the overall mean displacement of water molecules. Thus, it reflects the
mean amount of diffusion, irrespective of the direction of diffusion. MD is sensitive to cellularity,

edema, and necrosis.

The apparent diffusivity is also measured as radial diffusivity (RD) or axial diffusivity (AD). RD is
the apparent water diffusion in the direction perpendicular to the axonal fibers, whereas AD refers to

the diffusivity along the main axis which is defined as the magnitude of water diffusion parallel to the



axonal fibers. RD and AD represent the eigenvalue amplitudes and demonstrate more specific
relationships to pathologic changes.'’ RD has been related to the degree of myelination, although
axonal diameters or density may also influence RD. In contrast to RD, AD has been assumed to
represent the axonal integrity.'® 7 In general, higher FA in nerve fibers have been reported to link to
preserved fiber integrity, whereas increases in MD and RD to be related to the structural disruption of

nervous tissues.'®

Although one diffusion parameter may be highly correlated with a certain type of microstructural
alterations, it seems necessary to consider various diffusion parameters together to differentiate the
pathologic changes. Adding RD and AD helps understanding which component of the diffusion tensor
contribute to changes of MD and FA. For instance, FA can decrease as a result of an increase in RD or
a decrease in AD. Conversely, we would not know whether the change of AD or RD is significant
enough to affect the anisotropy or the overall diffusivity by measuring only AD and RD. It is
advantageous to consider all four parameters when investigating the diffusion properties of nervous

fibers.

It has been difficult to investigate ON microstructure using dMRI because the ON is a small
structure with respect to the resolution of dMRI and surrounding tissues such as nasal cavity induce
artifacts in the MR signal. In addition, previous studies that used dMRI to evaluate ON changes in
various diseases have measured the diffusion parameters in regions of interest (ROIs).'”*' Therefore,
they only measured the diffusion in small portions of the ON, not in its full extent. However, recent
advancements in dMRI scanning and preprocessing protocols have reduced various artifacts, and
probabilistic tractography can longitudinally visualize the neural tracts that are not confined to the

ROIs. 2>



Although several reports have suggested the usefulness of probabilistic tractography for evaluating
ON, these studies had limitations, including a small number of subjects, and little has reported normal
values of dMRI parameters for ON.?%° For the standard implementation of dMRI for ON evaluation,
it is required to investigate the normal values of these parameters. It is particularly essential to assess
the microstructural properties of ON and to determine reference values of diffusion parameters in

detail for an aged population who are susceptible to neurodegenerative changes.

In this study, we aimed to quantitatively investigate in vivo ON diffusion properties using dMRI
probabilistic tractography in an elderly population. Furthermore, we intended to determine the
differences between the ON diffusion properties stratified by basic demographics. We are to measure
RD and AD as well as FA and MD to verify the changes in diffusion properties more specifically and

to assess clinical applicability of each diffusion parameter in dMRI.



Methods

Subjects

The MRI data used in this study were obtained from the database of the third phase of the
Alzheimer’s Disease Neuroimaging Initiative (ADNI3; http://adni.loni.usc.edu). The ADNI3 data
were collected for more than 300 participants using new dMRI protocols for all GE, Siemens, and
Philips scanners at 47 sites across the United States and Canada. ADNI data are publicly available,

and they have been used in by various studies. %’

ADNI research activities were reviewed and approved by the Institutional Review Board (IRBs) of
each participating facility, and written informed consent was obtained from each participant. This
study was exempted from IRB approval because it involved a secondary analysis of de-identified

ADNI data.

Each subject was scanned during two or more visits, separated by at least 6 months, and ADNI3 is
still ongoing. We selected normal controls who underwent only Siemens 3 Tesla MRI (Basic Skyra
E11 and Prisma D13; Siemens, Erlangen, Germany) to collect the largest cohort of normal patients
with a wide age range and avoid different scan acquisition parameters, including vendor, voxel size,

and angular resolution, known as the scanner effect on diffusion measures.**-*?

Of 144 normal controls one subject was excluded because he showed high signal intensity for his
left eye on T1-weighted MR images, and other 11 subjects were excluded because of failure of image

processing; 132 of the final were included.

Magnetic Resonance Images Acquisition




As mentioned above, all subjects underwent Siemens 3 Tesla MRI (Basic Skyra E11 and Prisma
D13; Siemens, Erlangen, Germany). T1-weighted anatomical images were obtained using an
MPRAGE sequence witha 1 X 1 X 1 mm voxel size and a 2300-ms repetition time (TR). For
diffusion-weighted MRI, the pulse sequence was acquired in the axial plane (56 ms echo time (TE);
7200 ms TR; two b-values with b = 0 and b = 1000 s/mm?; 48 diffusion directions, 7 non-diffusion
weighted images, 2 X 2 x 2 mm voxel size). Further details on scan parameters can be found in

https://adni.loni.usc.edu/wp-content/uploads/2017/07/ADNI3-MRI-protocols.pdf.

