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Introduction
Multiple sclerosis (MS) is a chronic inflammatory, neu-
rodegenerative disease of the central nervous system 
(CNS). Axonal loss is accepted as the major cause of 
irreversible neurological disability in MS. Acute inflam-
matory demyelination typically manifests as new white 
matter lesions and is the principal cause of axonal tran-
section and subsequent axonal degeneration.1 As such, 
new lesion formation is likely to contribute significantly 
to disease progression, particularly in the relapsing–
remitting stage of the disease.

New lesional activity is typically measured as a com-
bined volume of new lesions and an enlargement of 

chronic (i.e. pre-existing) lesions. Recent studies, 
however, have demonstrated that the mechanisms 
responsible for the development of new lesions and 
the slow expansion of chronic lesions are likely to dif-
fer.2,3 While formation of new acute lesions is associ-
ated with a disturbance of the blood–brain barrier, 
smouldering inflammation at the edge of some 
chronic lesions is dominated by microglial activation, 
the activation and proliferation of astrocytes and 
B-cell infiltration.2,4 Such lesions, which are typically 
described as chronic active lesions,5 reveal an inactive 
plaque core that is surrounded by a rim of profound 
microglial activation,2 ongoing demyelination6 and 
axonal injury.7–9 This slow-burning inflammation at 
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the edge of MS lesions and associated gradual lesion 
expansion3,10 may represent one pathological sub-
strate of gradual worsening of pre-existing clinical 
deficits and disability progression.11

Therefore, in this study, we examined the incidence 
and extent of the expansion of chronic white matter 
lesions in a cohort of patients with relapsing–remit-
ting MS (RRMS) followed for 5 years. Furthermore, 
we investigated the relationship between lesion 
expansion and patient demographics, the appear-
ance of new lesions, the severity of progressive  
tissue damage inside pre-existing lesions and recog-
nized clinical and imaging biomarkers of disease 
progression.

Method

Standard protocol approvals, registrations and 
patient consents
The study was approved by University of Sydney and 
Macquarie University Human Research Ethics 
Committees and followed the tenets of the Declaration 
of Helsinki. Written informed consent was obtained 
from all participants.

Subjects
Fifty consecutive patients with established RRMS, 
defined according to the revised McDonald 2010  
criteria,12 were enrolled in a study from three MS clin-
ics in the Sydney metropolitan area. Patients under-
went magnetic resonance imaging (MRI) scans and 
clinical assessment at 0, 12 and 60 months. The main 
analysis was performed between 12 months (termed 
‘baseline’) and 60 months (termed ‘follow-up’), while 
scans performed at 0 months (termed ‘pre-study 
scans’) were used to identify newly developed lesions 
at the start of the study.

MRI protocol
MRI was performed using a 3T GE Discovery MR750 
scanner (GE Medical Systems, Milwaukee, WI). The 
following sequences were acquired:

1.	 Pre- and post-contrast (gadolinium) Sagittal 
3D T1;

2.	 Sagittal 3D (CUBE) FLAIR;
3.	 Diffusion-weighted MRI.

Specific parameters are presented in Supplementary 
Material 1.

MRI image pre-processing
The baseline T1-weighted imaging was realigned to 
Anterior and Posterior Commissure (AC–PC) orienta-
tion. Using FLIRT (FSL, FMRIB Software Library), 
follow-up T1 images were co-registered to initial 
(month 0) AC–PC space by applying transformation 
matrices derived from linear co-registration between 
baseline AC–PC aligned brain and follow-up native T1 
brain images (Figure 1(a)). In parallel, diffusion MRI 
was corrected for motion and eddy-current distortion in 
FSL, then echo planar imaging (EPI) susceptibility dis-
tortion was minimized by applying deformation maps 
generated from nonlinear co-registration between the 
diffusion-weighted imaging (DWI) b0 brain image and 
T1-weighted imaging at each time-point using ANTS 
(Advanced Normalization Tools). Subsequently, tensor 
reconstruction was performed in MRtrix3. Tensor and 
fluid-attenuated inversion recovery (FLAIR) images 
were then linearly co-registered to corresponding T1 
AC–PC images at each time-point.

