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ORIGINAL RESEARCH
ADULT BRAIN

Imaging G-Ratio in Multiple Sclerosis Using High-Gradient
Diffusion MRI and Macromolecular Tissue Volume

F. Yu, Q. Fan, Q. Tian, C. Ngamsombat, N. Machado, J.D. Bireley, A.W. Russo, A. Nummenmaa, T. Witzel,
L.L. Wald, E.C. Klawiter, and S.Y. Huang

ABSTRACT

BACKGROUND AND PURPOSE: Remyelination represents an area of great therapeutic interest in multiple sclerosis but currently
lacks a robust imaging marker. The purpose of this study was to use high-gradient diffusion MRI and macromolecular tissue volume
imaging to obtain estimates of axonal volume fraction, myelin volume fraction, and the imaging g-ratio in patients with MS and
healthy controls and to explore their relationship to neurologic disability in MS.

MATERIALS AND METHODS: Thirty individuals with MS (23 relapsing-remitting MS, 7 progressive MS) and 19 age-matched healthy
controls were scanned on a 3T MRI scanner equipped with 300 mT/m maximum gradient strength using a comprehensive multishell
diffusion MRI protocol. Macromolecular tissue volume imaging was performed to quantify the myelin volume fraction. Diffusion
data were fitted to a 3-compartment model of white matter using a spheric mean approach to yield estimates of axonal volume
fraction. The imaging g-ratio was calculated from the ratio of myelin volume fraction and axonal volume fraction. Imaging metrics
were compared between groups using 2-sided t tests with a Bonferroni correction.

RESULTS: The mean g-ratio was significantly elevated in lesions compared with normal-appearing WM (0.74 vs 0.67, P , .001).
Axonal volume fraction (0.17 vs 0.23, P , .001) and myelin volume fraction (0.17 vs 0.25, P , .001) were significantly lower in lesions
than normal-appearing WM. Myelin volume fraction was lower in normal-appearing WM compared with that in healthy controls
(0.25 vs 0.27, P = .009). Disability, as measured by the Expanded Disability Status Scale, was significantly associated with myelin vol-
ume fraction (b = –40.5, P = .001) and axonal volume fraction (b = –41.0, P = .016) in normal-appearing WM.

CONCLUSIONS: The imaging g-ratio may serve as a biomarker for the relative degree of axonal and myelin loss in MS.

ABBREVIATIONS: AVF 4 axonal volume fraction; EDSS 4 Expanded Disability Status Scale; HC 4 healthy controls; MSFC 4 multiple sclerosis functional
composite; MTV 4 macromolecular tissue volume; MVF 4 myelin volume fraction; NAWM 4 normal-appearing white matter; NODDI 4 neurite orientation
dispersion and density imaging; PMS 4 progressive MS; qMT 4 quantitative magnetization transfer; RRMS 4 relapsing-remitting MS

Multiple sclerosis is a disease of the CNS characterized by
inflammatory demyelination and axonal loss. Demyelination

predisposes axons to immune-mediated injury, resulting in axo-
nal loss that is thought to be the substrate of permanent disabil-
ity.1 Myelin repair occurs to a variable extent, and promoting
remyelination represents an area of great therapeutic interest.2,3

Unfortunately, conventional MRI is unable to distinguish remye-
lination from myelin loss and axonal damage. This lack of

sensitivity and specificity highlights the need for more specific
imaging approaches.
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Advanced diffusion MRI methods such as diffusional kurtosis
imaging,4 neurite orientation dispersion and density imaging
(NODDI),5 and AxCaliber,6 provide metrics such as the axonal
volume fraction (AVF) that may be more specific to axonal
microstructure than DTI metrics in white matter disease7 and
neurodegeneration.8 The availability of higher gradient strengths
on clinical and research MRI scanners also offers improved sensi-
tivity to intra-axonal water diffusion compared with measure-
ments at conventional gradient strengths.9-11 Quantitative MRI
markers sensitive to myelin volume fraction (MVF) include
quantitative magnetization transfer (qMT),12 myelin water imag-
ing,13 and macromolecular tissue volume (MTV) imaging.14

Combining myelin and axonal metrics has the potential to
offer a richer in vivo characterization of white matter integrity
than either metric alone. The synergistic combination of MVF
and AVF can be used to estimate an aggregate myelin g-ratio,
which is defined as the ratio of the inner-to-outer diameter of the
myelin sheath.15 The g-ratio could be used to extract the degree
of axonal myelination, illuminating disease evolution that might
otherwise be challenging to interpret. For example, lesions with
demyelination as the predominant pathology would demonstrate
an increased g-ratio (Fig 1). On the other hand, in lesions with
concomitant myelin and axonal loss, the g-ratio would remain
unchanged.

