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ABSTRACT

Cognitive impairment affects a large proportion of patients with multiple sclerosis (MS) and has a
profound impact on their daily-life activities. Improving the knowledge of the pathophysiology of
cognitive impairment in MS and of the mechanisms responsible for its evolution over time might
contribute to development of better outcome measures and targets for innovative treatment
strategies. Due to their ability to detect MS-related abnormalities, MRI techniques are a valuable
tool to achieve these goals. Following an updated overview of the assessment methods and pro-
file of cognitive impairment in patients with MS, this review provides a state-of-the-art summary
of the main results obtained from the application of conventional and modern magnetic resonance–
based techniques to quantify MS-related damage, in terms of macroscopic lesions, as well as
involvement of the normal-appearing white matter and gray matter and their association with
cognitive impairment. The possible role of brain cortical reorganization in limiting the clinical con-
sequences of disease-related damage is also discussed. Finally, the utility of the previous tech-
niques to monitor the progression of cognitive deficits over time and the efficacy of possible
therapeutic strategies is considered. Neurology® 2010;75:2121–2128

GLOSSARY
AChEI � acetylcholinesterase inhibitor; BMS � benign multiple sclerosis; BRNB � Brief Repeatable Neuropsychological
Battery; CC � corpus callosum; CIS � clinically isolated syndrome; DIR � double inversion recovery; DT � diffusion tensor;
FA � fractional anisotropy; GM � gray matter; 1H-MRS � proton MR spectroscopy; IFN � interferon; MACFIMS � Minimal
Assessment of Cognitive Function in Multiple Sclerosis; MD � mean diffusivity; MR � magnetic resonance; MS � multiple
sclerosis; MSFC � Multiple Sclerosis Functional Composite; MT � magnetization transfer; MTR � magnetization transfer
ratio; NA � normal-appearing; NAA � N-acetylaspartate; PASAT � Paced Auditory Serial Addition Task; RR � relapsing-
remitting; SDMT � Symbol Digit Modalities Test; SLF � superior longitudinal fasciculus; SP � secondary progressive; WM �
white matter.

Cognitive impairment affects a large proportion of patients with multiple sclerosis (MS), with a
prevalence rate ranging from 40% to 70%.1,2 Although cognitive deficits have been observed
from the early stages of the disease, they are more frequent and pronounced in chronic progres-
sive MS and tend to worsen over time. Cognitive capacity is critical for a range of activities such
as work, driving, and adherence to medication regimen, but in diseases such as MS, where
physical disability is prominent, cognitive impairment is sometimes overlooked or even disre-
garded. The definition of the mechanisms underlying its development and the identification of
markers useful to monitor its progression might contribute to drive future pharmacologic and
rehabilitative strategies.

MRI is the most used paraclinical tool to investigate in vivo the pathobiology of MS and to
monitor disease evolution.3 After providing a clinical background of the main cognitive deficits
encountered in patients with MS, and of the most suitable tests for their assessment, this review
summarizes the contribution provided by conventional and quantitative magnetic resonance
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(MR)–based techniques to improve the un-
derstanding of the factors associated with cog-
nitive impairment in MS. Since the efficiency
of brain cortical reorganization in the differ-
ent stages of the disease might play a major
role in explaining interindividual heterogene-
ity of the clinical manifestations, the main re-
sults obtained from the application of fMRI
to study cognitive network functions in these
patients are also discussed. Finally, the utility
of MRI techniques to monitor cognitive im-
pairment progression over time as well as their
promises to assess treatment are considered.

CLINICAL BACKGROUND In cross-sectional stud-
ies comparing MS and matched controls, patients
with MS commonly exhibit impairment on a wide
array of tests ranging from processing speed tasks to
measures of complex executive functions. However,
in large sample studies including a full spectrum of
cognitive domains,2,4 2 areas are proven to be partic-
ularly sensitive to MS-associated impairment. The
first domain is information processing speed. Tests
measuring the speed of mental processing without
demand for new learning, language expression, or
complex executive abilities have proven to be very
sensitive in several studies.5 The second domain is
episodic memory.2,6 Measures here typically require
the repetition or recall of verbal or visual information
presented over successive learning trials. Then,
roughly 20–30 minutes later, patients are asked to
recall again the same information without another
exposure.