Lesion identification and analysis
Individual lesions were identified on the co-registered 
T2 FLAIR images and semi-automatically segmented 
using JIM 7 software (Xinapse Systems, Essex, UK) 
on all scans by a trained analyst (Figure 1(b)). Only 
lesions measuring larger than 50 mm3 were selected 
for analysis, since it represents minimal size (2 × 2 
voxels) of the lesional core used for diffusion tensor 
imaging (DTI) analysis.

Gadolinium enhancement usually does not persist 
beyond 2 months, after which newly formed T2 
hyperintense lesions continue to shrink in size for 
another 3–5 months, reflecting resolution of edema 
and some tissue repair, including remyelination.13 
Therefore, to minimize lesion changes related to evo-
lution of newly developed lesions, both baseline gad-
olinium-enhancing lesions and newly formed baseline 
non-enhancing T2 lesions (i.e. lesions visible on base-
line images, but not present on pre-study images) 
were excluded from analyses.

Once selected, baseline and follow-up lesions were 
converted to a binary mask and analysed by a fully 
automated in-house lesion progression algorithm writ-
ten in Python. The algorithm includes several steps:

1.	 Lesion matching: Individual lesions are 
matched between baseline and follow-up time-
points based on spatial connectedness (i.e. 
lesion overlap) (red arrows, Figure 1(d) and 
(e)). All follow-up lesions that did not have a 
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matched baseline counterpart are classified as 
‘new free-standing lesions’ (Figure 1(d), green 
arrows).

2.	 Correction of follow-up lesions for brain atro-
phy: With relatively long periods of follow-up, 
brain atrophy frequently leads to a significant 
shift in the position of MS lesions,14 which 
affects the accurate estimation of the lesion. 
Therefore, for each baseline-to-follow-up lesion 
pair, the position of the baseline lesion mask is 
adjusted for brain atrophy by implementing lin-
ear co-registration between the two masks using 
6 degrees of freedom (rigid body) with a limited 
rotation of around 5 degrees (FLIRT)15 (Figure 
1(e) and (f) and in Supplementary Video 1).

3.	 Detection of new confluent lesions: performed by 
a custom-designed algorithm (see Supplementary 
Figure 1 and Figure 1(g)).

4.	 Calculation of chronic lesion volume change 
during follow-up: The final size of chronic 
lesions at follow-up is determined by subtract-
ing confluent lesions (Figure 1(h), green area) 
from a follow-up lesion mask. Subsequently, 
the difference between the remainder of the 
follow-up lesion mask and baseline lesion mask 
is used to calculate change in chronic lesion 
volume (Figure 1(h)). Chronic lesions which 
demonstrate less than 10% volume change 
(both positive and negative) are classified as 
stable (10% represents test–retest variability of 

manual lesion masking). Lesions with more 
than 10% volume increase are classified as 
expanding, while lesions with more than 10% 
volume decrease are classified as shrinking.

5.	 New free-standing lesions and new confluent 
lesions that developed during the follow-up 
were combined together to compute the patient-
wise volume of new acute lesions.

The degree of tissue damage within chronic lesions 
was assessed by mean diffusivity (MD), as previously 
suggested.14 Progressive tissue damage in chronic 
lesions was measured as an increase of MD in lesional 
core between baseline and follow-up timepoints14,16 
using the baseline lesion mask, which was adjusted  
to correct for brain atrophy-related displacement at 
follow-up (Figure 1(e), blue area).

Brain atrophy
Percentage brain volume change (PBVC) between 
baseline and follow-up was calculated using the 
SIENA/FSL (v4.1 software; FMRIB, Oxford, UK) 
pipeline.17 Briefly, T1 intensity inhomogeneity cor-
rection18 was performed, followed by removal of 
non-brain tissue using the Brain Extraction Tool 
from the FMRIB Software Library (FSL) with man-
ual QC. The pre-processed brain masks were then 
imported into SIENA with standard parameters 
(SIENA v. 2.6).

