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Abstract

Multiple sclerosis (MS) is a chronic demyelinating disease of the central nervous system (CNS) character-
ized by a widely variable clinical manifestation and course. Although MS is generally considered a disease
of the white matter (WM), pathology is also found in the gray matter (GM). Axonal loss and neurodegen-
eration occur early and can lead to permanent neurological and cognitive impairment.

Magnetic Resonance Imaging (MRI) offers excellent anatomical - structural information and since 2001,
MRI has been incorporated in the diagnostic workup of patients with a clinical suspicion of MS (1). Chang-
es in brain volume, detected from the early stages of MS and proceeding throughout the course of dis-
ease, may offer an accurate measure of neurodegeneration and tissue damage. Qualitative (i.e., visual)
interpretation of structural brain images can detect only macroscopic changes and shows a low level of
interobserver agreement. On the other hand, advanced MRI techniques -such as MRI-based brain volum-
etry— developed in the recent years through the advances in computational technology have greater sen-
sitivity than conventional MRI and allow quantitative assessment of structural brain images. Since manual
identification and measurement of MS lesions on MRI can be extremely time-consuming and subjective,
multiple semi-automated and automated methods for the determination of overall and regional brain
volumes and of “lesion load” have been suggested. Nonetheless, although these methods seem sensitive
and reproducible, their role should be mainly supportive to that of visual assessment of brain structural
images, since variable factors (e.g. pseudoatrophy) can have a confounding influence on measurements.

After a brief overview of the different volumetric MRI techniques, this review will assess the clinical use
of MRI-derived brain volumetry in the diagnosis, follow-up and monitoring of treatment effects in patients
with MS.

Key words: magnetic resonance imaging, volumetry, Radiologically Isolated Syndrome, Clinically Isolated Syndrome,
multiple sclerosis
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MNepiAnyn

H okAnpuvon katd nAdkas h noAdanin okAnpuvon (MY) eival pia xpdvia anopuefivwtikh aoBéveia tou
KEVTPIKOU VeupIkoU cuothpatos (KNX) nou xapakinpidetal and pia eupéws petaBant kAivikn ekdhiwon kai
nopeia. Mapdio nou n okAhpuvon katd NAdkas Bewpeital yevikd acBéveia s Aeukns ouaias, n nabonoyia
€NeKTeivetal kal pnopei va avixveuBbei enions kal otn @aid oucia. H andAgia twv VEUPMVWY Kal N VEUPOEK-
Qunion spgavifovial vwplis kal pynopei va odnyhcouv o péviun veuponoyikn kai yvwolakhn e€acBevnon. H
Aneikévion MayvnukoU XuvioviopoU (MRI) npoo@épel eEQIPETKES AVATOUIKES - HOPPONOYIKES NANPOPOPIES
kal ané 1o 2001, n MRI evowpatmBnke otn diayvwaoukn digpelivnon acBevav pe kAvikh unowia ML (1). O
anfdayés otov Gyko tou eykePAnou, nou avixveuovtal and ta npwta otddia wns MX kal npoxwpouyv kab 'éAn
n bi1Gpkela tns acBévelas, YNopel va NPooPEPOUY €va PETPNOIUO NOooTKA PéyeBos Tns veupoekpuAions Kal
s npoioloas 1oukhs BAGRNs. H noloukn (dnA. oanukn) epunveia twv HOPPOAOYIKMOV EIKOVWV TOU EYKE-
@Aanou Pnopei va avixveUoel ydvo Jakpookonikes andnayés karl To eninedo oup@wvias PHETaty SIapopPETKWDY
napanpnt®yv eaivetal xapnAod. And tnv dAin nisupd, ol nponypéves texvikés MRI -6nws n nocoukh aglo-
Adynon péow NS OYKOPETPNONS Tou eykepdnou pe Bdon tnv MRI- nou avantixBnkav ta tefeutaia xpdvia
péow twv eCeniCewv otnv unonoyiotkn texvoAoyia éxouv peyanUtepn euaioBnaia and t cupPatkn MRI kal
ENITPENOUV TNV Noootikh agloAdynon €1dIkwY pop@odoyik@v akonouBidv tou eykepdniou. Aedopévou 6t n
Xelpokivnn avayvapion kail pétpnon twv BAaBdv tns M otn MRI pnopei va eivar €aipgukd xpovoBopa Kal
UMOKEIYEVIKN, €xouv Npotabei noAnés NpI-auTOPATES Kal autopatonoinuéves pébodol yia tov npoodiopioud
Tou ouvonikoU éykou tou eykepdnou, noAnaniwv Eexwplotmv dopmyv autol Kal tou «Poptiou twv PBAa-
Bwv» s M. Map' 6Aa autd, av kal autés ol pébodor paivovial euaioBnTes Kal avanapaywyipes, o pénos
Tous Ba npénel va gival Kupiws UNOoTNPIKUKOS O AUTOV TS MOIOTIKAS-0MTUKAS aflofdynons twv Yoppono-
YIKOV €IKOVWV Tou eykepdnou, kabBms petafAntol napayovies (n.x. yeudoatpopia) pnopoulv va €xouv pia
OUYKEXUPEVN enibpaon ous PETPNOEIS.