One of the impediments to comparing the many
studies of cognition in MS is the difficulty of weighting
the results of one test to another purportedly measuring
the same cognitive domain. There are 2 validated test
batteries that have reached a threshold of wide accep-
tance and replicability in the literature: the Rao Brief
Repeatable Neuropsychological Battery (BRNB)7 and
the Minimal Assessment of Cognitive Function in Mul-
tiple Sclerosis (MACFIMS).4,8 The tests from each bat-
tery are listed in the table and there is considerable
overlap. Yet there are advantages to each approach—the
BRNB requires less time and has been translated into
multiple European languages, while the MACFIMS has
a stronger psychometric foundation and includes assess-
ment of spatial processing and higher executive func-
tion abilities. The Symbol Digit Modalities Test
(SDMT) is a traditional, person-administered test that
requires only 5 minutes to be completed. It has been
proposed as a promising alternative to the Paced Audi-
tory Serial Addition Task (PASAT) to form a reliable
version of the Multiple Sclerosis Functional Composite

(MSFC). A study in a large group of patients with MS
and controls demonstrated the validity of both the
PASAT and SDMT version of the MSFC, with slightly
better ability of the SDMT version in predicting diag-
nosis, disease course, and work disability.9 The SDMT
is also among the more reliable and sensitive10 tests in
the MS literature and is a robust correlate of several
brain imaging findings.

MACROSCOPIC LESIONS AND ATROPHY AS-
SESSED WITH MRI Seminal studies of patients
with MS found only a modest association between
T2 lesion burden of the whole brain or in specific
sites of the cerebral white matter (WM) and neuro-
psychological test performance.11 This supported the
early notion of a functional disconnection between
cortical and deep gray matter (GM) structures sec-
ondary to damage to the WM. T2 hyperintensities
reflect heterogeneous pathologic substrates, includ-
ing edema, inflammation, demyelination, remyelina-
tion, gliosis, and axonal loss. The assessment of T1
hypointensities, which reflect changes in extent of
demyelination and axonal density, has not substan-
tially improved clinico-radiologic associations,
whereas the quantification of volume decrease (atro-
phy) of the whole brain or of selected brain regions
(i.e., third ventricle, corpus callosum, bicaudate ra-
tio) provides robust correlates of MS-associated cog-
nitive dysfunction.12 These measures of brain
atrophy are thought to be markers of the most de-
structive aspects of MS pathology. In most studies,
brain volume measures are correlated better with pa-
tients’ cognitive performance than T2 and T1 lesion
volumes, both in cross-sectional11 and longitudinal13

studies.
More recently, GM involvement in MS has re-

ceived increased interest. In a comprehensive post-
mortem MS study, Kutzelnigg et al.14 showed that,
with progression of disease, WM abnormalities
change from predominantly focal and periventricular
to more subtle and diffuse. They also showed that
such WM changes are accompanied by a large in-
crease in the extent of demyelination in the GM.
These histopathologic findings were confirmed later
by in vivo atrophy studies, which demonstrated that
although GM atrophy can already be found in early
disease, it only becomes prominent in the chronic
phase.15 The assessment of GM atrophy16 and the
topographic distribution of such damage17 can help
to differentiate cognitively impaired from cognitively
preserved patients. Interestingly, the rate of GM at-
rophy accelerates around the conversion point from
relapsing-remitting (RR) to secondary progressive
(SP) MS.18 What causes this disproportionate in-
crease in GM damage when compared to WM dam-
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age18 is currently unknown. Whether cortical GM
demyelination may be solely responsible for GM vol-
ume loss or whether other pathologic processes also
play a role is an important research question that
needs to be addressed by future studies. Although
dendritic and synaptic pathology and changes of
number and shape of neurons in the MS cortex have
been described,19 they are generally relatively subtle.