Figure 1.  Lesion identification and analysis pipeline. (a) Follow-up T1 image was co-registered to a baseline T1 image. 
(b) Lesions were segmented on the co-registered T2 fluid-attenuated inversion recovery (FLAIR) images using JIM 7 
software on pre-study, baseline and follow-up scans. (c) Lesions were converted to a binary mask. (d) and (e) Individual 
lesions were matched between baseline and follow-up time-points (red arrows, Figure 1(d) and (e)). All follow-up 
lesions that did not have a matched baseline counterpart were classified as ‘new free-standing lesions’ (green arrows). 
(f) Position of the baseline lesion mask was adjusted for brain atrophy by implementing affine co-registration between 
the two masks using 6 degrees of freedom (DOF) with limited rotation (5deg) (FLIRT) rigid body registration. (g) 
New confluent lesions (red-yellow scale) were identified by custom-designed algorithm detecting local areas of lesion 
expansions (Supplementary Figure 1). (h) Volumetric characteristics were calculated for following lesion components: 
baseline lesion (blue volume), change of chronic lesion volume (difference between mesh volume and blue volume), and 
new confluent lesions (green volume).
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Statistics
Statistical analysis was performed using SPSS 22.0 
(SPSS, Chicago, IL, USA). The principal analysis was 
performed on a patient-wise basis. The Pearson corre-
lation coefficient was used to measure statistical 
dependence between two numerical variables. p < 0.05 
was considered statistically significant. Comparisons 
between groups were made using Student’s t test. 
Longitudinal changes were assessed using the paired 
two-sample t test. A Univariate General Linear Model 
was applied to analyse the potential effect of various 
factors on brain atrophy and Expanded Disability 
Status Scale (EDSS) progression.

Results
Thirty-three patients completed the study. Demographic 
data are presented in Table 1. Fifteen patients were 
treated with low-potency disease-modifying therapies 
(DMTs), while 17 patients received high-potency 
DMTs for the bulk of the study (one patient was 
treatment-free).

There were 569 lesions identified as chronic at base-
line (15 lesions were gadolinium (GAD)-enhancing 
or newly appearing compared to pre-study scans and, 
therefore, were excluded from analysis). Lesions 
were classified as follows: 261 (46%) chronic lesions 
were expanding, 236 (42%) chronic lesions were 
stable and 72 (12%) chronic lesions were shrinking 
(see examples in Figure 2). In addition, 139 new free-
standing and confluent lesions were detected. 
Volumetric characteristics of each lesion group are 
presented in Table 2.

In all, 31 patients had at least one expanding lesions, 
while 22 patients had at least one shrinking lesion. 
Lesion expansion was a dominating pattern of lesion 
volume change, as shown in Figure 3, which demon-
strates patient-wise proportion of expanding and 
shrinking lesions. Furthermore, average lesion vol-
ume in expanding lesions was significantly larger 
than average volume of lesion shrinking (120 mm3 vs 
37 mm3). As a result, total volume of chronic lesion 
expansion exceeds total volume of lesion shrinking 
by more than tenfold (31,320 mm3 vs 2664 mm3). 
Patients with more expanding lesions tended to have 
less lesions that shrink, which is supported by a sig-
nificant negative correlation between proportion of 
expanding and shrinking lesions in individual patients 
(r = 0.53, p = 0.002).

There was significant association between incidence 
of expanding lesions and patient’s age (r = 0.53, 
p = 0.002), with older patients demonstrating larger 

proportion of expanding lesions. An equilibrium 
between expanding and non-expanding (i.e. stable 
and shrinking lesions pooled together) lesions was 
observed at 46 years of age (Supplementary Figure 2).

Lesion-based analysis demonstrated a trend towards a 
larger lesion size at baseline in the group of expand-
ing lesions in comparison with shrinking lesions 
(analysis of variance (ANOVA): p = 0.063, post hoc 
Tukey analysis between expanding and shrinking 
groups: p = 0.069).

For the purpose of further analysis, all chronic lesions 
(including expanding, stable and shrinking lesions) 
were combined together into a ‘chronic lesion’ group, 
while new free-standing and confluent lesions were 
pooled into a ‘new lesion’ group.

There was a significant increase in patient-wise total 
brain lesion volume during the follow-up period 
(average volume 6680 ± 5509 vs 7951 ± 6315 mm3 
at baseline and follow-up, respectively, p < 0.0001) 
(Figure 4(a)), the bulk of which was accounted  
for by an increase in chronic lesion volume (67.3% 
or 855 ± 1066 mm3), while only 32.7% (or 
420 ± 633 mm3) was attributable to new lesions. No 
association was found between absolute and relative 
(percentage-wise) change in the volume of chronic 
lesions and the volume of new lesions (p = 0.4 and 
p = 0.7, respectively).

