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Abstract

In multiple sclerosis (MS) conventional, structuazld modern functional MRI (magnetic resonance inggechniques have
been extensively used for studies and to understandechanism responsible for the accumulatioirref/ersible disability.
Multiple sclerosis (MS), is a disease in which ptgsand cognitive deficit not only reflect strulidamage, but also functional
damage between the brain networks. Cognitive dgsfom in MS occurs during several stages of diseasation. MS with
severity of cognitive manifestation is not closet§ated to indicate structural brain damage. Bratwork and neuroplasticity
may contribute to maintain the normal performandespite of the brain lesion. Most of the fMRI seglreported, changes in
functional reorganization of cerebral cortex isrsée MS and hence provides to understand how bratworks and
reorganization changes in MS. Resting-state funatiomagnetic resonance imaging allows to invastigintrinsic,
synchronized brain activity across the whole braimg to measure the degree of functional correldiiween different cortical
regions. This functional reorganization of the branight be help full for the studies of the effesft rehabilitation and
pharmacological therapy of the brain plasticityezsally in different stages of the disease. In gtigly we try to focus on what
kind of brain activity have been reported during fiviRl in MS of different phenotypes. This reviewesdribes the major
findings obtained in MS patients at different dali stages using resting state fMRI and discusses the use of fMRI
techniques may improve our ability to identify nbléomarkers useful in the context of the diagrostork-up, establishing
prognosis and monitoring treatment.
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Introduction disease activity, in which the chances of the tebing

Multiple sclerosis (MS) is a chronic demyelinatawgd Seen is 5 tol0 times higher than that of clinical
neurodegenerative disease of central nervous systehservations. Recent studies have shown that éunadti
affecting most of the young adults. MS is one @& thMRI can be used as a diagnostic tool for the wark-u
most common autoimmune disease affecting cent@nd monitoring the stage of evolution of MS. Thee ra
nervous system in which the myelin producin@f brain atrophy in MS is about 0.5% to 1% per year
oligodendrocyte of the central nervous system lage tthus atrophy measurement technique is highly sensib
target of recurrent cell mediated auto immune ldtag ~ for tiny changes. Techniques for future routineaesh
subsequent neuroaxonal damage [1]. Previouslyestudicquisition are Double-Inversion Recovery Sequences
focused on white matter (WM) which is mostMagnetization Transfer-MRI, Diffusion Tensor—MRI,
responsible and extensive for demyelinating an@nd Proton MR Spectroscopy, Functional MRI [4].
degenerative process but in recent studies gragermafrain being largest network every region has déffer
(GM) involvement is also familiar and GM lesionfunction and their own task which are sharing
involvement is solely related to the physical diggh information with each other. Recent studies pravide
cognitive deficit and fatigue [2]. incredible amount of information about functional

As known already magnetic resonance imaging (MRIeuroimaging which have provided new tools to
is the most sensitive tool for assessment of nheltipmeasure and examine functional interactions between
sclerosis (MS).Whereas Structural magnetic res@narierain regions. A functional MRI is a method to déte
imaging (MRI) is the most sensitive for ruling dotal the areas of brain using tasks-specific blood faovd
abnormalities of white matter lesion in patientwidS  their neuronal activity provides information abdie
[3].New magnetic resonance imaging technique sach fnctional organization, by comparing between the
T2-Weighted, Fluid-Attenuated Inversion Recovergt ancases and healthy control. These method has widely
post-contrast T1-Weighted Sequences are alreai§en used to detect functional reorganization ahbin
established techniques whichMS. Previously these Studies have been widely imsed

provides objective information about subclinical MS phenotypes staging for its functional reorgaiora
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during motor [5, 6] sensor [7, 8] and cognitivektf& nerve are characterized by symptomatic visual
13].The advance technique of fMRIcomplimentimpairment and retro bulbar pain, and associatéd wi
structural MRI in such a way that provides inforimat decreased visual acuity, decreased color and sbntra
about brain activity followed by tissue injury [14] sensitivity, delayed visual evoked potentials aisdial
Functional MRI (fMRI) of MS phenotype visual, field defects Visual evoked potential (VEP) is a
cognitive and motor systems shows constant changesmethod used to investigate the visual system in MS
its cortical function, with vivid activation of aae and other disease where 8 Hz photic stimulations is
during task performance and or additional areused. VEP refers to the electric potential, irétthby
recruitment in comparison with healthy control [15]visual stimuli, which are recorded from the scalp
Functional magnetic resonance imaging (fMRI) showoverlying visual cortex. VEP is a potential bio ke
adaptive functional changes which is related teuéis of disease progression in MS (24).
structural damage such as T2 lesion load [10, TP, 1 . . .
intrinsic lesion [18, 19], gray matter [20] and mad fMRI and optic neuritisin MS patients
appearing white matter [21, 22] injury in MS. Howev |n some studies, patient having history of acutécop
these adaptive changes in mechanism are not oneuritis with documented loss of visual acuity at
because of these cortical recruitments but alser Oﬂ’presentation show recovered normal visual acuity an
factors which are potentially responsible for theical  color vision. Four patients had VEP records at
evolution of the diseases staging [23]. presentation in which three were abnormal VEPs and
One of the main caveats that influence the fMRIndur now had normal latencies. Werring et al, has coetpar
task or active stage is the intersubjective vdifgbi with control, in which it shows exclusive activatiof
during task performance; hence these days otfvisual cortex with asymmetrical visual impression i
techniques such as resting state fMRI are beinglyid activation pattern between left and right eye. The
used. As the word itself suggests, resting stailfi¢ unaffected eyes of the patients shows activation in
a technique that is performed during the restiaestf right insula-claustrum but showed a significantly
the brain. larger response in visual cortex in control. Theagic