Metd and pia clviopn eniokénnon twv SIAGOPWY OYKOUETPIKWOV Texvikdv MRI, auth n avackdnnon
Ba a§odoynoel us kAIVIKES XPAOEIS TS MOCOTKNS OYKOUETPIKAS a&londynons Tou eykeQAAoU PECW €10IKDV
peBddwv MRI otn didyvwon, tnv napakoiouBnon, addd kal tnv a§loNdynon twv Bepaneutik@y anotene-
opdtwv oe aoBeveis pe ML,

Né€eis eupetnpiou: Angikdvion MayvnukoU ZuvtoviopoU (MRI) eykepdnou, oykopétpnon (volumetry),
Akuvofoyikd Mepovwpévo Zuvdpopo (RIS), KAvikéd Mepovwpévo Xuvdpopo (CIS), noAdandh okAnpuvon (MS)
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Introduction

Imaging is broadly used in the diagnosis and moni-
toring of neurological diseases, including MS. MRI has
become the cornerstone for the diagnosis, follow-up
and management of numerous neurological and psy-
chiatric conditions. In current clinical practice though,
these assessments are based on the visual inspection
of MR images by experts, who are responsible for
the initial diagnosis and for the interpretation of
follow-up examinations.

Lately, within the scientific literature, we find an
increasing interest in the use of quantitative medical
imaging biomarkers, i.e., relevant numerical values
that can be extracted with advanced image process-
ing techniques from 2D or 3D image data sets. Many
imaging biomarkers, such as volumetric assessment
of brain structures, have shown excellent sensitivity
and specificity in the diagnosis and prognosis of vari-
ous neurological diseases, including MS.

The aim of this review is to enlighten the useful-
ness of quantitative volumetric evaluation of MS
patients in the everyday clinical routine for the initial
diagnosis, as well as for the follow-up and even in
treatment modification, if needed.

Background

MS is a chronic autoimmune, inflammatory and
demyelinating disease of the CNS characterized by a
widely variable clinical manifestation and course. MS
commonly affects young adults and causes changes
in the morphology and structure of the brain, leading
to disability and cognitive impairment. Although in
some cases MS may not directly affect the patients’
life expectancy, it has a significant impact on their
quality of life.

Establishing the prognosis for MS early in the dis-
ease course is important for selecting the appropri-
ate treatment and for determining, throughout the
course of disease, when the therapeutic approach
should be modified. Nonetheless, our ability to pre-
dict how a patient’s disease will evolve is still lim-
ited. For many years, we have known that specific
clinical features of MS are associated with a more
benign course (e.g., female gender, clinical onset
before the age of 40 years, few early relapses, few
early fixed deficits, initial involvement of only sen-
sory systems), but these clinical features offer limited
help in decision making since they have a low prog-
nostic value. Throughout the years there have been
various attempts to develop paraclinical tests, that
could reinforce this clinical prognostic information.
Among these, the use of MRI markers, including
gadolinium enhancing lesions, new T2 lesions, vol-
ume of T2 and/or T1 lesion burden, brain atrophy
(either whole brain or separately for grey and white
matter), spinal cord atrophy, cortical connectivity, and
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chemical composition of the normal appearing white
matter (NAWM) have been investigated.

Conventional MRI is an excellent, non-invasive
imaging technique, very sensitive in detecting brain
multifocal WM damage, but it is often not satisfac-
tory in detecting evidence of subtle and widespread
abnormalities in the so-called NAWM [2, 3] and in
the GM [(4, 5]. The most common MRI protocols
(Hashemi et al., 2012) used in discerning MS lesions
are T1-weighted (T1-W), T2-weighted (T2-W), PD-
weighted (PD-W) and fluid attenuated inversion re-
covery T2 (T2-FLAIR) sequences. Lesions (also known
as “plagues”) can be visualized with several MRI se-
quences: (1) on T1-WI: chronic lesions with axonal
destruction and irreversible damage appear as dark
spots (“black holes”), compared to the surrounding
WM tissue intensities; (2) on gadolinium - enhanced
T1-WI: "active” inflammatory lesions that enhance
indicate breakdown of the blood-brain barrier and
ongoing disease activity, since only new lesions (under
6 weeks old) enhance; (3) on T2-WI, FLAIR and PD-
WI: lesions appear as hyperintense spots compared
to the surrounding brain parenchyma.

