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Cortical myelin loss and repair in multiple sclerosis (MS) have been explored in neuropathological studies, but the 
impact of these processes on neurodegeneration and the irreversible clinical progression of the disease remains un
known. Here, we evaluated in vivo cortical demyelination and remyelination in a large cohort of people with all clin
ical phenotypes of MS followed up for 5 years using magnetization transfer imaging (MTI), a technique that has been 
shown to be sensitive to myelin content changes in the cortex.
We investigated 140 people with MS (37 clinically isolated syndrome, 71 relapsing-MS, 32 progressive-MS), who were clin
ically assessed at baseline and after 5 years and, along with 84 healthy controls, underwent a 3 T-MRI protocol including 
MTI at baseline and after 1 year. Changes in cortical volume over the radiological follow-up were computed with a 
Jacobian integration method. Magnetization transfer ratio was employed to calculate for each patient an index of cortical 
demyelination at baseline and of dynamic cortical demyelination and remyelination over the follow-up period.
The three indices of cortical myelin content change were heterogeneous across patients but did not significantly differ 
across clinical phenotypes or treatment groups. Cortical remyelination, which tended to fail in the regions closer to 
CSF (−11%, P < 0.001), was extensive in half of the cohort and occurred independently of age, disease duration and clin
ical phenotype. Higher indices of cortical dynamic demyelination (β = 0.23, P = 0.024) and lower indices of cortical re
myelination (β = −0.18, P = 0.03) were significantly associated with greater cortical atrophy after 1 year, independently 
of age and MS phenotype. While the extent of cortical demyelination predicted a higher probability of clinical progres
sion after 5 years in the entire cohort [odds ratio (OR) = 1.2; P = 0.043], the impact of cortical remyelination in reducing the 
risk of accumulating clinical disability after 5 years was significant only in the subgroup of patients with shorter disease dur
ation and limited extent of demyelination in cortical regions (OR = 0.86, P = 0.015, area under the curve = 0.93). In this sub
group, a 30% increase in cortical remyelination nearly halved the risk of clinical progression at 5 years, independently of 
clinical relapses.
Overall, our results highlight the critical role of cortical myelin dynamics in the cascade of events leading to neurodegen
eration and to the subsequent accumulation of irreversible disability in MS. Our findings suggest that early-stage myelin 
repair compensating for cortical myelin loss has the potential to prevent neuro-axonal loss and its long-term irreversible 
clinical consequences in people with MS.
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Introduction
Multiple sclerosis (MS) is an inflammatory disease of the CNS with 
inflammatory and degenerative components affecting both the 
white (WM) and grey (GM) matter. The main neuropathological 
hallmarks of MS include demyelination, inflammation, astrocytic 
gliosis and neurodegeneration, with neurodegeneration being con
sidered the primary pathological substrate of clinical progression.1

Among these, demyelination is considered the cornerstone of the 
pathophysiology of MS, and changes in myelin content over time 
are believed to have a relevant impact on neurodegeneration 
throughout the disease course.2-5

Endogenous myelin repair in the CNS is a physiological 
response to a demyelinating event mediated by a population of 
adult brain resident cells (oligodendrocytes and oligodendrocyte 
progenitor cells, OPCs), which migrate into areas of demyelination 
and actively contribute to remyelination.6 While experimental 
models often exhibit extensive remyelination, neuropathological 
studies have shown that myelin repair in white matter lesions 
is limited or ineffective in most people with MS.7 Furthermore, 
the extent of remyelination in white matter lesions, which varies 
greatly among patients but can be substantial in the early stages 
of the disease in some individuals, tends to decrease as the disease 
progresses, eventually failing and resulting in chronically demyeli
nated lesions.6-8

Few neuropathological studies have examined the process of re
myelination occurring in the cortex of people with MS. These stud
ies, in addition to confirming that also in cortical regions there is a 
considerable variation across people with MS in the extent of re
myelination, have revealed that myelin repair may be more exten
sive in the cortex compared with WM and develops independently 
of age and disease duration.9-12 Although the available neuropatho
logical evidence points to the cortex as a particularly relevant re
gion for exploring remyelination, a comprehensive in vivo 
description of cortical remyelination and its determinants in peo
ple with MS, as well as a full understanding of its impact on neuro
degeneration and clinical progression, are currently lacking.

Magnetization transfer ratio (MTR), which is an imaging metric 
sensitive to myelin content,13 has been shown to be lower in 
demyelinated cortical lesions than normally myelinated cortex 
in people with MS14-16 and has been employed successfully to 

generate patient-specific maps of myelin loss and repair in cortical 
grey matter in in vivo studies.17,18

In this longitudinal retrospective multicentre study, we gener
ated patient-specific MTR-derived maps of cortical myelin content 
changes to provide the first comprehensive description of myelin 
loss and repair at the cortical level in a large cohort of people 
with MS representing all clinical phenotypes. Our objectives were 
to identify the key factors influencing the extent of these processes 
in all MS phenotypes and explore the relevance of cortical demye
lination and remyelination in predicting cortical atrophy after 
1 year and clinical progression after 5 years.

Materials and methods
Subjects and study design

Overall, 180 patients who met the 2010 diagnostic criteria of MS19

were followed up at four European centres of the MAGNIMS consor
tium (Graz, Milan, Paris, Siena) and enrolled in this retrospective 
longitudinal clinico-radiological protocol. People with MS were se
lected according to the following criteria: (i) no history/evidence of 
neurologic or psychiatric disorders other than MS; (ii) brain MRI in
cluding MT imaging (MTI) at baseline and 1-year follow-up; and (iii) 
application of the same MRI protocol at baseline and at follow-up. 
Ninety-two sex- and age-matched healthy controls (HCs), selected 
according to the following criteria, were also included in the 
study: (i) no history of neurological or psychiatric disorders; 
(ii) one good quality MRI including MTI; and (iii) (optional) a second 
MRI including MTI acquired on the same day as the baseline scan, to 
be employed as a retest MRI.