Change in chronic lesion volume in individual patients 
is presented in Figure 4(b). While there was signifi-
cant heterogeneity in the rate of chronic lesion 

Table 1.  Demographic data (one patient remained on the 
same DMT throughout the study duration).

Total number of patients 33

Age at enrolment, years 42.6 ± 10.3

Sex 13M/20 F

Disease duration at enrolment, years   6.5 ± 2.8

EDSS at baseline   1.1 + 1.0

No. of patients on stable treatment 32

Low-potency DMT

  Betaferon 2

  Avonex 5

  Rebif 1

  Glatiramer acetate 7

High-potency DMT

  Fingolimod 9

  Natalizumab 6
  Dimethyl fumarate 2

EDSS: Expanded Disability Status Scale.
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volume change, which varied between −5% and 47% 
(12.1 ± 12%), 15 out of 33 patients demonstrated sub-
stantial (>10%) enlargement of chronic lesions 
volume.

The percentage of chronic lesion volume change cor-
related significantly with patient’s age (r = 0.52, 
p = 0.002; while volume of new lesions was 

independent of age), but not with disease duration 
(p = 0.5) or baseline lesion volume (p = 0.7). There 
was no difference between the rate of lesion volume 
change in males versus females (p = 0.8, t test) or 
between patients receiving high- and low-potency 
DMTs (p = 0.19, t test).

There was, however, significant correlation of the 
volume of chronic lesion change with the degree of 
brain atrophy (r = −0.57, p = 0.001) and change of 
EDSS during the follow-up period (r = 0.38, p = 0.03), 
indicating that expansion of chronic lesions is associ-
ated with both radiological and clinical markers of 
disease progression.

The combined volume of new lesions also correlated 
significantly with the degree of brain atrophy 
(r = −0.45, p = 0.01), but not with EDSS progression 
(p = 0.6). Therefore, to estimate relative contribution 
of both lesion-related factors to brain atrophy, multi-
ple linear regression analysis including the volume of 
chronic lesion expansion and the volume of new 
lesions was performed. The model demonstrated that 
while both factors contributed significantly (model 
predictive value: r2 = 0.46, p < 0.001, standardized 
coefficients beta: −0.52 and −0.38, p = 0.001 and 

Figure 2.  Examples of lesion evolution between baseline and follow-up visits. The baseline lesion mask is in blue. New 
confluent lesion is in green. The follow-up lesion mask is represented by the mesh: (a) stable lesion, (b) shrinking lesion, 
(c) expanding lesion and (d) expanding lesion with a new confluent lesion.

Table 2.  Volumetric characteristics of expanding, shrinking, stable and new lesions.

Lesions n Average baseline 
volume (mm3)

Average volume 
change (mm3)

Total volume 
change (mm3)

Expanding 261 462 ± 1106 120 ± 246 31,320

Stable 236 345 ± 724 4 ± 27 1380

Shrinking 72 201 ± 248 −37 ± 42 −2664
New lesions 139 – 100 ± 133 13,867

Figure 3.  Percentage of expanding and shrinking lesions 
in individual patients.
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0.009 for volume of chronic lesion change and vol-
ume of new lesions, respectively) (Figure 5(a)), the 
effect of the chronic lesions expansion was more 
apparent.

Similar analysis using EDSS progression as the 
dependent variable (model predictive value: r2 = 0.26, 
p = 0.03), however, demonstrated a significant 

contribution only of chronic lesion volume change to 
the model (standardized coefficient beta = 0.5, 
p = 0.006) (Figure 5(b)).

The degree of chronic lesion volume change during 
the follow-up period correlated significantly with the 
level of MD within lesions at baseline (r = 0.52, 
p = 0.002) (Figure 5(a)). This association was 

Figure 4.  Patient-based lesion analysis. (a) Lesion composition at baseline and follow-up. (b) Rate of chronic lesion 
volume change. Dots grouped by 5%.

Figure 5.  Linear regression analysis, which demonstrates relationship of brain atrophy (a) and EDSS (b) with the volume 
of chronic lesion expansion, the volume of new lesions and patient’s age. Lines represent 95% confidence intervals.
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strengthened by the end of the follow-up period 
(r = 0.64, p < 0.001) (Figure 6(b)), suggesting that the 
degree of progressive tissue loss inside chronic lesions 
is associated with ongoing inflammation at the lesion 
rim. This was further supported by the patient-based 
observation of a strong positive correlation between 
the rate of chronic lesion volume change and an 
increase of MD inside lesions during the follow-up 
period (r = 0.75, p < 0.001) (Figure 6(c)). Of note, 
there was significant increase in MD within chronic 
lesions during the 4 year follow-up period (1.29 vs 
1.33, p < 0.001, paired t test), consistent with previ-
ously reported data.14 However, there was no correla-
tion between the volume of new lesions and MD 
progression inside chronic lesions (p = 0.2).