Double inversion recovery (DIR) is an additional MRI
sequence that can increase the conspicuity of WM
plagues on T2 -WI. It is an inversion recovery MRI pulse
sequence that uses two different inversion pulses se-
lected to suppress signal from CSF (e.g. Tl, = 2000-
3000 msec before readout) and from WM (e.g. Tl, =
450 msec before readout). It is useful in the estimation
of lesion load, in the differentiation of juxtacortical
from mixed GM-WM plagues, and in the detection
of infratentorial or spinal cord lesions. Another MRI
sequence helpful in the revelation of spinal cord le-
sions is T1-W Phase-sensitive IR (PSIR) [6] although it
is somewhat tricky to implement since it suffers from
phase error artifacts and long scanning times.

The “lesion load”, defined as the lesions’ total
volume in the brain, is one of the key biomarkers in
MS. Usually, a distinction is made between T2 lesions
(i.e., lesions that appear hyperintense on T2-W!I or
FLAIR images), T1 lesions (i.e., lesions that appear
hypointense on T1-WI, “black holes”) and contrast-
enhancing lesions (Figure 1a).

Apart from the lesion load, brain volumetry [7]
and, more precisely, cerebral atrophy [8] and, specifi-
cally, GM atrophy [9] are currently considered to be
important biomarkers, that seem to have a positive
correlation with the speed of disease progression.
Consequently, not only the detection of lesions, but
the quantification of brain volumes and atrophy rates
is crucial in the management of patients with MS
(Figure 1b).

Widespread application of MRI biomarkers is hin-
dered by issues such as non-standardized imaging
protocols, imaging artifacts, lack of normative data
and manual segmentations to interpret values in
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Figure 1a. Longitudinal follow up report (lcometrix ®) of a 57-year-old male patient with RRMS.
The volume of FLAIR and T1-W lesions is estimated. The lesions are classified into N = new,
E = enlarging and S = shrinking and their volume is presented in a chart to facilitate their quantitative

evaluation and show disease progression
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clinical practice. In order to mitigate such issues, the
MAGNIMS study group published guidelines for the
use of MRI in MS diagnosis [10], as well as recom-
mendations to improve imaging and analysis of brain
lesion load and atrophy in longitudinal MS studies
[10, 11]. The recommended brain MRI sequences
are 3D FLAIR, pre- and post-gadolinium 3D T1-W,
axial T2-W and/or PD-W, obtained with a minimum
MRI field strength of 1.5 T and near-isotropic spatial
resolution. It should be noted that total head cover-
age should include the entire brain and brainstem.
This article offers a brief review of the different
volumetric MRI techniques and discusses the clini-
cal relevance of MRI-derived brain volumetry in the
diagnosis and follow-up of patients with MS.

Brain Volume

The volume of the whole brain and of brain struc-
tures can be calculated through brain segmentation
techniques. Brain segmentation relies on high-contrast
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borders between brain tissue and cerebral spinal fluid
(CSF) (Figure 2a). Standard high-resolution 3D acquisi-
tions (that can be acquired in less than 10 minutes)
decrease partial volume effects and yield good CSF/
brain and GM/WM contrast, allowing imaging and
measurement of small regional structures. Firstly,
“brain extraction” is performed to ensure that only
brain tissue is conveyed to the segmentation path-
way. Various brain extraction methods, such as the
brain extraction tool (BET) [12] and the brain surface
extractor (BSE) [13] are available and their approaches
vary including morphological and geometrical tech-
niques, as well as image processing and modelling
functions (hole filling, surface modelling, edge de-
tection, intensity thresholding, atlas matching, etc.).
Once brain extraction is completed, the process of
brain segmentation begins. This process is typically
based on a probabilistic modeling of voxel intensi-
ties that takes advantage of the fact that different
tissues have different MRI characteristics. Literature
provides an excellent overview of brain segmentation

Archives of Clinical Neurology 30:5-2021, 53-68
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Figure 1b. Automated MRI Brain volumetry system report by lcometrix® of the same patient,
showing cerebral and GM atrophy; important biomarkers, that seem to have a positive correlation

with the speed of disease progression
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methods [14] that include FSL FAST [15], SIENAX [16]
and FreeSurfer [17]. To give an example, SIENAX [18]
(Structural Image Evaluation, using Normalization of
Atrophy-Cross-Sectional) uses a fully automated algo-
rithm to quantify the volume of whole brain, GM and
WM. An automated BET is used to segment brain from
non-brain tissue and appraise the outer skull surface.
The brain images are registered to a stereotactic space
to perform normalizing for head size and then a brain
mask is applied to exclude extracerebral tissue. SIEENAX
can segment the extracted brain into GM, WM, and
CSF with great accuracy and low mean absolute error
of volume measurements [18].