All people with MS were clinically assessed using the Expanded 
Disability Status Scale (EDSS)20 at baseline and after 5 years (mean 
61.3 ± 7.1 months). Patients were classified into three groups based 
on their clinical course as defined by the 2010 diagnostic criteria of 
MS19: clinically isolated syndrome (CIS), relapsing-remitting 
(RRMS) and progressive (PMS). Clinical progression at 5 years was 
defined as an increase of the EDSS score compared to baseline of 
(i) at least 1.5 points if the baseline EDSS score was equal to 0.0; 
(ii) at least 1.0 point if the baseline EDSS score ranged between 1.0 
and 5.5; or (iii) at least 0.5 point if the baseline EDSS score was greater 
than 6.0.21
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HCs were clinically assessed at baseline and underwent the 
same imaging protocol as patients at study entry, while a subgroup 
repeated an identical imaging protocol a second time on the same 
day (10 HCs from Paris and seven from Siena).

Owing to the presence of motion artefacts or the suboptimal qual
ity of some of the collected MRI scans, a total of 40 people with MS and 
8 HCs had their images removed from the study. As a result, the ana
lysis was conducted on good-quality MRI scans from a total of 140 
people with MS and 84 HCs (Graz: 54 patients and 38 healthy controls; 
Paris: 60 patients and 39 healthy controls; Siena: 26 patients and 7 
healthy controls, Milan: 0 patients, 0 healthy controls) (Table 1).

All subjects gave informed written consent before participation 
in the study, which was approved by the local ethics committees of 
each participating centre.

Image acquisition

MRI post-processing

MRI anatomical image processing

In patients, T2-weighted lesions were manually contoured on 
T2-weighted/fluid attenuated inversion recovery (FLAIR) images 
at both time points by the same expert neurologist (A.L.) using 
Jim (v6.0, http://www.xinapse.com/) and transformed into binary 
masks. T2-weighted/FLAIR images were aligned to the correspond
ing 3D T1-weighted scans using a rigid registration obtained with 
FLIRT, part of FSL (http://fsl.fmrib.ox.ac.uk/), and the derived trans
forms were then employed to register lesion masks onto 3D 
T1-weighted scans. After ‘lesion-filling’ in patients,22 cortical GM 
and its parcellation according to the Desikan–Killiany atlas, WM, 
ventricles and peri-pial CSF (pCSF) were segmented in all subjects 
at both time points on 3D T1-weighted scans using Freesurfer ver
sion 6.0 (https://surfer.nmr.mgh.harvard.edu), then manually cor
rected (A.L.). For each subject, a relative distance map from the 
pCSF and from the WM was generated using FSL (https://fsl.fmrib. 
ox.ac.uk/fsl/fslwiki/BIANCA/), applying the following formula 
[distance from pCSF / (distance from pCSF + distance from WM)].

For each patient, the T1-weighted images acquired at the two 
time points were aligned to each other to create a ‘half-way space’ 

following the longitudinal image processing of Freesurfer.23 The de
rived images in ‘half-way space’ in patients, and the baseline 
T1-weighted images in native space in HCs, were normalized to 
Montreal Neurological Institute standard space (MNI152) using a 
non-linear registration with ANTs (http://stnava.github.io/ANTs). 
Derived transformations were then applied to move all images (in
cluding T2-weighted/FLAIR lesion masks, cortical GM masks and 
distance maps) from native space to MNI152, passing through the 
half-way space in patients (Fig. 1A).

Calculation of cortical grey matter volume change over 1 year in 
patients

Cortical GM masks in the ‘half-way space’ of each time point 
were used as region of interest (ROI) inputs for the Jacobian 
integration method to calculate the cortical grey matter volu
metric change between the two imaging time points.24 For this 
purpose, we applied a non-linear registration with ANTs be
tween linearly aligned time points using the 3D T1-weighted 
images to generate a deformation field describing the local dis
placement at each voxel that best aligned the two images. We 
computed the Jacobian of the deformation field at each single 
voxel, and we then extracted the determinant of the Jacobian, 
reflecting the magnitude of local volume change at each voxel 
as a percentage.25 Averaging all the cortical voxels of each pa
tient, we obtained a single value representing the mean magni
tude of volume change between the two time points for the 
whole cortex (Fig. 1A).

Magnetization transfer image processing

Generation of MTR ratio maps

In all subjects at all available time points, MTR maps were gen
erated in native space using the equation MTR = (MToff − MTon) /  
MToff and rigidly aligned to the corresponding T1-weighted 
scans using FLIRT (http://fsl.fmrib.ox.ac.uk/). Using the previ
ously derived transformations, MTR maps on T1 space were 
moved to MNI152, passing through the half-way space in pa
tients (Fig. 1A).

Table 1 Demographic, clinical and magnetic resonance characteristics

People with MS CIS RRMS PMS HCs

n 140 37 71 32 84
n from each centre Graz: 54 (38.5%) Graz: 31 (83.8%) Graz: 23 (32.4%) Graz: 0 Graz: 38

Paris: 60 (42.9%) Paris: 0 Paris: 28 (39.4%) Paris: 32 (100%) Paris: 39
Siena: 26 (18.6%) Siena: 6 (16.2%) Siena: 20 (28.2%) Siena: 0 Siena: 7

Females/Males 96/44 26/11 54/17 16/16 55/29
Age, years, mean ± SD 38.2 ± 12.2 32.4 ± 8.5 35.12 ± 10.44 51.44 ± 9.75 34.3 ± 10.97
Disease duration at baseline, months, 

mean ± SD
64.81 ± 67.21 10.15 ± 15.77 76.31 ± 65.85 102.82 ± 71.01 –

Follow-up, months, mean ± SD 12.52 ± 5.5 11.8 ± 2.46 11.7 ± 6.66 12.72 ± 3.4 –
EDSS at baseline, median (range) 2.0 (0.0–7.5) 1.5 (0.0–3.5) 2.0 (0.0–6.0) 6.0 (3.0–7.5) –
EDSS at 5 years, median (range) 2.0 (0.0–8.0) 1.0 (0.0–5.5) 2.0 (0.0–7.5) 6.0 (3.0–8.0) –
Clinical progression, n progressors/ 

non-progressors (%)
40/96 (29.4%) 3/30 (9.1%) 19/52 (26.7%) 18/14 (56.2%) –

Number of relapses, median (range) 0 (0–5) 0 (0–3) 0 (0–5) 0 (0–1) –
Type of treatment, n patients NT = 85; FL = 41; SL = 14 NT = 29; FL = 8; SL = 0 NT = 30; FL = 31; SL = 9 NT = 25; FL = 2; SL = 5 –
T2 lesion volume, mm3, mean ± SD 14964 ± 18326.39 5480.919 ± 6567.432 19875.47 ± 22573.17 15183 ± 12206.81 –
Cortical atrophy, mean Jacobian ± SD 0.002819 ± 0.0097 0.0038 ± 0.0082 0.00463 ± 0.00986 −0.0023 ± 0.0093 –