Image Preprocessing

DTI data were preprocessed for denoising and bias field correction using MRtrix3 software
package (http://www.mrtrix.org) based on previously published methods.**” MRtrix3 is a software
platform for medical image processing, analysis, and visualization. It was developed for the
investigation of the brain white matter using dMRI. It is implemented using a lightweight framework

for image data access and manipulation.

Subsequent processing was performed using the mrDiffusion software package (https://github.com/
vistalab/vistasoft). The anatomical T1-weighed images were aligned to the anterior commissure—
posterior commissure plane. Diffusion-weighted images were corrected for eddy currents and subject
motions by a 14-parameter constrained nonlinear coregistration based on the expected pattern of
eddy-current distortions given the phase-encode direction of the acquired data.*® The motion-corrected
non-diffusion-weighted (b0) images were averaged and aligned to the structural T1-weighted images
using a rigid body mutual information algorithm. Diffusion-weighted images were registered to the

mean of the motion-corrected b0 images using a two-stage coarse-to-fine approach that maximized
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the normalized mutual information. Diffusion-weighting gradient directions were reoriented by

applying the same transformation used on the diffusion-weighted images.

All images from the diffusion sequence were resampled to 2-mm isotropic voxels using a trilinear
interpolation algorithm based on code from statistical mapping software (SPMS; http://www.fil.ion.
ucl.ac.uk/spm/). The rotation component of the omnibus coordinate transform was applied also to the
diffusion-weighting gradient directions to preserve their orientation with respect to the resampled
diffusion images. Finally, the tensors were optimized for estimation using a least-squares algorithm

with bootstrapping for 500 times.

Regions of Interest for Fiber Tractography

We manually identified two ROIs for each intraorbital ON. To identify the starting point for the
ON, we placed a 4-mm radius spherical ROI just posterior to the globe of each eye and centered on
the emerging ON. (Figure 3(A)) Another 4-mm radius spherical ROI was placed in the orbital apex
and its center was placed in the center of the annulus of Zinn, where the extraocular muscles were
confluent. (Figure 3(B)) The diameter of the ROIs was larger than those of the ONs of the participants

to prevent undersampling at the tractography stage.

The placement of ROIs was based on the gross anatomical landmarks in the T 1-weighted and b0
images. When there was a difference between the locations of the ROIs of the T1-weighted and b0
images, we choose b0 images to locate the ROI. A single author (Y.M.) defined ROIs for each subject

in randomized and blinded manner.



Figure 3. Regions of Interest placement for fiber tractography. (A) Axial and sagittal views (top to
bottom) of the regions of interest (ROIs). A 4-mm radius spherical ROI just posterior to the globe was
centered on the emerging optic nerve in each eye. (B) Another 4-mm radius spherical ROI was within
the orbital apex and its center was placed in the center of the annulus of Zinn. Visualization of the

ROIs was generated with the Matlab Brain Anatomy software package (https://github.com/

francopestilli/mba).

Fiber Tracking and Cleaning

The ON was identified using probabilistic fiber tractography to calculate the most likely pathway
between a pair of ROIs using ConTrack (https://github.com/vistalab/contrack). This tool was used to
identify visual pathways in previous studies.’” *° ConTrack comprises three stages. In first stage, it
generates a large set of potential pathways. Next, a scoring algorithm measures the likelihood of a
pathway. Finally, in the inferential step, it identifies the most likely pathways connecting two ROIs. In

this study, the most likely pathway was generated from a set of 1000 candidate pathways between the
10



ON head and orbital apex. The ConTrack scoring algorithm was used to select the 100 most likely

fibers (top 10%). (Figure 4(A))

A fiber was automatically removed when its distance was more than 2.4 standard deviation away
from the pathway’s fiber core or more than 3 standard deviation longer than the average fiber length,
following the prescriptions of a previous study.? Fiber cleaning was performed using the Automated
Fiber Quantification (AFQ) toolkit (Stanford University, https://github.com/jyeatman/AFQ). The

pathways of all participants were processed using the same AFQ cleaning parameters. (Figure 4(B))

Figure 4. Fiber tracking and cleaning. (A) One hundred most likely fibers were selected using
ConTrack scoring algorithm. (B) After automatic cleaning process using Automated Fiber

Quantification toolkit, 53 fibers were remained.

