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REVIEW

Brain atrophy in multiple sclerosis:
therapeutic, cognitive and clinical impact

Atrofia cerebral en esclerosis multiple: impacto clinico, cognitivo y terapéutico

Juan Ignacio Rojas, Liliana Patrucco, Jimena Miguez, Edgardo Cristiano

ABSTRACT

Multiple sclerosis (MS) was always considered as a white matter inflammatory disease. Today, there is an important body of evidence
that supports the hypothesis that gray matter involvement and the neurodegenerative mechanism are at least partially independent from
inflammation. Gray matter atrophy develops faster than white matter atrophy, and predominates in the initial stages of the disease. The
neurodegenerative mechanism creates permanent damage and correlates with physical and cognitive disability. In this review we describe
the current available evidence regarding brain atrophy and its consequence in MS patients.
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RESUMEN

La esclerosis multiple (EM) fue considerada histéricamente como una enfermedad inflamatoria de la sustancia blanca. Hoy en dia
hay mucha evidencia que apoya, ademés, el compromiso de la sustancia gris y los mecanismos neurodegenerativos, que son al menos
parcialmente independientes de la inflamacion. La atrofia de la sustancia gris se desarrolla méas rapido que la atrofia de la sustancia blanca
y predomina en las etapas iniciales de la enfermedad. El mecanismo neurodegenerativo, crea un dano permanentey se correlacionaria con
la discapacidad fisicay cognitiva del paciente. En esta revision, se describe la evidencia disponible actual con respecto a la atrofia cerebral
y Su consecuencia en los pacientes con EM.

Palabras-clave: esclerosis multiple, atrofia cerebral, neurodegeneracion.

Multiple sclerosis (MS) is recognized as an inflamma-
tory and neurodegenerative disease of the central nervous
system (CNS)'. Axonal degeneration is thought to be re-
sponsible for the irreversible progression of the disability
seen in affected patients**’. The loss of brain volume, or
brain atrophy, has been classically considered as a mark-
er present in severe or advanced stages of the disease®.
However, recent studies have demonstrated that this phe-
nomenon also occurs in patients with clinically isolated
syndromes suggestive of MS and also in the radiologically
isolated syndrome®®.

In addition to these observations on disease progression
and the course of atrophy in patients with MS, it is important
to analyze the meaning that brain atrophy has in the clinical
care of affected patients®.

In the present review, we aim to assess the existing tech-
niques for measuring brain atrophy and the impact that it has
on disease progression and on the physical and cognitive im-
pairment of patients with MS.

MOLECULAR BASES FOR AXONAL DEGENERATION
IN MS

The axonal transection was demonstrated in 1998 by Bruce
Trapp et al., whom with confocal microscopy and tridimen-
sional reconstructions could identify oval shape terminal axo-
nal lesions in the MS plaques® The density of the damaged ax-
ons was 11.236/mm?®in active lesions, 3.138/mm?*in the edges of
the chronic active hypercellular lesions and of 875/mm? in the
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hypocellular central areas of the chronic inactive lesions, thus
being able to confirm that axonal loss correlates with the de-
gree of inflammation in the disease, being present as from early
stages of the disease? Although the molecular mechanisms in-
volved in the process of axonal damage are not exactly known,
several hypothesis have been proposed’. It is known that my-
elin loss produces a failure in axonal action potential conduc-
tion, and this is sometimes seen from the clinical standpoint as
neurologic deficit®. However, this axonal conduction can be re-
covered due to the expression and distribution of new sodium
channels in the demyelinated axon, resulting in total or partial
deficit remission®. This voltage — dependent sodium channels
might probably play an important role in the neurodegenera-
tive process seen in MS’. A consequence of axonal loss in a le-
sion is Wallerian degeneration along the fiber pathways that
traverse it% Axonal loss in lesions may therefore cause atro-
phy by two mechanisms: tissue loss within the lesion per se,
and Wallerian degeneration in related fiber pathways. Given
the large proportion that axons contribute to white matter
volume, and evidence for considerable axonal damage in MS,
axonal loss seems likely to be an important contributor to the
atrophy observed in the disease*'**.