Lesion-wise analysis demonstrated that baseline MD 
and MD change within the lesion core was largely 
driven by expanding lesions (Table 3).

Discussion
Slow-burning inflammation is putatively associated 
with lesion expansion and leads to progressive loss of 
axons and disability worsening.2,3,19 However, in vivo 
evidence linking lesion expansion with biomarkers of 

disease progression, particularly during the relapsing–
remitting stage of the disease, is lacking. Therefore, 
this study was conducted to evaluate the evolution of 
chronic lesions in RRMS patients and its potential 
association with biomarkers of disease progression.

Almost half (46%) of the chronic lesions identified in 
our RRMS cohort significantly enlarged over 
48 months of follow-up. Conversely, only a small pro-
portion (12%) of chronic lesions displayed shrinking, 
usually by a smaller volume. Lesion expansion, there-
fore, was the principal determinant of chronic lesion 
volume change over the course of the study.

Patient-wise analysis revealed that the increase in vol-
ume of chronic lesions reached as high as 30%–40% 
in some individuals. Enlarging chronic lesions were 
found in majority of the patients, and a substantial 
(> 10%) increase in total chronic lesion volume was 
observed in about one-third of our patient cohort, 
which is in line with the rate of smouldering lesions 
detected pathologically.20,21

The study showed that the expansion of chronic lesions 
is driving, at least partially, disease progression by pre-
dicting the evolution of traditional imaging (brain 

Figure 6.  Correlation between rate of lesion volume change and mean diffusivity. (a) Correlation between the rate of 
lesion volume change and mean diffusivity in chronic lesions at baseline. (b) Correlation between the rate of lesion 
volume change and mean diffusivity in chronic lesions at 48 months. (c) Correlation between the rate of lesion volume 
change and change of mean diffusivity in chronic lesions between baseline and 48 months.

Table 3.  Lesion-wise analysis of baseline MD and MD change in shrinking, stable and expanding lesions.

Lesions MD baseline Tukey multiple comparison 
test (vs expanding lesions)

MD progression Tukey multiple comparison 
test (vs expanding lesions)

Shrinking 1.043 ± 0.137 p = 0.03 −0.014 ± 0.047 p < 0.001

Stable 1.073 ± 0.141 n/s 0.004 ± 0.054 p < 0.001

Expanding 1.102 ± 0.144 – 0.040 ± 0.077 –
ANOVA p = 0.025 – p < 0.001 –

MD: mean diffusivity; ANOVA: analysis of variance; MS: multiple sclerosis.



Multiple Sclerosis Journal 00(0)

8	 journals.sagepub.com/home/msj

atrophy) and clinical (EDSS increase) biomarkers. 
This is not totally unexpected, considering that expan-
sion of chronic white matter lesions reflects a low-
grade inflammatory demyelination at the lesion edge, 
which is known to cause axonal transection.11 The fol-
lowing Wallerian and retrograde degeneration leads to 
the elimination of the axolemma and myelin sheath of 
damaged axons from the white matter tissue and 
finally to neuronal deaths, which results in white and 
grey matter shrinkage and ultimately in brain atrophy.

While the rate of axonal loss caused by smouldering 
inflammation at the lesion edge is considerably smaller 
than the axonal damage triggered by acute lesions, 
chronic lesion expansion dominated lesional activity 
during the follow-up period (comprising a staggering 
67% of total increase in T2 lesion load), presumably 
magnifying its impact on global neurodegeneration 
and disease progression. This is further supported by 
the higher contribution of lesion expansion to brain 
atrophy and EDSS progression compared to the impact 
of new lesions, as demonstrated by linear regression 
analysis. Thus, standardized coefficient beta was 
higher and more significant for expansion of chronic 
lesions when both brain atrophy and EDSS progres-
sion were used as independent variables.