CIS = clinically isolated syndrome; EDSS = Expanded Disability Status Scale; FL = treated with first-line treatment; HC = healthy control; NT = not treated; PMS = progressive 

multiple sclerosis; RRMS = relapsing-remitting multiple sclerosis; SD = standard deviation; SL = treated with second-line treatment.
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Calculation of centre-specific thresholds for cortical grey matter 
demyelination at each time point

Regions of significant difference in cortical MTR between patients 
and HCs of each centre were identified using a voxel-wise 
permutation-based two-sample t-test, part of the FSL package 
Randomise (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Randomise) ad
justed for age and sex, thresholded at P < 0.05, after threshold-free 
cluster enhancement correction.18 In these significant regions, we 
computed the MTR mean relative difference between patients 
and HCs [(mean MTR in HCs − mean MTR in patients) / mean MTR 
in HCs], which was employed as the centre-specific threshold 
(thus accounting for differences among scanners) to classify cor
tical demyelinated voxels in patients (Fig. 1B). At the end of this 
step, we obtained three separate thresholds, one for each centre, 
expressed in the form of percentage of difference in MTR between 

patients and HCs in cortical regions of significant difference be
tween the two groups.18

Generation of individual maps of demyelination and calculation of 
indices of myelin content change

For each centre, in each patient at each time point, we then calcu
lated the relative difference between the MTR value of any given 
cortical voxel and the average MTR value of all voxels in HCs of 
the same centre localized at the same distance than the given voxel 
from the pCSF (thus suffering from the same degree of partial vol
ume effect).18 If this difference was greater than the previously cal
culated centre-specific threshold, that cortical voxel was classified 
as ‘demyelinated’, otherwise as ‘normally myelinated’. As a result, 
we generated a binary map of cortical demyelination for each pa
tient at each time point (Fig. 1C).

Figure 1 Simplified method flow chart. (A) Cross-sectional grey matter (GM) volume, magnetization transfer ratio (MTR) maps and distance maps were 
created in native space in all subjects and then normalized to standard space, passing through the half-way space in patients. In half-way space, 
T1-weighted images were used to calculate cortical GM atrophy using the Jacobian integration method. (B) Definition of a threshold (THR) to identify 
cortical demyelinated voxels in people with multiple sclerosis (pwMS) compared to healthy controls (HCs). Regions of significant group differences be
tween MTR maps of people with MS and HCs were identified through voxel-wise non-parametric permutation-based t-test. For each centre, from these 
regions of significant difference, mean MTR in people with MS and HCs were extracted and used to calculate a relative percentage difference, which was 
defined as the threshold for cortical demyelination. (C) Classification of cortical demyelinated voxels in people with MS. We calculated the relative dif
ference between the MTR value of any given cortical voxel in people with MS and the average MTR value of all voxels in HCs localized at the same dis
tance as the given voxel from the external CSF. If this difference was greater than the previously calculated threshold, that cortical voxel was classified 
as ‘demyelinated’, otherwise as ‘normally myelinated’. As a result, we generated a map of cortical demyelination for each patient at each time point.
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Comparing the patient-specific maps of cortical demyelin
ation at the two time points, we then generated for each patient 
a map of cortical remyelination and a map of dynamic demye
lination over the follow-up period. In particular, each cortical 
voxel classified as demyelinated at baseline which was then 
classified as normally myelinated at follow-up was defined as 
‘remyelinated’, whereas each cortical voxel classified as normal
ly myelinated at baseline which was then identified as demyeli
nated at follow-up was considered ‘dynamically demyelinated’ 
(Fig. 2).

To minimize partial volume effects, only the cortical section of 
these maps comprised within 25% and 75% of the relative distance 

between pCSF and WM was retained for further analysis. From the 

final maps, we extracted three patient-specific indices of cortical 

myelin content change: (i) the ‘index of cortical demyelination at 

baseline’, defined as the percentage of cortical voxels classified as 

demyelinated at baseline over total cortical volume; (ii) the ‘index 

of cortical dynamic demyelination’, defined as the percentage of 

cortical voxels classified as normally myelinated at baseline, which 

were then identified as demyelinated at the second time point over 

the volume of cortical voxels classified as normally myelinated at 

baseline; and (iii) the ‘index of cortical remyelination’, defined as 

the percentage of cortical voxels classified as demyelinated at base

line, which was then identified as normally myelinated at the se

cond time point over the volume of cortical voxels classified as 

demyelinated at baseline.
Then, in each patient and in each cortical region defined 

based on the Desikan–Killiany atlas, we calculated a regional in
dex of dynamic cortical demyelination, defined as the number of 
cortical voxels dynamically demyelinating during the follow-up 
in each cortical region over the total volume of that specific cor
tical area, and a regional index of cortical remyelination, defined 
as the number of cortical voxels remyelinating during the follow- 
up in each cortical region over the total volume of the voxels of 
that specific cortical area defined as demyelinated at baseline.

Generation of cortical indices of myelin content change from 
artificially downsampled MTR images

To investigate the impact of centre-specific MTI resolutions on the 
cortical indices of myelin content change, we artificially down
sampled all the MTI maps of patients and healthy controls from 
Paris and Graz, which had original resolutions of 1 × 1 × 2 mm3 

and 0.86 × 0.86 × 3 mm, respectively, to match the lowest resolution 
used across the three centres, as seen in the Siena cohort (with a 
resolution of 1 × 1 × 3 mm3).