TECHNICAL CONSIDERATIONS IN BRAIN ATROPHY
MEASUREMENT IN MS

Currently, global and regional brain atrophy can be assessed
using a wide variety of techniques*'*™". Some of these utilize
manual methods for the quantitative analysis of the atrophy (such
as bidimensional measurement of lateral ventricle diameter or
of the third ventricle diameter, among others). Nevertheless, in
spite of being simple and user friendly for an experienced opera-
tor, these methods carry important disadvantages because they
not only require a prolonged analysis time but also demonstrate
significant inter-observer variability'*. As an alternative for this re-
producibility hurdle, the automated segmentation techniques do
not require interaction with the operator, they can process a larg-
er number of images, and they eliminate the variability. The au-
tomation process of volumetric measurements has been possible
because both MRI images (tridimensional sequences) and their
processing through specific programs have improved". These pro-
grams have allowed us to obtain more precise and reproducible
measurements of brain atrophy in patients with MS. Automated
or semi-automated measurement techniques can be divided in
two groups: segmentation techniques (transversal) and registry
techniques (longitudinal)’.

SEGMENTATION BASED TECHNIQUES
(TRANSVERSAL)

Segmentation based techniques (transversal) allow us to
perform total brain volume measurements, either of white or
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gray matter, globally or regionally, in a certain time period*".
One of the most commonly used techniques estimates brain
parenchymal fraction (BPF), which is defined as the relation-
ship between brain parenchyma volume and intra-cranial
volume (obtained by the sum of the brain parenchyma and
the cerebrospinal fluid (CSF)), or brain parenchyma/brain
parenchyma + CSF®. The advantage of this technique is that
both the brain parenchyma and the intra-cranial volume are
measured in an automated fashion and skull size variability
is considered for each patient separately.

REGISTRY BASED TECHNIQUES (LONGITUDINAL)

These registry based techniques allow us to perform lon-
gitudinal measurements of changes in brain atrophy*'". The
comparison of serial evaluations performed in a patient, or in
a group of patients, quantifies changes that have occurred in
brain volume during a certain time-frame. These techniques,
which are largely automated, express results as a percentage
of change in brain volume*. In Table 1 commonly techniques
used for the measurement of brain atrophy can be seen, to-
gether with their main limitations and characteristics.

BRAIN ATROPHY AND THE EXISTING EVIDENCE
CONCERNING ITS MEANING

Brain atrophy and the risk of disease progression
We have thoroughly evaluated the role of brain atrophy as a
prognostic factor in the progression of the disease. As previously
mentioned, brain atrophy is detected in the early stages of the dis-
ease, even in stages without clinical symptoms'®". It has already
been demonstrated that the rate of brain atrophy is greater in
patients with a clinically isolated syndrome (CIS) that progress-
es to MS when compared with patients that do not worsen dur-
ing the course of their disease. This impacts the early prognosis
of the disease®®. A sub-analysis from the ETOMS study that as-
sessed the efficacy of [sc] interferon beta 1-a sc in patients with
CIS showed a significant difference in mean annual percentage
brain volume change (PBVC) between patients who had disease
progression and those who did not (-0.92% and -0.56%, respec-
tively)®. Similar findings were identified in an observational study
done by Pérez-Miralles et al.* which showed a greater decrease of
PBVC in 176 patients with CIS who progressed to MS when com-
pared to those patients who did not progress (-0.65% compared
to +0.059%, p < 0.001). These findings established a prognostic
role for brain atrophy and MS conversion in patients who had a
first demyelinating event. Di Filippo et al.'® also demonstrated the
prognostic role of brain atrophy and the risk of progression to MS
after a first clinical event. In their studies, those patients with CIS
that progressed to MS during a 6 year follow-up had an atrophy
rate of 0.5% vs. -0.2% of those who did not, thereby making this an
important prognostic factor for MS conversion' (Figures 1 and 2).



