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Abstract
Background: The imaging g-ratio, estimated from axonal volume fraction (AVF) and myelin volume frac-
tion (MVF), is a novel biomarker of microstructural tissue integrity in multiple sclerosis (MS).
Objective: To assess axonal and myelin changes and their inter-relationship as measured by g-ratio in the
optic radiations (OR) in people with MS (pwMS) with and without previous optic neuritis (ON) compared
to healthy controls (HC).
Methods: Thirty pwMS and 17 HCs were scanned on a 3Tesla Connectom scanner. AVF and MVF,
derived from a multi-shell diffusion protocol and macromolecular tissue volume, respectively, were mea-
sured in normal-appearing white matter (NAWM) and lesions within the OR and used to calculate imaging
g-ratio.
Results: OR AVF and MVF were decreased in pwMS compared to HC, and in OR lesions compared to
NAWM, whereas the g-ratio was not different. Compared to pwMS with previous ON, AVF and g-ratio
tended to be higher in pwMS without prior ON. AVF and MVF, particularly in NAWM, were positively
correlated with retinal thickness, which was more pronounced in pwMS with prior ON.
Conclusion:Axonal measures reflect microstructural tissue damage in the OR, particularly in the setting of
remote ON, and correlate with established metrics of visual health in MS.

Keywords: Optic neuritis, multiple sclerosis, diffusion magnetic resonance imaging, optical coherence
tomography, diffusion tractography, white matter

Background
The imaging g-ratio, defined as the ratio of inner
axonal diameter to the diameter of axon plus myelin
sheath, is an emerging biomarker of white matter
(WM)microstructure and is calculated using estimates
of axonal volume fraction (AVF) from diffusion-
weighted magnetic resonance imaging (DW-MRI)
and myelin volume fraction (MVF) from myelin-
sensitive MRI methods.1 Previous work on the
imaging g-ratio in multiple sclerosis (MS) has demon-
strated an increase in g-ratio in lesions compared to
normal-appearing WM (NAWM), whereas both
AVF and MVF were decreased in lesions compared
to NAWM.2,3 The combination of myelin and axonal
measures is thought to characterize tissue microstruc-
ture integrity more comprehensively than either
measure in isolation, providing greater insight into

the relationship between demyelination and axonal
loss.2,3

Demyelination is the hallmark of MS pathology and
frequently affects the visual pathway. Visual out-
comes have been shown to be an accessible measure
of disease activity and provide key insights into the
pathophysiology of MS.4,5 Optic neuritis (ON) is
the initial presentation in approximately 20% of
people with MS (pwMS) and may occur in 50% of
pwMS during the course of the disease.6 Retinal thin-
ning, known to be a long-term consequence of ON,
appears to be present in non-ON eyes as well to a
lesser extent.7,8 Retinal thinning has been shown to
be related to microstructural alterations in the optic
radiations (OR) using diffusion tensor imaging and
advanced diffusion models such as diffusion kurtosis
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imaging and neurite orientation dispersion and
density imaging.9–11 These prior studies primarily
focused on analyses that consider axons as sticks,
that is, with no measurable diffusivity within axons.
Recent advances in gradient hardware for human
MRI scanners have enabled high-sensitivity imaging
of intra-axonal water diffusion, with the potential
for greater sensitivity to axonal damage that is postu-
lated to be a key substrate of neurodegeneration in
MS.12–14

The goal of this study was to assess axonal and myelin
changes and their inter-relationship as measured by
the g-ratio in the OR of pwMS with and without pre-
vious ON compared to healthy controls (HC) as mea-
sured on a dedicated high-gradient 3T MRI scanner.
We sought to investigate the association between
these axonal and myelin metrics and optical coher-
ence tomography (OCT)-derived measurements of
retinal thinning. We used an advanced multi-
compartment model of intra-axonal water diffusion
to evaluate microstructural changes in the OR
between pwMS and HC and the effects of ON on
OR axonal density and myelin volume in pwMS.
We hypothesized that the g-ratio and its components
are sensitive to myelin and axonal alterations in the
OR as measured by high-gradient MRI and that
these changes may reflect retinal thinning, independ-
ent of the history of ON, and visual dysfunction in
pwMS.

