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Abstract

Background

The posterior cerebellar lobules seem to be the anatomical substrate of cognitive cerebellar

processes, but their microstructural alterations in multiple sclerosis (MS) remain unclear.

Objectives

To correlate diffusion metrics in lobules VI to VIIIb in persons with clinically isolated syn-

drome (PwCIS) and in cognitively impaired persons with MS (CIPwMS) with their cognitive

performances.

Methods

Sixty-nine patients (37 PwCIS, 32 CIPwMS) and 36 matched healthy subjects (HS) under-

went 3T magnetic resonance imaging, including 3D T1-weighted and diffusion tensor imag-

ing (DTI). Fractional anisotropy (FA) and mean diffusivity (MD) were calculated within each

lobule and in the cerebellar peduncles. We investigated the correlations between cognitive

outcomes and the diffusion parameters of cerebellar sub-structures and performed multiple

linear regression analysis to predict cognitive disability.

Results

FA was generally lower and MD was higher in the cerebellum and specifically in the vermis

Crus II, lobules VIIb and VIIIb in CIPwMS compared with PwCIS and HS. In hierarchical

regression analyses, 31% of the working memory z score variance was explained by FA in

the left lobule VI and in the left superior peduncle. Working memory was also associated
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with MD in the vermis Crus II. FA in the left lobule VI and right VIIIa predicted part of the

information processing speed (IPS) z scores.

Conclusion

DTI indicators of cerebellar microstructural damage were associated with cognitive deficits

in MS. Our results suggested that cerebellar lobular alterations have an impact on attention,

working memory and IPS.

Introduction
Diffusion tensorimaging(DTI) isasensitivemethodfor studyingmicrostructuralchangesin
thebrain [1]. It hasbeenusedin recentyearsin severalstudiesto obtainabetterunderstand-
ing of thecognitiveimpairmentassociatedwith multiple sclerosis(CIAMS) [2]. CIAMSis
commonandcanaffectpersonswith multiple sclerosis(PwMS)atall stagesof thedisease,
including theearlystages,suchasclinically isolatedsyndrome(CIS)[3]. CIAMSimpliessev-
eralcognitivedomainsincludingepisodicmemory,attention,working memoryandexecutive
functions[3]. However,theslownessof theinformation processingspeed(IPS)is themain
cognitivedysfunctionobservedin MSevenat theearlierstagesandisassociatedwith poor
prognosis,significantconsequenceson employmentstatusanddecreasedqualityof life [4].
ThepathogenicmechanismsunderlyingCIAMSarestill not fully understood[2,3].Magnetic
resonanceimaging(MRI) studiessuggestedthatdiffusedamageof thecerebralwhitematter
affectingimportant cognitivenetworks[5,6] couldplayarole in theearlystages,but arolefor
theinvolvementof greymatter(GM), including thethalami,hasalsobeendemonstrated[7].
It isnowestablishedthat thecerebellumplaysanimportant role in cognitionin general[8].
Schmahmann�� ��. suggestedthat thecerebellumregulatespeed,consistencyandaccuracyof
cognitiveprocesses.Thecerebellumissupposedto integrateandpermit cognitivefacilitation
andoptimisationin orderto obtainautomation.Then,cerebellardamagecouldresultin a«
dysmetriaof thought»definedbyanalogywith motor dysmetria[8,9]. In MS,cerebellardys-
function isassociatedwith cognitivedeficits[10,11],particularlyIPS[12]. MSisassociated
with cerebellardamage,andextensivedemyelinationhasbeenobservedin thecerebellarcor-
tex[13]. An associationbetweenCIAMSandcerebellarGM atrophy[14,15]andlesionvolume
[11,16]hasbeenreported.SeveralDTI studiesof thebrain reportedabnormalDTI metrics
suchasfractionalanisotropy(FA) andmeandiffusivity (MD) associatedwith CIAMSin the
cerebellarpedunclesor thecerebellarparenchyma.Thisassociationsuggestsananatomical
disconnectionbetweenthecerebralassociativeareasandthecerebellum[17±22].Functional
magneticresonanceimaging(fMRI) confirmedtheexistenceof afunctionalcortico-cerebellar
disconnectionassociatedwith CIAMS[23] andprovidedevidenceof thecognitivespecificity
of posteriorcerebellarlobulesin healthysubjects(HS)[24,25].Posteriorlobulesintegration
within thecortico-cerebellarloophasbeenshownanatomically.Cortico-pontineprojections
havebeenevidencedusingviral transynaptictracersin rhesusmonkeysshowingconnexion
betweenhemisphericpartsof CrusII andvermianpartsof lobulesVII et IX on theonehand
andarea46and9 of thedorsolateralprefrontalandarea5 and7 of posteriorparietalcortices
on theotherhand[26,27].A specificcognitivecartographyof theposteriorcerebellarlobules
hasbeendescribedbasedon fMRI studiesmadein thelasttwentyyears[25]. Indeed,in healthy
subjects(HS),althoughall posteriorlobulesareengaged,somepreferentialcontribution of
specificlobulesin cognitivedomainshavebeenobserved,suchastheleft supero-posterior
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cerebellumfor attention[28], vermisVI andCrusI for verbalworking memoryandlobuleVI,
CrusI/II andVIIb for executivefunctions[24,25].