CLINICAL IMPACT OF BRAIN ATROPHY IN PATIENTS
WITH MS

A study from Fisher et al.” published in 2002 showed the re-
lationship between brain atrophy and physical impairment dur-
ing an 8-year follow-up. This study also stated that brain atrophy
had a clinical impact: worsening expanded disability status scale
(EDSS) and progression to disability. A correlation between atro-
phy rate and physical disability was performed and suggesting
that progression to atrophy in relapsing remitting multiple scle-
rosis (RRMS) was clinically relevant and may be a useful marker
to predict disease progression®. Following this line of research,

Table 1. Techniques used to measure brain atrophy.

Fisniku et al.*' evaluated whether physical disability during fol-
low-up was related to white and gray matter brain atrophy. The
study included 73 patients with CIS who were followed up for al-
most 20 years showed that atrophy of gray matter was related to
an increase in EDSS (p < 0.001) and a worsening in the function-
al assessment of the patients (p < 0.001) in a higher proportion
than in the atrophy of the white matter®. Sailer et al.** identified
that a greater thinning of the global cortical thickness, and spe-
cially the motor cortex, related to worse performance in physical
assessment and an increase in EDSS (p = 0.001) during follow-up
in patients with MS. These studies support the finding that more
significant brain atrophy correlates with a worsening of physical

Degree of

Technique . Characteristics Limitations
automation
BSI . Measures changes in brain volume using Does not distinguish
) ) Semi-automated : . 5
www.sourceforge.net/projects/bsintegral/ pairs of images between brain tissue
FIRST . Analysis in a certain time
Automated Volumetry and analysis of deep gray matter .
http://fsL.fmrib.ox.ac.uk/fsl/fslwiki/ v Y peray point
FreeSurfer Volumetry of deep gray matter; cortical

Automated or

thickness; simultaneous analysis in multiple Prolonged calculation

http:/freesurfer.net/ manual time points time needed
Nifty-Se s f A 4
/ g Automated Measures cortical thickness AMEEIE 0 a_certam time
http:/cmic.cs.ucl.ac.uk/home/software/ point
SepINRIA M h in brain vol i D t distinguish
) o : easures changes in brain volume using oes not distinguis
http://www-sop.inria.fr/asclepios/software/ Automated pairs of images between brain tissues
SepINRIA/
SIENA Measures changes in brain volume using Does not distinguish
. . Automated ! . -
http:/fsl.fmrib.ox.ac.uk/fsl/fslwiki/ pairs of images between brain tissues
SIENA-R A Analysis of brain focal atrophy in groups of Does not distinguish
) L utomated . : . : o
http:/fsl.fmrib.ox.ac.uk/fsl/fslwiki/ patients using pairs of images between brain tissues
SPM-Longitudinal VBM Autornated Analysis of brain focal atrophy in groupsof ~ Can only be applied in a
www.fil.ion.ucl.ac.uk/spm/ patients using pairs of images group
TOADS-CRUISE ) )
. ) ) Automated Measurement of cortical thickness changes -
www.nitrc.org/projects/toads-cruise/
1.0 q .
’I -
054 Al Clinically MRI Persistant
patients converted converted Cls 01
n=176 n=76 n=32 n=068 _
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PBVC: percentage brain volume change; CIS: clinically isolated syndrome.

Figure 1. Percentage of brain volume change and prediction of
multiple sclerosis (MS) conversion in patients with CIS. In this
study, those patients with greater atrophy rate after diagnosis
presented a higher risk of MS conversion, defined either
clinically or by images during follow-up®.

PBVC: percentage brain volume change; CIS: clinically isolated syndrome;
CDMS: clinically definity multiple sclerosis.