Methods

Participants
This cross-sectional study was approved by the insti-
tutional review board and represents a targeted
reanalysis of previously published data.2 All partici-
pants provided written informed consent. Thirty parti-
cipants with clinically diagnosed MS who visited the
Massachusetts General Hospital MS Clinic between
2015 and 2019 were recruited as a convenience
sample representative of MS and included a subset
who had a prior history of ON. In addition, 17 HC
were recruited for comparison. Of 30 pwMS, 24 par-
ticipants had relapsing–remitting MS and six partici-
pants had progressive MS, including two
participants with primary progressive MS and four
participants with secondary progressive MS.
Inclusion criteria for pwMS were a diagnosis of clin-
ically definite MS, being relapse-free for >3 months,
and, if treated, stable disease-modifying treatment
for >6 months. Exclusion criteria were the presence
of other structural brain diseases and contraindica-
tions to MRI. To assess neurological disability in

pwMS, an expanded disability status scale (EDSS)
was used by a board-certified neurologist blinded to
the imaging results. History of ON was clinically
defined as an episode of sudden onset visual pro-
blems, including unilateral vision loss lasting for
>24 h.

Image acquisition
MRI data were acquired prospectively using a dedi-
cated high-gradient 3T MRI scanner (MAGNETOM
Connectom; Siemens, Erlangen, Germany) equipped
with maximum gradient strengths of 300 mT/m.12–14

A custom-built 64-channel phased array head coil
was used for signal reception.15 DW-MRI data were
acquired using a diffusion-weighted spin-echo single-
shot echo planar imaging sequence in the sagittal
plane (2× 2× 2 mm3 voxel size, echo time (TE)/repe-
tition time (TR)= 77/3600 ms, simultaneous multi-
slice imaging with slice acceleration factor 2, parallel
imaging acceleration factor R= 2, and
anterior-to-posterior phase encoding).16 Diffusion
gradients were applied in 32 directions for b-values
<2300 s/mm2 and 64 directions for b-values
>2300 s/mm2, evenly distributed on a unit sphere.
The maximum b-value was 17,800 s/mm2. Five b=
0 images with the reversed-phase encoding direction
were acquired for distortion correction. The
DW-MRI protocol was designed to obtain reprodu-
cible estimates of apparent axon diameter and
density within an hour of scan time (total acquisition
time of 51 min).17

A multiple flip angle spoiled gradient-echo three-
dimensional fast low-angle shot (3D-FLASH)
sequence was used to acquire macromolecular tissue
volume (MTV) data for myelin quantification (1 mm
isotropic resolution, TE/TR= 2.74/20 ms, flip angle
= 4°–10°–20°, 15 min total acquisition time (5 min
per sequence)).18 . Structural images were acquired
including a T1-weighted multi-echo magnetization
prepared rapid gradient echo imaging (MPRAGE)
sequence (1 mm isotropic resolution, TE/TR/inver-
sion time (TI)= 1.15–3.03–4.89–6.75 ms/2530 ms/
1100 ms, R= 3, flip angle= 7°, 3 min 58 s acquisition
time), and three-dimensional fluid-attenuated inver-
sion recovery (3D-FLAIR) sequence (0.9 mm iso-
tropic resolution, TE/TR/TI= 389 ms/5000 ms/
1800 ms, R= 2, 5 min 47 s acquisition time).

Data processing

Diffusion MRI data. All images were corrected for
gradient nonlinearity using in-house software.19

Image distortions due to susceptibility and eddy

A. Martinos Center for
Biomedical Imaging,
Charlestown, MA, USA
Department of Radiology,
Faculty of Medicine, Siriraj
Hospital, Mahidol University,
Bangkok, Thailand

Ilena C. George,
Department of Neurology,
Massachusetts General
Hospital, Harvard Medical
School, Boston, MA, USA

Fang F. Yu,
Department of Radiology,
University of Texas
Southwestern Medical
Center, Dallas, TX, USA

Qiuyun Fan,
Department of Biomedical
Engineering, College of
Precision Instruments and
Optoelectronics Engineering,
Tianjin University, Tianjin,
China
Academy of Medical
Engineering and Translational
Medicine, Medical College,
Tianjin University, Tianjin,
China

Qiyuan Tian,
Susie Y. Huang,
Department of Radiology,
Massachusetts General
Hospital, Harvard Medical
School, Athinoula
A. Martinos Center for
Biomedical Imaging,
Charlestown, MA, USA