Once we downsampled all the MTI maps of patients and healthy 
controls to a uniform spatial resolution of 1 × 1 × 3 mm3, we repli
cated the same post-processing steps that were originally applied 
to the images at their native resolution. Specifically, we generated 
MTR maps at baseline and at follow-up, calculated centre-specific 
thresholds for cortical grey matter demyelination at each time 
point, generated individual cortical demyelination maps for each 
time point, and finally computed patient-specific ‘downsampled’ 
indices of cortical demyelination at baseline, as well as cortical dy
namic demyelination and cortical remyelination.

Calculation of the indices of myelin content change in the inner and 
outer bands of the cortex

In each patient, the three individual maps of cortical myelin con
tent change were first overlaid onto the distance map in standard 
space. Then, using 50% of the relative distance from the pial surface 
and WM as a parting line on the cortical distance maps, we defined 
an inner band (closer to the white matter) and an outer band (closer 
to pCSF) of the cortex. Then, in each patient, we calculated the 
mean index of cortical demyelination at baseline, dynamic demye
lination and remyelination in each of these two bands.

White matter T2-weighted lesion maps of demyelination and 
white matter indices of myelin content change

Following a previously published method,26 we calculated a centre- 
specific threshold for WM T2-weighted lesion demyelination based 
on the relative per cent difference between the mean MTR of white 

Figure 2 Magnetization transfer ratio-based myelin content maps. (A and B) Cortical voxels in patients classified as demyelinated compared with 
healthy controls at baseline and follow-up are highlighted in red. (C) Cortical voxels classified as dynamically demyelinated (i.e. voxels classified as 
normally myelinated at baseline and demyelinated at follow-up) are highlighted in blue, while cortical voxels classified as remyelinated (i.e. voxels 
classified as demyelinated at baseline which recovered a normal magnetization transfer ratio signal at follow-up) are displayed in green.
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matter lesions in people with MS and the mean MTR of the white 
matter of healthy controls. Then we compared the MTR of each gi
ven voxel in T2-weighted lesions in patients with the mean MTR of 
all the voxels of healthy controls localized at the same distance 
from ventricular CSF (therefore potentially affected to the same ex
tent by partial volume). If the difference between these two values 
was greater than the previously calculated centre-specific thresh
old, that given voxel was classified as demyelinated.

In each patient with MS, three individual maps of T2-weighted 
lesion myelin content change were generated: (i) an individual 
map of T2-weighted lesion demyelinated voxels at baseline; 
(ii) an individual map of T2-weighted lesion demyelinating voxels 
at follow-up, defined as lesional voxels classified as normally mye
linated at baseline and as demyelinated at follow-up; and (iii) an in
dividual map of T2-weighted lesion remyelinating voxels at 
follow-up, defined as lesional voxels classified as demyelinated at 
baseline and as normally myelinated at follow-up.

From these three maps, we extracted the indices of T2-weighted 
lesion demyelination at baseline, dynamic demyelination and re
myelination, defined as follows: (i) ‘index of T2-weighted lesion de
myelination at baseline’, defined as the percentage of demyelinated 
T2-weighted lesion voxels at baseline over total T2-weighted lesion 
volume; (ii) ‘index of T2-weighted lesion dynamic demyelination’, 
defined as the percentage of demyelinated T2-weighted lesion vox
els dynamically demyelinating over the follow-up over total 
T2-weighted lesion volume; and (iii) ‘index of T2-weighted lesion 
remyelination’, defined as the percentage of demyelinated 
T2-weighted lesion voxels remyelinating over the follow-up over 
total T2-weighted lesion volume.

Evaluation of misclassification errors

To cross-validate the classification of each voxel, we performed a 
leave-one-out test on HCs for whom a baseline and a follow-up 
MT acquisition were available as a test-retest.

Each healthy control at each time point (test and retest) was 
compared to the other healthy subjects of the same centre to create 
two maps of ‘cortical demyelination’, the first generated from the 
test scan and the second from the re-test scan, following the 
same procedure employed in patients. From the comparison of 
these maps, we generated a map of ‘pseudo-cortical dynamic de
myelination’ and of ‘pseudo-cortical remyelination’ from which 
we extracted three fictitious indices of cortical myelin content 
change which reflected the misclassification error in the three cor
responding indices in people with MS.

Statistical analysis

Statistical analysis was performed using R version 4.0.2 (https:// 
www.r-project.org/). A two-sided P-value <0.05 was considered sig
nificant. Corrections for multiple comparisons were performed 
using false discovery rate.

To investigate the impact of centre-specific MTR resolutions on 
the cortical indices of myelin content change, we assessed the cor
relation between the three indices of cortical myelin content 
change calculated from the native resolution images and the 
corresponding indices calculated from the downsampled images 
(referred to as the ‘downsampled’ indices of cortical demyelination 
at baseline, cortical dynamic demyelination, and cortical remyeli
nation) using the Pearson’s correlation coefficient.

Using one-way ANOVA and Tukey’s honest significance test, we 
investigated which cortical regions showed significantly higher 

regional indices of dynamic cortical demyelination and remyelina
tion compared with the others.

Linear regression models, adjusted for centre and time between 
scans, were employed to estimate the differences in the three indi
ces of cortical myelin content change and cortical atrophy across 
clinical phenotypes and among treatment-based patient subgroups. 
These models were also employed to investigate the associations 
between the three indices of cortical myelin content change.

The association between age, disease duration, T2-weighted le
sion volume at baseline, T2-weighted lesion volume change over 
the follow-up, the indices of T2-weighted lesion myelin content 
change and the three indices of cortical myelin content change 
was assessed using linear regression models adjusted for centre 
and time between scans.

Differences in the percentage of cortical voxels demyelinated at 
baseline, dynamically demyelinated and remyelinated over the 
follow-up between the outer and the inner bands of the cortex 
were investigated with a Wilcoxon signed-rank test.

To estimate the association between the three indices of cortical 
myelin content change and cortical atrophy at 1 year, a linear regres
sion model adjusted for centre, time between scans, sex, age, disease 
duration, MS clinical phenotypes, number of relapses during the 
5-year follow-up and T2-weighted lesions volume was employed.