Figure 2. Box plots that show in another study the risk of
multiple sclerosis (MS) conversion during follow-up in
patients with CIS. Higher atrophy during the first year of
disease implies a greater risk'®.
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disability in patients with MS. The remainder of the evidence
concerning this issue is explained in detail in Table 2.

BRAIN ATROPHY AND COGNITIVE IMPACT IN MS
PATIENTS

The impact of brain atrophy in the cognitive field can

be seen as from the pre-morbid stage of the disease, known

as the radiologic isolated syndrome (RIS)'’. Amato et al. re-
ported that 27.6% of these patients had signs of cognitive
deterioration and that cortical brain volume reduction re-
lated to a worse performance in cognitive tests (p = 0.043)*.
In patients with RRMS, the finding of regional atrophy has
been related to specific functional involvement. For exam-
ple, atrophy of the corpus callosum (CC) has been related
to a worsening in verbal fluency tests as well as in atten-
tion tests, as measured by the Symbol Digit Modality Test

Table 2. Brain atrophy in multiple sclerosis (MS): prognostic factor and impact on physical disability in patients with clinically
isolated syndrome (CIS) and MS.

Brain atrophy measurement

Author Aim of the study N patients Result variable Comment
(software used)
Jacobsen Assess atrophy as marker 81 with  Disease progression Longitudinal PBVC and Patients with disability progression
etal.? of progression of physical MS measured by EDSS  tissue specific transversal have more putaminal and cortical
disability in 5-10 year volumes changes brain atrophy
follow up (SIENA, SIENAXy FIRST)
Hofstetter Assess gray matter 239 with EDSS progression  Longitudinal changes in gray Physical disability was associated with
etal.% changes as a marker of MS and MSFC matter (VBM SPM5) greater gray matter atrophy
disability progression. worsening
Pérez- Evaluate brain atrophyas 176 with MS conversion in Changes in PBVC (SIENA) The decrease in global brain volume
Miralles prognostic factor in CIS CIS patients with CIS foresaw MS conversion in patients
etal® with CIS
Zivadinov Assess atrophy of the 216 with  Conversion to MSiin PBVC and subcortical Atrophy of the thalamus and of global
etal.?® thalamus as prognostic CIs patients with CIS structures changes brain structures was associated with
factorin CIS (SIENAY FIRST) an increase in the risk of conversion to
MS in patients with CIS
Popescu Evaluate whether brain 261 with Disability PBVC longitudinal Brain atrophy might play a significant
etal.?® atrophy predicts physical MS progression changes and transversal role in predicting long term disability in
disability ina 10 year quantified by EDSS measurements patients with MS
follow up period (SIENA/SIENAX)
Rojas Assess if brain atrophy 26 with Physical disability ~ PBVC longitudinal changes Greater brain atrophy during the early
etal.” predicts physical disability RRMS progression (SIENA) stages of the disease was associated with
in a7 year follow up period. measured by EDSS greater physical disability during follow up
DiFilippo  Evaluateif brain atrophy 99 with CIS  Physical disability Longitudinal changes in Brain atrophy was associated with MS
etal® during the first year of progression PBVC (SIENA) conversion in patients with CIS, and not
CIS predicted the clinical measured by EDSS with physical disability during follow up
status at 6 year follow up and MS conversion
Lukas Assess the predictive 54 with MS  Physical disability =~ PBVC and PVVC longitudinal Greater PVVC reduction was the
etal.?® value of central atrophy progression changes (SIENA) physical disability predictor factor in
in relation to the risk of measured by EDSS the mean term
physical impairment in
early stages of the disease
Horakova Evaluate the predictivevalue 181 with Physical disability  Longitudinal and transversal Decrease in total brain and gray matter
etal.? of gray and white matter RRMS progression PBVC changes (SIENAY volume was associated with greater
atrophy in physical disability measured by EDSS SIENAX) physical deterioration
Fisher Assess the impact of 70 MS Disability Measurement of segmental Gray matter atrophy related with more
et al.’® gray matter atrophy in progression volumes (BPF ad. Hoc physical impairment during follow up
physical disability measured by EDSS  software Cleveland Clinic)
Fisniku Correlation between 73withCIS  Physical disability Segmental volumes Gray matter atrophy correlated with
etal.? brain atrophy and followed for measured by EDSS measurements more physical disability in a 20 year
physical disability 20years (SIENAX'y VBM-SPM?2) follow up
Jasperse  Evaluate the correlation 79 with Physical disability Regional changesin brain  Central atrophy implied more physical
etal.® between brain volume MS measured by EDSS,  volume and PBVC (SIENA) disability, whereas involvement of
changes and physical and changes in MSFC complex functions correlated with
cognitive disability central and peripheral atrophy
Charil Cortical atrophy relates 425 with Physical disability =~ Segmental cortical atrophy  Atrophy of interconnected areas of the
etal.’? to physical disability MS progression (INSECT software) brain might be associated with motor
progression measured by EDSS disability in involved patients
Turner Assess the correlation 38 with MS ~ Physical disability Changes in PBVC and in More significant brain atrophy during
etal.®® between changes in brain progression ventricular volume follow up correlated with more
volume and physical measured by EDSS physical disability
disability after 4 years.
Bakshi Evaluate the correlation of 149 with Physical disability Regional atrophy (BPF). Brain atrophy related to physical
etal.3 changes in brain volume MS progression worsening in patients with severe