Eric C. Klawiter,
Department of Neurology,
Massachusetts General
Hospital, Harvard Medical
School, Boston, MA, USA

Multiple Sclerosis Journal—Experimental, Translational and Clinical

2 www.sagepub.com/msjetc



current effects were corrected using “topup” and
“eddy” in FSL (https://fsl.fmrib.ox.ac.uk).20,21

A previously published method for extracting mea-
sures of axonal diameter and density independent of
fiber orientation was used to estimate cerebrospinal
fluid (CSF) and restricted water volume fractions.22

A three-compartment model was used to represent
the restricted diffusion within impermeable cylin-
drical axons of finite diameter, hindered Gaussian dif-
fusion in the extra-axonal space, and free diffusion in
CSF. The longitudinal diffusivity was assumed to be
the same for intracellular and extracellular compart-
ments and was fixed at 1.7× 10−3 mm2/s. The free
diffusion coefficient was assumed to be equal to
free water diffusivity at 37°C (3× 10−3 mm2/s).
Markov Chain Monte-Carlo sampling was used to
fit the spherically averaged form of the signal
model, yielding orientation-independent estimates of
axon diameter index, perpendicular diffusivity of the
hindered water compartment, and volume fractions
of restricted water and CSF compartments.22

Restricted water and CSF volume fractions were
used in the g-ratio calculation.

Macromolecular tissue volume. MTV has been
demonstrated to be sensitive to myelin primarily
based on the relationship with other quantitative
myelin mapping techniques in the MS brain.23

3D-FLASH images were corrected for B1 inhomo-
geneity using actual flip angle imaging.24 FSL
Linear Registration Tool was used to co-register the
images acquired at the three flip angles (http://www.
fmrib.ox.ac.uk/fsl/fslwiki/FLIRT). Equilibrium mag-
netization M0 and T1 values were estimated on a
voxel-wise basis.23 MTV was computed as18

MTV = 1− Proton density

Proton density of free water

Registration and segmentation
Regions of interest (ROIs) within the lateral genicu-
late nucleus (LGN) and WM of the primary visual
cortex of the occipital lobe were generated as
follows. The LGN ROI was derived using a probabil-
istic atlas of human thalamic nuclei in FreeSurfer,25

converted into binary masks, and transformed to
DW-MRI space using the FreeSurfer boundary-based
registration tool.26 For each hemisphere, the primary
visual cortex target ROI was derived from
FreeSurfer.27 To capture as many fibers as possible
originating from the LGN and extending to the
cortex, a 1 mm ribbon of subcortical WM deep to

the gray–white junction was sampled from the
primary visual cortex ROI.9

Lesion segmentation was performed on the
3D-FLAIR images of all pwMS. First, the boundary-
based registration tool26 was used to register FLAIR
images to T1-weighted images. Automatic segmenta-
tion of FLAIR hyperintense lesions was performed
using a FreeSurfer-based validated tool.28 Lesion
masks were manually edited by two board- and
subspecialty-certified neuroradiologists. To generate
NAWM masks, lesion masks were subtracted from
the OR masks, yielding three masks per subject:
lesion mask, NAWM mask, and an entire OR mask
including both lesions and NAWM. Lesion volume
was measured in both OR and averaged for subse-
quent analysis.

Diffusion tractography
Distributions of voxel-wise crossing fiber orientation
were generated for probabilistic tractography using
the FSL “bedpostx” function. The multi-shell option
with b= 800, 1500, and 2400 s/mm2 data was used
for “bedpostx” fitting, assuming a “ball and two-
stick”model and Rician noise. Probabilistic tractogra-
phy was performed using the FSL “probtrackx2”
function29 in two directions (LGN to ipsilateral
primary visual cortex, and vice versa). A corpus cal-
losum mask served as an exclusion mask. From
each voxel, 5000 streamlines were generated in the
seed ROI, and only those passing through the ipsilat-
eral target ROI, and not entering the exclusion mask,
were retained. A 1% tract threshold was set to binarize
the probabilistic tractography results, tracking from
LGN to the ipsilateral primary visual cortex and
primary visual cortex to LGN with the inclusion of
Meyer’s loop as part of the OR, yielding a binarized
mask of the bilateral OR (Figure 1).