To assess the association between the indices of cortical demye
lination at baseline, dynamic demyelination and remyelination and 
clinical progression over 5 years, we performed a logistic regression 
model including the three indices of myelin content change as inde
pendent variables, the patient classification in ‘clinically stable’ or 
‘clinically progressing’ at 5 years as dependent variable, and centre, 
time between scans, sex, age, disease duration, MS clinical pheno
type, number of relapses during the 5-year follow-up, cortical atrophy 
at 1 year and T2-weighted lesions volume as confounding factors. To 
test the hypothesis of a combined modulating effect of the extent of 
cortical demyelination at baseline and disease duration on the impact 
of cortical remyelination on clinical progression, we ran an additional 
logistic regression model, including the interaction term between dis
ease duration, the index of cortical demyelination at baseline and the 
index of cortical remyelination as independent variable.

Beta coefficients and odds ratios (OR) are reported along with their 
P-values for each predictor, as appropriate. Adjusted-R2 and areas un
der the curve (AUC) are reported as an estimation of the quality of the 
prediction for linear and logistic models, respectively. Likelihood ratio 
tests (LRT) were applied to test the difference between logistic regres
sion models with and without the interaction term.

Results
Of the 140 people with MS included in this study, 37 presented with 
a CIS, 71 with RRMS and 32 with PMS (5 secondary progressive MS, 
27 primary progressive MS). During the follow-up, 12 CIS patients 
evolved to RRMS. At study entry, 41 were treated with a first-line 
disease-modifying treatment (DMT) (8 CIS, 31 RRMS, 2 PMS) and 
14 with a second-line DMT (9 RRMS, 5 PMS). During the 5-year 
follow-up, 26 people with MS initiated a first-line DMT (10 CIS and 
16 RRMS) and 3 switched from a first-line to a second-line DMT (3 
CIS, who evolved to RRMS).

Forty patients experienced clinical progression over 5 years 
(3 CIS, 19 RRMS and 18 PMS), 96 were clinically stable (30 CIS, 52 
RRMS and 14 PMS) and for 4 patients, clinical data at 5-year follow- 
up were not available.

Thirty-nine people with MS (8 CIS, 29 RRMS and 2 PMS) experi
enced at least one clinical relapse during the 5-year follow-up. 
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Among the 40 people with MS presenting a clinical progression over 
the 5-year follow-up, 16 experienced at least one clinical relapse 
during the same interval (see Table 1 for further demographic 
characteristics).

The mean MTR values in cortical areas showing significant 
group differences between patients and healthy controls were 
34.7% units (pu), 27.2 pu and 24.7 pu in patients from Paris, Graz 
and Siena, respectively, and 40.4 pu, 32.0 pu and 29.0 pu in healthy 
controls from Paris, Graz and Siena, respectively. This resulted in 
mean per cent differences of 14.5%, 14.1% and 13.9%. To account 
for variations between centres and maintain a conservative ap
proach, we rounded the threshold to 15%.

A misclassification error < 1% was obtained from the 
leave-one-out test performed on HCs in both test-retest cohorts 
of Paris and Siena. Out of all cortical voxels, only 0.47% and 0.52% 
were misclassified as demyelinated at baseline, 0.21% and 0.23% 
as dynamically demyelinated and 0.30% and 0.38% as remyelinated 
in the Paris and Siena cohorts of HCs, respectively.

We observed significant correlations between the indices of cor
tical demyelination at baseline, cortical dynamic demyelination 
and cortical remyelination calculated on the downsampled images 
of the Paris and the Graz cohorts and the corresponding indices cal
culated from the images at their native resolution: index of cortical 
demyelination at baseline: Pearson’s rho = 0.96, P ≤ 2×10−16; index of 
cortical dynamic demyelination: Pearson’s rho = 0.98, P ≤ 2×10−16; 
index of cortical remyelination: Pearson’s rho = 0.94, P ≤ 2×10−16.

Heterogenous cortical myelin content changes but 
extensive cortical remyelination

In patients, the indices of cortical myelin content change were charac
terized by a wide inter-subject variability, with the percentage of 
cortical demyelinated voxels at baseline ranging from 0.4% to 20% of 
total cortical voxels, the percentage of dynamically demyelinated 
voxels ranging from 0.3% to 20% of normally myelinated voxels at 
baseline and remyelinated voxels ranging from 14% to 95% of demye
linated cortical voxels at baseline (Fig. 3A). Considering separately 
each of the MS clinical phenotypes, we confirmed the same hetero
geneity: in CIS from 1% to 14% (demyelination at baseline), from 
0.4% to 9% (dynamic demyelination) and from 20% to 75% (remyelina
tion); in RRMS from 0.7% to 20% (demyelination at baseline), from 0.3% 
to 20% (dynamic demyelination) and from 14% to 95% (remyelination); 
in PMS from 0.4% to 14% (demyelination at baseline), from 0.4% to 16% 
(dynamic demyelination) and from 26% to 89% (remyelination).

Despite this heterogeneity, we found that in half of our cohort, 
cortical demyelination at baseline and dynamic demyelination af
fected more than 5% and 2.9% of the cortex, respectively. 
Moreover, we found that in half of our cohort cortical remyelination 
was extensive, with myelin repair between the two time points oc
curring in more than half of the demyelinated cortical areas at base
line (median value for the index of cortical remyelination = 50%).

A significantly greater extent of cortical dynamic demyelination 
over the follow-up in comparison with all the other cortical areas 
was found in frontal and temporal regions (P < 0.05), specifically 
in pars orbitalis, frontal pole, lateral orbito-frontal cortex, pre 
central cortex, rostral-middle frontal cortex, superior frontal cor
tex, entorhinal cortex, rostral-anterior cingulate, middle temporal 
areas and temporal pole. We also found a significantly greater ex
tent of cortical remyelination in frontal and temporal regions 
(P < 0.05), specifically in lateral and medial orbito-frontal cortex, 
pars opercularis and pars orbitalis, fusiform cortex, middle and in
ferior temporal cortex and temporal pole.

There were no significant differences found in the index of cor
tical demyelination at baseline, the index of dynamic cortical de
myelination, the index of cortical remyelination or in terms of 
cortical atrophy across MS clinical phenotypes, nor across treat
ment at baseline and follow-up or between individuals with MS 
who did or did not undergo a change in DMT during the 1-year 
follow-up (P > 0.05).

