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ABSTRACT

BACKGROUND AND PURPOSE: Inhomogeneous magnetization transfer is a new endogenous MR imaging contrast mechanism that has
demonstrated high specificity for myelin. Here, we tested the hypothesis that inhomogeneous magnetization transfer is sensitive to
pathology in a population of patients with relapsing-remitting MS in a way that both differs from and complements conventional
magnetization transfer.

MATERIALS AND METHODS: Twenty-five patients with relapsing-remitting MS and 20 healthy volunteers were enrolled in a prospective
MR imaging research study, whose protocol included anatomic imaging, standard magnetization transfer, and inhomogeneous magneti-
zation transfer imaging. Magnetization transfer and inhomogeneous magnetization transfer ratios measured in normal-appearing brain
tissue and in MS lesions of patients were compared with values measured in control subjects. The potential association of inhomogeneous
magnetization transfer ratio variations with the clinical scores (Expanded Disability Status Scale) of patients was further evaluated.

RESULTS: The magnetization transfer ratio and inhomogeneous magnetization transfer ratio measured in the thalami and frontal, occip-
ital, and temporal WM of patients with MS were lower compared with those of controls (P < .05). The mean inhomogeneous magneti-
zation transfer ratio measured in lesions was lower than that in normal-appearing WM (P < .05). Significant (P < .05) negative correlations
were found between the clinical scores and inhomogeneous magnetization transfer ratio measured in normal-appearing WM structures.
Weaker nonsignificant correlation trends were found for the magnetization transfer ratio.

CONCLUSIONS: The sensitivity of the inhomogeneous magnetization transfer technique for MS was highlighted by the reduction in the
inhomogeneous magnetization transfer ratio in MS lesions and in normal-appearing WM of patients compared with controls. Stronger
correlations with the Expanded Disability Status Scale score were obtained with the inhomogeneous magnetization transfer ratio com-
pared with the standard magnetization transfer ratio, which may be explained by the higher specificity of inhomogeneous magnetization
transfer for myelin.

ABBREVIATIONS: CC = corpus callosum; EDSS = Expanded Disability Status Scale; FWM = frontal WM; IC = internal capsule; ihMT = inhomogeneous magne-
tization transfer; ihMTR = inhomogeneous magnetization transfer ratio; MT = magnetization transfer; MTR = magnetization transfer ratio; OCCWM = occipital WM;
RRMS = relapsing-remitting MS; TEMPWM = temporal WM

M ultiple sclerosis is a chronic inflammatory, demyelinating  pathologic processes of MS, demyelination stands out as a major

autoimmune disease of the central nervous system.  contributor to its pathogenesis. Hence, obtaining a precise in vivo
Whereas edema, inflammation, and axonal loss are part of the  assessment of myelin content is urgently needed, especially con-

sidering the recent advances in our understanding of the molec-

- — ular and cellular mechanisms regulating de- and re-myelination
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and the emergence of new therapies to promote re-myelination.
The ability of MR imaging to produce contrasts sensitive to dif-
ferent tissues, combined with its noninvasiveness, has propelled it
to a technique of choice for in vivo imaging. Direct imaging of
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FIG1. A, Postprocessing pipeline. Step 1: Quantitative MTR and ihMTR map calculation for controls and patients with RRMS. Step 2: Manual segmen-
tation of WM lesions on the multislice T, images and reslicing to the single-slice 2D ihMT reference space. Step 3: Construction of the ihMT average
template by realignment of the ihMT images of the control and RRMS subjects into a new common reference space. Construction of the ihMT atlas
was based on the ihMT average template by manual segmentation of frontal, temporal, and occipital WM, internal capsule, corpus callosum, thalami,
and putamen. Step 4: Automatic segmentation of individual ihMT images by projection of the ihMT atlas onto the individual native space of each
control and patient. Individual lesion masks obtained in step 2 were removed from the ihMT atlas to generate normal-appearing tissue ROls. Step 5:
Quantitative measurement of ihMTR and MTR in the ROIs and lesions. B, Lesion-load map calculated over all the patients with RRMS and superimposed
over the ihMT average template. The histogram shows the percentage of lesions within each brain structure.

myelin is, however, challenged by the MR imaging properties of
the nonaqueous protons in the phospholipid bilayers that make
up myelin. They produce a broad resonance spectrum spanning
several kilohertz and leading to transverse relaxation times on the
order of a few tens of microseconds, which correspond to a signal
decay too fast to be detected directly. Advanced MR imaging tech-
niques such as diffusion tensor imaging, myelin water fraction,'
and magnetization transfer (MT)>> have thus been developed
and their associated metrics have been shown to correlate, to
some extent, with myelin content, thus providing an indirect as-
sessment of myelin-related information.