Several studies have used MR imaging to interrogate the g-ra-
tio in the brain15-18 and spinal cord,19,20 referred to here as the
imaging g-ratio. Previous imaging studies in MS demonstrated
an increase in g-ratio within lesions compared with the normal-
appearing white matter (NAWM) using NODDI for estimation
of AVF, and qMT and synthetic MRI for estimation of MVF,
respectively.15,17 We postulate that the use of high-gradient diffu-
sion MRI imaging should provide consistent estimates of AVF
compared with those reported in previous studies and, when
combined with measurements of MVF, should yield consistent
trends in the imaging g-ratio between lesions and NAWM.

The purpose of this study was to use high-gradient diffusion
MRI and MTV imaging to obtain estimates of AVF, MVF, and
imaging g-ratio in patients with MS and healthy controls (HC)

and to explore the relationship of these
imaging markers with neurologic disabil-
ity in MS. We hypothesized that lesions
would show evidence of demyelination
and axonal loss manifesting as decreased
MVF, decreased AVF, and increased g-
ratio relative to NAWM and white mat-
ter of HC.

MATERIALS AND METHODS
This prospective study was approved by
the Massachusetts General Hospital insti-
tutional review board and is compliant
with the Health Insurance Portability and
Accountability Act guidelines. All partici-
pants provided written informed consent.

Subjects
Thirty patients with a clinical diagnosis

of MS and 19 age-matched healthy volunteers were prospectively
recruited fromMarch 2016 through March 2018 (On-line Table).
Of the 30 patients with MS, 23 had relapsing-remitting MS
(RRMS), while 7 had progressive MS (PMS; consisting of 2 pri-
mary-progressive and 5 secondary-progressive MS patients.
Inclusion criteria for subjects with MS were a diagnosis of clini-
cally definite MS, absence of clinical relapse within 3 months, and
being on stable disease-modifying treatment or no treatment for
at least 6 months. Exclusion criteria for all subjects were evidence
of other structural brain diseases, severe claustrophobia, or other
contraindications to MR imaging.

Neurologic disability in the patients with MS was assessed
using the Expanded Disability Status Scale (EDSS) and
Multiple Sclerosis Functional Composite (MSFC). A board-
certified neurologist blinded to the imaging results conducted
a standard clinical examination, which was used in the calcula-
tion of the EDSS. A trained examiner administered the MSFC-
3, and the z score was calculated using the Symbol Digit
Modalities Test, Timed 25-Foot Walk, and Timed Nine-Hole
Peg Test.

MRI Acquisition
All subjects were imaged on a 3T MRI scanner (Magnetom
Connectom; Siemens, Erlangen, Germany) with a maximum gra-
dient strength of 300 mT/m and a maximum slew rate of 200 T/
m/s. A custom-built 64-channel phased array head coil was used
for signal reception.21 Diffusion data were acquired using a diffu-
sion-weighted spin-echo single-shot EPI sequence in the sagittal
plane with 2-mm isotropic voxel size, TE/TR = 77/3600 ms, par-
allel imaging acceleration factor R = 2, simultaneous multislice
imaging with a slice acceleration factor of 2, and anterior-to-pos-
terior phase encoding. Interspersed b=0 images were acquired ev-
ery 16 images. A multishell diffusion imaging protocol was
performed using a diffusion gradient pulse duration of 8 ms, dif-
fusion times of 19 and 49 ms, and 8 diffusion gradient increments
linearly spaced from 30 to 290 mT/m per diffusion time, for a
total of 16 b-values. The diffusion gradients were applied in 32
directions for b-values of ,2300 s/mm2 and 64 directions for b-

FIG 1. Schematic diagram outlining different possible outcomes for the g-ratio based on altera-
tions in myelination and axonal integrity relative to healthy white matter. Left, When demyelin-
ation predominates and axonal integrity is preserved, the g-ratio is elevated. Right, When axonal
loss occurs with concordant loss of myelin, the g-ratio may be relatively conserved.
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values of .2300 s/mm2, uniformly distributed on a sphere. The
maximum b-value was 17,800 s/mm2. A set of 5 b=0 images with
a reversed-phase encoding direction was acquired to correct for
susceptibility-induced distortions. The diffusion MRI protocol was
designed to include the minimum number of diffusion-weighted
imaging volumes to obtain reproducible estimates of apparent
axon diameter and density compared with a more extensive acqui-
sition,22 while keeping the scan time within an acceptable duration
for imaging patients (,1 hour). The total acquisition time was 51
minutes.