However,theassociationbetweenspecificalterationsof theposteriorlobulemicrostructure
andspecificcognitiveoutcomeshasnot beenstudiedin CISandMS.Our aimwasto studythe
diffusionmetricsin lobulesVI to VIIIb in personswith CIS(PwCIS)accordingto thecogni-
tivestatus,in PwMSwith cognitiveimpairment(CIPwMS)andin HSasnegativecontrols.

Methods

Subjects
Sixty-ninepatients(PwCISandCIPwMS)and69HSmatchedfor age,sexandeducational
levelwererecruitedfrom June2010to December2014at theBordeauxUniversityHospital
Center,France.Out of 69HS,36underwentanMRI scanandall 69wereevaluatedwith cogni-
tive testing.

All PwCIS(n = 37)wereincludedwithin 6 monthsaftertheir first neurologicalepisodeand
presentedat leasttwo asymptomaticcerebrallesionslargerthan3mm on fastfluid-attenuated
inversion-recovery(FLAIR) images.ForCIPwMS(n = 32)theinclusioncriteriawereasfol-
lows:MSdiagnosisaccordingto McDonald'scriteria [29], diseaseduration>6 monthsand
�15 yearsandmild cognitiveimpairmentdefinedastwo scoresbeyondonestandarddevia-
tion (SD)amongalargeneuropsychologicalbattery.MSpatientsweretreatedaccordingto
currentstandardsof clinicalcare.

Exclusioncriteriawereasfollows:ageunder18or over55years,historyof otherneurologi-
calor psychiatricdisorders,inability to performcomputerisedtasksor MRI, MSattackin the
two monthsprecedingthescreening,corticosteroidpulsetherapywithin two monthspreced-
ing thescreening,severecognitivedeficits(Mini-Mental StateExamination<27), anddepres-
sion(BeckDepressionInventoryscore(BDI) >27).

ExpandedDisabilityStatusScale(EDSS)scorewasdeterminedbyexpertneurologists.

Standard protocol, approvals, registration, and patient consents
Eachsubjectprovidedwritten informedconsent.Patientswereincludedfrom two different
studies(REACTIV,ClinicalTrials.govIdentifier:NCT01207856,studyconcerningcognitively
impairedPwCIAMS,andSCI-COG,ClinicalTrials.govIdentifier:NCT01865357,analysing
cognitiveimpairmentin patientsafteraCIS).Bothstudieswereapprovedby thelocalethics
committeewhichiscalledComiteÂdeProtectiondesPersonnes,Bordeaux.

Neuropsychological assessment
Neuropsychologicalevaluationassessedattention,working memory,executivefunctionsand
IPS.BecausePwCISandPwCIAMSwereincludedin two differentstudies,sometestsfor
working memoryandverbalfluencydifferedbetweenthetwo samplesandzscoresfor cogni-
tivedomainswerecalculatedbycomparisonswith scoresobtainedin thecontrol group.Atten-
tion IPSandexecutivefunction tests,otherthanverbalfluency,wereidenticalfor all patients
andHSandhavebeendescribedpreviously[30]. All patientsandtheir matchedHSincluded
in agivenstudy(respectivelySCI-COGandREACTIV)wereassessedby thesametests.

Eachdomainwasevaluatedwith thefollowing tests(CISandmatchedHS:� ; MSand
matchedHS:� � ):

1. ���������: Testof AttentionalPerformance(TAP)� /� � consistsof subtestsfor visualscan-
ning (accurateanswers)andvisualandauditorydividedattentionFordividedattention,
thenumberof accurateanswersandreactiontime ratiosof thedoubletask(auditoryand
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visualdividedattention)to thesimpletask(auditoryor visualdividedattention)were
considered.

2. Working Memory:Numericalspantest(forward� /� � andbackward� /� � ) andPaced-Audi-
tory SerialAddition Test±3seconds(PASAT)� or working memorysubtestof theTAP� � .