) . L activation maps of unaffected eye and the left eye
fMRI: A brief principal maps from controls, conformed greater activation
fMRI is also based on the same technique as magneespecially in the orbitofrontal cortex, anteriostita
resonance imaging (MRI), a noninvasive technigaé thbilaterally, and the corpus striatum of patients bu
uses a strong magnetic field and radio wave taereesignificantly greater activation in visual corter i
images of the body. But instead of creating imaafes controls [24].
organ and tissue like MRI, fMRI looks for the bloodin the ON group, both brain atrophy and MRI brain
flow in the brain to detect the activity area .Tdhesnew lesions correlated with lower VEP amplitudes wa
changes in blood flow are captured on screen whidbund only in the right eye. But didn't find any
helps to understand the brain network and its iaictiv significant association of VEP latency and brain
fMRI uses a specific signal (BOLD = bloodatrophy or new brain lesions in MRI. In patients
oxygenation level dependent) as a contrast. Depgndiwithout a history of ON and non ON, VEP parameters
upon this technique fMRI can be performed in twshowed even stronger association with both MRI new
different ways: task stage and resting stage. brain lesions and brain atrophy than in ON groug. W
Functional magnetic resonance imaging is also dtalléound a significant but moderate relationship ofvne
blood oxygenation level-dependent MRI. Functiondbrain T2 lesions with longer latencies of VEP ie th
magnetic resonance imaging, images neuronal gctivieft and right eyes. We also found correlation &PV
through blood flow (oxyhemoglobin delivery) whichamplitudes and MRI new brain lesions. VEP latency
increases with brain activity and measures actimithe delay correlated significantly with duration of alider.
sensorimotor cortex, such aslanguage, sensory, #@both brain atrophy and new MRI brain lesions have
motor function. Functional magnetic resonance imggi shown stronger correlation with VEP results thath wi
uses the MRI platform to generate functional imagfes GDx RNFL measures [25].
the brain. In ON VEP amplitude is decreased in the acute phase

. . and it typically increases in the recovery phase,
fMRI in task sagein MS whereas the VEP latency may/may not recover or
Optic neuritis (ON) is the first clinical manifesitn in  remain prolonged as it is in the acute phase [P6é
about 20% of patients with multiple sclerosis (MS)reduced activation of the lateral geniculate nigleu
The inflammation and demyelination of the optidLGN) in the acute phase is probably caused by
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reduced neuronal input to the LGN due tdindings may be related to increased cognitivereffo
inflammation, edema and demyelination of the optithat patients may require for performing non-domtna
nerveconsistent with reduced VEP amplitudes arithnd movements. While most motor fMRI studies in
prolonged VEP latencies. The persistently delayddS have involved right hand movements, a recent
VEP latencies suggest that remyelination is not tH&RI study by Rico et al. [34] examined bilateral
primary mechanism of recovery of the LGNmovements in patients with clinically isolated
activation. syndrome [35].

Motor sysem Cognitive system

Studies have found that MS patients with moto€ognition refers to the processes involved in tinigk
weakness experienced larger motor activation thaoncentrating, planning, solving problems, learning
controls while patients with optic neuritis expaded analyzing sensations and remembering. A person’s
smaller visual activation than controls. Motorcognitive status is the extent to which they caa us
disability in MS is commonly assessed by théheir brain to undertake these processes. Cognitive
Expanded Disability Status Scale (EDSS). Catedoricdysfunction is also one of the main important
rating scales are limited by subjective error artdri  symptoms in MS. Cognitive impairments is usually
rater variability. Therefore, objective and quaritite present in 65% of the patient suffering from MS. It
measures of motor disability may be useful tincludes memory impairment, executing functioning,
supplement the EDSS in the setting of clinicallgria working memory [36]. The severity of cognitive
Most of the studies conducted for motor system amanifestation in MS is not only related to struatur
based on the analysis of simple motor task usieg thrain damage but also functional changes in the
dominant part of the body. The right hand is stidie cerebral cortex which is also reported in fMRI.