The MT technique has been particularly used in clinical MS
research studies, and its sensitivity for the pathology has been
widely demonstrated.*”” However, the MT signal is not specific to
myelin, and other mechanisms involved in this complex disease
(eg, inflammation, axonal loss) also contribute to the changes in
MT metrics, thus preventing a complete understanding of myelin
damage and repair in MS. The development of myelin-specific
MR imaging techniques remains thus an active and highly focused
area of research in which novel approaches are being sought. One
promising example is the recently described inhomogeneous

magnetization transfer (ihMT) technique,® which can be envi-
sioned as a method to image, in vivo, the dipolar order (charac-
terized by a dipolar relaxation time constant) underlying broad
tissue macromolecular lines.” "' The long dipolar relaxation time
values associated with myelinated structures compared with oth-

er512,13

allow the ihMT technique to more selectively isolate the
contribution of the myelin dipolar order within the broad MT
signal, thereby providing higher specificity for myelinated struc-
tures.'* Studies performed on control subjects have shown exqui-
site contrast for CNS myelin-containing tissues,">'® but the value
of ihMT in clinical applications has yet to be demonstrated.

The current study aimed to provide preliminary evidence for
the utility of ihM T in multiple sclerosis. We hypothesized that due
to its strong specificity for myelin, ihMT should be sensitive to MS
pathology and provide complementary information relative to
the non-myelin-specific standard MT technique.

MATERIALS AND METHODS

Subjects

All subjects provided informed consent to participate in this pro-
spective research study, which received the approval of the local
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FIG 2. Representative anatomic T,,, images (A and D) and MTR (B and E) and ihMTR (C and F) maps
obtained on a control subject and a patient with RRMS after step 1 of the postprocessing proce-
dure. Decrease of MTR and ihMTR signals is clear in patients (E and F) relative to controls (B and C)
in the FWM and OCCWM (orange arrows). Brain areas encompassing lesions (white arrows) are
shown in inserts for each technique. T,,, hyperintensities and MTR/ihMTR hypointensities are

clearly visible in lesions.

research ethics committee (CPP Sud Méditerranée 1). Twenty-
five patients with relapsing-remitting MS (RRMS) (20:5 women/
men; mean age, 42/41 years; age range, 28 —53 years; mean disease
duration, 11/9 years; disease duration range, 1-22 years; 10 pa-
tients under disease-modifying treatment at the time of MR ex-
aminations; 9 patients with acute relapses at the time of MR im-
aging examinations) and 20 matched healthy volunteers (14:6
women/men; mean age, 42/39 years; age range, 28 57 years) were
enrolled in this 1-year study. The exclusion criteria were alcohol
or other drug abuse, history of psychiatric diseases, or any neuro-
logic diseases other than MS. All patients underwent a standard
neurologic examination by certified neurologists, and disability
was assessed by the Kurtzke Expanded Disability Status Scale
(EDSS)"” (mean group EDSS, 1.7; EDSS range, 0—6.5).