Cortical remyelination occurs independently of age 
and disease duration in multiple sclerosis

A greater extent of cortical demyelination at baseline was asso
ciated with a greater extent of dynamic demyelination over the 
follow-up (β = 0.53, P = 6.09 × 10−10), while no significant association 
was found between the indices of cortical demyelination (at base
line and dynamic) and the index of cortical remyelination 
(P = 0.32 and P = 0.93, respectively).

While none of the three indices of cortical myelin content 
change was associated with age (P > 0.34), we found that longer dis
ease duration was significantly associated with a greater amount of 
demyelination at baseline (β = 0.52, P = 2.08 × 10−7) and with a great
er amount of dynamic demyelination over the follow-up (β = 0.34, 
P = 0.002). The index of cortical remyelination was not associated 
with disease duration (β = −0.08, P = 0.33).

A greater T2-weighted lesions volume was associated with a 
greater extent of cortical demyelination at baseline (β = 0.18, 
P = 0.03), a greater extent of dynamic demyelination (β = 0.17, 
P = 0.02) and with a lower extent of cortical remyelination 
(β = −0.03, P = 0.004). No association was found between the three 
indices of cortical myelin content change and T2-weighted lesions 
volume change over 1 year (P > 0.09).

Cortical and T2-weighted lesions myelin content 
changes are associated and complementary 
processes

A greater extent of demyelination at baseline and dynamic demye
lination over the follow-up in cortical regions was associated with a 
greater extent of demyelination at baseline and dynamic demyelin
ation over the follow-up occurring in T2-weighted lesions (demye
lination at baseline: β = 0.28, P < 0.001, R2 = 0.46, P < 0.001; dynamic 
demyelination over the follow-up: β = 0.40, P < 0.001, R2 = 0.59, 
P < 0.001). A greater extent of remyelination in cortical regions 
was associated with a greater extent of remyelination in 
T2-weighted lesions (β = 0.43, P < 0.001, R2 = 0.21, P < 0.001).

In regions closer to peri-pial CSF, demyelination is 
severe and remyelination fails

In the outer cortical band compared to the inner cortical band, we 
found a significantly higher index of cortical demyelination at base
line (+10%, P < 0.001) and of cortical dynamic demyelination (+6%, 
P < 0.001) and a significantly lower index of cortical remyelination 
(−11%, P < 0.001) (Fig. 3B–D).

The extent of changes in cortical myelin content 
predicts cortical atrophy development over 1 year

A higher index of dynamic demyelination (β=0.23, P = 0.024) and a 
lower index of cortical remyelination (β=−0.18, P = 0.03) were sig
nificantly associated with greater cortical atrophy development 
over 1 year, independently of baseline demyelination (P = 0.14), 
sex (P = 0.25), age (P = 0.10), disease duration (P = 0.67), MS clinical 
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phenotype (P = 0.13), number of relapses during the 5-year 
follow-up (P = 0.59) and T2-weighted lesions volume (P = 0.52). The 
whole model explained 14% of the GM atrophy variance 
(adjusted-R2 = 0.142, P = 0.0015) (Fig. 4).

Cortical demyelination at baseline predicts clinical 
progression at 5 years in multiple sclerosis

A greater index of cortical demyelination at baseline (OR = 1.2; 
P = 0.043), the MS phenotype (PMS: OR = 4.25, P = 0.002) and the 
number of relapses (OR = 1.9; P = 0.026) were significantly asso
ciated with a greater probability of clinical progression at 5 years 
independently of the index of cortical dynamic demyelination 
(OR = 1.05, P = 0.27), the index of remyelination (OR = 0.9, P = 0.64), 
sex, disease duration, T2-weighted lesions volume and cortical at
rophy developing over 1 year (P > 0.31) (AUC of the model = 0.77).

Early cortical remyelination is associated with a 
lower probability of clinical progression

While no association was found between the index of cortical re
myelination and clinical progression at 5 years in the whole patient 
cohort (P = 0.64), the interaction term between cortical remyelina
tion, the index of cortical demyelination at baseline and disease 
duration significantly predicted long-term clinical progression 
(P = 0.03, AUC of the model = 0.82; difference between the models 
with and without interaction: LRT P = 0.033). In other words, a great
er extent of cortical remyelination was associated with a lower 
probability of clinical progression at 5 years only in the subgroup 
of people with MS with a limited amount of cortical demyelination 
at baseline and a shorter disease duration. To test the predictive va
lue of the index of cortical remyelination on clinical progression, 

using the mean values as thresholds, we defined a subgroup of people 
with MS presenting an extent of cortical demyelination at baseline 
lower than 8.5% and a disease duration shorter than 5 years. In this 
subgroup (n = 57, 23 CIS, 24 RRMS, 10 PMS), the failure of cortical re
myelination significantly contributed to clinical progression at 5 years 
(OR = 0.86, P = 0.015), independently of the extent of cortical demye
lination (at baseline and over the follow-up), sex, age, MS clinical 
phenotype, clinical relapses over the follow-up, T2-weighted lesions 
volume and GM atrophy developing over 1 year (P > 0.14). In these pa
tients, according to the model, an increase of 30% in the index of cor
tical remyelination reduced by 47% the risk of clinical progression at 
5 years (model AUC 0.93; sensitivity 80%; specificity 92%) (Fig. 5A). 
Conversely, in people with MS with more than 8.5% of cortical voxels 
classified as demyelinated at baseline or a disease duration longer 
than 5 years, no significant predictive value of cortical remyelination 
on clinical progression was found (P > 0.05) (Fig. 5B).