Lesion Detection and Volume Estimation

Automatic lesion segmentation methods can be
divided into supervised and unsupervised classifica-
tion methods. The first group requires a prototypical
training dataset in order to build a model that will
then be used on new patients for lesion segmenta-
tion. Although excellent results can be obtained with
the proposed variants of this group [19-22] building
a training dataset that incorporates MS lesions of all
possible shapes and intensities that are heteroge-
neously distributed in the WM is difficult. Moreover,

Archives of Clinical Neurology 30:5-2021, 53-68
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it is difficult to preprocess new images —acquired on
different scanners than the one used for the train-
ing dataset- in order to match the characteristics
of the training dataset. The second group includes
methods that are mainly based on stochastic mod-
elling of voxel intensity distribution. These perform
brain segmentation into GM, WM and CSF (with or
without lesion detection) and often depend on post-
processing approaches for lesion segmentation. The
assumptions made for the lesion segmentation have
a great effect on the results. For example, LST [23]
and MSmetrix [24] detect FLAIR-hyperintense outliers,
which are further characterized as lesions according
to their spatial probability of being in the WM, where
the WM segmentation is basically derived from T1-WI
segmentation. LesionTOADS [25] on the other hand,
combines information from different MR sequences
in order to synchronously segment lesions and brain
structures. In the meantime, the segmented lesions
are confined to typical locations by using maps from
the boundaries of structures such as CSF (Figure 2).

Longitudinal Biomarkers

Brain volume measurements derived from a single
scan are often hard to interpret because there is a
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Figure 2. Brain segmentation (volBrain) after brain extraction in a 27-year-old female patient
with no clinical history of demyelinating attacks or other alternative causes for WM lesions
(such as vascular, infectious or toxic) presented with dizziness

broad normal variability. Since small volume changes
are apt to being concealed by the interindividual vari-
ability in absolute brain volumes, normalization to in-
tracranial volume should be carried out. Longitudinal
measurements allow for a more accurate monitoring
of the disease progression by identifying the extent
of true interindividual differences (Figures 1, 3).

Diffuse atrophy from consecutive scans can be
assessed by image subtraction, as less errors occur
when we directly quantify the volume change. To
do so, however, serial images must be positionally
registered (spatially matched). Longitudinal meth-
ods typically try to match two MRI scan registra-
tion techniques and directly extract small changes in

Archives of Clinical Neurology 30:5-2021, 53-68
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Figure 3.

(3a) Initial MRI based Volumetry report (Icometrix®) of a 24-year-old female patient identifies FLAIR
lesions with a volume of 6.9 ml and “active” inflammatory (Gd enhanced) lesions with a volume

of 0.5 ml, “black holes” volume of 3.08 ml (Imagilys, SurferMagix®). As far as brain atrophy

(<1 normative percentile - matched for her gender and age) the report (Icometrix®) shows

no GM atrophy and normal thalamic volumes (Imagilys, SurferMagix®) (3b)

(3¢). After treatment, the report (Icometrix®) shows decrease of lesion volume in FLAIR (3.54ml).
Their distribution is 2.79 ml periventricular, 0.03 ml juxtacortical, 0.09 ml infratentorial and 0.63 m|
involving the deep WM. No “active” (Gd-enhanced) lesions where demonstrated. “Black holes”
(chronic lesions with axonal destruction and irreversible damage that appear as dark spots on T1-WI)

coexist with a volume of 2.14 ml
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brain volume from this process. For example, SIENA
(Structural Image Evaluation, Using Normalization, of
Atrophy) (18) uses the outer skull surface to restrict
the registration of serial images while normalizing to
image geometry changes. The brain surface is per-
ceived using a local threshold and smoothness factor,
and the percentage brain volume change is based on
the displacement of this edge between images, with
sub-voxel accuracy. Edge finding is relatively insensi-
tive to changes of intensity in tissues through serial
images, making this technique applicable to different
acquisitions with great accuracy [18].
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In what concerns lesion load, there are many
methods that focus on segmenting MS lesions at a
single time point. However, according to the review
of Lladd et al. [26] there is not yet a single approach
that can be used as a standard in everyday clinical
practice for the analysis of lesion evolution over time,
since quantification of atrophy and lesion load using
registration-based techniques such as SIENA may be
affected by differences in tissue intensity between
consecutive images and incorrectly interpret changes
in voxel intensity between a baseline and a repeat im-
age as atrophy of the brain or change in lesion load.
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Clinical Course and Imaging Findings