3. 	
�����
� ���������: Strooptest� /� � (usingthedifferencebetweenthedenominationpart
andtheinhibition taskscores)andWord List Generationtest(verbalfluencyassessment)�

or semanticverbalfluency(usinganimalcategory)� � .

4. ���: SymbolDigit ModalitiesTest(SDMT)� /� �

DepressionandanxietysymptomsweremeasuredusingBeck'sDepressionInventory
(BDI) andState-TraitAnxietyInventoryfor adults,subtestState(STAI-S),respectivelyin all
participants.

MRI acquisition
MRI scanswereperformedon a3T AchievaTX system(PhilipsHealthcare,Best,TheNether-
lands)with an8-channelcoil.Themorphologicalprotocolconsistedof 3D T1 weightedMR
imagesacquiredusingthemagnetizationpreparedrapidgradientecho(MPRAGE)imaging
(TR= 8.20ms,TE= 3.5ms,TI = 982ms,�� = 7Ê,FOV = 256mm, voxelsize= 1mm3, 180
slices)andFastFluid-AttenuatedInversion-Recovery(FLAIR) images(TR= 11000ms,
TE= 140ms,TI = 2800ms,FOV = 230mm, matrix = 325X352,45axialslices,3-mm thick).
Thesingle-shotdiffusionweightedEPIDTI sequenceincluded20directions(TE= 60ms,
TR= 11676ms,matrix = 144X144,75slices,1.6-mmthickness,b = 1000s/mm2).

Image processing and analysis
MRI processing. T1-weightedMRI imageswereprocessedusingthepipelineof thevol-

Brainsystem(http://volbrain.upv.es). Thispreprocessingpipelineconsistedof adenoising
step[31] andanaffineregistration[32] into theMontrealNeurologicalInstitute (MNI) space.

DTI processing. Diffusion MRI imageswereprocessedusinganin-housepipeline(dti-
Brain).First,diffusion-weightedimagesweredenoised[33] to improvethesignal-to-noise
ratio.Headdisplacementanddistortionsinducedbyeddycurrentswerethencorrectedby
performingaffineregistrationfollowedbynon-linearregistrationof all diffusion-weighted
imagesto theb0image.Thedirectiontablewasupdatedwith theestimatedregistrationmatri-
ces.A non-rigid registrationof diffusion-weightedimagesto thesubject'sT1-weightedimages
in theMNI spacewasusedto compensatefor EPIdistortions.Finally,adiffusiontensormodel
wasfit ateachvoxelusingFSL5.0.3(http://fsl.fmrib.ox.ac.uk/fsl)to estimatethefractional
anisotropy(FA) andmeandiffusivity (MD) maps.

Regionsof interest.

· Lobulesegmentation:Thespatiallyunbiasedatlastemplateof thecerebellumandbrainstem
(SUIT) toolbox3.0(SPM8) wasusedfor cerebellarlobulesegmentation[34±36].Thesoft-
wareenablesthestandardizationof lobulesizeto driveareliablesegmentationbycapturing
inter-individual variability.First,cerebellumswereisolatedfrom brainson 3D T1win the
MNI space,andanon-linearregistrationof thecroppedT1wimagesovertheSUITtemplate
usingDartelwasperformed[37]. FA andMD mapsin theMNI spaceweretransformedinto
theSUITspaceusingthedeformationfield estimatedon theT1wimages.Moreover,dedi-
catedregionsof interest(ROI) weredefinedin eachcerebellarlobulefrom VI to VIIIb to
avoidsusceptibilityartefactsat theborderof theposteriorlylocatedlobulesthatcouldartifi-
ciallymodify diffusivity parameters.To definetheseROIs,sphereswith aradiusof 8mm,
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adaptedto thelobularanatomy,weremanuallydrawnon SUITcerebellumatlaslabelsusing
MRIcron,version4.8.2014.ROIswerepositionedinsidetheinner partof theposteriorlob-
ulesin orderto minimizeCSFpartialvolumeandouterlayerartefactsandwerereplicated
for eachpatient'slobulesto obtainareproducibleandrepresentativesampleof FA andMD
valuesperlobule(Fig1B).

· Pedunclesegmentation:Finally,becausetheSUITtoolboxdid not includecerebellar
pedunclemasks,adedicatedpipelinewasdevelopedto segmentthesestructures.To do that,
weregisteredFA andMD mapsin theMNI spacebyusingaffineandnon-linearregistration
(FNIRT,FSL5.0)with theJHU-ICBM-FA-1mmtemplateasareference.Then,weusedthe
JHUICM DTI 81WM atlasto createbinarizedmasksfor eachcerebellarpeduncle(superior
cerebellarpeduncle,SCP;mediumcerebellarpeduncle,MCP;inferior cerebellarpeduncle,
ICP).Finally,thebinarizedmaskswerewarpedon theFA andMD mapsto calculatemean
valuesfor eachcerebellarpeduncle.Therefore,diffusionmetricsof superior(SCP),medium
(MCP) andinferior cerebellarpeduncles(ICP) wereindependentlyestimatedwithin ROI
determinedby theJHU-ICBM-DTI-81WM atlas(Fig1C).