most of the cases. It has previously been shown tfWorking memory: Memory is one of the most
grip-force-variability (GFV) is increased in MS [R7 consistently impaired cognitive function in MS.
with the use of DTI imaging. The role of fMRI in F Patients with MS may show impairments across all
and its result may be of help in further evaluating memory domains. Dysfunction during tasks involving
disease condition. working-memory is commonly observed while short-
Patterns of activation consistent with motor exiecut term memory remains mostly unimpaired. Long-term
and planning were observed in patients and contrat®&mory impairment is also frequently observed if
during the performance of right and left handpontaneous and free recall is required.

movements [28]. Group comparison during right hanFunctional MRI is widely used to assess cognitive
movements showed that patients increased activatimpairment (CI) in MS. Sweet et al. was the fist t
of the ipsilateral primary motor cortex (BA4) aslwe evaluate verbal working memory (VWM) that showed
as bilateral activation of regions associated whi the higher functioning shifting towards the higher
sensorimotor network (BA5-7, 31). Consistent witlactivity in the region which is associated with the
our findings, similar fMRI motor studies in MS sensorimotor function [37]. Filippi et al. has =dl
patients with low disability have reported increhsethat fMRI has great potential to know, the inside a
activation of bilateral sensorimotor regions duringhe cortical reorganization of the brain followedy b
right hand movements [23, 29]. tissue injury in MS. fMRI provides lots of infornia
While increased ipsilateral motor cortex activation about the cognitive impairment pathology [38]. To
patients compared to controls may represent adentify cortical areas involved in working memory,
adaptive mechanism, recent evidence suggests that the widely used N-back task was implemented [39,
also related to reduced task-associated deactivati#0]. Chiaravalloti et al. using the modified Paced
[30] and loss of trans-callosal inhibitory fiber@1]. Auditory Serial Addition Test (PASAT) confirmed
An increase in activation of regions outside of théhat working memory dysfunction in MS is associated
classical motor network has also been describadglur with cerebral activation patterns in accordanceh wit
right hand movements. However, the patients inethe€l. Although fMRI provides a better understandirig o
studies had greater disability [32] or were in theognitive constructs determining pathology in @k t
progressive stage of the disease [33]. Interegtingimost common paradigms used, do not evaluate
when patients performed the same motor task with thrarying degrees of working memory nor have they
non-dominant hand, additional areas not typicallpeen validated by neuropsychological testing within
activated in simple motor tasks, including thetbilal the study reported.

ACC and the right DLPFC, were recruited. These
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The application of the immediate memoryDespite of slower performance by the MS group as
task/delayed memory task (IMT/DMT) fMRI compared with the healthy controls,reactive time in
paradigm in MS is a novel concept, since it hasenevboth the groups are same, however patients with bra
been used to assess MS related Cl. This paradigm hgury required relatively more reaction time to
the potential to be more sensitive than fMRI pagadi complete cognitive related task [42]. MS and cdntro
used for evaluation of working memory in MS liketh both show increased RT with increased task
N-back test. The IMT/DMT paradigm is similar to N-complexity, however error is not significantly difent
back paradigm because longer working memory deldyetween two groups. But the results of semantickea
period (DMT) and a shorter delay period (IMT) iscondition shows significant difference betweenlitte
analogous to N-back letter memory test. N-back arahd controls. MS groups shows compensatory increase
IMT/DMT paradigm are similar sequential letteractivation in prefrontal cortex and right tempogsti
memory test but the difference is, 2-back vs 1-baads compared with healthy individuals and also shows
analogous to longer working memory delay periodecrease activity in left temporal gyri [43].

(DMT) and a shorter delay period (IMT). IMT/DMT, a .