with physical disability

measured EDSS

involvement

EDSS: expanded disability status scale; PBVC: percentage brain volume change; MSFC: multiple sclerosis functional composite; RRMS: relapsing remitting
multiple sclerosis.
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(SDMT) and the PASAT test. Atrophy of the anterior seg-
ment of the CC has been related to fatigue and its degree
of severity®. Likewise, Rudick et al.*” showed a correlation

between gray matter atrophy progression and worsening of
the MSFC. Table 3 shows the evidence that impact atrophy
has on the cognitive field.

Table 3. Brain atrophy in MS and its impact on cognition and fatigue.

N patients Brain atrophy
Author Aim of the study P Result variable measurement Comment
with RMMS
(software used)
Cruz Correlation between brain 60 Fatigue measured by Segmental atrophy by In patients with fatigue there was
Goémez atrophy and fatigue fatigue severity scale VBM-SPM8 areduction in segmentary gray
etal.® and white matter volume when
compared to controls
Amato Evaluate the relationship 52 Cognitive reservewas  Segmental brain volumes The cognitive reserve might
etal.®® between cognitive reserve and assessed through a and longitudinal PBVC compensate structural damage,
brain atrophy in patients with score thatincluded changes (SIENAX however, with damage and atrophy
RRMS education,|Q and pre and SIENA) progression, this compensation
morbid activities is lost
Batista Determine if atrophy of the 86 Complete Segmentary subcortical Information processing alterations
etal.®® thalamus and basal ganglia play neuropsychologic subglobal volumes was related to greater atrophy of
arole in the speed to process tests, PASAT and (SIENAX and FIRST) subcortical structures that include
information in RRMS (SPI) SDMT. the thalamus and the caudate
Calabrese Evaluate if atrophy of cortical 152 Fatigue measured by Segmental subcortical Segmental atrophies were related to
etal” and deep gray matter structures the fatigue impact volumes (FreeSurfer) greater fatigue in RRMS
relates to fatigue in patients with scale
RRMS
Pellicano Assess the correlation between 24 Fatige measured by Cortical and subcortical Parietal cortex atrophy was
etal.”? cortical and subcortical regional the fatigue impact segmental brain atrophy significantly related to fatigue in
atrophy in RRMS. scale (FreeSurfer) patients with RRMS
Sumowski Evaluate the effect of brain 38 Information processing Third ventricle enlargement Brain atrophy showed negative
etal.® atrophy on the cognitive reserve (manual processing) effects on information processing
that was partially attenuated by the
cognitive reserve
Mineev Assess correlation between 65 Extended Manually measured brain Greater brain atrophy correlated
etal.* cognitive deterioration and brain neuropsychologic volumes with greater cognitive involvement in
atrophy assessment patients with RRMS
Sanchez Evaluate the correlation 52 Extended Subcortical globaland Central ventricle atrophy was the
etal.® between brain atrophy and neuropsychologic segmental atrophy best predictor for global cognitive
cognitive deterioration in RRMS assessment. (manual processing of the deterioration in this group of
bicaudate space and of the patients with RRMS
