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Abstract In this review, we summarize advances in
knowledge derived from the application of magnetic res-
onance imaging (MRI)-based techniques to patients with
multiple sclerosis (MS) published in the Journal of Neu-
rology over the past year. We highlight the pivotal role
played by conventional MRI techniques for a correct and
early diagnosis of this condition and the exclusion of
alternative disorders. Advanced MR methods have con-
tributed to demonstrating how damage to selected brain
structures is related to disease clinical manifestations, thus
contributing to overcome the well-known “clinical-radio-
logical” paradox of MS, and ameliorating the under-
standing of the mechanisms underlying the accumulation
of irreversible disability. Finally, we discuss the use of
MRI to assess treatment efficacy and optimize therapeutic
approaches in this condition.

Keywords Multiple sclerosis - Magnetic resonance
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Introduction

Due to its exquisite sensitivity in detecting multiple scle-
rosis (MS) abnormalities, magnetic resonance imaging
(MRI) has become an established tool to diagnose this
disease and to monitor its evolution. MRI has been for-
mally included in the diagnostic workup of patients at

M. A. Rocca - R. Messina - M. Filippi (D<)
Neuroimaging Research Unit, Institute of Experimental
Neurology, Division of Neuroscience, San Raffaele
Scientific Institute, Vita-Salute San Raffaele University,
via Olgettina 60, 20132 Milan, Italy

e-mail: m.filippi @hsr.it

presentation with clinically isolated syndromes (CIS) sug-
gestive of MS, and ad hoc criteria have been proposed and
are updated on a regular basis [40]. On the contrary, in
patients with established MS, the ability of MR measures to
explain patients’ clinical status and progression of dis-
ability is still suboptimal [15]. This has prompted the
development and extensive application of modern MR-
based technologies to estimate overall MS burden in
patients at different stages of the disease.

In this review, we report the most recent findings from
papers published in the Journal of Neurology over the past
year for a correct and early diagnosis of MS, a better
understanding of the pathophysiological processes under-
lying disability accumulation as well as monitoring and
optimization of therapeutic approaches in this condition.

Diagnosis, differential diagnosis and early prognosis

The diagnosis of MS is based on the demonstration of
disease dissemination in space and time as well as the
exclusion of alternative neurological conditions. As dis-
cussed in a review article published in the May issue, the
differential diagnosis of MS includes a virtually endless list
of potential mimickers, encompassing infectious, inflam-
matory, rheumatologic, metabolic, nutritional, and degen-
erative entities [10]. MRI is one of the most helpful tools
for excluding alternative disorders that may mimic MS in
routine clinical practice. Indeed, focal MS lesions have
some typical features in terms of appearance, distribution,
extension, and shape that may support the diagnosis or
direct the physician toward alternative etiologies. Brain MS
lesions are frequently located asymmetrically in the peri-
ventricular and juxtacortical white matter (WM), the cor-
pus callosum (CC), and infratentorial areas (with the pons
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and cerebellum more frequently affected than the medulla
and midbrain), and they are sometimes characterized by
oval or elliptical shapes [34]. A series of MRI “red flags,”
derived from evidence-based findings and educated gues-
ses, have also been identified in the setting of clinically
suspected MS, which should alert the clinicians to prompt
the performance of “non-routine” tests and to reconsider
the differential diagnosis more extensively [7, 32]. Despite
this, in a few cases a correct diagnosis may be challenging.
For instance, in the September issue, Kleinfeld et al. [28]
described five middle-aged patients with progressive
spastic quadriparesis and dementia who were initially
diagnosed as suffering from MS. Brain MRI showed dif-
fuse T2 hyperintensities in the subcortical and periven-
tricular WM, without gadolinium (Gd) enhancement, and
diffuse cerebral and CC atrophy. All these cases had a
normal cerebrospinal fluid (CSF) examination. Pathologi-
cal assessment (based on biopsy or autopsy) and genetic
analysis led to a diagnosis of adult-onset leukoencepha-
lopathy with neuroaxonal spheroids and pigmented glia.
Although the diagnosis of this condition is based on genetic
analysis, some of the MRI features found in these patients
were not typical for MS, including the presence at MRI of
extensive symmetric confluent WM changes and the
absence of Gd enhancement.

Considering the frequent involvement of the spinal cord
in MS, MRI features of MS cord lesions have also been
identified [5]. MS lesions in the cord are more frequently
observed in the cervical than in other sections, are usually
peripheral, limited to two vertebral segments in length or
less, occupy less than half the cross-sectional area of the
cord, and are not seen as T1-hypointensities. Acute plaques
can cause a swelling of the cord and enhance after Gd
administration. In the July issue, Patrucco and coworkers
showed that the quantification of spinal cord lesions con-
tributes to identifying CIS patients with a higher risk of
developing definite MS independently of the presence of
oligoclonal bands (OB) and an abnormal brain MRI, with a
threefold increase if there is only one lesion and almost
sixfold increase if there is more than one lesion in this
population [38].