The effect of focal GM lesions on the develop-
ment of GM atrophy or of cognitive impairment has
been difficult to study. With the introduction of new
imaging techniques such as double inversion recov-
ery (DIR) and phase-sensitive inversion recovery, an
improved visualization of MS cortical lesions has
been achieved. However, only a fraction of the GM
lesions seen on histopathologic analysis is detected
with DIR sequences.20 An increase of cortical lesions
over time was shown to correlate with impaired neu-
ropsychological test performance21 and cortical le-
sions and atrophy independently predicted cognitive
impairment.22 On the contrary, T2 hyperintense
WM lesion volume and contrast-enhancing WM le-
sion number did not differ between cognitively im-
paired and cognitively unimpaired patients.22 Several
factors might contribute to explain between-study
discrepancies of the relationships between T2 lesion
burden and neuropsychological performance, in-
cluding the numbers and clinical characteristics of
the subjects enrolled and the methods used to mea-
sure T2 lesion burden (e.g., number vs volume of
lesions, global vs regional T2 lesion load).

Similarly, GM atrophy, which starts early and in
distinct cortical regions in MS, could be reliably re-
lated to cognitive impairment.23 Furthermore, assess-
ment of lesions and atrophy of GM structures critical
for specific cognitive domains could provide addi-
tional pieces of information. In line with this, hip-

pocampal atrophy has been associated with deficits in
memory encoding and retrieval,24 whereas the forma-
tion of new hippocampal lesions over a 3-year period
was related to impairment of visuospatial memory.21

DAMAGE TO THE NORMAL-APPEARING WM
AND “DIFFUSE” INJURY TO GM ASSESSED
WITH QUANTITATIVE MRI TECHNIQUES Ab-
normalities of the normal-appearing (NA) WM and
GM injury are important in determining cognitive
impairment in patients with MS, in addition to the
role played by WM demyelinating lesions. The de-
tection of NAWM abnormalities has been hitherto
easier than that in the GM through the use of quan-
titative MRI techniques such as magnetization trans-
fer (MT) MRI, diffusion tensor (DT) MRI, and
proton MR spectroscopy (1H-MRS).3 More recently,
using high-field scanners, our ability to detect and
quantify such abnormalities has improved further.

Changes in MT ratio (MTR), a measure based on
the exchange of magnetization between free and
bound protons and principally dependent on myelin
content, have been found to correlate with overall
cognitive performance better than lesion metrics or
atrophy.25 These correlations have been reported
when whole brain MTR has been measured or when
a region of interest– based approach to sample
NAWM has been used. More recently, reductions of
cortical MTR26 have also been found to correlate
with measures of cognition in patients with benign
MS (BMS). Using a voxel-based method, significant
correlations were found between decrease of MTR
value in specific cortical regions and PASAT perfor-
mance in patients with primary progressive MS.27 In
addition, global MTR changes of the NAWM at ill-
ness onset predicted impairment in executive func-
tion in patients with RRMS when cognitively
examined several years later.28

Molecular diffusion in brain tissue can be mea-
sured in vivo using DT MRI. As WM tracts of the
brain have an orientated microstructure, diffusion is
easier along rather than across these tracts, a process
known as anisotropy. Fractional anisotropy (FA), a
measure derived from the diffusion tensor that re-
flects the degree of fiber alignment and integrity, and
mean diffusivity (MD), which measures the average
molecular motion independent of any tissue direc-
tionality, are the commonly used measures of diffu-
sion. Diffusion-weighted MRI abnormalities in
NAWM have been found to predict speed of infor-
mation deficits. DT MRI quantities from the
NAWM and GM were similar between patients with
BMS and cognitive impairment and those with
SPMS.29 Another DT MRI study30 showed that cor-
pus callosum (CC) damage, in terms of both focal
lesions and diffuse injury, was more pronounced in