third ventricle diameter)
Houtchens Assess if thalamic atrophy 79 Extended BPF and subcortical Thalamic atrophy might
etal.®® correlates with cognitive neuropsychologic brain volumes using JIM be a sensitive biomarker
deterioration in RRMS assessment. software of neurodegeneration and
cognitive impact
Tekok-Kilic Evaluate the correlation 59 Extended Brain segmental volumetry Thalamic atrophy might
etal.”’ between gray matter atrophy neuropsychologic (SABRE software) be a sensitive biomarker
and cognitive involvement in assessment. of neurodegeneration and
RRMS cognitive impact
Tedeschi Assess the correlation of 222 Fatige measured by Brain totaland segmental  Greater fatigue was observed with
etal.’® fatigue with white and gray the fatigue impact volumes greater brain atrophy
matter atrophy scale
Sanfilipo Evaluate correlation of gray 40 Extended Cortical and subcortical Gray and white matter atrophy
etal.®® and white matter atrophy with neuropsychologic brain total and segmental contribute independently to
cognitive deterioration in RRMS assessment volumes (SPM99) cognitive deterioration in RRMS
Lazeron Assess the correlation between 82 Rao short battery tests Segmental and total Cognitive deterioration in MS
etal®® brain atrophy and cognitive brain volume (BPF depends moderately on brain
deterioration in RRMS local software) structural damage
Edwards Evaluate the association 40 Extended Segmental and total brain White matter atrophy correlated
etal.® between cognitive deterioration neuropsychologic volume (BPF) with worse cognitive performance,
and supra - tentorial assessment probably reflecting the effect of
brain atrophy. axonal subcortical damage and
myelin loss
Zivadinov Evaluate if cognitive 53 inearly Extended Total brain volume In early stages of the disease,
etal.’? deterioration in early stages disease neuropsychologic (semiautomatic cognitive deterioration correlated
of MS correlates with brain stages assessment local program) signifcantly with total brain volume

volume loss

loss probably due to axonal loss

RRMS: relapsing remitting multiple sclerosis; PVBC: percentage brain volume change.
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Table 4. Pivotal studies and the effect on brain atrophy and physical disability60.

Year Trial Controlarm Treatment arm N £ el B el
measurement atrophy *
1999 MSCRG®' Placebo IFNb-12 6 MIU 301 BPF 0.50
2006 AFFIRM®? Placebo Natalizumab 942 BPF 0.56
2006 SENTINEL®® IFNb-1230Mcg  IFNbeta 1-a 30 mcg + natalizumab 300 mg 1171 BPF 0.77
2008 REGARD® GA IFNbeta-1a-44 mcg 764 SIENA 1.28
IFNbeta-1a-2 1347 .
2009 BEYOND® GA beta-1a-250 : SIENA 0.9
IFNbeta-1a-500 1345 0.80
FTY 0.5 843 0.63
2010 FREEDOMS®® Placebo me SIENA
FTY 1.25 mg 847 0.55
Cladribine 3.5 mg 870 0.81
2010 CLARITY®® Placebo o SIENA
Cladribine 5.25 mg 893 0.81
Terifl ide 7 728 1.0
2011 TEMSO® Placebo S unomies £ me BPF
Teriflunomide 14 mg 721 1.0
BG-12 240 mgt.id 818 0.70
2012 DEFINE®® Placebo ) SIENA
BG-12 240 mg 3 daily 824 0.83
BG-12 240 mgt.id 722 0.94
2012 CONFIRM®? Placebo BG-12 240 mg 3 daily 708 SIENA 0.97
GA 713 0.84
2012 MSCARE-1¢7 IFNbeta-12 Alemtuzumab 821 BPF 0.50
2012 MSCARE-I[® IFNbeta-12 Alemtuzumab 1187 BPF 0.63
FTY 0.5 mg 757 0.70
2012 FREEDOMS-I|8¢ placebo SIENA
FTY 1.25 mg 757 0.52