In some conditions, the features of cord lesions can help
in the differential diagnosis from MS. For instance, in
neuromyelitis optica, myelitis is usually accompanied in
the acute phase by a T2-weighted spinal cord lesion
extending over three or more spinal segments, which may
be hypointense on T1-weighted MRI and associated with
varying degrees of Gd-enhancement [7, 32]. There are,
however, selected cases, in which MRI is not helpful.
Nociti et al. [33] described ten patients with partial or
complete transverse myelitis, preceded 2-3 weeks before
by an infectious event. At disease onset, spinal cord MRI
showed lesions extending for less than two segments and at
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follow-up detected a progressive spinal cord atrophy
without formation of any new lesion. All these patients
experienced an increased visual evoked potential (VEP)
latency and two or more clinical episodes of myelitis,
evolving later in a progressive clinical course. Although
these patients did not fulfill the criteria for a diagnosis of
MS [40], since it was not possible to make an alternative
diagnosis, the diagnosis of an atypical form of MS was
made.

Optic neuritis (ON) is frequently the first clinical man-
ifestation in CIS patients suspected of having MS. The risk
of developing MS in these patients is increased if multiple
WM lesions are detected [1]. VEPs are abnormal in
80-90 % of ON patients at onset, but this finding is not
specific [25]. On the contrary, an abnormal CSF exami-
nation (IgG OBs and an elevated IgG index) in these
patients has a high specificity for the presence of a
demyelinating condition. In the December issue, Horwitz
et al. [26] showed that ON patients with normal MRI and
VEP had a 96 % probability of a normal CSF examination,
suggesting a limited role of this analysis in the evaluation
of this subgroup of patients.

Understanding MS clinical manifestations
and heterogeneity

In patients with definite MS, the strength of the association
of conventional MRI findings with the subsequent clinical
manifestations of the disease remains modest, at best. This
is likely due to the relative lack of specificity of conven-
tional MRI in the evaluation of the heterogeneous patho-
logical substrates of the disease, its inability to provide
accurate estimates of damage outside focal lesions, and the
fact that it cannot be used to identify the mechanisms
through which the central nervous system recovers after
tissue injury has occurred. Structural, metabolic, and
functional MR techniques have provided new markers,
more closely linked to the pathological features of the
disease, which may in part overcome the aforementioned
limitations of conventional MRI. The use of these tech-
niques is also likely to contribute in characterizing the
phenotypical manifestations of MS, such as the primary
progressive (PP) MS [45]. As recently reviewed in the
April issue [45], the application of quantitative and func-
tional imaging techniques has led to hypothesize that the
rate of accumulation of disability in PPMS might not only
be a function of tissue loss, but also of progressive failure
of the adaptive capacity of the cortex.

As discussed by a recent review published in this
journal, these techniques might also contribute to shed light
on the potential role of energy failure as an important cause
of disability in MS [35], thus providing new outcome
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measures for trials of novel treatments. As pointed out in
the October issue, further gains for the understanding of
MS pathophysiology are likely to derive from the use of
resting state fMRI [11], which provides task-free and
unbiased findings on the role of brain reorganization in this
condition, as well as from improvements in methods of
analysis, which have allowed assessing the distribution of
damage in the normal-appearing (NA) WM and gray
matter (GM) at a regional level. However, the future of
MRI is likely to reside in the use of ultra-high field scan-
ners. Several studies performed at 7.0 T showed the ability
of MRI to depict the morphological characteristics of MS
lesions at a resolution that resembles that of pathological
assessment. These studies also allowed a better definition
of the relationship between demyelinating lesions and the
deep venous system to be achieved and showed in vivo that
MS plaques are centered around the microvasculature. In
addition, ultra-high field MRI has the potential to improve
quantitative, metabolic, and fMRI studies of MS [15].

Clinical disability

The poor pathological specificity of conventional MRI
measures, as well as the intrinsic limitations of the clinical
scale that is most commonly applied to measure disability
in MS, the Expanded Disability Status Scale (EDSS),
which is strongly weighted toward impairment of ambu-
lation for values higher than 4.0 [29], is thought to explain
the so-called clinical/MRI paradox of MS.

In the October issue, Hackmack et al. [18] applied
multivariate analysis algorithms to investigate to what
extent it was possible to predict individual disease profiles
from conventional MRI measures of 40 MS patients. They
demonstrated that local tissue intensity patterns extracted
from conventional MRI of MS patients encode clinically
relevant information about symptom severity (disease
duration and motor and cognitive dysfunction) and overall
clinical disability. Importantly, these patterns were more
informative than the total lesion load.