MR Imaging Acquisition

MR imaging examinations were performed on a 1.5T MR imaging
system (Avanto; Siemens, Erlangen, Germany). The protocol in-
cluded a 3D-FLAIR sequence (TR/TE/TI = 6000/333/2200 ms,
FOV = 256 X 256 X 176 mm®, matrix = 256 X 256 X 176, isotropic
spatial resolution = 1 mm?); a T,,,, multi-TE sequence (TR = 2600
ms, TEs = 14/85 ms, 44 contiguous axial slices [3-mm thick] parallel
to the anterior/posterior commissure line, FOV = 256 X 256 mm?,
matrix = 256 X 256, spatial resolution = 1.0 X 1.0 X 3.0 mm?); and
an axial 2D-pulsed-ihMT HASTE sequence'> (circular polarized
mode, TR/TE = 3000/21 ms, 789-Hz/pixel readout bandwidth, echo
spacing = 3.52 ms, 120° spin-echo refocusing angle for limitation of
the radiofrequency specific absorption rate, FOV = 256 X 256 mm?,
matrix = 256 X 256, single slice of 9-mm thick, spatial resolution =
1.0 X 1.0 X 9.0 mm?). The slice was common to all subjects and
chosen parallel to the anterior/posterior commissure line, midven-
tricle to intercept the thalami. The ihMT preparation used the fol-
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lowing parameters, optimized for brain
studies at 1.5T"": frequency-offset, |Af|=
7 kHz; pulse width/interpulse delay, PW/
At = 0.5/1 ms; duration of saturation, T =

700 ms; intensity of saturation over the
whole presaturation phase, B s = 7.0
uT. The 4 MT-prepared images required
to generate the ihMT contrast (Equation
1) were averaged 20 times (20 NEX) cor-
responding to 4 minutes 15 seconds of ac-
quisition time.

Postprocessing
The entire postprocessing procedure is
summarized in Fig 1:

Step 1: Quantitative magnetization
transfer ratio (MTR) and inhomoge-
neous magnetization transfer ratio
(ihMTR) map calculation. Magnitude
MT-weighted images derived from the
ihMT sequence were processed using
Matlab (Version R2012; MathWorks,
Natick, Massachusetts) custom routines
to generate, for all subjects (controls and
patients), the composite hMT images and
the quantitative ihMT and MT ratios as
defined by Girard et al'® and Prevost et al'®:

1) ihMT = (MT* + MT™ = MT*™ = MT %),
ihMTR = ihMT/S,,
MTR = 1-MT"/S,.

(MT*,MT") and (MT"~,MT ") correspond to MT-weighted
images obtained with radiofrequency saturation at a single fre-
quency offset (+Af or —Af, Fig 2A of Girard et al"*) and dual fre-
quency offset (=Af, Fig 2B of Girard et al'”), respectively. S, is the
signal measured with the radiofrequency saturation power set to
Zero.

Step 2: Manual segmentation of WM lesions in the ihMT
space. Following a procedure commonly used in clinical trials,
segmentation of MS lesions (characterized by T2-hyperintensi-
ties) was performed on T,,, images. For each patient, MS lesions
were manually delineated on the 3-mm-thick T,,, images con-
tained within the single 9-mm-thick ihMT image, using FSLView
3.2.0 (http://www.fmrib.ox.ac.uk/fsl/fslview). Note that FLAIR
images were used as a secondary reference to improve the accu-
racy of the lesion location. The resulting 3D mask of lesions was
resliced in the single-slice hMT reference space, and voxels were
considered lesions if at least 1 voxel was labeled as a lesion in the
T,y images.

Step 3: ithMT template and atlas construction. ihMT images of
all control subjects and patients were realigned into a new com-
mon reference space by a 2D nonlinear registration using a sym-

1920 and further av-

metric group-wise normalization procedure
eraged to create a specific ihMT average template. Note that
combining images of both patients and controls allowed optimi-

zation of the group-wise registration procedure by minimization
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FIG 3. Mean MTR and ihMTR values measured in the 7 ROIs of the ihMT atlas (TEMPWM, FWM, OCCWM, CC, thalami, and putamen) for each

control (blue markers) and patient with RRMS (pink markers). For patients,

mean values measured in lesions are also reported. Boxplots indicate

the median, upper and lower quartiles, and the minimum and maximum values excluding outliers. The asterisk indicates a significant difference
(P < .05) in values between controls and patients (comparison assessed by the nonparametric Wilcoxon rank test [a = .05] corrected by the
Holm-Bonferroni method for multiple comparisons [m = 7 brain structures]).

of image deformations from all individual subjects, especially
the patients, to the common average template. Seven brain struc-
tures, including frontal, temporal, and occipital WM (FWM,
TEMPWM, OCCWM), internal capsule (IC), corpus callosum
(CC), thalami, and putamen were manually segmented on the
ihMT average template by experienced clinical researchers
(E.V.O. and J.P., with more than 10 years of experience in brain
anatomy) using FSLView 3.2.0, to create a single 2D ihMT atlas.
Note that partial volume effects induced by the large slice thick-
ness of the ihMT images prevented accurate measurement in
other finer brain structures.