G-ratio calculation
The CSF and restricted water volume fractions as well
as MVF (based on MTV) were used to calculate the
g-ratio.23 The AVF was calculated by combining
MTV, CSF, and restricted volume fractions1,23:

AVF = (1−MTV) × (1− CSF volume fraction)

× restricted volume fraction

The g-ratio was computed as1

g-ratio =
�������������������

1

1+ (MTV/AVF)

√
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Entire OR, lesion, and NAWM masks were overlaid
on the whole-brain g-ratio, and AVF and MVF
maps were used to generate three separate masks
per magnetic resonance (MR) metric.

Optical coherence tomography
OCT data were acquired and retrospectively reported in
accordance with the updated APOSTEL 2.0 guide-
lines,30 with further clarification upon reasonable
request. For each MS patient, spectral domain OCT
was conducted <30 days of the MRI using a Zeiss
Cirrus HD-OCT instrument at one operating site by
an experienced technician (model 4000-4648, software
version 7.0.3.19). Scans acquired in both non-dilated
eyes were Macular Cube Scan 512× 128 and Optic
Disc Cube 200× 200. Requirements were scanning in
a dark room and a minimum signal strength of
7. OSCAR-IB [(O)=obvious problems including viola-
tion of the protocol; (S) poor signal strength defined as
<15 dB; (C) wrong centration of scan; (A) algorithm
failure; (R) retinal pathology other than MS related;
(I) illumination; and (B) beam placement] quality
control criteria were used to ensure the quality of our

OCT scans with at least 5 of 7 criteria fulfilled in all par-
ticipants.31 Retinal nerve fiber layer (RNFL) and the
ganglion cell layer combined with the inner plexiform
layer (GCIPL) were automatically segmented by the
scanner in all four quadrants (nasal, superior, temporal,
inferior) and averaged. RNFL and GCIPL thickness of
the non-affected eye (eye without prior ON) were used
in correlation analysis. Of participants without prior
ON, OCT measures were averaged across both eyes.
Participants with a history of bilateral ON were
excluded from OCT analyses.

Visual acuity
Visual acuity (VA) was measured in pwMS using
both high (100%) and low-contrast (2.5% and
1.25%) letter acuity Sloan charts.32 VA was tested
at a 2 m distance in a well-lit room. The number of
correctly identified letters (maximum 60 letters per
chart) was reported for each eye. VA was best cor-
rected, and again measures of the non-affected eye
were reported. For participants without prior ON,
VA scores were averaged across both eyes. Based
on prior work showing that severe optic nerve

Figure 1. Volume rendered results of the thresholded tractography results of the optic radiation in a representative multiple
sclerosis (MS) patient (red).
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damage might mask or interfere with the relationship
between the OR and visual functioning,10 only parti-
cipants with an average RNFL >80µm of non-affected
eyes were included in the VA analysis.

Statistical analysis
Statistical analysis was performed in IBM SPSS
Statistics for Macintosh (version 25.0; IBM Corp.,
Armonk, NY, USA). Shapiro-Wilk’s test and histo-
gram inspection were used to assess the normality
of the data. To compare demographic, clinical,
OCT, andMRI variables between pwMS and HC, stu-
dent’s t-tests and chi-square tests were used for con-
tinuous variables and nominal variables,
respectively. The same tests were used to compare
pwMS with and without prior ON. Within-subject dif-
ferences in AVF, MVF, and g-ratio between NAWM
and lesions in pwMS were assessed with paired
t-tests. Pearson’s correlation coefficient was used to
test for relationships between entire OR measures
and OCT and VA data; if significant, results were
further analyzed specifically in NAWM and lesional
OR. Corrections for multiple comparisons were con-
ducted based on Bonferroni correction with α= 0.05.

Results

Patient characteristics
Table 1 shows the demographics and MR metrics of
all participants. Demographics and clinical character-
istics did not significantly differ between groups. The
mean disease duration of pwMS was 9.55 years.
Median EDSS was 2.0, corresponding to mild
disease severity. Whole-brain lesion volume as well
as OR lesion volume varied across pwMS (means of
7,166 mm3, range 174–48,043 mm3, and 185 mm3,
range 0–2083 mm3, respectively). Eighteen pwMS
(60%) had a history of ON, of whom seven (23.3%)
had ON in each eye at some point in their course, typ-
ically sequentially, and were excluded from the cor-
relation analysis of MRI and OCT outcomes.