Table Lists of neuropsychological tests administered in the Rao
Brief Repeatable Neuropsychological Battery (BRNB)7 and the
Minimal Assessment of Cognitive Function in Multiple
Sclerosis (MACFIMS)4,8

Domain BRNB MACFIMS

Processing speed and
working memory

Paced Auditory Serial
Addition Test

Paced Auditory Serial
Addition Test

Symbol Digit Modalities Test Symbol Digit Modalities
Test

New learning and episodic
memory

Selective Reminding Test California Verbal
Learning Test

10/36 Spatial Recall Test Brief Visuospatial
Memory Test

Language Controlled Oral Word
Association Test

Controlled Oral Word
Association Test

Spatial processing Judgment of Line
Orientation Test

Higher executive function DKEFS Sorting Test
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patients with BMS with cognitive impairment in
comparison with those without. Using tract-based
spatial statistics, 2 recent studies31,32 have found cor-
relations between impaired attention, working mem-
ory, and speed of information processing and
decreased FA in the CC and other tracts mainly con-
necting prefrontal cortical regions. Tract abnormali-
ties overlapped only in part with lesion location
highlighting the importance of lesion-independent
NAWM abnormalities in cognition. The results of
the previous studies support the notion of a relation-
ship between damage to specific pathways and re-
lated cognitive domains.31,32 This is also strengthened
by the demonstration of an association between the
performance on the California Verbal Learning Test
and damage to the uncinate fasciculus.33

1H-MRS adds chemical information to other
quantitative MRI techniques. Decreases in N-
acetylaspartate (NAA), a marker of neuronal and ax-
onal viability, measured in frontal regions have been
found to correlate with performance on tests of exec-
utive function,34 while decreased NAA in the pontine
locus ceruleus correlates with attentional measures.35

It has also been recently reported that decreased
NAA may be linked to carrier status for the HLA
allele DRB1*1501 and this may, in turn, explain the
greater illness severity and cognitive impairment in
patients with this genotype.36 By contrast, the role of
apolipoprotein genotype in MS remains to be deter-
mined and 2 different studies found no association
between such a genotype and the presence of cogni-
tive impairment or brain atrophy.37,38 Increases in
myo-inositol (a glial and inflammatory marker) in
the 3 years after a clinically isolated syndrome (CIS)
has been found to predict poor executive function
when patients were cognitively examined years later,
suggesting that early and widespread inflammatory
damage to the NAWM may play an important role
in cognition.39

In summary, different aspects of MS-related pa-
thology (inflammatory lesions and changes in
normal-appearing brain tissue) involving the cortex
and connecting WM tracts are relevant in determin-
ing cognitive impairment. Damage to WM tracts im-
pairs cognitive functions that rely on rapid transfer of
information (e.g., attention, information processing,
and executive function), but the role of abnormalities
in the cortex is increasingly recognized.

BRAIN CORTICAL REORGANIZATION By mea-
suring changes of concentration of what we can con-
sider as a sort of physiologic contrast, that is
deoxyhemoglobin, fMRI is contributing to defining
the role of brain reorganization in limiting the cogni-
tive impact of disease-related tissue damage in

MS.40-42 Plasticity in MS occurs at a cellular level, by
insertion of new sodium channels in demyelinated
segment of axons,43 and at a system level, by an in-
creased recruitment of parallel existing pathways or
“latent” connections, as well as reorganization of lo-
cal and distant sites, as supported by neurophysio-
logic evidence.44 Since fMRI does not measure neural
activity directly, but relies on a cascade of physiologic
events linking neural activity to the observed MRI
signal changes, the interpretation of fMRI results ob-
tained from patients should be done with caution,
because several factors may have an impact on results.
These include regional alterations of the BOLD re-
sponse (e.g., increased perfusion due to the presence
of inflammatory lesions) and differences in task per-
formance between patients and controls.