GA: glatiramer acetate; *The effect of atrophy is over physical disability at two years follow-up estimated as R2 .

IMPACT OF DISEASE MODIFYING THERAPIES ON
BRAIN ATROPHY

Based upon these findings, there is a clear need to iden-
tify medication not only for the inflammatory process but
also for preventing brain atrophy progression and neurode-
generation. Currently, the effect of medication on MS and its
secondary impact on brain atrophy is under investigation.
However, in some phase III clinical trials the brain atrophy
biomarker has become a primary assessment outcome.

In a study that included 519 patients with RRMS for a
two-year period, the subcutaneous administration of in-
terferon b- 1a%, found no effect of treatment on brain at-
rophy when compared to placebo. In another study that
used glatiramer acetate in the evaluation, there were no
differences in brain atrophy during follow-up in the pla-
cebo arm™. In studies that used teriflunomoide no signifi-
cant changes in brain atrophy were found when compared
to the placebo arm, whereas in those studies that assessed
fingolimod and BG-12 (FREEDOMS and TRANSFORMS
and DEFINE studies) showed significant differences in at-
rophy rate reduction when compared with no treatment
or active drug®®*"*% In a recent meta-analysis conduct-
ed by Sormani et al.”’, the researchers were able to dem-
onstrate the impact of controlling degenerative activity
with the current available MS treatments. This degenera-
tive activity was reflected in the atrophy (Table 4). The
main findings of the overall analysis showed that a great-
er reduction in brain atrophy led to reduced disability
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progression in the two-year follow-up period assessed®.
Brain atrophy might also have a greater predictive value
than conventional MRI findings in preventing physical
disability progression (lesional load in T2).

CONCLUSION

In this review we describe the current available evidence
regarding brain atrophy and its consequence in MS patients.
MS has traditionally been considered a white matter inflam-
matory disease. Today, there is a large body of evidence that
supports the hypothesis that gray matter involvement and
the neurodegenerative mechanisms are at least partially in-
dependent from inflammation in this disease.

The neurodegenerative mechanism creates permanent
damage and correlates with physical and cognitive disability.
Therefore, it is important to treat MS in the early stages to de-
crease the loss of brain volume and its consequences. Some
issues should be overcome in order to increase it's use and
confidence, like the influence that brain water content could
have on the measurement as well as the cut off value of an-
nual brain atrophy that should be used in daily clinical practice
for example. Regarding the first issue, many research lines ad-
dressed the issue and showed that the inclusion of pseudo T2
sequences as well as frequent MR scans can serve as a marker
of changes in bulk brain water content and thus can help to
investigate the presence of pseudoatrophy in multiple sclero-
sis vs. real brain volume loss in order to better characterize the



temporal pattern of brain volume change in affected patients.
The other issue mentioned is the cut off value in annual brain
volume loss. De Stefano et al. demonstrates that different val-
ues of annual PBVC could define a pathological range at dif-
ferent levels of specificity (ie, ‘pathological’ rates could be de-
fined as above -0.52% with a specificity of 95%, above -0.46%
with a specificity of 90% and above -0.40% with a specificity of
80%) and interestingly, increasing age did not influence in such
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practice. However, advances in computational
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