Step 4: Segmentation in subject space. The ihMT atlas was
automatically transformed into the individual native space of
each subject (controls and patients) using inverse deformation
fields estimated by the nonlinear process described in step 3. For
each patient, the lesion mask derived in step 2 was removed from
the ihMT atlas to generate normal-appearing tissue ROIs and en-
able calculation of normal-appearing tissue metrics.

Step 5: Quantitative data analysis. Mean ihMTR and MTR
values were calculated in the 7 ROIs and in lesions.

Statistics

All statistical analyses were performed using JMP software (Ver-
sion 9.0.1; SAS Institute, Cary, North Carolina). Three analyses
were performed to identify diffuse and focal microstructural
damage in patients with MS using ihMT and MT:

1) ihMTR and MTR values extracted from the 7 ROIs were
compared between patients and controls using a nonparametric
Wilcoxon rank test (a = .05) corrected for multiple comparisons
(m = 7 ROIs) by the Holm-Bonferroni procedure.

2)ihMTR and MTR values measured in MS lesions were com-
pared with values measured in the 7 normal-appearing tissue
ROIs across all patients using a Kruskal-Wallis test corrected for
multiple comparisons using the Steel-Dwass procedure.”'

3) Computation and comparison of z scores (a measure
of how many SDs below or above the population mean a raw
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data value is) were used to assess the sensitivity of ihMT and
MT to microstructural damage. The ihMTR and MTR z scores
of patients with RRMS relative to control subjects were cal-
culated for each of the 7 ROIs according to the following

equation:

Mean ihMTR and MTR values calculated in the 7 ROls of the ihMT

atlas and in lesions®

Brain ihMTR (%) MTR (%)
Structure Controls Patients Controls Patients
IC 7.8+03 76+04 452+06 447 +0.8
P=16 p=.02°

TEMPWM 8.0 %03 73207 463+06 44219
p<.001° P < .001°

FWM 77+03 74+05 475+07 462 *+14
p=.0" p=.01"

OCCWM 7.6 +04 70+06 446+07 434 +15
P =.004° P =.005°

cC 65+ 0.6 60+07 437*22 419 +27
P=.09 pP=.07

Thalami 56+ 0.2 5104 433+08 41022
P <.001° P <.001°

Putamen 4.6 +03 49+04 420+08  424+07
P=.03 P=.09

Lesions NA 6.3+ 0.9° NA 39.9 +3.6°

Note:—NA indicates not applicable.

#ihMTR and MTR data are expressed as mean value = SD. Between-group compari-
son (P value): comparison of mean ihMTR and MTR between patients with RRMS and
controls was assessed by the nonparametric Wilcoxon rank test (o = .05) corrected
by the Holm-Bonferroni method for multiple comparisons (m = 7 brain structures).
b Statistically significant.

€ Within-patient group: ihMTR and MTR values in lesions statistically different
(Kruskal-Wallis test corrected for multiple comparisons using the Steel-Dwass pro-
cedure) from values in all normal-appearing WM structures (P < .05) except the
corpus callosum (P > .5).

Z scores

Thalami

Corpus Callosum 0CCWM

FIG 4. Radar plot of mean ihMTR and MTR z scores of patients with RRMS relative to control
subjects calculated for each brain structure of the ihMT atlas. A tendency (not significant, P > .1)
for lower values was observed with MTR compared with ihMTR in the IC, TEMPWM, OCCWM, CC,

and thalami.
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where X represents the value of ihnMTR or MTR, u""°" and
<ok represent the control group mean and SD of X values.
Mean ihMTR and MTR z scores calculated over the patients with
RRMS were compared using a nonparametric Wilcoxon rank test
(a0 = .05).

Finally, the potential of ihMT to provide complementary in-
formation relative to standard M T was evaluated by the analysis of
correlations between MTR and ihMTR values measured in the
normal-appearing tissue ROIs with the EDSS clinical scores of
patients with RRMS, using a statistical nonparametric Spearman
rank test (
ROIs) by the Holm-Bonferroni procedure.