L
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After automated cleaning, all the ON pathways were subjected to quality assessment, and additional

manual cleaning was applied as necessary by a single author (Y.M.) in randomized and blinded
manner. Fibers were overlaid on the anatomical T1 volume and any fibers that were found to be

anatomically implausible were manually removed. (Figure 5)

Figure 5. Tractography using diffusion magnetic resonance imaging. This shows the cleaned
tractography-generated optic nerve pathways (red fibers for left optic nerve and blue fibers for right
optic nerve) Visualization of the tractography was generated with the Matlab Brain Anatomy software

package (https://github.com/ francopestilli/mba).
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Diffusion Measures Based on Tractography

Voxel-wise tensor properties were extracted from the volumetric region in the tractography-
generated pathway. The resulting eigenvalues were used to compute diffusion properties.*' The main

diffusion parameters calculated in this study were FA, MD, RD and AD.

The following formulae were used for each diffusion parameter:

A1 —22)% + (A2 —23)% + (A3 — A)?

FA = 200002 + 00)2 + 09)?)

A+ 2 +23)
3
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We measured the diffusion properties in each 20 equidistant nodes along the ON to normalize the
pathway length and facilitate statistical analysis. The values for diffusion properties were generated
for each node using a Gaussian-weighted average, where the central tract was weighted over the
outlying fibers. We averaged across these samples to measure single-value summaries of the entire
ON pathway. Additionally, 100 samples were taken at 100 equidistant positions along the ON length
to visualize tract profiles for diffusion parameters. (Figure 6) This approach has been described in

detail in previous studies.?> 2% 4

Figure 6. Visualization of diffusion properties diffusion magnetic resonance imaging
tractography. Profiles of (A) fractional anisotropy and (B) mean diffusivity (um?%s) are represented

by the colored cylinders.
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Fractional Anisotropy Mean Diffusivity

Statistical Analysis

The procedures from ROIs placement to diffusion measurement were performed twice
independently, from which the mean values of diffusion parameters were obtained. The intraclass

coefficient (ICC) value of the parameters were summarized in Table 1.
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Table 1. Intraclass correlation coefficient of diffusion parameters.

Node*  Fractional anisotropy Mean diffusivity Radial diffusivity Axial diffusivity
1 0.898 0.906 0.897 0.914
2 0.907 0.915 0.910 0.917
3 0.911 0.912 0.916 0.912
4 0.917 0.900 0.914 0.900
5 0.922 0.895 0.910 0.892
6 0.932 0.900 0.906 0.886
7 0.937 0.906 0.900 0.881
8 0.934 0.908 0.896 0.877
9 0.932 0.909 0.892 0.872
10 0.927 0.908 0.894 0.867
11 0.924 0.907 0.905 0.865
12 0.928 0.904 0.919 0.865
13 0.935 0.902 0.931 0.860
14 0.941 0.904 0.936 0.854
15 0.944 0.909 0.937 0.853
16 0.943 0.915 0.935 0.863
17 0.944 0.921 0.932 0.877
18 0.942 0.921 0.927 0.880
19 0.936 0.912 0.925 0.881

20 0.927 0.904 0.928 0.888

2The nodes of each optic nerve were numbered from the optic nerve head to the orbital apex.
All intraclass correlation coefficients are statistically significant (p < 0.001).

Strong correlation between right and left eye diffusion parameters were observed (FA, Pearson
correlation coefficient = 0.778, p < 0.001, MD Pearson correlation coefficient = 0.702, p < 0.001, RD

Pearson correlation coefficient = 0.725, p < 0.001, AD Pearson correlation coefficient = 0.625, p <
16



0.001), and the parameters from one side of ON were randomly selected in each subject for statistical

analysis.

A two-tailed p-value of < 0.05 was considered statistically significant, and this was represented as a
gray shaded area in the figures. The Pearson correlation coefficient was used to determine the
correlation between diffusion measures and age. Additionally, the Jonckheere-Terpstra test was
adopted to explore significant trends in diffusion measures among the four age subgroups. A two-
sample t-test was used to test for sex-related differences in diffusion measures. Therefore, we

performed multiple linear regression analysis to adjust for potentially confounding effects.

17



Results

Basic Demographics of Study Population

The man age of all subjects was 74.5 + 8.2 years (range: 55.8 - 95.4) and 58.3% of them (n = 77)
were female. The total study population was divided into four age subgroups: (i) 55-65 years, mean
age =61.7 = 2.6 years, n = 10, 7 females (70.0 %); (i) 65—75 years, mean age = 69.3 = 2.7 years, n =
62, 44 females (71.0 %); (iii) 75-85 years, mean age = 79.3 + 3.1 years, n = 42, 20 females (47.6 %);
(iv) 85-95 years, mean age = 88.5 + 2.8 years, n = 18, 6 females (33.3 %). In this study population,
the female participants were significantly younger than the male participants (male vs. female, 77.1
8.3 vs. 72.7 + 7.7 years, p = 0.002). In other words, the older age subgroup had a higher proportion of

male participants (linear-by-linear association test, p = 0.002).