MTV data for myelin quantification were acquired using a
multiple flip angle spoiled gradient-echo 3D-FLASH sequence at
1-mm isotropic resolution with TE/TR = 2.74/20 ms and flip
angle = 4°, 10°, 20°. The duration of each 3D-FLASH sequence
was 5 minutes 6 seconds, resulting in a total acquisition time of
15 minutes 18 seconds. Structural images were acquired includ-
ing a T1-weighted multiecho MPRAGE sequence at 1-mm iso-
tropic resolution with TE/TR = 1.15, 3.03, 4.89, 6.75 ms/2530 ms,
TI = 1100 ms, R = 3, and flip angle = 7° (acquisition time of 3
minutes 58 seconds), and a 3D-FLAIR sequence at 0.9-mm iso-
tropic resolution with TE/TR/TI = 389/5000/1800 ms and R = 2
(acquisition time of 5 minutes 47 seconds).

Data Processing and Analysis
Diffusion Imaging. All data were corrected for gradient nonli-
nearity using in-house software.23 Susceptibility- and eddy cur-
rent–induced distortions and motion in the diffusion-weighted
images were corrected using topup (https://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/topup) and eddy (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
eddy) in FSL (https://fsl.fmrib.ox.ac.uk).24-26

A recently developed approach for inferring axonal compart-
ment size and volume fraction from a multicompartment spherical
mean signal model of white matter was used to quantify the axonal
volume fraction.27 A 3-compartment model of restricted diffusion
within impermeable cylindric axons, hindered Gaussian diffusion in
the extra-axonal space, and free diffusion in CSF was used to model
water diffusion in white matter. The spherically averaged form of
the signal model was fitted using Markov chain Monte Carlo sam-
pling to yield orientation-independent estimates of restricted vol-
ume fraction (fr), hindered diffusion coefficient, and CSF volume
fraction (fcsf).

28 The longitudinal diffusion coefficient was assumed
to be 1.7� 10�3 mm2/s within axons, and the free diffusivity coeffi-
cient was assumed to be 3 mm2/s (diffusivity of free water at 37° C).

Macromolecular Tissue Volume. The 3D-FLASH magnitude
images were corrected for B1 inhomogeneity.20 The FLASH
images with flip angle = 4°, 10° were then registered to the
FLASH image with flip angle = 20° using the FSL Linear
Registration Tool (FLIRT; http://www.fmrib.ox.ac.uk/fsl/fslwiki/
FLIRT). The equilibrium magnetization M0 (product of the coil
reception profile and proton density) and T1 values were estimated
on a voxel-wise basis.20 The macromolecular tissue volume was
computed as14

1)
MTV4 1� ProtonDensity

ProtonDensity of FreeWater

� �
:

Registration and Segmentation
Cortical surface reconstruction and volumetric segmentation were
performed on T1-weighted images using FreeSurfer (Version 5.3.0;
http://surfer.nmr.mgh.harvard.edu).29,30 The FLASH images at flip
angle = 20° and b=0 diffusion images were coregistered to each
subject’s T1-weighted image using the boundary-based registration
tool in FreeSurfer with 6 df. The resultant transformations were
applied to the MTV, fr, and fcsf maps for alignment with the T1-
weighted images.

Binary lesion masks were generated from the T1 MPRAGE
and 3D-FLAIR images using an in-house automated segmenta-
tion procedure developed within the FreeSurfer image analysis
suite, described in detail in Lindemer et al31 and adapted for use
in patients with MS by the authors of that work. In brief, this seg-
mentation tool performs intensity normalization of a subject’s
T1- and FLAIR-weighted images using a multimodal atlas and
segments white matter lesions from NAWM using a multimodal
Gaussian classifier array as well as individual-based heuristics.
The lesion masks generated by the automated tool tended to
overestimate the lesion size and were manually edited by 2 expe-
rienced neuroradiologists, who overlaid the lesion masks gener-
ated by automated segmentation on the 3D-FLAIR images and
removed voxels that did not clearly contain T2/FLAIR hyperin-
tensity in the perilesional white matter. In cases in which there
were incongruences between the lesion masks generated by the 2
raters, the decisions on which voxels to include in the lesion mask
were made by consensus. Whole-brain cerebral white matter
masks were created by combining the FreeSurfer segmentations of
right and left hemispheric white matter and the corpus callosum.
Masks of NAWM in the patients with MS were generated by sub-
tracting the lesion masks from the cerebral white matter masks.