The use of objective and quantitative measures of dis-
ability may be a valuable strategy to overcome the MS
paradox. In this respect, grip force variability (GFV) has
been proposed as a measure of motor disability in these
patients [42]. In a preliminary study of 27 MS patients
published in the August issue [42], increased GFV was
correlated with reduced fractional anisotropy of WM in the
vicinity of the somatosensory and visual cortices. GFV also
correlated, but to a lesser degree, with the EDSS.

In the August issue, a multiparametric MRI study of 117
MS patients, which compared conventional MRI measures
of lesions and atrophy with diffusion tensor (DT) MRI and
magnetization transfer (MT) MRI metrics derived from
three tracts of interest (CC, corticospinal tract and optic

radiation) for the prediction of patients’ disability, showed
that DT MRI indices in the optic radiations were more
strongly correlated with EDSS and with low-contrast visual
acuity than conventional MRI measures [19]. These find-
ings suggest that integration of more disability-specific
measures into clinical trials, as opposed to global markers
of pathology, may be a rewarding exercise [19].

Cognitive impairment, fatigue, and quality of life

Cognitive impairment affects a large proportion of MS
patients, with a prevalence rate ranging from 40 to 70 % [8,
41]. Several studies have consistently demonstrated that
GM atrophy, which starts early and in distinct cortical
regions in MS, is related to cognitive impairment [2, 6].
Furthermore, assessment of GM structures critical for
specific cognitive functions could provide additional pieces
of information. In line with this, hippocampal atrophy has
been associated with deficits in memory encoding and
retrieval [48]. In the January issue, the relationship
between deep GM atrophy and slowing of information-
processing speed (IPS), quantified using the Paced Audi-
tory Serial Addition Test (PASAT) and the Symbol Digit
Modalities Test (SDMT), was explored [4]. After control-
ling for the effect of neocortical volume, poor performance
at SDMT was associated with atrophy of the putamen and
thalamus, whereas PASAT performance correlated with
atrophy of the putamen only.

Fatigue is another frequent complaint of MS patients,
leading to a severely impaired quality of life. The patho-
physiology of MS-related fatigue is not fully understood.
However, functional MRI studies [14, 46] have demon-
strated an abnormal recruitment of fronto-thalamic circuits
in MS patients with this symptom, thus supporting its
central origin. Consistent with this, voxel-based mor-
phometry (VBM) [43, 47] and DT MRI [37] studies have
shown atrophy [43, 47] and reduced fractional anisotropy
values [37] in regions of the frontal lobes in fatigued MS
patients. A recent investigation published in this journal
showed that progression of CC atrophy over a mean period
of 5 years after the diagnosis of MS is associated with the
occurrence and severity of fatigue, independently of the
degree of disability [53].

An important aspect that remains to be established is
whether MRI-detected brain pathology may have an impact
on quality of life (QoL). In the February issue, by ana-
lyzing the clinical and MRI data of secondary progressive
(SP) MS patients included in a double-blinded placebo-
controlled trial using lamotrigine (a sodium channel
blocker), Hayton et al. [22] found that clinical and MRI
measures have a limited association with QoL. Timed walk
(TW) was the only clinical measure independently corre-
lated with the physical component of the MS impact scale
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(MSIS), an index of the impact of MS on patients’ QoL.
The best model that explained the psychological compo-
nent (MSIS-psych) of the MSIS included the performance
at PASAT and T1/T2 lesion volume (LV) ratio. Over a
2-year period, TW and MT MRI measures of damage to the
NAWM and GM correlated with changes in the MSIS.

MRI to monitor MS treatment

In patients with MS, disease activity measured using dual-
echo and post-contrast T1-weighted scans is higher than
what would be detected by clinical assessment of relapses.
This is why these MRI measures are used for monitoring
response to treatment. In the context of clinical trials, MRI
is used as a primary outcome measure in phase II studies,
where serial scans are acquired to measure disease activity
(new/enlarged T2 lesions, Gd-enhancing lesions) [3]. In
phase III trials, given the uncertainty of the relationship
between conventional MRI and clinical evolution, imaging
measures (absolute or percentage increases in total T2
lesion load) are used as secondary outcomes and typically
performed on yearly scans [12]. Despite this, two studies
have shown that conventional MRI measures of disease
activity are valid surrogate markers of clinical activity [17,
49]. In addition, recent meta-analyses [49, 50] of random-
ized, placebo-controlled clinical trials of relapsing-remit-
ting (RR) MS found a strong correlation between the effect
of treatment on relapses and on MRI activity; this rela-
tionship was weaker when considering EDSS worsening.

It is clear that the assessment of response to treatment
with MRI requires a rigorous and validated approach, with
standardized imaging protocols and consistent evaluation
procedures.