Diffusion Properties of Total Subjects

The mean FA of the entire intraorbital ON was 0.346 + 0.078, and the mean MD was 1.266 + 0.196

pm?*/s. The mean RD was 1.009 + 0.195 pm?/s, and the mean AD was 1.764 + 0.210 pm?/s.

The diffusion properties along the ON length are summarized with curve graphs in Figure 7. FA
gradually increased from 0.250 to 0.404 toward the orbital apex. Meanwhile, MD decreased from
1.529t0 1.121 urnz/s. RD and AD also decreased from 1.323 to 0.851 urnz/s, and from 1.950 to 1.659

um?/s, respectively.

18



Figure 7. Averaged tract profiles for the optic nerves of total participants. The graph shows the
means (line) and the standard deviations (shaded boundary) of the diffusion parameters of each node
of the optic nerve. (A) Fractional anisotropy gradually increased from 0.250 to 0.404, whereas the (B)
mean diffusivity decreased from 1.529 to 1.121 pm?/s toward the orbital apex toward the orbital apex.
(C) Radial diffusivity also decreased from 1.323 to 0.851 um?*/s, and (D) axial diffusivity decreased

from 1.950 to 1.659 um?s.
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Age-related Changes of Diffusion Properties

FA of the entire intraorbital ON were negatively correlated with age, whereas MD and RD showed a
positive correlation (FA with age, Pearson’s r =-0.367, p < 0.001; MD with age, Pearson’s r = 0.162,
p =0.032; RD with age, Pearson’s r = 0.235, p = 0007). However, AD had no significant correlation

with age (Pearson’s r = -0.025, p = 0.776)

The correlation test for each longitudinal position of ON showed a significant negative correlation
between FA and age for all 20 nodes, whereas MD had a significant positive correlation with age for
the 12 central nodes (60%). RD also showed a significant positive correlation with age in all nodes
except for the first node (95%). AD was not correlated with age in the analysis for each node. (Table

2)

Table 2. Data of Pearson’s correlation test showing the correlation between age and (A)
fractional anisotropy, (B) mean diffusivity, (C) radial diffusivity, and (D) axial diffusivity of each

node of optic nerve.
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(A)

Fractional anisotropy

Node*

Correlation coefficient p-value

1 -0.252 <0.001
2 -0.271 <0.001
3 -0.290 <0.001
4 -0.301 <0.001
5 -0.316 <0.001
6 -0.329 <0.001
7 -0.336 <0.001
8 -0.343 <0.001
9 -0.351 <0.001
10 -0.359 <0.001
11 -0.366 <0.001
12 -0.369 <0.001
13 -0.365 <0.001
14 -0.361 <0.001
15 -0.355 <0.001
16 -0.350 <0.001
17 -0.351 <0.001
18 -0.350 <0.001
19 -0.347 <0.001
20 -0.346 <0.001

®The nodes of each optic nerve were numbered from the optic nerve head to the orbital apex.
The numbers in bold indicate statistically significant correlations.
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(B)

Mean diffusivity (um?s)
Node*
Correlation coefficient p-value
1 0.106 0.112
2 0.118 0.090
3 0.130 0.069
4 0.143 0.051
5 0.153 0.040
6 0.159 0.035
7 0.160 0.034
8 0.163 0.031
9 0.169 0.026
10 0.175 0.022
11 0.179 0.020
12 0.180 0.020
13 0.177 0.021
14 0.170 0.026
15 0.159 0.034
16 0.145 0.049
17 0.130 0.069
18 0.114 0.096
19 0.101 0.124
20 0.090 0.151

®The nodes of each optic nerve were numbered from the optic nerve head to the orbital apex.
The numbers in bold indicate statistically significant correlations.
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Radial diffusivity (um?s)

Node*
Correlation coefficient p-value
1 0.167 0.055
2 0.175 0.045
3 0.181 0.038
4 0.190 0.029
5 0.200 0.022
6 0.212 0.015
7 0.224 0.010
8 0.234 0.007
9 0.243 0.005
10 0.248 0.004
11 0.246 0.004
12 0.240 0.006
13 0.232 0.007
14 0.224 0.010
15 0.216 0.013
16 0.210 0.015
17 0.207 0.017
18 0.203 0.019
19 0.198 0.023
20 0.194 0.023

®The nodes of each optic nerve were numbered from the optic nerve head to the orbital apex.
The numbers in bold indicate statistically significant correlations.
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(D)