Using different cognitive paradigms, fMRI
changes have been disclosed in all the major disease
clinical phenotypes of the disease,40-42 including pa-
tients at presentation with CIS suggestive of MS40

and those with BMS.42 Such abnormalities are
mainly characterized by an increased recruitment of
areas normally activated by healthy individuals when
performing a given task and by the bilateral activa-
tion of these areas in cognitively preserved patients.45

On the contrary, cognitively impaired patients show
significantly lower recruitment of cognitively related
areas in comparison with healthy controls.45 Re-
cently, reduced activity at rest within the anterior
regions of the default-mode network has been also
shown to occur in patients with progressive MS and
cognitive impairment.46

Whether an increased activation of selected brain
areas in patients at the early stages of the disease rep-
resents an adaptive mechanism to the underlying
structural pathology or, conversely, reflects impend-
ing neural failure deserves further investigations. In-
deed, evidence in patients with neurodegenerative
conditions, such as Alzheimer disease, supports the
notion that an increased hippocampal activation
might characterize subjects at risk for the disease or
who have already entered its initial stage. This over-
recruitment is then followed by a pseudonormaliza-
tion of activation when cognitive decline occurs.47

The correlation found by the majority of the
studies between the extent of fMRI activations and
structural MRI measures of disease burden, in terms
of macroscopic lesions48 and damage to the NAWM
and GM,40 suggests that these fMRI abnormalities
might play, at least in same stages of the disease, an
adaptive role in limiting the clinical consequences of
widespread disease-related damage. This is also sup-
ported by the observation that, in patients with early
MS, an increased activation of the dorsolateral pre-
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frontal cortex over 1 year is associated with improved
individual working memory and processing speed.49

More recently, by combining measures of abnor-
mal structural and functional connectivity, a selectiv-
ity of the adaptive response toward damage of
strategic WM fiber bundles has been demonstra-
ted.42,50 Patients with RRMS with a low FA of the
superior longitudinal fasciculus (SLF) experienced a
more bilateral cortical activation during PASAT per-
formance than healthy controls and patients with
high FA values of the SLF.50 In patients with BMS, a
correlation between diffusivity changes of the CC
and an abnormal interhemispheric effective connec-
tivity during the performance of attention-related
tasks was shown,42 thus suggesting that a disconnec-
tion of brain areas may play a role in the pathophysi-
ology of cognitive impairment in MS.

TREATMENT OPTIONS AND MRI Given the sig-
nificant effect that deficits in cognitive functioning
have on quality of life in patients with MS, the allevi-
ation of such deficits should be a major goal of MS
research and practice. Potential treatment strategy
approaches include disease-modifying treatments,
symptomatic agents, and cognitive rehabilitation.
Disease-modifying therapy studies are designed to al-
ter the course of the disease process, where cognition
tends to be a secondary outcome, if one at all. The
results are mixed at best with some beneficial effects
on cognition in studies with interferon (IFN)-�.51,52

MRI and cognitive outcomes have been combined to
assess the efficacy of disease-modifying treatments in
only a few studies. In a pivotal trial, patients treated
with high-dose IFN-�-1b showed significant im-
provement in Wechsler Memory Scale Visual Repro-
duction–Delayed Recall scores between years 2 and 4
and stable MRI lesion load, whereas the low-dose
and placebo groups showed an increase of T2 lesion
burden and no changes in their cognitive perfor-
mance.53 An open-label study in patients with
RRMS treated with IFN-�-1b found that, after 2
years of treatment, the cognitive status remained sta-
ble or improved in the majority of the patients.
However, no relation was found between cognitive
outcome and MRI data.54 More recently, the 5-year
follow-up of the Betaferon/Betaseron in newly
emerging MS for initial treatment (BENEFIT) trial
showed that early treatment with IFN-�-1b was as-
sociated with a reduction in the number of new brain
MRI active lesions and had a favorable effect on the
performance of PASAT.55