Discussion
In this multicentre study, we generated patient-specific maps of 
cortical myelin content change based on MTI in a large population 
of patients with all clinical phenotypes of MS to explore the key de
terminants of myelin loss and repair at the cortical level and to in
vestigate the role of these processes in neurodegeneration and 
clinical progression. Our findings indicate that cortical myelin loss 
increases significantly as the disease duration progresses, but we 
also discovered that extensive spontaneous cortical myelin repair 
occurs in half of people with MS and in the majority of demyelinated 
cortical areas, regardless of age or disease duration. Furthermore, 
we established that cortical demyelination is a predictive factor 
for short-term cortical atrophy and long-term clinical progression 

Figure 3 The three indices of cortical myelin content change are largely heterogeneous across patients and affected by the distance from CSF. 
(A) Cortical myelin content change is represented by a bar plot in which each bar represents the cortex of a single patient: cortical voxels classified 
as demyelinated at baseline and follow-up are highlighted in red; cortical voxels classified as remyelinated are in green; and cortical voxels classified 
as dynamically demyelinated are in blue. Bars are sorted based on demyelination at baseline. B–D show the differences between the inner and outer 
cortex in the extent of cortical demyelination (B), dynamic demyelination (C) and remyelination (D).
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in all people with MS. Importantly, our research demonstrated that 
cortical remyelination, which often fails in the regions closer to 
pCSF, effectively prevents cortical volume loss and long-term clinic
al disability in patients at early stages of the disease and with a lim
ited extent of myelin loss affecting cortical regions.

We demonstrated that cortical myelin loss and repair are het
erogeneous across all clinical MS phenotypes, confirming the 
variable extent of cortical demyelination and compensatory me
chanisms of myelin repair previously observed in post-mortem 
MS brains and smaller-scale MTR studies.10,17,18 Our findings also 
align with previous evidence from quantitative ultra-high field 
MRI studies, which have revealed a heterogeneous extent of myelin 
loss and repair across cortical lesions in MS, since the earliest 
stages of the disease.27 Despite the wide across-patient heterogen
eity in the extent of myelin content changes, our findings provide 
evidence that spontaneous cortical myelin repair is a generally ex
tensive process in people with MS, regardless of their clinical 
phenotype. Specifically, we showed that at least 50% of demyeli
nated cortical areas were effectively repaired in half of the patients 
of our cohort. This is the first in vivo confirmation of the neuro
pathological and experimental evidence that indicates an exten
sive process of myelin repair occurring in cortical regions, 
consistently observed in post-mortem MS brains and animal mod
els of this disease.10-12 Importantly, our data demonstrate that the 
extent of cortical remyelination in people with MS is not influenced 
by chronological age, disease duration, or clinical phenotype. This 
finding further validates in vivo the neuropathological evidence 
that people with MS retain a substantial potential for cortical re
myelination throughout their life and disease course.10-12 This spe
cific propensity of demyelinated cortical regions to undergo 
remyelination may be associated with the relatively preserved 
density of OPCs in cortical lesions, combined with minimal astro
gliosis and low expression of extracellular molecular matrix mole
cules that inhibit OPCs differentiation and myelin repair in cortical 
areas.11,12 Interestingly, we observed that the indices of myelin loss 
and repair in the cortex and the T2-weighted lesions of patients 
with MS are significantly associated with each other, yet the 
strength of this association appears limited. Consequently, while 
the processes of demyelination and remyelination in these two 
brain areas appear to be associated, their interdependence seems 
limited, suggesting that these processes likely have complemen
tary roles in the physiopathology of the disease.18 As far as the 

regional distribution of these processes is concerned, we found 
that the regional indices of dynamic cortical demyelination and re
myelination were significantly higher in frontal and in temporal re
gions. While our findings regarding the spatial distribution of 
dynamic cortical demyelination align with previous evidence indi
cating a higher number of cortical lesions in these specific cortical 
regions,28,29 the significantly greater extent of remyelination ob
served in these same areas may reveal for the first time a more ef
ficient remyelination process occurring in these regions. However, 
it is equally plausible that this increased level of remyelination is 
only detectable in cortical regions undergoing a more extensive de
myelination process.

We demonstrated that the processes of demyelination and re
myelination at the cortical level are consistently modulated by the 
distance from the CSF. Specifically, the outer band of the cortical rib
bon displayed a more pronounced extent of demyelination and a low
er extent of remyelination compared with the rest of the cortex. One 
possible explanation for the increase in myelin loss and failure of 
myelin repair in cortical regions near the CSF is linked to the patho
genic role of chronic meningeal inflammation and CSF inflammatory 
profiles in causing cortical damage in MS.30-33 Specifically, post- 
mortem studies of MS cases with high levels of meningeal inflamma
tion and cortical demyelination revealed profound CSF inflammatory 
changes characterized by B-cell-linked inflammatory mediators 
such as CXCL13, CXCL10, LTα, interleukin 6 and 10, as well as proin
flammatory cytokines such as interferon-γ, tumor necrosis factor 
and interleukin 2.34,35 These inflammatory mediators, possibly in 
combination with other cyto- and/or myelinotoxic soluble CSF fac
tors,36 are believed to diffuse towards the outer cortical regions, indu
cing and sustaining a ‘surface-in’ direct and/or microglia-mediated 
pattern of cortical damage, consisting of demyelination, chronic in
flammation31,35,36 and failing myelin repair.37,38 Supporting this 
CSF-centred hypothesis, multiple lines of evidence have demon
strated a similar ‘surface-in’ gradient of chronic demyelination,39

failed myelin repair, and microglia activation in periventricular re
gions, chronically exposed to CSF inflammatory changes.39,40

Notably, this periventricular gradient of tissue damage is closely as
sociated with the size and degree of inflammation of the choroid 
plexus, which is part of the blood–CSF–brain barrier and plays a cru
cial role in regulating CNS immunosurveillance.41,42

Our results indicate that all myelin dynamics in cortical 
regions play a crucial role in the cascade of events leading to 

Figure 4 Association between the indices of cortical myelin content change and cortical atrophy development over 1 year. (A) Predicted cortical grey 
matter (GM) atrophy according to the extent of cortical remyelination: a greater extent of cortical remyelination predicts lower cortical atrophy over 
1 year. (B) Predicted cortical GM atrophy according to the extent of cortical dynamic demyelination: a greater extent of cortical dynamic demyelination 
predicts greater cortical atrophy over 1 year.
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neurodegeneration. Specifically, we observed that, in all clinical phe
notypes of MS, an increase in the extent of cortical demyelination 
and a failure in cortical remyelination are both associated with great
er cortical atrophy at 1 year. Importantly, this relationship remained 
consistent regardless of age, disease duration, baseline extent of cor
tical demyelination, and WM T2-weighted lesion volume. This find
ing suggests that, throughout the course of the disease, the 
irreversible loss of neurons at the cortical level may result from the 
combination of a persistent demyelinating environment and an in
sufficient compensatory process of myelin repair in cortical re
gions.2,43 Moreover, these findings align with previous evidence 
from experimental studies, indicating that remyelination plays a crit
ical protective role for neurons, prolonging the survival and prevent
ing both anterograde and retrograde degeneration of previously 
demyelinated axons.4,44,45