Theaveragevaluesof thediffusivity parameterswerethencalculatedin eachROI in cerebellar
lobulesandpeduncles.

Statistical analyses
All datawereanalysedwith theRpackagèstats'(version3.1.3).Thenormaldistribution was
testedfor all variableswith theShapiro-Wilktest.

SexandeducationallevelwerecomparedusingChi-squaretests.Quantitativeclinicaland
imagingdatawerecomparedbetweenPwCIS,PwCIAMSandHSwith ANOVA or Kruskal-
Wallistestsdependingon their distributions.Forposthocanalyses,Tukey'sor Nemenyitests

Fig 1. A: Detailed image processing used to obtain lobular and peduncular diffusity data. Cropping and non-
linear registration of T1w images over the SUIT template and ROI delineation. B: Registration of the diffusivity
map using the transformation estimated with the T1w, diffusivity estimation into ROI. C: Non-linear registration
of diffusivity maps and estimation within ROI determined by the JHU-ICBM-DTI-81 WM atlas (FSL).

https://doi.org/10.1371/journal.pone.0182479.g001
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wereusedto comparetwo subgroupswhenANOVA or Kruskal-Wallistestsshowedsignifi-
cantresults.

Z scoreswerecalculatedaccordingto theformula:(patient'sraw score±HSmeanscore/

HS standarddeviation(SD)) from apopulationof 69HS.Whenacognitivedomainwascomposed
of multiple tests,themeanz scoreof eachtestwasconsidered.Cognitiveimpairmentwas
definedwith z scoresbelow-1.5in adomain.Z scorecomparisonsbetweenPwCIAMSand
PwCISwereobtainedwith thet-test(or Mann-WhitneyU tests).A significancethresholdof
0.05wasapplied.

Accordingto thevariabledistribution,Spearmanor Pearson'scorrelationsbetweenimag-
ing andcognitiveoutcomein all patients(CISandMS)wereused.Bonferronicorrectionfor
multiple comparisonswasapplied(p<0.002).

Linearregressionanalyseswereusedto predictcognitiveoutcome,including threehierar-
chicalblocks:1) clinicaldata,2) lobulardata,and3) peduncledata.Eachcognitivedomain
wasstudiedin anindependentmodel.Twopredictionmodelsweredefined(FA andMD mod-
els).ThedependentvariableandresidualnormaldistributionswerecheckedusingtheShapiro
testandhistograms.Independentvariableswereenteredin themodelsonly if thep valuewas
below0.10in univariateanalyses.

Results

Demographic, clinical data and cognitive assessment
Weincluded37PwCIS,32CIPwMSand69HS.Therewereno differencesfor sex,medianage
andeducationallevelbetweengroups,eitherwhenconsideringthewholeHSgroupor only
theHSsubgroupthatunderwentMRI. Table1 describesthepopulationdemographicsand
clinicalcharacteristics.Themeanattention,working memoryandIPSzscoresweresignifi-
cantlydecreasedin CIPwMSversusPwCIS.No differencesweredetectedfor executive

Table 1. Character istics of the population .

HS (n = 69) CIS (n = 37) MS (n = 32)

Median age (range) a 36 (21±60) 36 (19±59)ns 42 (29±50) ns

Sex: % of womenb 50 (72.46%) 29 (78.38%) ns 23 (71.88%)ns

Median EDSS (range)b . 1.00 (0±6) 3.00 (0±8)���

Mean disease duration (SD) in monthsc . 4.25 (�“ 1.98) 106.11 (�“ 61.44)�� �

Median MSSS (range)c . 2.44 (0.67±9.74) 3.55 (0.21±9.09)���

Educational levelb 54 (78.26%) 25 (67.57%) ns 21 (65.62%)ns

Mean attention z score (SD)/ % impairedc . -0.13 (�“ 0.44) 0 -0.33 (�“ 0.70)� 6.25

Mean working memory z score (SD)/ % impairedc . -0.32 (�“ 0.73) 5.41 -0.97 (�“ 0.78)�� 25

Mean EF z score (SD)/ % impairedc . -0.54 (�“ 0.69) 8.11 -0.75 (�“ 0.83) ns 15.3

Mean IPS z score (SD)/ % impairedc . -0.57 (�“1.06) 13.51 -2.11 (�“ 1.02)��� 71.77

a: Results for ANOVA between HS, CIS and MS;
b: Results for Fisher's exact test;
c: Results for t tests between CIS and MS patients.