From a clinical point of view, MS starts with a
“radiologically isolated syndrome” (RIS) or a “clini-
cally isolated syndrome” (CIS) suggestive of MS. RIS
[27] refers to an entity in which brain and /or spine
MRI reveals serendipitous WM lesions that fulfill the
revised 2017 McDonald Criteria for dissemination in
space (DIS) but the patient has no clinical history of
demyelinating attacks or other alternative causes for
the WM lesions such as vascular, infectious or toxic.
RIS has been linked to MS and the prevalence of RIS
is known to be increased in healthy relatives of pa-
tients with MS. In their study Gabelic et al [28] found
that the prevalence of RIS in the healthy relatives of
patients with MS was 2.9% compared to the preva-
lence of RIS in unrelated healthy controls that was
2.4%. On the other hand, patients are considered to
have CIS when they present with their first clinical
symptom suggestive of CNS demyelination but they
do not fulfill the McDonald criteria for clinically defi-
nite MS. CIS patients who have a normal brain MRI
at presentation have only a 5 % risk of progression
to clinically definite MS in the next 1-5 years [29].
Diversely, RIS and CIS patients with cerebral lesions
on MRI at presentation have a substantially higher
risk, although the risk remains below 50 % when
the total lesion volume does not exceed 1.2 ml [29].

After disease onset, MS may take one of the fol-
lowing forms: (1) relapsing-remitting MS (RRMS),
which is characterized by acute attacks followed
by periods of remission; (2) primary progressive MS
(PPMS) and (3) secondary progressive MS (SPMS),
both of which are predominantly characterized by
progressive accumulation of disability, but may also
present concomitant clinical and/or MRI activity [30].
MR studies have demonstrated the existence of le-
sions and the development of brain atrophy in all
MS subtypes [31-33].

Clinically the progression of MS is characterized
by both motor and cognitive deterioration [34, 35].
Pathological changes in the NAWM have a better cor-
relation with progressive cognitive deficits than with
visual, sensory and motor symptoms [9, 36]. Brain
atrophy, defined as the diminution of brain volume
over time, is considered one of the characteristic con-
sequences of MS even though its pathophysiological
mechanisms remain unclear [37]. Patients with MS
show a higher rate of brain volume loss compared
to healthy controls, that is, 0.5-1 % per year in MS
patients versus 0.1-0.3 % per year in age-matched
healthy controls [38].

It has been reported that 60-80% of patients with
CIS suggestive of MS (e.g., optic neuritis) that under-
go MRI evaluation of their brain that detect lesions
develop clinically definite MS in the following years
[39]. Notably, previous studies have demonstrated
greater ventricular enlargement within one year in

people who develop MS compared to those who
remain stable (+0.5 to 0.8 cm? /year compared to
-0.1 to +0.06 cm? /year) [18]. A three-year follow-
up study of 58 patients with CIS observed a 17.9%
increase in the ventricular volume in 31 patients who
developed MS, while only a 2.3% increase was found
in 27 patients who remained stable [40]. Statistical
Parametric Mapping (SPM) was used to analyze BPF,
WM lesion load and GM lesion load changes in these
58 patients, showing significant decreases in both MS
(n=31)and CIS (n = 27) patients (-1.4% and -0.6%
in BPF and -3.3% and -1.1% in GMF, respectively).
The decreases were greater in the MS group, with the
later also showing a weak but statistically significant
increase (1.3%) in WM lesion load.

Okuda et al. [41] in their multicenter study of 451
patients with RIS, found that approximately two-
thirds of them developed new lesions on longitudinal
MR imaging, while one-third of them developed CIS
within 5 years of the index MR imaging.

Various studies have shown that brain volume is
notably reduced in RRMS patients when compared
to age-matched controls [42-44]. The majority of
longitudinal studies —even when including subjects
in the earliest stages of MS with no significant dis-
ability- have estimated atrophy rates of around -0.5
to -0.8% /year. A study of the mean atrophy rate in
34 subjects, estimated using SIENA, found a 0.7%
/year (SD = 0.9) decrease in brain volume over an
interval of one year [ 45].

It is widely accepted that atrophy occurs from the
earliest stages of MS and continues throughout the
disease course, but it is not yet established if there are
differences in the development of atrophy between
PPMS and RRMS, or if the atrophy rate changes dur-
ing the disease course. One study suggested that
atrophy is confined to the supratentorial brain during
the RR stage, but extends to the brain and spinal cord
during the SP phase [42]. A SPM analysis of brain
atrophy measured by SIENA was used to explore the
evolution of brain atrophy in MS patients according
to their subtype (RRMS, SPMS, and PPMS) [46], and
the results suggested that while ventricular enlarge-
ment was predominant in RRMS, cortical atrophy
was the dominant feature in PPMS.