fMRI working memory paradigm, is associated witfReSt'ng state fMRI

BOLD activation in areas of the brain related t@ne of the new trends in functional neuroimaging
cognitive function in patients with MS. study is ‘resting-state fMRI. This approach focuses
The MACFIMS is designed to quantify cognitivespontaneous, rather than task-induced, fluctuations
function with psychometric testing, it includes sbe the blood oxygenation level-dependent (BOLD)
component assessments: processing speed &nghal. Resting state fMRI allows investigating the
working memory assessed by Paced Auditory Serigfain function without the active involvement oth
Addition Test (PASAT) and Single Digit Modality brain. At rest stage the brain is organized intdtipie
Test (SDMT). active sub-systems, resembling the specific brain
The 3-digit as well as the 5-digit wmem showeghetworks.
significant fMRI BOLD activation. The 3-digit wmem, Clearly, one of the main caveats when interpretiieg
activation was found in portions of the bilateratesults derived from active fMRI paradigms in
superior and mid frontal cortex, supplementary motajisabled people is to define if and how much they a
area, pre and post central gyrus, bilateral supard influenced by inter-subjective variability in task
inferior parietal lobule, inferolateral pre-frontedrtex, performance. Resting state fMRI is different from
cuneus, insula and cingulate regions. The 5 digiictive fMRI in a way such that it avoids the
wmem activation was seen in the inferior medigberformance related activity and its activatiorelesf
frontal and medial orbitofrontal cortex. the brain so that the studies becomes easier to be
IMT/DMT behavioral scores were within normalacquired and standardized, may be very effectice an
range and consistent with MACFIMS. IMT/DMT, aconvenient to understand and it also analyses the
novel fMRI working memory paradigm, is associatedbnormality associated with MS. Recent advanced
with BOLD activation in areas of the brain related techniques of RS fMRI also provide to investigate
cognitive function in patients with MS. Both intrinsic brain activity of the whole brain and axiso
MACFIMS and IMT/DMT scores were in agreementable to functionally communicate and correlate the
and supported intact cognitive function [41]. cortical activity of different reason or RS netwsrk

: i (RSN). RSN abnormalities have been studied in the
Information processing speed patients with MS [15, 44-50]. Roosendaal et al.
Information processing speed (IPS) is a problem afivestigated RSN in CIS patient having MS and
speed which occurs in all the sub types of MS withelapsing remitting multiple sclerosis (RRMS). It
progressive disease condition. The computerizeld tehows there is higher functional connectivity inSCI
of the information processing (CTIP) is a relatvel then in RRMS, including DNM. It also shows increase
new measurement of IPS [42]. CTIP measuremerfismctional connectivity in the sensory motor netkeor
were based upon the reaction time (RT) and itethrattention and executive system, the right and left
error tasks: simple RT, choice RT and semanticchearfronto-pariatal networks [50]. These studies show
RT with increased cognitive impairments. CTIP resul theses difference in cortical activation patterrRigN
show significant difference between the MS anih early stage of MS may also be compensated by the
control patients. During the task stage, RT is sloiv  progression of brain damage phenomenon. Faivie et a
the MS group than control however reaction timévestigated patients having early stage RRMS and
increases during the tasks process. found connectivity in RSN in all major network
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regions: motor, cognitive, and sensory as compar€bnclusion
with healthy controls [15]. Recently the main piat
of the RSN was assessed in large sample of RR ; . o e e
patients and healthy controls which shows the deere €fects daily routine of an individual's life, inaling
in RS connectivity in some region such as working/‘emory’ personal relationship, lack of completing
memory, sensory motor, visual networks, defau ork, and up to significant decrease in the efficie

network mode (DNM) and increase connectivity in th@ Performing even simple activities of daily life.

region such as executive control and auditory durinl €€ advanced technologies have provided huge

RSN [49]. These decrease connectivity in Rs/qPpPortunities to view and understand the functignin
signifies that it may be due to disability and €gion ©Of brain and its activity. fMRI in MS helps to
volumes. The studies also analyses the functiondfiderstand the different activation pattern offihein
networks connectivity (FNC) to understand th@t different stages and hence plays a vital role in
interaction of functional connectivity networks ghgr N€IPINg us to understand the diseases pathophggiolo
RSN in RRMS patients and healthy controls. It shows€S€ studies provide the information about aatie

that there is increase connectivity between thionsg '€Sting stage of the brain and how it works. fMRtla
that is executive control networks and salient pete 1S technique RS fMRI may be valuably useful in
and also shows the decrease connectivity with DNNflinical setting to understand and classify disesiage
Abnormal connectivity was also noted betweefl individual MS patients, with the ultimate goal t
working memory network and sensory network. Th entify the disease condition and the contexthef t
study signifies that functional abnormality betweefiagnostic work-up. All these positive factors damn
these global networks in patient with RRMS may beSed as a guide for the management of the disease.
due to the severity of disability and the extenraf D€spite so many studies that have been conducted

lesions [49]. While in case of longitudinal studtes there still remains a lot to be explored and urtdecs
functional abnormality is due to the diseas bout the disease and its treatment. In depthestudi

progression and the onset of the clinical def{dif. MRI can be used as a tool in achieving this gdal o

Several studies have been done to assess thehtterV2yS and means for stopping the progression of the
functional connectivity of DNM in patients with disease, treating the disease or maybe even curing

different phenotypes and progressive form of thBEOPI€ of the disease.
disease. Rocca et al. found different activatidtepas References
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