= .05) corrected for multiple comparison (m = 6

RESULTS

Sensitivity of ihMT to Microstructural Damage in MS

On qualitative examination, the ihMTR and MTR maps of pa-
tients with MS exhibited focal hypointense areas in WM brain
structures. This is illustrated in Fig 2 in a patient with reduced
MTR and ihMTR in the FWM and OCCWM compared with a
control subject. As shown in Fig 3 and in the Table, apart from the
putamen, quantitative ihMTR and MTR values measured in patients
with MS were lower compared with those of controls in the struc-
tures of the ihMT atlas (by trend in the IC and CC for ihMTR and in
the CC for MTR; significant elsewhere). Additionally and despite
pronounced partial volume effects, lesions (indicated by white ar-
rows on Fig 2) could be identified on both ihMTR and MTR maps
and exhibited hypointensities compared with the surrounding nor-
mal-appearing tissue. More generally,
mean thMTR and MTR values measured
in lesions, which were distributed among
the main WM structures of the ihMT atlas
structures (Fig 1B), were lower than those
in normal-appearing WM structures (not
significant in the CC, P = .7; significant in
the IC, TEMPWM, FWM, and OCCWM;
P<.05).

Mean patient ihMTR and MTR z
scores were close to or lower than —2 in
WM structures (Fig 4). A tendency for
lower z score values was observed with
MTR compared with ihMTR in normal-
appearing WM, but this was not signifi-
cant (P> .1).

Correlation of ihMT with Clinical

Disability

Typical ihMTR and MTR maps of patients

with MS with various values of EDSS are
MTR shown in Fig 5. Significant (P = .05) neg-
ative correlations were found between the
EDSS scores and ihM TR values measured
in all normal-appearing WM structures
(except OCCWM) and the thalami.
Weaker, nonsignificant trends were found

for MTR values (Fig 6).

B ihMTR



RR MS
EDSS=2

Control

FIG 5. Representative ihMTR and MTR maps obtained after step 1 of the postprocessing proce-
dure for a control subject and for patients with RRMS with various values of EDSS. Progressive loss
of signal with increasing EDSS is noticed in occipital WM for both MTR and ihMTR (pink arrows).
In frontal WM though, the decrease in values is more apparent with ihMTR (white arrows).

ihMTR vs. EDSS

MTR vs. EDSS

metrics did not. This finding validates
the hypothesis that ihMT and conven-
EDSS=6.5 tional MT provide complementary in-
formation. Combined, these results, al-
beit preliminary, support the use of
ihMT in further clinical studies because
its higher specificity for myelin could be
advantageously used in the assessment
of patients with MS.

In numerous studies,*” including the
present report, conventional MT has
been shown to be sensitive to tissue dis-
orders in MS through changes in MTRs
(lower MTR values in MS lesions, subtle
significant diffuse decrease in MTR in
normal-appearing tissue in patients).
Similarly, the significant changes ob-
tained in ihMTR values along with the
ihMTR z score intensities are key find-
ings supporting the sensitivity of ihMT
for the MS pathology.

The association between clinical dis-
ability and conventional MT is debat-
able. Whereas some studies have re-

TEMPWM
FWM
OCCWM

cc g

Thalami

-0.6 -0.4 -0.2 -0.2

FIG 6. Correlation analysis of ihMTR versus EDSS scores of patients with RRMS. Mean MTR (pink
markers) and ihMTR (blue markers) values measured in each structure of the ihMT atlas plotted
as a function of the EDSS score and the density ellipses (e = .95) are shown. Bar plots indicate the
Spearman correlation coefficient: The asterisk indicates statistically significant (« = .05, cor-
rected by the Holm-Bonferroni method for multiple comparisons [m
ihMTR, significant negative correlations with EDSS were obtained in all structures (except the
OCCWM); conversely, for the MTR, only a trend for low negative correlations with EDSS was

obtained in all structures.