Differences between groups:
ns: not significant; p�!0.05;

�: p�0.05 ;

��: p�0.01;

���: p�0.001

EF: Executive functions, IPS: Information Processing Speed

https://doi.org/10.1371/journal.pone.0182479.t001

Diffusion imaging in cerebellum in multiple sclerosis

PLOS ONE | https://doi.org/10.1371/journal.pone.0182479 August 8, 2017 6 / 15



functions.Table1 showsthezscoresfor thedifferentcognitivedomainsfor thetwo groups.
IPSslownessoccurredin 13.51%of PwCISandin 71.77%of CIPwMS.Depressionscoreswere
higherin CIS(BDI medianscore= 9 [0±26];p<0.001)andMS(14[0±26];p<0.001)compared
to HS(4 [0±23]).Anxietyscoreswereincreasedin PwCIS(STAI-Smedianscore= 34[20±64];
p<0.001)but not CIPwMScomparedto HS.No correlationwasfoundbetweencognitive
assessmentandanxietyor depressionscales.

DTI metrics analyses
Significantdifferencesin theDTI metricsbetweengroupsaredescribedin Tables2 and3.

No significantdifferenceswerefound regardingdiffusivity metricsbetweenPwCISandHS.
FA wasreducedin amajority of cerebellarsubstructuresin MScomparedto CISandto HS,

especiallyon theright side(Table2).CISpatientstendedto displayslightlyhigherFA values,
comparedto HS,but thisusuallydid not reachstatisticalsignificance.MD wasincreasedin
thevermisCrusII, LeftVIIb, lobulesVIIIb andcerebellarpedunclesin CIPwMScomparedto
HSandto PwCIS.

Correlations between cognitive outcome and imaging data
Correlationsbetweendiffusionmetricsandcognitiveoutcomesarelistedin Tables4and5.
For theentirepatientgroup,working memorywaspositivelycorrelatedwith theFA in the

Table 2. Comparis ons of FA between CIS, MS and HC.

HS (n = 36) CIS (n = 37) MS (n = 32)

Mean �“ SD Mean �“ SD Mean �“ SD

Median (range) �^ Median (range) �^ Median (range) �^

Left VI 0.23 �“ 0.03 0.23c�� �“ 0.03 0.20b�� �“ 0.03

Vermis VI 0.12 �“ 0.02 0.14a�� c��� �“ 0.02 0.12 �“ 0.02

Right VI 0.19 �“ 0.03 0.19c� �“ 0.03 0.17 �“ 0.04

Left Crus I 0.23 �“ 0.04 0.23c� �“ 0.04 0.21b� �“ 0.03

Right Crus I 0.19 �“ 0.03 0.19c�� �“ 0.03 0.16b� �“ 0.03

Vermis VIIb �^ 0.16 (0.11±0.31) 0.17c�� (0.11±0.26) 0.15 (0.11±0.23)

Right VIIb 0.18 �“ 0.03 0.20c� �“ 0.02 0.17 �“ 0.03

Vermis VIIIa 0.17 �“ 0.03 0.19c� �“ 0.04 0.17 �“ 0.02

Right VIIIa 0.18 �“ 0.03 0.20a� �“ 0.04 0.18 �“ 0.03

Right VIIIb 0.16 �“ 0.03 0.18c� �“ 0.04 0.16 �“ 0.04

SCPL 0.55 �“ 0.03 0.55c��� �“ 0.03 0.52b�� �“ 0.03

SCPR �^ 0.55 (0.46±0.59) 0.53c�� (0.49±0.63) 0.52b�� (0.42±0.56)

MCP 0.48 �“ 0.02 0.48c��� �“ 0.02 0.46b��� �“ 0.03

ICPL 0.47 �“ 0.03 0.48c��� �“ 0.03 0.45b� �“ 0.04

ICPR 0.47 �“ 0.03 0.46c� �“ 0.03 0.44b�� �“ 0.03)

a. Comparison between CIS and HC;
b. Comparison between MS and HC;
c. Comparison between CIS and MS

Differences between groups:

�: p�0.05 ;

��: p�0.01;

���: p�0.001
�^Kruskal-Wallis test used because of non-linear distribution

SCPL: Superior cerebellar peduncle, left and right (SCPR); MCP: Medium cerebellar peduncle; ICPL: Inferior cerebellar peduncle, left and right (SCPR)

https://doi.org/10.1371/journal.pone.0182479.t002
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Table 3. Comparis ons in MD between CIS, MS and HC.