Comparisons to prior clinical MR imaging were performed
for the subjects with MS. Of these, 22 (16 RRMS) subjects had
clinical contrast-enhanced MRI of the brain completed within
one year before the study scan.

G-Ratio Calculation
The g-ratio-weighted maps were generated assuming that MTV
reflects the MVF.20 The AVF was calculated by combining fr, fcsf,
and MTV:15,20

2)
AVF4 1�MTVð Þ � 1� fcsf

� �� fr:

The g-ratio (g) was then computed as15

3)

g4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

1 þ MTV
AVF

s
:

Statistical Analysis
Statistical analysis was performed in STATA 12.1 (StataCorp,
College Station, Texas). Comparisons of MVF, AVF, and the g-ra-
tio among lesions, NAWM, and white matter in HC (HCWM)
were performed using a 2-sided t test, following the 1-sample
Kolmogorov-Smirnov test for normality. The Mann-Whitney U
test was used to compare subsets of patients with MS (RRMS ver-
sus PMS). Bonferroni correction was performed to account for
multiple comparisons (uncorrected P , .05, corrected P , .0167)
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for each set of tissue contrasts. Raw uncorrected P values surviving
Bonferroni correction are reported throughout this work.

Correlations between disability scores and imaging metrics
averaged in each subject were assessed using linear regression,
adjusting for age and sex.

RESULTS
Demographic and clinical characteristics of the MS and HC
groups are shown in the On-line Table. The MS group did not
differ significantly from the HC group in age or sex ratio.
Furthermore, the RRMS subgroup did not differ significantly
from the combined PMS subgroups in age, sex, disease dura-
tion, or use of disease-modifying therapy. Among all subjects
with MS, there were 1418 supratentorial lesions. The mean
number of lesions per subject was 48.9 6 51 (range, 4–212).
Based on comparison with clinical scans, 10 subjects with MS
had lesions (total of 17 lesions) that developed within 1 year
before the study scan.

Figure 2 highlights the variability in the g-ratio as exemplified
in a patient with RRMS, including a lesion with an elevated g-ra-
tio reflecting myelin loss but preserved AVF, in comparison with
a lesion with a g-ratio similar to that of NAWM. This example
demonstrates the potential of the imaging g-ratio to distinguish
lesions affected predominantly by demyelination from those with
concordant axonal and myelin loss.

Among all patients with MS, lesion AVF and MVF were sig-
nificantly lower than in NAWM, (0.17 versus 0.23 for AVF, P ,

.001, and 0.17 versus 0.25 for MVF, P , .001) (Table 1). The
mean g-ratio was significantly elevated in lesions compared with
NAWM (0.74 versus 0.67, P , .001). The MVF was lower in

NAWM compared with HCWM (0.25
versus 0.27, P , .009). No significant
difference was observed in the g-ratio
and AVF of NAWM and HCWM.

When we compared imaging metrics
in RRMS and PMS subgroups (Table 2),
the average lesion AVF (0.14 versus
0.18, P , .006) and MVF (0.13 versus
0.18, P , .001) were significantly lower
in PMS. The average lesion g-ratio was
not significantly different between
RRMS and PMS. NAWMMVF was sig-
nificantly lower in PMS compared with
RRMS (0.22 versus 0.26, P , .01). No
significant difference in AVF or g-ratio
was observed for NAWM in subjects
with RRMS and PMS.

Disability, measured by the EDSS,
was significantly associated with MVF
(b = –40.5, P , .001) and AVF (b = –

41.0, P , .02) in NAWM, with lower
MVF and AVF observed with higher
EDSS scores. No significant relationship
was observed between the EDSS and the
g-ratio in NAWM averaged in each sub-
ject (b = 16.5, P = .20). Higher EDSS

scores were significantly associated with lower MVF (b = –21.9,
P = .03) and higher g-ratios (b = 11.9, P = .04) in lesions.
Disability, measured by the MSFC-3, was significantly associ-
ated with MVF in NAWM (b = 45.9, P = .001), with lower
MVF observed with lower MSFC-3 z scores. Lower AVF (b =
35.8, P = .06) and a higher g-ratio in NAWM (b = –25.6, P =
.07) were associated with worse performance on the MSFC-3,
though the correlations did not meet statistical significance.
Lower MSFC-3 z-scores correlated with lower MVF (b =
31.4, P = .003) and higher g-ratios (b = –18.5, P = .003) in
lesions.