At present, the monitoring of an individual MS patient’s
response to treatment using MRI measures remains a
challenge. First line treatments in MS include interferons
(IFN) and glatiramer acetate (GA). In the past few years,
several new classes of drugs have been approved and are
currently available. Among them, natalizaumab is an o4-
integrin antagonist approved for RRMS patients that has
shown a marked effect in reducing the annualized relapse
rate and the risk of sustained disability progression [39]. In
patients treated with natalizumab, the concept “disease
activity free” has been defined as no clinical (relapses and
disability progression) or radiological (Gd-enhancing
lesions and new/enlarging T2-hyperintense lesions) activity
[21]. A study published in the June issue [31] assessed the
radiological and clinical efficacy of natalizumab treatment
over a 2-year period in 180 RRMS patients and compared it
with results previously obtained in the AFFIRM trial [21].
In this study, the proportion of patients remaining free from
clinical activity was lower than in the AFFIRM study (37.8
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vs. 64.3 %), whereas the proportion of patients remaining
free from radiological activity was higher than in the
AFFIRM study (68.9 vs. 57.7 %). Overall, the proportion
of patients remaining free from disease activity during the
2 years of treatment was comparable to the AFFIRM study
(33.3 vs. 36.7 %). These results suggest that natalizumab is
effective in a real-life setting and have important practical
implications, considering the risk of progressive multifocal
leukoencephalopathy (PML) associated with such a treat-
ment [54]. Indeed, as discussed in a recent review [24],
there is an urgent need to develop surrogate markers that
may help to define the risk of PML in individual patients.
Since the risk of PML increases after 2 years of treatment
[30], a risk management plan has been established by the
European Medicines Agency and the US Food and Drug
Administration. An early identification of MRI patterns
suggestive of this condition in natalizumab-treated patients
is also critical. As pointed out in a recent paper that
included some of the MS patients who developed post-
natalizumab PML, the MRI features observed in these
patients are different from those that have been described
in patients developing PML following HIV infection. In
particular, the presence of contrast enhancement and the
subcortical location of lesions may be useful for making an
early diagnosis of PML in natalizumab-treated MS patients
[55].

At present, reports on recurrence of disease activity after
natalizumab discontinuation are controversial [51, 52]. In a
study published in this journal, Havla et al. [20] described
disease activity in 13 MS patients who stopped natal-
izumab therapy and either remained without disease-mod-
ifying therapy (DMT) or switched to GA. In both groups,
patients presented with relapses and marked MRI activity
within 12 months after cessation of natalizumab. Three
patients without DMT and one patient on GA experienced
severe relapses with sustained EDSS worsening, suggesting
a possible rebound of disease activity after natalizumab has
been withdrawn.

Modern MR techniques still need to be validated and
evaluated in the context of treatment monitoring. MT MRI
has been incorporated into clinical trials to provide addi-
tional outcome measures in limited subgroups of patients.
Lamotrigine has been tested as a possible neuroprotective
agent. In a 2-year, randomized, double-blinded, placebo-
controlled trial of lamotrigine in SPMS, no effect was
detected on central cerebral volume, which was the pri-
mary end-point of the study [27]. In the March issue, MT
MRI changes in brain NAWM, GM, and focal T2 were
assessed in the same cohort of patients [23], and, disap-
pointingly, a significant reduction of MT MRI values was
detected in GM and lesions in treated patients.

Another measure that has been proposed as a tool to
monitor neuroprotection is based on the assessment of the
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evolution of active lesions into permanent black holes
(PBH), which correspond to areas of severe and irrevers-
ible tissue damage. Studies with GA, IFN, and natalizumab
have shown that these treatments can modify, to different
extents, the percentage of lesions evolving into PBH [9, 13,
16]. On the contrary, BHT-3009, a DNA plasmid-encoding
myelin basic protein (MBP) that might induce antigen-
specific tolerance, was found to have no effect on the
evolution of new inflammatory lesions into PBH in RRMS
patients, as published in the July issue [36].

Conclusions

The extensive application of conventional and advanced
MR methods to study MS patients has contributed greatly
to improving our ability to diagnose and monitor the dis-
ease as well as to our understanding of its pathophysiology.
From the data available, it is clear that combining different
MR modalities, which are sensitive to different aspects of
MS pathology, is a promising way to improve further our
understanding of the mechanisms accounting for the
accumulation of irreversible disability in this disease. Such
an approach should include not only the assessment of
brain damage, but also that of the spinal cord. Finally, the
precision and accuracy of quantitative MRI scans in
detecting longitudinal, MS-related changes also need to be
defined, and ad hoc, large-scale, prospective studies are
warranted. This is a central issue for a future application of
quantitative MRI as a way to monitor MS evolution in
clinical trials, as acknowledged in a recent position paper
published in this journal [44].
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