HS (n = 36) CIS (n = 37) MS (n = 32)

Mean �“ SD Mean �“ SD Mean �“ SD

Median (range) �^ Median (range) �^ Median (range) �^

Vermis Crus II 1.21E-03
�“ 8.91E-05

1.18E-03b���
�“ 1.21E-04

1.30E-03a��
�“ 1.65E-04

Left VIIb �^ 1.08E-03
(8.93E-04±1.61E-03)

1.07E-03b�
(8.82E-04±1.36E-03)

1.13E-03a�
(7.61E-04±1.50E-03)

Left VIIIb 1.22E-03
�“ 1.83E-04

1.27E-03
�“ 1.92E-04

1.40E-03a�
�“ 2.70E-04

Vermis VIIIb 1.13E-03
�“ 1.29E-4

1.11E-03b�
�“ 1.24E-04

1.20E-03
�“ 1.56E-04

Right VIIIb �^ 1.06E-03
(6.42E-04±1.24E-03)

1.07E-03
(8.37E-04±1.31E-03)

1.13E-03a�
(8.80E-04±1.38E-03)

SCPL 1.42E-03
�“ 9.01E-05

1.40E-03b���
�“ 9.05E-05

1.54E-03a���
�“ 1.67E-04

SCPR 1.42E-03
�“ 1.04E-04

1.40E-03b���
�“ 9.49E-05

1.53E-03a��
�“ 1.91E-04

MCP 1.06E-03
�“ 3.96E-05

1.06E-03b���
�“ 3.46E-05

1.11E-03a���
�“ 6.27E-05

ICPL �^ 1.03E-03
(9.38E-04±1.13E-03)

1.03E-03b�
(9.57E-04±1.13E-03)

1.08E-03a��
(1.01E-03±1.27E-03)

ICPR 1.02E-03
�“ 3.02E-05

1.03E-03b��
�“ 3.09E-05

1.07E-03a���
�“ 4.82E-05

a Comparison between MS and HC;
b. Comparison between CIS and MS

Differences between groups:

�: p�0.05 ;

��: p�0.01;

���: p�0.001
�^Kruskal-Wallis test used because of non-linear distribution

SCPL: superior cerebellar peduncle, left, SCPR: superior cerebellar peduncle, right (SCPR); MCP: medium cerebellar peduncle; ICPL: inferior cerebellar

peduncle, left; SCPR: inferior cerebellar peduncle, right

https://doi.org/10.1371/journal.pone.0182479.t003

Table 4. Correlation s between FA and cognitive outcome .

Patients (n = 69)

Working memory

SCPL 0.54���

SCPR 0.47���

IPS

Left VI 0.47���

Right VIIIa 0.42��

Right VIIIb 0.43��

MCP 0.47���

ICPL 0.39�

Differences between groups:

�: p�0.05;

��: p�0.01;

���: p�0.00 1

https://doi.org/10.1371/journal.pone.0182479.t004
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superiorcerebellarpeduncles,whereastheIPSwaspositivelycorrelatedwith FA in theLeftVI,
RightVIIIa andright VIIIb, andwith MD in thevermisCrusII.

Theresultsfrom multiple hierarchicalregressionanalysesarepresentedin Tables6 and7.
FA in theleft lobuleVI andin theleft superiorpeduncleexplained31%of thevariancein the
working memoryzscore.Working memorywasalsoassociatedwith MD in thevermisCrus
II. FA in theleft VI andright VIIIa alsopredictedsomeof theIPSzscores.Themicrostructure
of cerebellarpeduncleshadanimpacton cognitiveoutcomein almostall testeddomains.

Discussion
Our studyhighlightsthatmicrostructuralalterationsin theposteriorcerebellarsubstructures
areassociatedwith impairmentin differentcognitivedomainsin MS.

Microstructural alterations at different stages of MS
WeobservedthatmicrostructuraldamagesaredetectedbyDTI in posteriorlobulesandcere-
bellarpedunclesin theMSsubgroupbut not in CIS.A post-mortemstudyfoundanassocia-
tion in MSbetweenDTI metrics(FA andMD) andmyelincontentandaxonalcountor gliosis
to alesserproportion,suggestingthatDTI isareliablemethodfor analysingmicrostructural

Table 5. Correlation s between MD and cognitive outcome .