DISCUSSION
In this study, we estimated AVF using a spheric mean analysis of
high-gradient diffusion MRI data and quantified myelin content
using MTV imaging. We examined the imaging metrics of AVF
and MVF separately and combined them to probe alterations in
the imaging g-ratio within lesions and NAWM in patients with
MS. We found evidence of myelin and axonal loss within lesions
compared with NAWM, as well as myelin loss in NAWM com-
pared with HCWM. Lower AVF and MVF in NAWM were sig-
nificant predictors of neurologic disability as measured by the
EDSS and the MSFC-3 in the case of MVF. A trend toward a
higher g-ratio was observed in patients who performed worse on
the EDSS and MSFC-3, though the correlations did not meet sta-
tistical significance.

MVF and AVF were significantly lower in lesions relative to
NAWM, consistent with prior g-ratio imaging studies that
reported both myelin and axonal loss within focal lesions in
MS.15,17 The finding of an elevated g-ratio in lesions compared
with NAWM suggested that myelin loss was the predominant

FIG 2. Representative axial T2-FLAIR image and maps of macromolecular tissue volume reflect-
ing myelin content, axonal volume fraction, and g-ratio in a patient with RRMS. The upper row
shows a lesion with an elevated g-ratio (0.95), indicating a greater degree of demyelination
relative to axonal loss. The lower row shows a lesion with concordant axonal and myelin
loss, which is reflected by a g-ratio similar to that of NAWM (0.69). For comparison, the
conventional T2-FLAIR images do not demonstrate a discernible difference in contrast
between the 2 lesions.
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pathology and the resulting myelin sheaths were thinner.
Examining the relative change in MVF and AVF as estimated
through these advanced MRI metrics may help to distinguish
among acute demyelinating, remyelinating, and chronic lesions,
which is not possible with conventional T2/FLAIR sequences.32

Following the initial demyelinating event, MVF would be
expected to decrease while AVF would be relatively preserved,
resulting in an elevation of the g-ratio. The g-ratio would be
expected to normalize with more complete remyelination.
Alternatively, chronic lesions with complete loss of the axolemma
would also be expected to demonstrate g-ratio values approach-
ing those of NAWM.

Lesions in patients with MS demonstrated significantly lower
MVF and AVF compared with those in patients witb RRMS, con-
sistent with more profound myelin and axonal loss. The g-ratio
did not differ significantly, indicating a similar degree of relative
lesion demyelination in PMS and RRMS. The NAWM of patients
with PMS also showed lower MVF and AVF compared with
patients with RRMS, but to a lesser degree than in lesions.

The estimated MVF and AVF were lower in NAWM com-
pared with HCWM, though not to the same degree as in lesions.
The g-ratio in NAWM also did not differ significantly from
HCWM. One possible explanation is that there may be relatively
concordant myelin and axonal loss in NAWM. This hypothesis is
supported by previous studies of clinically progressive MS that
showed that the underlying pathology shifts from one of inflam-
matory attacks to neurodegeneration of the NAWM.34

In evaluating the correlation between neurologic disability
and MVF, AVF, and g-ratio in the NAWM, we found significant
negative correlations between EDSS and MVF and AVF, indicat-
ing that clinical disability worsens as NAWM loses myelin and
axonal integrity. The trend toward an elevated g-ratio with more
profound disability suggests that more pronounced relative de-
myelination, or incomplete remyelination, may contribute to
greater clinical disability.

To date, most in vivo studies of g-ratios within the CNS have
been performed using NODDI to estimate AVF16,20,22,34 and
qMT15,16,19,20,34 to estimate MVF. Our estimates for the mean g-
ratio within lesions and NAWM were similar to those previously

reported using qMT and NODDI.15 Hagiwara et al17 found
higher lesion g-ratios, likely due to differences in their approach
to myelin quantification using synthetic MRI. Specifically, their
estimates for MVF were considerably lower within lesions than
prior qMT estimates35 as well as our MTV results, possibly due to
not including a partial volume pool to account for magnetization
transfer effects, which could result in a downward bias in the
MVF estimates.17 Accordingly, the estimated g-ratio in lesions
was also higher.