Axial diffusivity (um?/s)
Node*
Correlation coefficient p-value
1 -0.044 0.967
2 -0.013 0.878
3 -0.018 0.836
4 -0.013 0.880
5 -0.010 0.913
6 -0.007 0.939
7 -0.003 0.975
8 0.001 0.989
9 0.005 0.958
10 0.007 0.935
11 0.007 0.933
12 0.002 0.983
13 -0.10 0.911
14 -0.028 0.747
15 -0.046 0.598
16 -0.059 0.505
17 -0.070 0.425
18 -0.080 0.362
19 -0.086 0.325
20 -0.090 0.305

®The nodes of each optic nerve were numbered from the optic nerve head to the orbital apex.
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The results of the subgroup analysis using the Jonckheere-Terpstra test were comparable to those of
the correlation test. (Figure 8) The subgroup analysis showed that the older participants had lower FA
and higher RD across the entire ON. MD also significantly decreased with increasing age of
participants in the subgroups in forth to nineteenth nodes (80%) from the ON head to the orbital apex.

AD had no significant changes according to aging.

Figure 8. Diffusion parameters in age-subgroups along the optic nerve pathway. The curved line
shows the means of the diffusion parameters of each subgroup, and the shaded areas indicate the
statistically significant correlation between the diffusion parameters and age demonstrated by the
Jonckheere-Terpstra test. (A) Fractional anisotropy shows a negative correlation with age along entire
optic nerve pathways, whereas the (B) mean diffusivity has a positive correlation with age in 80% of
the optic nerve pathways. (C) Radial diffusivity is positively correlated with age in all nodes and (D)

axial diffusivity has no significant correlation with age in subgroup analysis.
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Sex-related Differences in Diffusion Properties

The mean FA, MD, and RD of the entire intraorbital ON of the male and female subjects were
significantly different; female subjects had higher FA and lower MD and RD (FA in male vs. female,
0.309 £ 0.065 vs. 0.372 £0.075, p <0.001; MD in male vs. female, 1.330 £0.163 vs. 1.221 £ 0.204

m-/s, p=0. S 1in male vs. female, 1. + 0. vs. 0. + 0. m-/s, p=0. . I'he
um?/s, p = 0.001, RD in male vs. female, 1.084 = 0.151 vs. 0.955 + 0.206 um?*s, p = 0.002). Th



difference in the mean AD between male and female subjects was not statistically significant (AD in

male vs. female, 1.790 + 0.193 vs. 1.745 £ 0.220 um?/s, p = 0.087).

Furthermore, FA showed significant sex-related differences in all 20 nodes of ON. Significant
difference was also found for MD in the anterior 19 nodes (95%), RD in the anterior 11 nodes (55%),

and AD in the only 2 nodes (10%). (Figure 9)

Figure 9. Sex-related differences in diffusion parameters. The curved line shows the means of the
diffusion parameters stratified by sex, and the shaded areas indicate a statistically significant
correlation between the diffusion parameters and sex. (A) Females have higher values of fractional
anisotropy along the entire optic nerve and (B) lower mean diffusivity in the anterior 95% of the optic
nerve. (C) The mean radial diffusivity is higher in the male group in the anterior 55% of the optic
nerve. (D) The sex-related difference in axial diffusivity is significant only in the anterior 10% of the

optic nerve.
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Multiple Linear Regression Analysis for Diffusion Properties

We performed multiple linear regression analysis to adjust for potentially confounding effects. In
multiple linear regression analysis, FAs of all 20 nodes, as well as the entire intraorbital ON, showed
significant correlation with both age and sex. However, MD did not show a significant correlation
with age. MDs of the anterior 19 nodes (95%) and that of the entire ON were significantly correlated
with sex. Female had significantly lower RD in all nodes of the intraorbital ON, and RD was
positively correlated with age in a fourth of the ON. (Table 3) Meanwhile, no variable was entered
into the multiple linear regression model by a stepwise entry for AD except for the first node; AD
showed significant correlation with sex only in the first node of the ON (standardized coefficient = -

0.183, p = 0.035, adjusted R = 0.026)

Table 3. Data for multiple linear regression model for (A) fractional anisotropy, (B) mean

diffusivity and (C) radial diffusivity of the entire optic nerve and each node of the optic nerve.
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(A)

Age Sex”
Node® Adjusted R?
Standardized coefficient  p-value  Standardized coefficient  p-value

Total -0.280 0.001 0.327 <0.001 0.222
1 -0.181 0.035 0.265 0.002 0.115
2 -0.198 0.021 0.273 0.002 0.129
3 -0.227 0.008 0.280 0.001 0.150
4 -0.243 0.004 0.275 0.001 0.158
5 -0.239 0.004 0.296 0.001 0.169
6 -0.258 0.002 0.268 0.002 0.163
7 -0.266 0.002 0.264 0.002 0.165
8 -0.272 0.001 0.266 0.002 0.171
9 -0.278 0.001 0.276 0.001 0.181
10 -0.282 0.001 0.289 0.001 0.194
11 -0.287 0.001 0.297 <0.001 0.204
12 -0.288 <0.001 0.301 <0.001 0.208
13 -0.283 0.001 0.306 <0.001 0.208
14 -0.277 0.001 0.317 <0.001 0.212
15 -0.266 0.001 0.334 <0.001 0.218
16 -0.257 0.002 0.349 <0.001 0.224
17 -0.257 0.002 0.352 <0.001 0.226
18 -0.258 0.002 0.345 <0.001 0.221
19 -0.258 0.002 0.334 <0.001 0.212
20 -0.259 0.002 0.327 <0.001 0.207

*The nodes of the optic nerve were numbered from the head to the orbital apex.