Symptomatic agents for improving cognition in
MS include acetylcholinesterase inhibitors (AChEI),
such as donepezil, rivastigmine, and galantamine,
which have been extensively tested in Alzheimer dis-

ease. While rivastigmine proved to be ineffective in
treating memory and cognitive dysfunction in 30 pa-
tients with MS,56 donepezil improved learning and
memory in patients with MS with initial cognitive
difficulties in a single-center clinical trial.57 A large
multicenter trial in the United States on donepezil in
MS was recently completed and the results are antic-
ipated in the near future. A few studies applied fMRI
to assess AChEI efficacy. Parry et al.58 showed a nor-
malization of the Stroop-related pattern of activation
in patients with RRMS a few hours after the admin-
istration of rivastigmine. More recently, by studying
a larger sample of patients with a higher chronic ad-
ministration of rivastigmine, Cader et al.59 showed
that rivastigmine enhances the prefrontal function
and alters the functional connectivity associated with
cognition.

Despite the need for cognitive rehabilitation ser-
vices as a standard of care, there is a paucity of re-
search studies designed to investigate treatment
approaches or their effectiveness in patients with
MS.1 Most of the existing studies suffer from signifi-
cant methodologic flaws including small sample size,
short follow-up periods, and lack of specific outcome
criteria to determine “improvement.” None of these
studies included MRI as measure of outcome. A
comprehensive evidence-based review of the existing
cognitive rehabilitation intervention literature found
only 16 reviewable articles.60 From these, there was
not enough evidence to support practice recommen-
dations for the treatment of attention, executive
functions, and nonspecific cognitive rehabilitation
approaches. There was enough evidence to recom-
mend a “practice guideline” for specific cognitive in-
tervention (i.e., modified memory story technique)
for impairments in learning and memory, based on
one Class I and supporting Class II studies. Targeted
memory-enhancing techniques (including self-
generated learning, spaced learning, and spaced re-
trieval) have been shown to significantly improve
learning and memory in MS, while the simple repeti-
tion of information has not.1

At least part of the aforementioned limitations of
studies assessing the efficacy of cognitive rehabilita-
tion in MS might be overcome by the use of MRI.
Structural MRI techniques, including T2, T1, DIR,
and DT MRI, might be useful to provide a baseline
assessment of the extent of tissue damage before
treatment, thus allowing us to stratify patients and to
identify those who might benefit most from treat-
ment (most likely those with a milder tissue injury).
Once “beneficial” cortical reorganization changes
will be defined, fMRI might provide outcome mea-
sures, which could result in a reduction of the size of
the sample and the length of the follow-up needed to
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perform explorative studies with enough power.
Clearly, ad hoc studies are required to prove that
fMRI can provide useful outcome measures for ther-
apeutic interventions in MS. Preliminary to this, the
assessment of the reproducibility of fMRI measures
over multiple time points for individual subjects as
well as the setup of fMRI experiments in the context
of a multicenter study are needed, but they are likely
to represent a challenging task.

DISCUSSION The application of conventional and
quantitative MRI techniques has contributed to im-
prove the understanding of the mechanisms respon-
sible for the development of cognitive deficits in
patients with MS. Available data suggest that focal
WM lesions do play a role, but the overall effect of
T2-visible lesions on MS-related cognitive impair-
ment is limited. The location of lesions in critical
brain areas appears to be important and, in this con-
text, the improved capability to detect cortical lesions
is likely to provide additional pieces of information
central to this issue. Irreversible tissue loss, measured
in terms of global and regional atrophy, is robustly
associated with cognitive deficits. The impact of
WM damage on cognition may be mediated by a
disruption of crucial tracts or interference with spe-
cific functional nodes. In addition to all these as-
pects, other components of MS pathology, such as
diffuse damage to the NAWM and GM and the
strength of functional connections between distant
functional areas, are likely to play a role in determin-
ing patients’ cognitive profile. Indeed, the applica-
tion of fMRI demonstrated different patterns of
cortical activations according to the disease pheno-
type, which are likely to have an adaptive role, at least
in some stages of the disease.
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