Patients (n = 69)

IPS

Vermis Crus II -0.45��

SCPL -0.41��

MCP -0.38�

SCPL: Superior cerebellar peduncle, left and right (SCPR); MCP: Medium cerebellar peduncle; ICPL:

Inferior cerebellar peduncle, left and right (SCPR); Differences between groups:

�: p�0.05;

��: p�0.01

https://doi.org/10.1371/journal.pone.0182479.t005

Table 6. Multivariate analysis model 1 ±Cognitive predic tion and FA analysis.

Estimate (B) Standard Error P value Adjusted R2

Attention

None

Working Memory

Intercept -8.43 1.47 3.39E-7 0.31

Left VI 5.63 2.75 0.05

SCPL 12.27 2.79 4.45E-5

Executive functions

Intercept -4.45 1.37 0.002 0.10

SCPR 7.13 2.57 0.007

IPS

Intercept -10.75 2.22 9.93E-6 0.31

Left VI 11.54 4.83 0.02

Right VIIIa 11.15 4.45 0.02

SCPR 9.03 4.07 0.03

https://doi.org/10.1371/journal.pone.0182479.t006
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damagein thisdisease[38]. However,dependingon theDTI-metricsprofilesobserved,several
typesof alterationsshouldbediscussed.

Concordantwith studiesin supratentorialbrain [17±19,39,40],FA wasreducedin mostof
thecerebellarsubstructuresin CIPwMScomparedwith PwCISandHS.Changein MD couldbe
observedin concordanceor not with thisFA reduction.MD increasedin cerebellarpeduncles,
concordantwith FA reduction.Thisconcordantprofile is themostfrequentwhenanalysing
structuredbundlesof whitematterandisassociatedwith fiber lossandalterationof structural
barrierslimiting watermolecularmotion. [41]. Bycontrast,FA decreasewasassociatedwith
MD preservationin theleft VI, left andright CrusI andFA preservationwith MD decreasein
thevermisCrusII, left VIIb andleft andright VIIIb. Thisdiscordancehaspreviouslybeen
shownin otherdiseases(post-lacunarWalleriandegenerationandthalamicmicrostructural
changesin Parkinsondisease)but isnot fully understood[42,43].FA decreaseassociatedwith
unmodifiedMD levelisconsideredto betheconsequenceof asecondaryWalleriandegenera-
tion with axonallossandchangesin neuronsintegrityaccompaniedbygliosisor extracellular
matrix modifications[42,43].Thisprocessmayoccurpreferentiallyin regionswherefibre tracts
arecrossingandcellularityishigherthanit is in WM. Moreover,anisolatedMD upholding
couldoccurwhenfibre lossisassociatedwith aninsufficientcellularreactionto alterdirectional
anisotropymetrics.It hasalsobeenobservedthatglialproliferationcoulddecreasebothMD
andFA,highlightingapreponderanceof tissuedamageovertissuerepair[41].

In our cohort,FA in CIStendedto risein comparisonto HS.DTI studiesin CISyielded
contradictoryresults,showingeitheranincreaseor adecreaseof FA in WM andGM accord-
ing to previousstudies[44±46].Thisphenomenonhasalreadybeendescribedwithin struc-
turesincludingGM in MSandcouldberelatedto thestrippingof selectivedendritesor iron
accumulation[47±50].More recently,in post-mortemsamplesundergoingDTI imagingand
histologicalstudy,thisphenomenonhasbeenassociatedwith tissuecompactionrelatedto
neurodegenerationratherthanmicroglialactivation[51].

Involvement in cognitive impairment
SeveralDTI studieshavefocusedon thepeduncleabnormalitieswhicharenowratherwell
definedin contraryto lobularones.An associationbetweencognitiveimpairment(especially

Table 7. Multivariate analysis model 2 ±Cognitive predic tion and MD analysis.