The reference group is male.
The numbers in bold indicate statistically significant correlations.
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(B)

Age Sex”

Node® Adjusted R?
Standardized coefficient p-value  Standardized coefficient  p-value

Total N/A 0.281 -0.277 0.001 0.070
1 N/A 0.696 -0.280 0.001 0.071
2 N/A 0.585 -0.274 0.001 0.068
3 N/A 0.476 -0.269 0.002 0.065
4 N/A 0.395 -0.277 0.001 0.069
5 N/A 0.339 -0.284 0.001 0.073
6 N/A 0.304 -0.281 0.001 0.072
7 N/A 0.292 -0.277 0.001 0.069
8 N/A 0.266 -0.273 0.002 0.067
9 N/A 0.237 -0.273 0.002 0.067
10 N/A 0.207 -0.273 0.002 0.067
11 N/A 0.184 -0.266 0.002 0.063
12 N/A 0.171 -0.254 0.003 0.058
13 N/A 0.174 -0.244 0.005 0.052
14 N/A 0.192 -0.235 0.007 0.048
15 N/A 0.232 -0.226 0.009 0.044
16 N/A 0.288 -0.214 0.014 0.038
17 N/A 0.359 -0.201 0.021 0.033
18 N/A 0.442 -0.188 0.031 0.028
19 N/A 0.519 -0.177 0.042 0.024

*The nodes of the optic nerve were numbered from its head to the orbital apex.

The reference group is male.

The numbers in bold indicate statistically significant correlations.

No variable was entered into the multiple linear regression model by a stepwise entry for mean diffusivity of the
last nodes.
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Age
Node® Adjusted R?
Standardized coefficient  p-value  Standardized coefficient  p-value

Total N/A 0.064 -0.327 <0.001 0.100
1 N/A 0.316 -0.326 <0.001 0.100
2 N/A 0.262 -0.318 <0.001 0.094
3 N/A 0.215 -0.303 <0.001 0.085
4 N/A 0.175 -0.302 <0.001 0.084
5 N/A 0.140 -0.302 <0.001 0.084
6 N/A 0.100 -0.296 0.001 0.081
7 N/A 0.069 -0.290 0.001 0.077
8 0.171 0.050 -0.239 0.006 0.094
9 0.180 0.039 -0.236 0.007 0.097
10 0.184 0.034 -0.238 0.007 0.100
11 0.184 0.035 -0.234 0.007 0.098
12 0.179 0.040 -0.230 0.009 0.093
13 N/A 0.051 -0.277 0.001 0.069
14 N/A 0.067 -0.282 0.001 0.072
15 N/A 0.085 -0.290 0.001 0.077
16 N/A 0.101 -0.293 0.001 0.079
17 N/A 0.112 -0.294 0.001 0.080
18 N/A 0.121 -0.292 0.001 0.078
19 N/A 0.131 -0.284 0.001 0.074
20 N/A 0.139 -0.277 0.001 0.030

*The nodes of the optic nerve were numbered from its head to the orbital apex.

The reference group is male.
The numbers in bold indicate statistically significant correlations.
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Discussion

In this study, we determined the normal values of diffusion parameters of the intraorbital ON using
dMRI probabilistic tractography in cognitively normal controls of the ADNI3 database. We found that
FA increased, and MD, RD and AD decreased toward the orbital apex. Furthermore, FA had a
negative correlation with age, whereas MD showed no significant change with age. RD was correlated
with aging in the central part of the intraorbital ON. Females had higher FA and lower MD and RD

than males.

Diffusion Properties along the Intraorbital Optic Nerve

We conducted the present study using dMRI tractography. Thus, we investigated the diffusion
properties of the entire intraorbital ON, and not for the limited portions of ON as ROlIs, which is one
of the greatest strengths of this study. We found that the posterior part of the intraorbital ON showed

higher FA and lower MD, RD, and AD than the anterior part.