Our estimates for AVF were generally lower than those of pre-
vious studies using NODDI, a finding we attribute to differences
in the assumptions of the 2 diffusion models. The NODDI
approach assumes fixed and equal parallel diffusivities in the
intra- and extra-axonal space, which has been shown to produce
substantial overestimation of the AVF on the order of 30%–
50%.5,36 By comparison, in our spheric mean model, we explicitly
estimated the extra-axonal hindered diffusivity, constraining it to
be less than the intra-axonal parallel diffusivity, as suggested by
independent validation of the compartment parallel diffusiv-
ities.37 In our work, we also took advantage of the 300-mT/m
maximum gradient strength accessible on the Connectom scan-
ner. Higher gradient strengths have been shown to increase the
sensitivity of diffusion MRI experiments to intra-axonal water
diffusion.9-11 The accuracy of the AVF values obtained in our
study is supported by systematic numeric simulations and valida-
tion experiments on a biomimetic brain phantom composed of
textile hollow fibers with restricted volume fractions ranging
from 0.1 to 0.7.38 The estimates of AVF using the spheric mean
approach and related techniques are in line with those obtained
from histology,39 with estimates of AVF in human white matter
from electron microscopy being on the order of 0.2–0.3, which is
consistent with the AVF values estimated in healthy controls and
NAWM in our study.

If substantiated in larger studies, the imaging g-ratio may be
used as a biomarker to aid in patient selection for disease-modify-
ing therapy. In particular, early-phase clinical trials for remyeli-
nating therapies have yielded inconsistent results to date,33

possibly due to suboptimal patient selection.32 MS is a heteroge-
neous disease with specific phenotypes that may be more

Table 1: Comparison of imaging metrics in patients with multiple sclerosis and healthy controls

HC NAWM Lesions
HC vs NAWM

(P Value)
NAWM vs Lesions

(P Value)
AVF 0.24 6 0.02 0.23 6 0.02 0.17 6 0.04 .15a ,.001a,b

MVF 0.27 6 0.02 0.25 6 0.03 0.17 6 0.04 .009b,c ,.001a,b

G-ratio 0.66 6 0.02 0.67 6 0.03 0.74 6 0.06 .17a ,.001b,d

a Student t test.
b Significance following Bonferroni correction.
cMann-Whitney U test.
dWilcoxon signed rank test.

Table 2: Comparison of imaging metrics in patients with relapsing-remitting and progressive multiple sclerosis

RRMS Lesions PMS Lesions RRMS NAWM PMS NAWM
RRMS vs PMS

Lesions (P Value)
RRMS vs PMS

NAWM (P Value)
AVF 0.18 6 0.04 0.14 6 0.02 0.24 6 0.02 0.22 6 0.02 .006a .06
MVF 0.18 6 0.03 0.13 6 0.03 0.26 6 0.02 0.22 6 0.03 .001a .01a

G-ratio 0.72 6 0.05 0.78 6 0.07 0.67 6 0.02 0.68 6 0.04 .13 .39
a Significance following Bonferroni correction.
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responsive to remyelinating therapy, which could vary within the
same patient at different time points.40 The incorporation of g-ra-
tio-weighted imaging with myelin and axonal metrics may offer
additional tools to help address this issue. Specifically, patients
with acute lesions who show elevated g-ratios consistent with
more profound demyelination may be more likely to respond to
remyelinating therapies, whereas patients with near-normal g-
ratios reflecting more complete remyelination, or axonal loss,
may be less likely to derive a benefit.

CONCLUSIONS
In this study, we imaged the g-ratio in patients with MS using
AVF derived from high-gradient diffusion MRI and MVF
quantified through MTV. We found evidence of dispropor-
tionately greater myelin loss resulting in elevated g-ratios
within lesions compared with NAWM. NAWM showed a
lesser degree of axonal and myelin loss that was relatively con-
cordant compared with white matter in healthy controls.
Clinical disability as measured by the EDSS and MSFC-3 cor-
related with MVF, AVF, and, to a lesser degree, with the g-ra-
tio in patients with MS. Longitudinal studies are needed to
determine the potential role that these imaging metrics could
play as outcome measures or in aiding patient selection for
clinical trials of remyelinating therapies.
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