Cross-sectional correlations between normalized
brain volume (NBV) and disease duration [43, 47,
48] indicate that brain atrophy is progressive. In a
longitudinal analysis of 27 RRMS and 9 SPMS pa-
tients brain atrophy was greater in SPMS patients
who had a longer disease duration, than in RRMS
patients [47]. Another longitudinal study indicated
higher annual atrophy rates in RRMS and SPMS com-
pared to PPMS, even though the PPMS patients had
a longer disease duration. On the other hand, similar
annual atrophy rates were found in PPMS and RRMS
patients [49], with reduced rates in SPMS; however,
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the differences were not statistically significant and
the analysis was conducted on a moderately small
number of subjects. Whether atrophy rates deceler-
ate or accelerate during the course of progressive
disease is yet to be determined. An analysis of 100
PPMS subjects indicated that the degree of atrophy
over the first year did not correlate with that over
the second year [50]. However, an ensuing five-year
follow-up study indicated a relatively consistent at-
rophy rate within individuals [51]. For the temporal
dynamics of atrophy in MS to be clarified, studies of
patients over longer periods are necessary.

It is worth emphasizing, that although focal de-
myelination in the cerebral WM was until recently
considered the pathological hallmark of MS, we now
know that in addition to WM lesions MS is also char-
acterized by GM lesions [52]. Brain atrophy in MS
is nowadays considered a global process related to
both GM and WM pathology. Actually, MRI- based
volumetric data have shown that GM atrophy (espe-
cially that of thalamus) has a better correlation with
physical and cognitive disability than WM atrophy
and T1 and T2 lesions do [9, 53, 54]. Morgan et al.
examined, and confirmed, the unwritten “rule of
five”, according to which five new lesions compared
to the baseline MRI scan are correlated to a higher
risk of ensuing relapses [55]. Sormani et al. followed-
up 58 patients with RRMS for a 10-year period and
their study confirmed the long-term clinical relevance
of lesion load since it showed that the escalation of
clinical disability measured by the Expanded Disability
Status Scale (EDSS) correlated with the increase of
T1 lesion load [56]. Their study showed an annual
volume increase of (+0.25 + 0.5) cm? for T2-W lesions
and of (+0.20 £ 0.31) cm? for T1-W lesions [56]. In
the analysis, EDSS worsening over 10 years correlated
best with the combination of baseline T1-W lesion
number and the increase of T1-W lesion load (R =
0.61, p < 0.001). Fisniku et al. evaluated the longi-
tudinal relationships between the MRI lesions and
clinical course of 107 MS patients over a period of
20 years. They found a lesion load increase of 0.80
cm3/year in those with RRMS but of 2.89 cm?3/year in
those with SPMS [57]. In addition, a multicentre 10-
year follow-up study by Popescu et al. showed that
brain atrophy and lesion load have a complementary
predictive value for disease progression since they
correlate with long-term disability in MS [58].

The correlation between cortical lesion load and
cognitive impairment has been investigated with
conflicting results. Nelson et al. in a study that com-
bined two different MRI techniques, DIR and T1-W
phase-sensitive inversion recovery (PSIR), showed that
intracortical and mixed lesions play a more impor-
tant role than juxtacortical lesions and measures of
atrophy in cognitive impairment [59]. A longitudinal
study of 13 MS patients showed that cortical lesions
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have a tendency to increase over time and this is as-
sociated with a cognitive decline. More specifically,
the authors found a significant correlation between
the hippocampal lesion load and the location learn-
ing test score (LLT), while investigating visuospa-
tial memory [60]. Mike et al. [61] found a similar
correlation between cortical lesion load and WM
volume damage. They also found that cortical le-
sions were a good predictor of verbal learning and
memory assessed by California verbal learning test
(CVLT-II). Calabrese et al. [62] demonstrated that
cortical lesions, GM damage volume, and age are
good predictors of cognitive impairment, showing
also a better correlation of cognitive impairment with
cortical lesion load, than with WM damage in MS
patients. However, Papadopoulou et al. [63] did not
confirm these findings, as their study demonstrated
that WM lesion load plays a more important role
in the development of cognitive impairment when
compared to cortical lesion load.

Treatment monitoring

It is widely accepted that MRI has an indispensable
role in the monitoring of disease progression and of
therapeutic efficacy [64, 65]. Newly developed treat-
ments, especially those prescribed in the early stages
of MS, focus not only on treating the symptoms
but on modifying the natural course of the disease.
Because of their serious side effects many of these
disease-modifying therapies are not prescribed as
first-line treatments. Even though imaging criteria
for switching from one treatment to another are
still under consideration, MRI-based monitoring of
therapeutic effects becomes more and more crucial
in clinical trials and clinical practice, a fact that in-
creases the need for standardization of MRI-derived
metrics [64-66].