The change in diffusion parameters stratified by the longitudinal position of the ON is comparable
with the results of a previous structural study that used MRI and histology.** There was a significant
decrease in intraorbital ON diameter from 3.99 mm to 3.50 mm along its length, reflecting a reduction
1n connective tissues. In other words, the ratio of nervous to connective tissues increases, and nerve
fibers become more compact with progression from the anterior to the posterior. Longitudinal
structural changes along the intraorbital ON may contribute to the decrease in diffusivity and the

increase in FA.
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Age-related Changes of Diffusion Properties

Age-related ON changes in various animals have been previously reported.***’ In summary, age-
related changes may be classified into four: (i) axonal changes, (ii) myelin abnormalities, (iii) changes
in neuroglial cells, and (iv) connective tissue thickening. Aging axons undergo various degenerative
changes, and the number of nerve fibers decreases with aging. Meanwhile, the volume of aging axons
and the thickness of the entire ON fiber increase. Myelin sheaths also become thicker as the thickness
of the axons increases. In addition, morphological alterations of myelin sheaths, including ballooning,
widening of sheath lamellae, partial loss, and demyelination have been observed. Microglia are
commonly observed among degenerating axons, and the number of astrocytes also increases. They
undergo hypertrophy, and their processes occupy space vacated by degenerated nerve fibers. Last,
aging ONs demonstrate thickening of the trabeculae of connective tissue. In studies involving the

human ON, similar changes have been reported.’*

In the current study, FA decreased with age. Age-related changes in the microstructure of the ON
contribute to the decrease in FA detected by dMRI. The white matter and cranial nerves, including the
ON, consist of bundles of axons, whose membranes and myelin sheaths mainly induce diffusion
restriction of water molecules. The direction of maximum diffusivity becomes parallel to the axonal
direction, making the diffusion anisotropic.”® Because the parallel organization of nerve fiber bundles
is the basis for diffusion anisotropy and myelin sheaths seem to modulate the amount of anisotropy,”*
the degeneration of axon and myelin sheaths may reduce the anisotropy of the diffusion process.
Disintegration caused by the neuroglial cells and connective tissues may also contribute to the

decrease in anisotropy.

Interestingly, MD showed no significant correlation with aging in the multiple regression model.
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RD in the central part of ON increased with aging, and AD had no significant correlation with age.
The age-related changes of ON diffusion parameters in our study are consistent with the previous
animal study using DTI for the ON of rhesus monkey.’* However, the changes in the amount of
diffusivity have been various in previous studies for the age-related changes of the white matter in

multiple regions although they have consistently reported a decrease in FA.'

Because AD tends to be more variable according to pathologic changes, age-related decreases as
well as increases in AD have been reported, resulting no net difference, increase, or decrease in MD.
In contrast to AD, multiple studies suggested that RD changes is more prominent according to

33-3% and most studies have reported that RD has decreased with increasing age. However, a few

aging,
studies have revealed that a decrease in AD and MD without a difference in RD.* % Based on these
different patterns of diffusivity changes, several studies have classified the regions of brain according
to the specific age-related pathologic change.’” ® When applied to this classification, the results from
the ON in this study, a decrease in FA accompanied with a mild increase in RD, suggest that the main
pathologic changes is the subtle microstructural alterations with predominant demyelination in the ON
aging process, which is like the forceps major and superior corona radiata. Further studies are required

to answer the question of why the aging process occurs in various ways according to region of the

nervous system.

In the meantime, Sun et al. previously reported that there was no obvious age-related difference in
diffusion parameters of ON and optic radiation in DTL® In that study, the authors measured the
diffusion parameters in ROI at the level of the middle part of intraorbital ON. In addition, they
included the healthy subjects aged from 18 to 62 years (mean age = 40.3 £ 12.5 years), who were

younger than our study subjects. Therefore, it should be noted that local diffusion properties of the
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ON before the seventh decade of life may not show any significant age-related change.

Sex-related Differences in Diffusion Properties

Sun et al. also said that there was no obvious difference in diffusion parameters between female and
male subjects, which was conflicting with our results.®' In the present study, females had higher FA
and lower MD and RD than males. Sex-related difference in our results is consistent with the reports
by other studies on sex-related differences in ON structure and function. Various studies have
previously reported the association of the male sex with thinner retinal nerve fiber layers on OCT,*®
whereas the optic disc area is larger in males than in females.®**® It means that the axonal density of
the intraorbital ON is higher in females than in males. In addition to the structural differences, several
differences in visual evoked potentials have been revealed, such as shorter latency and high amplitude

in females.® 7°

Although any significant interaction between age and sex were not found in the brain white matter,
it is highly advisable to consider that sex-related difference could become more prominent due to the
difference in the course of ON neurodegeneration between female and male, considering that we
analyzed the data from an elderly population.”' Previously sex-related difference in the brain white
matter have been reported in several studies, and the results were varied among those studies due to
the discrepancy of age of the study population and regions of brain for analysis.”*”* The retinal
ganglion cells are exposed to light over all one’s life, and the intraorbital ON is surrounded with soft
tissue such as orbital fat in contrast to the brain tissue in the rock-solid skull.” In addition to the
damage induced by external environment, retinal gene expression responses to aging has been

reported to be sexually divergent.”® Therefore, sex-related difference in diffusion properties of ON
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should be sufficiently consider in an elderly population.