OR measures
Figure 2 shows the variation in AVF, MVF, and
g-ratio in NAWM and lesional OR. AVF and MVF
in NAWM OR were decreased in pwMS compared
to HC (0.227 vs. 0.260, p< 0.001; 0.268 vs. 0.290,
p= 0.045) (Figure 3). After Bonferroni correction,
only differences in OR AVF remained significant.
G-ratio did not differ between pwMS and HC. In
pwMS, OR AVF and MVF were significantly lower
in lesions compared to NAWM (0.158 vs. 0.231, p
< 0.001; 0.200 vs. 0.265, p < 0.001). The OR g-ratio
did not differ between lesions and NAWM (Figure 4).

History of ON
Compared to pwMS with previous ON, AVF and
g-ratio in the entire OR (including NAWM and
lesions) were higher in pwMS without prior ON (p
= 0.01 and p= 0.04, respectively) (Table 2). AVF
and g-ratio in the OR NAWM were higher in
pwMS without prior ON compared to pwMS with
prior ON (p= 0.03 and p= 0.05, respectively).
However, after Bonferroni correction, no differences
remained significant in either the entire OR or the seg-
mented NAWM.

Optic coherence tomography
OR AVF showed positive correlations with RNFL
and GCIPL (r= 0.63, p= 0.001 and r= 0.66, p=
0.001, respectively) (Table 3). Subanalysis showed
moderate positive correlations between AVF in
NAWM and lesions and RNFL and GCIPL (r-range
= 0.51–0.54, p-range= 0.008–0.02). OR MVF was
significantly correlated with GCIPL (r= 0.58, p=
0.004); however, MVF specifically in NAWM and
in lesions did not show any significant correlations
with OCT data.

Focusing the analysis on pwMS with previous ON,
RNFL had a strong correlation with OR AVF (r=
0.81, p= 0.003), particularly in NAWM (r= 0.75, p
= 0.008). Also, GCIPL showed a strong positive cor-
relation with OR AVF (r= 0.76, p= 0.007). In add-
ition, a strong correlation was present between
GCIPL and OR MVF (r= 0.75, p= 0.007), again par-
ticularly in NAWM (r= 0.71, p= 0.02). In pwMS
without previous ON, RNFL thinning was moderately
associated with reduced OR g-ratio and AVF (r=
0.63, p= 0.03 and r= 0.59, p= 0.04, respectively);
however, no correlations survived Bonferroni correc-
tion (Supplementary Table 1).

Visual acuity
Five pwMS had an average RNFL <80 µm, so were
excluded from the VA analysis. OR g-ratio and
AVF showed moderate negative correlations with
low-contrast (1.25%) VA (r=−0.61, p= 0.007, and
r=−0.51, p= 0.03, respectively) (Supplementary
Table 2). After the Bonferroni correction, there were
no significant correlations between VA scores and
MRI metrics, so the results were not analyzed further.

Discussion
In this study, we evaluated changes in axonal and
myelin measures obtained from high-gradient MRI
and their inter-relationship as measured by g-ratio in
the OR of pwMS with and without previous ON
and investigated the association between these
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metrics and both RNFL and GCIPL thinning as mea-
sured by OCT. Our results show that AVF in particu-
lar can detect differences in the OR between pwMS
and HC and between NAWM and demyelinating
lesions, whereas the g-ratio did not differ.

Participants with prior ON showed trends toward
lower OR AVF and g-ratio values compared to parti-
cipants without prior ON, whose AVF and g-ratio
were closer to HC. These differences were more
prominent in NAWM than in lesions. Moreover,

Table 1. Demographics of HC and pwMS both with and without history of ON.

HC pwMS p
pwMS with
prior ON

pwMS without
prior ON p

N 17 (36.2) 30 (63.8) 18 (60.0) 12 (40.0)
Age 42.5 (14.2) 42.9 (11.7) ns 41.6 (13.1) 44.8 (9.6) ns
Sex, female 10 (58.8) 23 (76.7) ns 15 (83.3) 8 (66.7) ns
Disease duration in years — 9.2 (6.66) — 9.6 (7.3) 8.7 (5.8) ns
MS subtype
Relapsing–remitting — 24 (80.6) — 13 (72.2) 11 (91.7)
Primary progressive — 2 (6.5) — 1 (5.6) 1 (8.3) ns
Secondary progressive — 4 (12.9) — 4 (22.2) 0 (0)