This is in agreement with the outcome of a recent 
study,22 which demonstrated that longitudinal activity 
of chronic lesions, but not the formation of acute 
lesions, significantly predicts clinical progression in 
patients with primary progressive MS. It also aligns 
with the conclusion reached in another study,11 which 
demonstrated that in a mixed MS cohort, the incidence 
of the smouldering lesions is associated with more 
aggressive disease, higher motor and cognitive disa-
bility and earlier transition to progressive disease.

Similar to primary progressive disease,22 in our 
RRMS cohort, the evolution of chronic and acute 
white matter lesions was independent, implying that 
different mechanisms are likely to be responsible for 
smouldering and acute inflammation.2–4,23 This is fur-
ther supported by the fact that the rate of lesion expan-
sion was independent of treatment type.

Another novel finding of this study is an observed cor-
relation between the degree of chronic lesion volume 
change and increase in isotropic water diffusion within 
chronic lesions. Elevated MD, previously demon-
strated in chronic white matter MS lesions, has been 
shown to reflect an enlargement of the extracellular 
space24–28 (caused by combination of ongoing tissue 
loss and relatively rigid lesional structure, which is 
due to fibrillary gliosis developed during the acute 

stage of lesion formation),29 and its gradual increase 
has been associated with on-going axonal loss.14,16 
Therefore, a close association observed between the 
rate of lesion expansion and an increase of MD inside 
of chronic MS lesions during the follow-up period 
suggests that ongoing low-grade inflammation at the 
lesion edge promotes progressive tissue damage 
within the lesion. These findings are in agreement with 
pathological studies demonstrating that active demy-
elination in mixed active/inactive lesions correlates 
with axonal injury in these lesions.19,21 While both 
chronic inflammatory changes at the lesion rim and 
new acute lesions can potentially contribute to white 
matter loss inside chronic lesions, the strong associa-
tion of MD increase with lesion expansion and a lack 
of correlation with new lesions suggest that slow-
burning inflammation is a main factor responsible for 
the progressive damage of demyelinated axons.

Our study also revealed significant association 
between lesion expansion and patient’s age. Both the 
incidence of expanding lesions and the degree of 
lesion expansion were higher in older patients. This 
finding is in line with accelerated disability progres-
sion in older patients.30–32 While systemic low-grade 
inflammation and associated synaptopathy and synap-
tic plasticity impairments are evident in normal aging 
brains, they accelerate in the MS disease (see the work 
by Musella et al.33 for review). Furthermore, chronic 
active lesions, which can be seen throughout the entire 
course of the disease, have been more frequently 
detected in patients with long-standing multiple scle-
rosis.19 Therefore, considering significant correlation 
between chronic lesion enlargement and disability 
progression, it is plausible to assume that activation of 
smouldering inflammation with age contributes, at 
least partially, to acceleration of disability in older 
individuals. This is also supported by the relatively old 
age of our MS cohort, which approximates the average 
age at which smouldering plaques peak19 and the aver-
age age-of-progression onset in patients with RRMS.34

This study has several limitations. First, a single meas-
ure of clinical disability (EDSS) was utilized in this 
study. More comprehensive physical, cognitive or 
composite assessments of clinical change, which may 
better predict disease progression,22 were not used. 
The lack of inclusion of susceptibility-weighted imag-
ing (SWI) in our MRI acquisition is a further limita-
tion of the study. Since chronic inflammatory activity 
at the edge of slowly expanding lesions is sustained by 
activated macrophages and microglia, it is often seen 
as a hypointense rim on non-contrast SWI. In fact, 
several very recent studies demonstrated a close asso-
ciation between lesion expansion and the presence of a 
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perilesional paramagnetic rim.3,11 However, since our 
study was initiated more than 7 years ago, SWI was 
not included in the original study protocol. Third, all 
but one patient was treated with DMT, with potentially 
differential effects on lesion dynamics. It is possible, 
for instance, that a particular DMT may reduce the 
appearance of new lesions, but have little or no effect 
on lesion expansion.

In summary, the expansion of chronic white matter 
lesions in patients with RRMS is the primary determi-
nant of the increased T2 total lesion load and signifi-
cantly contributes to disease progression. Low-grade 
inflammation at the lesion rim is driving, at least par-
tially, axonal loss inside the chronic lesions and brain 
damage outside of lesional tissue. In addition, expan-
sion of chronic lesions is more evident in older patients.
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