Placement of Region of Interest for the Intraorbital Optic Nerve

In previous studies using tractography for ON analysis in various diseases, the ROIs were placed at
the optic chiasm as the ending point.”?® In contrast to these studies, we analyzed the diffusion
parameters of only the intraorbital parts of ON. When tractography, involving the intracanalicular and
intracranial ON, was performed, the diffusivity along the ON fluctuated. (Figure 10) This implies that
the extracted tractography included heterogeneous tract fibers that were not confined to the ON.
Compact tissues around the ON in the optic canal and the cranial cavity may make false tracts of the

visual pathway.

Figure 10. Tractography from optic disc head to optic chiasm. (A) Optic nerve visualization using
diffusion magnetic resonance imaging probabilistic tractography. (B) Tract profile for the optic nerve
including fractional anisotropy and mean diffusivity. When tractography, involving the
intracanalicular and intracranial optic nerve, is generated, the diffusion properties along the optic

nerve has substantial fluctuation.
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Moreover, the placement of ROIs is important because it can induce significantly different
outcomes of the final tractography. In the ADNI3 database, diffusion sequences had image distortions;
diffusion scans acquired with opposite phase-encoding directions were not used. As mentioned in the
Methods section, we prioritized b0 MR images when the anatomical structures in the T1-weighted and
b0 MR images were not completely matched, and the optic chiasm in b0 MR images could not be
located in several cases. To reduce errors for ROI placement and perform more accurate tractography,
we placed ROls in the center of the annulus of Zinn, which is a confluence of the extraocular muscles,
to facilitate the identification of the ON pathways. Then, we found that all ICC values of diffusion
parameters were more than 0.85, which demonstrated excellent reproducibility of the ROI placement

for intraorbital ON.”’

Strengths and Limitations

This study has several limitations that should be addressed. First, the dIMRI data used in this study
were obtained from the ADNI3. All the subjects with normal cognitive functions in ADNI3 may not
have been ophthalmologically normal due to the limited ophthalmologic information of the
participants. We randomly selected the parameters from one side in each subject because the
measurements between both eyes of the same individual were highly correlated with each other.
However, the error could be induced by including eyes with ocular disease. In addition, the ADNI3
data were collected across the United States and Canada and we were able to measure the diffusion
parameters of ON only in an elderly population, which may result in lower FA compared to previous

studies.?" ®' Therefore, further studies including subjects with a wide range of ages and various racial
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and environmental background are needed for general implication of the reference value for diffusion

properties.

Second, the data from ADNI3 are not intended for the analysis of ON. Accordingly, eye movement
correction was not applied. In addition, the images acquired from the diffusion protocol suffer from
geometric distortions caused by a single phase-encoding direction. Accordingly, a mismatch between
the T1-weighted image and b0 MR image was induced. (Figure 11) In this study, we attempted to

overcome this limitation by prioritizing b0 MR images when placing the ROIs.

Figure 11. Geometric distortion in diffusion magnetic resonance images. (A, B) When there was a
difference between the locations of the ROIs of the T1-weighted image and b0 image, we choose b0
images to locate the ROI. (C, D) Final tractography is well matched with the b0 image rather than the

T1-weighted image.
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Despite these limitations, to the best of our knowledge, this is the first study to investigate the

diffusion properties of ON and suggest reference values of diffusion parameters using large-scale,
multi-site neuroimaging data. This study showed the diffusion properties stratified by age, sex, and
longitudinal location of the ON using four diffusion parameters, FA, MD, RD and AD. Moreover, the
results from the present analysis correspond well with those of previous studies on the ON structures
and functions. This implies that the diffusion parameters along the ON determined using dMRI

tractography may substantially reflect the ON microstructure and have clinical usefulness.

Conclusion

In conclusion, we measured the diffusion properties of normal ON using dMRI tractography and
evaluated its microstructural characteristics. FA increased, whereas MD, RD and AD reduced toward

the orbital apex. FA decreased and RD increased with age. Females had higher FA and lower MD and
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RD than males. The differences based on the longitudinal position of the ON, age, and sex should be

considered when evaluating the ON using dMRI.

The findings in this study suggested that the diffusion properties in dMRI tractography well
represent microstructural changes of ON. Therefore, dMRI can help improve the understanding of the

pathophysiologic mechanisms of various ON diseases.
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