Use of disease-modifying
therapya

— 27 (90.0) — 16 (88.9) 11 (91.7) ns

Expanded disability status
scale

— 2.0 [1.38–3.13] — 2.3 [1.0–3.63] 2.0 [2.0–3.0] ns

Lesion volume in mL — 7.2 (10.4) — 9.7 (12.9) 3.4 (2.2) ns
OR lesion volume in mL — 0.19 (0.42) — 0.29 (0.53) 0.033 (0.038) ns
History of ON
Left — 6 (20.0) — 6 (20.0) — —
Right — 5 (16.7) — 5 (16.7) — —
Bilateral — 7 (23.3) — 7 (23.3) — —

Duration since ON in
yearsb

— 7.9 (7.4) — 7.9 (7.4) — —

RNFL in µm
Non-affected eyes — 93.0 (16.0) — 92.6 (17.3) 93.3 (15.5) ns
Affected eyes — 81.1 (14.9) — 81.1 (14.9) — —

GCIPL in µm
Non-affected eyes — 78.8 (11.4) — 76.5 (14.4) 80.9 (7.8) ns
Affected eyes — 69.5 (13.2) — 69.5 (13.2) — —

VA 100% in %-correct
Non-affected eyes — 50.0 (10.0) — 48.5 (13.7) 51.4 (5.1) ns
Affected eyes — 45.9 (15.5) — 45.9 (15.5) — —

VA 2.5% in %-correct
Non-affected eyes — 25.6 (11.5) — 26.9 (12.7) 24.5 (10.8) ns
Affected eyes — 17.1 (11.2) — 17.1 (11.2) — —

VA 1.25% in %-correct
Non-affected eyes — 8.4 (8.9) — 12.7 (10.3) 4.5 (5.2) 0.03
Affected eyes — 4.6 (7.2) — 4.6 (7.2) — —

HC: healthy controls; MS: multiple sclerosis; pwMS: people with MS; OR: optic radiations; ON: optic neuritis; RNFL:
retinal nerve fiber layer; GCIPL: ganglion cell layer plus inner plexiform layer; VA: visual acuity; ns: not significant; SD:
standard deviation.
Demographics and MR measures were reported as number (%), mean (SD), or median (interquartile range).
a9 pwMS were taking dimethyl fumarate, 5 glatiramer acetate, 3 fingolimod, 4 interferon beta (1a/1b), 2 ocrelizumab, 2
natalizumab, 2 rituximab.
bIn the case of bilateral optic neuritis, the first episode is included.
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participants with previous ON showed stronger
correlations between AVF and MVF and retinal
thickness than participants without a history of
ON. We postulate that ON may affect axonal
density, leading to neurodegeneration in the OR.
Alternatively, axonal degeneration in the OR has
also been postulated to lead to retinal thinning in
pwMS.33

Besides focal lesions, there is a more widespread,
diffuse neurodegeneration in the NAWM of
pwMS,34 which is supported by our finding that in
particular, AVF in the OR NAWM was lower in
pwMS than HC. Prior work of our group more gener-
ally demonstrated an increase in WM g-ratio in pwMS
compared to HC and more so within lesions.2 These
differences were less apparent when focusing our

Figure 2. Representation of NAWM (light blue; second image) and lesional (red; second image) OR on axial FLAIR image
and maps of corresponding MVF (third image), AVF (fourth image), and g-ratio (fifth image). Solid arrows indicate lesions.
Dotted arrows indicate NAWM.
NAWM: normal-appearing white matter; OR: optic radiations; FLAIR: fluid-attenuated inversion recovery; MVF: myelin
volume fractions; AVF: axonal volume fraction.

Figure 3. Differences in MRmetrics in the optic radiations between pwMS and HC. AVF, MVF, and g-ratio are reported as
median values with interquartile range and minimum and maximum values for both pwMS and HC. Open circles in the MVF
plot denote outliers. Differences between pwMS and HC surviving Bonferroni correction are marked with an asterisk (*);
others are denoted as ns.
pwMS: people with multiple sclerosis; HC: healthy controls; AVF: axonal volume fraction; MVF: myelin volume fraction;
ns: not significant.