Our clinical results further support the hypothesis that neuro
degeneration is closely associated with the accumulation of cor
tical demyelination, but also shed light on the potential and 
limitations of cortical remyelination in preventing the accumula
tion of clinical disability. Specifically, we observed that the extent 
of cortical demyelination measured at baseline significantly pre
dicted the probability of clinical progression after 5 years in the 
entire cohort. Conversely, our data revealed that cortical myelin 
repair was effective in reducing the probability of clinical pro
gression after 5 years across all MS phenotypes, but this benefit 
was limited to patients with a shorter disease duration and a lim
ited extent of cortical demyelination. This evidence suggests that, 
while cortical remyelination can occur at any stage of the dis
ease, including advanced stages, its ability to prevent the pro
gressive accumulation of clinical disability is limited by long 
disease duration and extensive cortical demyelination. In other 
terms, during the early years of the disease course, when the ex
tent of cortical demyelination is still limited, the process of cor
tical myelin repair appears highly effective in compensating for 
myelin loss, protecting neurons from neurodegeneration and, 
consequently, preventing the long-term accumulation of clinical 
disability, irrespective of the clinical phenotype. However, as 
the disease progresses and the cortex experiences extensive de
myelination, the process of myelin repair appears to lose its ef
fectiveness in providing adequate protection to the axons, 
which then degenerate over the years leading to the irreversible 
accrual of clinical disability.

Some limitations may challenge the interpretation of our re
sults, with the primary concern being the variability in MTR reso
lution across centres and the generally suboptimal resolution of 
MT images. Although we showed that artificially modifying the 
resolution of MTR scans did not significantly impact the calcula
tion of cortical myelin content change indices, we cannot rule 
out the possibility that the suboptimal resolution of MTR maps 
may have partially affected our measurement of cortical myelin 
content changes. Another critical factor to consider when inter
preting our results is the limited specificity of MTR in capturing 
changes in myelin content. In particular, the evidence from 
MRI-pathological studies suggesting myelin as the most signifi
cant correlate of MTR, does not inherently imply that MTR can 
be used as a reliable biomarker for assessing myelin content 
changes, and in particular myelin repair.16 MTR changes may 
not exclusively measure alterations in myelin content, but also 
reflect other processes, including inflammation, oedema, neur
onal loss, mitochondrial damage and pathological changes in 
iron content as suggested by previous neuropathological evi
dence.14,16 Consequently, the MTR changes we interpret as sug
gestive of cortical demyelination and remyelination could 
potentially arise from other pathological processes, particularly 
from the increase and resolution of oedema and innate immune 
cell inflammation, which can be extensive in the cortical regions 
of people with MS.46

However, we are confident that the positive changes in cortical 
MTR values we have measured in our patients for the most part re
flect myelin repair, since axonal damage and loss, which may also 
affect the MTR signal at the cortical level14 do not spontaneously re
cover in MS, and since the amount of inflammation is typically less 
pronounced at the cortical level compared to the white matter in 
this disease.47 Although our methods to measure remyelination 
have not been validated against pathology, the reproducibility of 
our results in multicentre data and the limited number of mis
classification errors in generating the maps of cortical myelin con
tent changes support the robustness of our findings. Another 
relevant limitation of this study is the unavailability of sequences 
to measure the extent and localization of focal cortical lesions, 
which are the cortical regions showing a particularly strong associ
ation between MTR values and myelin content in MS.16 Other lim
itations include the lack of specific sequences to assess the extent 
and the impact of partial remyelination, which is a common finding 

Figure 5 Association between the index of cortical remyelination and the probability of clinical progression after 5 years. (A) Predicted probabilities of 
clinical progression in the multiple sclerosis (MS) cohort characterized by a limited extent of cortical demyelination at baseline and a disease duration 
shorter than 5 years. (B) Predicted probabilities of clinical progression in the MS cohort characterized by an extent of cortical demyelination at baseline 
greater than 8.5% or a disease duration longer than 5 years.
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in histopathological studies in MS brains,12,48 and to quantify 
chronic inflammation.40 Future studies using quantitative ultra- 
high field MRI techniques, which previously allowed measuring 
myelin content changes in the cortex of individuals with MS with 
the best possible resolution and correlating these changes with 
radiological, clinical, and cognitive scores, have the potential to ad
dress several of these limitations and to open new perspectives in 
the in vivo exploration of cortical changes in MS.27,49-52 Finally, 
our investigation of the relationship between repair failure and 
neurodegeneration would have been significantly improved by 
the measure of other biomarkers of neurodegeneration such as 
blood neurofilament levels53 and by the detection of individual pat
terns of CSF-derived inflammatory mediators,32 which were not 
available in this cohort.

In conclusion, our study highlights the critical role of cortical 
myelin dynamics in the process of neurodegeneration and clinic
al progression in MS. We have demonstrated that effective mye
lin repair during the early stages of the disease may significantly 
reduce the probability of developing short-term cortical atrophy 
and clinical progression at 5 years. Therefore, our results suggest 
that therapeutic interventions aimed at preventing the accumu
lation of demyelination (such as disease-modifying therapies) 
together with emerging treatments aimed at promoting remyeli
nation early in the course of the disease may be most effective in 
preventing long-term clinical progression in MS. This approach 
may have a transformative impact on the evolution of the dis
ease in the long-term, by effectively preventing neurodegenera
tion and its irreversible clinical consequences. Furthermore, our 
results indicate that in future clinical trials investigating novel 
promyelinating therapies, the use of individual profiles of cor
tical myelin repair based on MTR should be considered as out
come measures and for patient stratification. This approach 
could maximize the likelihood of identifying effective treat
ments to enhance myelin repair and improve outcomes for peo
ple with MS in the near future.

Data availability
The data that support the findings of this study are available from 
the corresponding author on reasonable request.
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