Currently, in patients with a clinically active disease
(showing relapses and disability progression), who
develop at least three active MRl lesions, a change in
treatment is recommended [66]. During the course of
disease-modifying therapy, new or enlarging lesions
should be monitored with MRI at regular intervals,
ranging between 3, 6 and 12 months, based on in-
dividual clinical assessment and in line with national
and international guidelines [67-70]. The develop-
ment of one or more gadolinium-enhancing lesions
on a 6- or 12-month follow-up scan, or two or more
new or enlarging lesions on a 12-month follow-up
scan, should trigger consideration of treatment modi-
fication; however, in cases of isolated MRI-activity
(i.e., without evidence of clinical activity) individu-
alized risk/benefit assessment, which besides MRI
findings takes into account the patient’s history and
clinical status, is warranted to guide decisions on
potential treatment modification [67, 70, 71].
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Clinical trials indicate that the use of lesion load
and brain atrophy as endpoints is more efficient than
the Expanded Disability Status Scale (EDSS) [54], since
it decreases the required sample size for the dem-
onstration of statistically significant therapeutic ef-
fects in placebo-controlled trials. Moreover, in clinical
practice, MRI indices may facilitate early detection
of subclinical disease activity, and instigate timely
modification of disease-modifying treatments (DMTs)
to avert clinical relapses or EDSS progression.

There is no consensus on whether whole-brain at-
rophy should be used as the point of reference for the
evaluation of therapeutic efficacy after the first year
of treatment (38).The main hampering factor is that
whole-brain atrophy after 1 year of treatment might
be an inaccurate parameter, due to the occurrence
of pseudo-atrophy, with the latter representing an
early decrease of brain volume due to the diminu-
tion of inflammation [72]. Pseudo-atrophy seems to
affect WM more than GM [38] and may persist for
more than 2 years after treatment initiation. There-
fore, measuring GM atrophy, instead of whole-brain
atrophy, might be more useful.

Some clinical trials have shown that brain volume
loss (or GM volume loss) is a good prognostic in-
dicator for the natural course of the disease [72].
However, in clinical trials where DMTs were used, the
results were contradictory. The inconsistency between
the acquired results could be attributed to various
factors, such as differences in the action mechanism
of DMTs, patient populations, applied MRI protocols
and software applications used for the analysis.

It is obvious that if brain atrophy is to be used as
a representative marker of axonal loss in clinical tri-
als, reliable detection of atrophy over short intervals
would probably ameliorate trial efficiency and reduce
costs. However, the effect of measurement errors on
brain atrophy quantification is increased over short in-
tervals; therefore larger subject numbers are needed
for credible results to be obtained. For example, in
a study of 30 RRMS patients, no significant brain
atrophy was found over three months [73].

Agents such as interferon and glatiramer acetate
are considered efficacious in lowering relapse rates
and lesion formation, but it is still uncertain whether
they actually slow down neurodegeneration and dis-
ability progression. Although brain atrophy cannot be
used to directly monitor neurodegeneration, it has
been used as a representative marker and outcome
measure in several interferon-B trials in MS (Table 1).
Brain atrophy seems to progress despite treatment
with these alleged disease-modifying drugs; however,
the results of longer follow-up periods in studies by
Paolillo et al [74] and Turner et al [75] suggest that
either therapeutic action is delayed or a beneficial
effect from baseline becomes apparent only in later
atrophy measures. It is becoming increasingly impor-

tant to develop neuroprotective strategies, and brain
atrophy rates are likely to be included as outcome
measures in such strategies. The acquisition protocols
and atrophy measurement techniques used in clinical
trials must be highly reproducible and robust, since
the data will be acquired over multiple sites (Table 1).

Relationship Between Lesions and Brain Atrophy

It is widely accepted that focal inflammation can
eventually cause brain atrophy; nonetheless, attempts
to correlate brain atrophy with lesion measures have
produced diverse results. In the literature we find stud-
ies of CIS and MS that show an association between
brain volumes and T1-hypointense lesions [40, 76,
77], T2-hyperintense lesions [40, 42, 44, 76-78], and
gadolinium (Gd) -enhancing lesions [79] and others
that do not [47, 72, 76]. It is evident that to evaluate
such a relationship consecutive data are needed.

CIS patients that had T1-, T2-, or Gd-enhancing le-
sions at baseline showed greater ventricular enlarge-
ment over a period of one year compared to patients
who had no lesions on baseline imaging [80]. In the
existing literature we find many studies that show
a relationship between brain atrophy and change in
lesion volumes over the same period of time [48, 50,
81]; however, we also find studies that indicate no
correlation [82]. Studies that included therapeutic
trials indicated that the number and volume of Gd-
enhancing lesions discerned during the early study
periods were highly correlated with brain atrophy
developed over periods of 18 months to three years
in CIS and MS patients [79, 82-84]. This is probably
due to the fact that focal inflammation seems to
have a delayed effect on neuroaxonal degeneration
and ensuing atrophy. Even though many studies have
shown mixed results about the existing relationship
between lesions at baseline and subsequent atrophy
[81, 85, 86], findings from studies that included a
longer follow-up period enhance the belief that at-
rophy results from earlier inflammation. Chard et al.
followed 28 RRMS patients for 14 years after their
initial onset of symptoms and discovered that the
alterations in lesion load during the first five years
was more closely correlated to brain atrophy at 14
years than later alterations in lesion load [87].