Figure 4. Differences in MR metrics in the optic radiations between lesions and NAWM. AVF, MVF, and g-ratio are
reported as median values with interquartile range and minimum and maximum for both NAWM and lesions. Open circles in
the AVF and MVF plots denote outliers. Differences between NAWM and lesions surviving Bonferroni correction are
marked with an asterisk (*); others are denoted as ns.
NAWM: normal-appearing white matter; AVF: axonal volume fraction; MVF: myelin volume fractions; ns: not significant.
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analysis on the OR, perhaps due to the effect of prior
disease in the optic nerve that would be expected to
produce a more proportional effect on myelin and
axons in the OR, yielding a similar g-ratio. In add-
ition, both AVF and MVF were significantly lower
in OR lesions compared to NAWM, as supported by
prior studies investigating axonal and myelin loss in
MS.1,2 Chronic lesions would be expected to demon-
strate g-ratio values closer to NAWM as they are char-
acterized by demyelination and axonal degeneration
rather than primarily demyelination seen in acute
lesions.34,35 While the relevance of the imaging
g-ratio may appear limited in the OR, we are restricted
from drawing these conclusions due to the cross-
sectional design of this study. Our findings emphasize
the importance of studying relative changes in AVF
and MVF over time to further tease out the patho-
physiological mechanisms driving the degree of
demyelination and axonal loss in the MS brain and
to consider those changes together.

Local, acute neuronal damage in inflammatory lesions
in the OR is related to visual disability and retinal
damage.36,37 The observed decrease in normal-
appearing OR AVF and MVF of pwMS is signifi-
cantly correlated with retinal damage as well, a
finding that is in line with previous studies investigat-
ing the relationship between OCT and OR diffusion
measures.9,10,38 Notably, the OR fractional anisot-
ropy, which is thought to be provided by both the
axon itself and its myelination, was decreased in
pwMS and associated with retinal thinning.10,38

Also, a study investigating advanced diffusion
metrics in the OR found that the axonal water fraction
was associated with RNFL thickness in pwMS
without a history of ON to the same extent as in our
study (r= 0.68 vs. r= 0.59).9 Chronic demyelination
of the optic nerve after an episode of ON is found
to accelerate retinal damage in both affected and non-
affected eyes.39 As the relation found between retinal
damage and OR metrics was more pronounced in the
setting of remote ON, this provides further evidence
linking prior disease in the optic nerve and clinical
functioning in ON to accumulating axonal damage
and demyelination of the OR in MS—two structures
that are synaptically connected at the LGN. As this
process might evolve slowly and its effects might be
mild,39 long-term monitoring is required to establish
and reliably measure the neurodegenerative conse-
quences of optic nerve demyelination.

A strength of our study was the use of advanced neu-
roimaging measures to estimate AVF, MVF, and
g-ratio. In particular, the use of high-gradient diffusion

MRI may provide a higher signal-to-noise ratio and
more robust estimates of CSF and restricted water frac-
tions, increasing the sensitivity of probing smaller diam-
eter axons. However, these methods require further
validation on other 3T systems with conventional and
high-gradient strengths, which are becoming increas-
ingly prevalent as high-performance gradient technol-
ogy improves.14,40,41 Additionally, we applied a
relatively novel and accurate approach to reconstruct
the OR fiber tracts. For fiber tracking, we used “prob-
trackx2” and selected our ROIs by a semi-automated
segmentation of FreeSurfer, which has been shown to
reconstruct fiber tracts accurately and reproducibly.42

As other studies applied different approaches for OR
reconstruction, direct comparison is limited.

Our study is limited by the small sample size and het-
erogeneity of the cohort, restricting the statistical
power of our analyses, which implies that significant
results are relevant but provisional. As already
pointed out, due to the cross-sectional study design,
we were only able to investigate associations rather
than causality between retinal thickness and OR mea-
sures. Larger longitudinal studies are needed to evalu-
ate the possible causal relationship between those two.

In conclusion, AVF, MVF, and imaging g-ratio reflect
microstructural tissue damage in the OR, particularly
in the setting of remote ON, and correlate with estab-
lished metrics of visual health. Axonal, and to a lesser
extent myelin, changes are observed in the setting of
remote ON, suggesting axonal measures play an
important role in modulating clinical functioning
after ON. Preservation of axons is therefore important
as it relates to visual recovery. Further research should
investigate the use of this method in measuring
remyelination after an acute demyelinating event.
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