Estimate (B) Standard Error P value Adjusted R2

Attention

Intercept 1.45 0.58 0.02 0.11

Right Crus I -1635.62 570.94 0.006

Working Memory

Intercept 3.75 1.03 0.0006 0.21

Vermis CrusII -1660.84 804.76 0.04

SCPR 6237.24 2532.75 0.02

SCPL -7812.16 2562.06 0.003

Executive functions

Intercept 5.61 1.63 0.001 0.18

ICPL -5927.83 1540.53 0.0003

IPS

Intercept 1.16E1 2.92 0.0002 0.27

Age -4.75E-2 1.52E-2 0.003

MCP -1.02.E4 2.63E3 0.0003

https://doi.org/10.1371/journal.pone.0182479.t007
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IPSassessedby theSDMTandverballearning)andabnormalsuperiorcerebellarpeduncles
diffusionparametershasbeenreported[52]. ReducedFA wasalsofound in cerebellarparen-
chymain cognitivelyimpairedpatients[19]. Our resultsshowedthatcognitivezscoreswere
partlypredictedbymicrostructuralalterationin cerebellarpedunclescontributing to thedis-
connectionbetweenthesupra-tentorialassociativeareasandthecerebellum.Thisconfirmed
theimportant roleof thepedunclesin cognitiveprocessesandaboveall IPSandworking
memory.Althoughsomeresearchersstudiedthecorrelationbetweenmicrostructuraldamages
andCIAMS,nonehaveanalysedtheparticularinvolvementof thecerebellumsub-structures.
Interestinglyandcontraryto somefMRI studiesin HS[24,25],wefoundno evidenceof astrict
cognitivemaparrangementthatwould link aspecificlobuleto acognitivedomain.Indeed,
multivariateanalysisdemonstratedthat thedomainzscorecouldbepredictedbydifferent
substructurealterationsdependingon thediffusionparameterthat isconsidered.Forexample,
theattentionzscorewasonly correlatedwith MD in theright CrusI, working memorywith
FA in theleft lobuleVI andMD in thevermalCrusII andIPSwasstronglycorrelatedwith FA
in theleft lobuleVI andright VIIIa.

TheseresultsechothestudythatwerecentlyreportedaboutGM volumetricanalysisin the
samegroupof patients[53]. In thatpreviouswork,weshowedacorrelationbetweenGM vol-
umewithin posteriorlobulesandespeciallyvermisVI andIPS.Theseresultsshowedthatboth
macroandmicrostructuraldamages,especiallyin lobulesVI, areassociatedwith cognitive
impairmentin MS.However,thewider rangeof structuresfor whichmicrostructuralabnor-
malitieswereassociatedwith cognitivedeficitssuggestthatDTI coulddetectearlyprocesses
beforethedevelopmentof atrophy.

Our resultscorroboratefMRI studiesshowingthatworking memoryshouldbesupported
by thelobulesVI andVII, for example[25,54].However,anoverlapbetweenworkingmemory
andIPSisdemonstratedfor left lobuleVI, indicatinganon-formalcognitivemapin theposte-
rior cerebellum.Thelackof strict mappingis in agreementwith Schmahmann'sassumption
that theposteriorcerebellumªregulatesthespeed,capacity,consistency,andappropriateness
of mentalor cognitiveprocessesº[8,9,55]Indeed,themain roleof thisanatomicalstructureis
to generateanautomatizedresponsefrom high levelcognitiveloadprocessedin thecortical
associativeareas.It hasbeenshownthatMSpatientsareunableto activatetheusualcerebello-
frontal networkassociatedwith fastestresponsesto agiventask,consequentlyactivatingasub-
stitutecompensatorynetwork,involving theprefrontalcortex[23]. IPSrepresentsbestthis
preferentialphenomenonof globaloptimisationandautomationwhichhasbeenpreviously
highlightedbyclinicalandfMRI studiesin MS.[12,23].

Study limitations
Our studyisnot without limitations.First,infratentoriallesionshavenot beenconsidered,
althoughbothgreyandwhitematterlesionsin thecerebellumcouldhaveanimpacton cor-
tico-cerebellardisconnection[56]. However,lesionsimpactDTI metrics,andtheir effectis
thereforeincludedwithin thevariables.Second,in our analysis,ROIsincludedbothgreyand
whitematter.Therefore,theaveragediffusivity parametersreflectedanonlinearheteroge-
neouscerebellaranatomywith arisk of statisticalbias.Indeed,cerebellardiffusion-weighted
imagingisevenmorechallengingthananatomicalimagingbecauseof thetechnicaldifficulties
andanatomicalheterogeneity(principallygreyandwhitemattertangles).Volumeatrophy
leadingto DTI parametersmodificationisanotherconcern.Indeed,cerebellaratrophywas
not takeninto accountin our analysis.Moreover,PwCISandPwMSwereincludedfrom two
differentstudiesandsometestsusedfor neuropsychologicalassessmentweredifferent.How-
ever,themajority of cognitivedomainswereassessedin thesamewaybetweenPwCISand
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PwMSanddivergenttestswereroughlyequivalentandwerealwaysassociatedto acommon
testin orderto obtainrelevantcognitivedomains.

Conclusion
In conclusion,wereport thepredictivevalueof DTI metricsin posteriorcerebellarlobulesand
pedunclesin cognitiveoutcomeatdifferentstagesof MS.IPSandworking memoryseemedto
bemoresignificantlyimpactedthanexecutivefunctionsandattention,corroboratingtheidea
of cerebellarcognitiveregulationandoptimizationthroughthecortico-cerebellarlooprather
thanacognitivesubstrate��� ��.
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