In order to explain the fact that some studies have
found no correlation between lesions and atrophy
one may consider the presence of small lesion loads,
the fact that lesion activity may lead to variable de-
grees of axonal damage, the presence of inflamma-
tion causing edema, or the fact that GM lesions could
have a greater effect on following atrophy than WM
lesions. Additionally, there is evidence that factors not
related to lesion formation play a part in the progres-
sion of atrophy. It is worth noting that Inglese et al.
showed in their study that their attempt to suppress
the inflammation with autologous hematopoietic
stem cell transplantation this did have a significant
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Table 1. Indicative Therapeutic Trials of Interferon B That Have Used Brain Atrophy as an Outcome Measure
Subjects Study Design Atrophy measure Comments it
number
263 CIS | 123 treated subjects (22 pg) with | SIENA Brain atrophy rate 1.18% reduc- 91)

2 year data. 117 assigned placebo
with 2 year data.MRI at baseline, 1
year and 2 years.

tion (SD 1.51) in treated and
1.68% reduction (SD 1.99) in
placebo over a 2 years period.

Significant treatment effect de-
tected at 2 years.

31% of treated and 47% of pla-
cebo developed MS.

Median 2 year atrophy rate 1.63%
and 0.97% reduction in those
developing MS compared to those

years.

who did not
(P=0.046)
386 189 subjects treated for 3 years (30 | Brain parenchymal | Brain atrophy greater during the (92)
RRMS ug). fraction first year than the following 2
years.
197 subjects treated for 3 years (60 68% of the atrophy occurring dur-
1g).MRI at baseline, 1 year, 2 years ing the first year occurred during
and 3 years. first 4 months of treatment.
138 subjects had MRI at 3 months, Annual atrophy rates were evalu-
and 2 months before treatment, ated -0.33% (95% Cl -1.50 to
and months 4, 5, 6, 10, and 11. -0.62) during the treatment phase
and -1.06% (95% Cl -0.39 to
-0.27) during the pretreatment
phase.
140 68 subjects treated for 2 years. Brain parenchymal | Similar rate of brain atrophy (48)
RRMS fraction during year 1 was found in both
treated and placebo groups.
72 assigned placebo. Brain atrophy rate was significant-
ly lowered during year 2 in the
treated group.
MRI at baseline, 1 year and 2 years.
106 106 subjects treated for 2 years. Brain parenchymal | Significant brain atrophy over 8 (93)
RRMS MRI at baseline, 2 years and 8 fraction years.

and sustained effect on Gd enhancement and T2
lesion formation but did in the long term it did not
hinder atrophy [88].

We should also contemplate the fact that lesions
may affect both segmentation- and registration-
based brain atrophy measurements. For example, it
is possible for T1-hypointense lesions to be incorrectly
classified as CSF or for GM lesions to cause indistinct
signal intensity changes and affect segmentation.
However, Sharma et al. analysed 10 MS patients
with high T1 lesion loads and found that lesion mis-
classification had a frivolous effect on brain volume
measurements by SPM [89]. Likewise, in the literature
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we find studies that show no significant difference
in tissue volumes estimated with SPM between im-
ages with simulated WM lesions and those without
[90]. We may assume that brain volumes calculated
with SPM segmentations are relatively insensitive
to WM lesions, and therefore measurement of GM
atrophy may provide a more thorough assessment of
neurodegeneration in MS, not affected by alterations
in tissue volume due to inflammation.

Conclusion
MS is a chronic demyelinating disease of the cen-
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tral nervous system that leads to disability and cogni-
tive impairment. Conventional MRl is considered the
modality of choice for diagnosing and following up
patients with MS. Manual detection of MS lesions in
the MRI images is a time-consuming and subjective
process. Newly developed MRI methods and software
applications can assist in the quantitative evaluation of
MS. Both segmentation- and registration-MRI based
methods may be used to measure brain volume. Brain
volume loss and in particular GM volume loss occurs
early and progresses throughout the course of MS;
it is considered one of the most valid prognostic pa-
rameters of subsequent disability progression in pa-
tients with MS. Nonetheless, serious considerations
should be made before widely implementing it in clini-
cal practice, mainly because despite recent progress,
there is not yet a robust enough automated lesion
segmentation approach. It seems that there is still
room for improvement; new algorithms and advances
in MRI acquisition protocols will unequivocally assist
neuroradiologists in the early diagnosis, follow up and
assessment of treatment effects.
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