DISCUSSION

One of the key findings of this first report of ihMT in a clinical
context is the significant reduction of ihMT signal in patients with
multiple sclerosis compared with controls, hence demonstrating
the sensitivity of this new technique for MS-related physiopatho-
logic processes. Of additional interest, our results also highlighted
a correlation of ihM T metrics with clinical disability, whereas MT

O —

o
. S

S ——

D) E——

-0.4 0.6
Spearman’s correlatlon coefficient (p)

= 6 brain structures]). For

ported significant correlations between
EDSS and MTR histogram features of
normal-appearing brain tissue,”*** oth-
ers have suggested that the MTR of le-
i sions in white matter, rather than in
normal-appearing tissue, relates to the
disability in patients with MS.**> Most
important, correlations between MTR
and clinical outcomes were predomi-
nantly detected for the highest EDSS
(>3) scores.”>?” Hence, the trend for a
gD negative correlation of MTR in normal-
) appearing tissue with the EDSS score
(not significant) observed in our study is
in agreement with these general find-

ings. Overall, these controversial reports
reflect confounding contributions to
the standard MT signal induced by its
sensitivity to multiple pathophysiologic
mechanisms underlying MS,*® which
limits its ability to relate clinical deficits
to underlying regional pathology. Con-
versely, the potential of ihMT to derive
metrics that more faithfully reflect the
severity of the disease was apparent from
the stronger significant correlations of
ihMTR with EDSS. More generally, the
lower sensitivity of ihMTR to the normal-appearing WM differ-
ence from controls but higher correlation with disability could
suggest that ihMT is primarily detecting myelin changes that are
more closely linked to disability, while MTR primarily detects
inflammation-linked edema, one of the causes of normal-appear-
ing WM changes in MS.?® Hence, the combined use of these 2
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contrasts and other myelin-sensitive modalities, such as diffusion
MR imaging, in further studies may help disentangle the complex
pathologic mechanisms occurring in MS.

Caution is advised, however, in drawing definitive conclusions
because this preliminary study has some limitations. First, the
cohort of patients was rather small and heterogeneous regarding
disease duration and clinical status; these features may have mit-
igated the expected MTR and ihMTR variations. This relatively
low number of patients may also explain why, though statistically
significant, the correlations of ihMT and EDSS did not appear
visually highly convincing. A stronger relationship between
ihMTR variations and demyelination/remyelination processes might
be established by focusing on the early onset of the disease following
the detection of active lesions and by monitoring the ihMT parame-
ters at different stages (inflammation, demyelination, remyelination,
gliosis). Also, looking at potential correlations between ihMT metrics
and clinical scores (eg, Multiple Sclerosis Functional Composite
score) that assess other functional aspects of the disease than those
assessed by EDSS should be considered in further studies to establish
a more comprehensive relationship between ihMT- and MS-related
impairment.

From a technical perspective, despite the care taken in the atlas
construction, partial volume effects produced by the large slice
thickness induced measurement bias, which may have led to un-
derestimation of the variations of MTR and ihMTR in demyeli-
nated lesions. Finally, the findings of this study could not be gen-
eralized at this stage because the single-slice ihMT approach did
not allow whole-brain coverage. Hence, although the main objec-
tive of this study, demonstration of the sensitivity of ihM T for MS
pathology, has been met, the technique must be improved to
overcome these important technical limitations and make ihMT a
practical tool applicable in daily clinical practice. In this context,
the recently proposed sensitivity-enhanced 3D ihMT technique,
which permits full brain coverage at an improved spatial resolu-
tion (1.5-mm isotropic) in 15 minutes*” is very promising. Hence,
combining 3D-ihMT with other imaging modalities (MT and
DTI for inflammation and axonal loss evaluation) would be a
useful tool for assessment of myelin impairment and for more
accurate characterization of the complex MS disease mechanisms.

CONCLUSIONS

Results obtained in this preliminary investigation demonstrate
the sensitivity of the ihMT technique for MS, characterized by
significant reduction in ihMTR values in both demyelinated le-
sions and normal-appearing tissue of patients with RRMS. Stron-
ger correlations with disability were obtained with ihMT com-
pared with standard MT, which confirmed the complementarity
of both techniques and may be explained by the higher specificity
of ihMT for myelin. Our results warrant further exploration,
which, if performed with the recently proposed 3D sensitivity-
enhanced thMT approach, could make ihMT a propitious asset
for in vivo assessment of myelin status in MS.
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