JB+ Qbi'm+im> H M Hvb2b Q7 i?2 TQbi2 B
HQ#mH2b BM "2H ThBM;@QMb2i KmHiBTH?2
BKTHB+ iBQM BM +Q:MBiBp2 BKT B ¥
K M/IBM2JQ QbQ- m aHB2 m2i- .2HT?BM2 G K “;:m2
J i?BH/2 .2HQB 2-SB2 B+F *QmTd-CmHB2 *? "0@
C2 M@*? BbiQT?2 Pm HH2i- oBM+2Mi SH M+

hQ +Bi2 i?Bb p2 ' bBQM,

K M/BM2 JQ QbQ- m GHB2 m2i- .2HT?BM2 G K “;m2@> K2H- 6 MMv
HXX JB+ Qbi'm+im> H M Hvb2b Q7 i?2 TQbi2 ' BQ  +2 2#2HH ~ HQ#m}
M/ i?2B  BKTHB+ iBQM BM +Q;MBiBp2 BKT B'K2MiX SGQa PL1- Sm#H
IRYyXRjdRfDQmM M HXTQM2XyR3k9dN=X |? H@yR8de9Nd=

> G A/, ? H@dyR8de9Nd
2iiTh,ff? HX "+?Bp2b@Qmp2'i2bX7 f? H@yR8d
am#KBii2/ QM kj m; kyRd

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X


https://hal.archives-ouvertes.fr/hal-01576497
https://hal.archives-ouvertes.fr

@° PLOS | ONE

Check for
updates

G 23(1%&&(66

Citation:MorosoA, RuetA, Lamargue-bimelD,
MunschF, DeloireM, CouphP, etal.(2017)
Microstruturalanalyse®f the posteror cerebellar
lobulesin relapsing-onst multiplesclerosisand
theirimplicatiorin cognitivdmpairmen PLoS
ONEL2(8):e0182479nttps://doi.0g/10.1371/
journal.pon®182479

Editor:FriedemamPaul Charite
UniversittsmedizirBerlin GERMANY

ReceivedSeptembe®, 2016
Acceptedduly19,2017
Published:August8, 2017

Copyright:< 2017Morosoetal. Thisis anopen
accesarticledistributedunderthetermsof the
CreativeCommongttributionLicensewhich
permitsunrestrictel use,distribution,and
reproductionin anymedium providedheoriginal
authorandsourcearecredited.

DataAvailability StatementAllrelevantiataare
withinthepaper.

FundingREACTIndSCICO@rogramsare
supportedy publicgrantsfromtheFrench
AgenceNationalelela Recherchavithinthe
contextof thelnvestmentdor the Futureprogram
referencedNR-10-LBX-57namedlRAIL
(projectiBIO-NI)REACTIWasalsosupportecby

RESEARCH ARTICLE

Microstructural analyses of the posterior
cerebellar lobules in relapsing-onset multiple
sclerosis and their implication in cognitive
impairment

Amandine Moroso 223, Aurdlie Ruet®?2, Delphine Lamargue-Hamel 13, Fanny Munsch 13,
Mathilde Deloire 2, Pierrick Coupei*, Julie CharrékMorin 2, Aurore Saubusse 2, Jean-
Christophe Ouallet ?, Vincent Planche *3, Thomas Tourdias ??3, Vincent Dousset 123,
Bruno Brochet 12

1 Univ. Bordeaux, Bordeaux, France, 2 CHU de Bordeaux, INSERM-CHU CIC-P 0005, & Services de
Neurologie et Neuroradiologie, Bordeaux, France, 3 Neurocentre Magendie, INSERM U1215, Bordeaux,
France, 4 LaBRI, UMR 5800, PICTURA, Talence, France

bruno.brochet@chu-bordeaux.fr
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 CIPwWMS) 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 Il, lobules Vb and VIIIb in CIPWMS compared with PwCIS and HS. In hierarchical

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

byagrantfrom TEVA-RANCHE. Morosoreceived

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 Il. FA in the left lobule VI and right Vllla predicted part of the
information processing speed (IPS) z scores.

Conclusion

DTl 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) is asensitivenethodfor studyingmicrostructuralchangesn
thebrain[1]. It hasbeenusedin recentyearsn severastudiesto obtainabetterunderstand-
ing of the cognitiveimpairmentassociate@ith multiple sclerosi§CIAMS) [2]. CIAMSis
commonand canaffectpersonswvith multiple sclerosigPwMS)at all stage®f the disease,
including the earlystagessuchasclinically isolatedsyndrome(CIS)[3]. CIAMS impliessev-
eralcognitivedomainsincluding episodicmemory,attention,working memoryand executive
functions[3]. However the slownes®f theinformation processingpeedIPS)isthe main
cognitivedysfunctionobservedn MS evenatthe earlierstagesndis associate@ith poor
prognosissignificantconsequencesn employmentstatusand decreaseduality of life [4].
ThepathogenianechanismsinderlyingCIAMS arestill not fully understood2,3]. Magnetic
resonancémaging(MRI) studiessuggestethat diffusedamageof the cerebralwhite matter
affectingimportant cognitivenetworks[5,6] could playarolein the earlystageshut arole for
theinvolvementof greymatter(GM), including the thalami,hasalsobeendemonstrated7].

It isnow establishedhatthe cerebellunplaysanimportant rolein cognitionin genera(8].
Schmahmann . suggestethatthe cerebellunregulatespeedconsistencyandaccuracyof
cognitiveprocessed.he cerebellunis supposedo integrateand permit cognitivefacilitation
andoptimisationin orderto obtainautomation.Then,cerebelladamagecouldresultin a«
dysmetriaof thought» definedby analogywith motor dysmetrig[8,9]. In MS,cerebelladys-
functionis associatewith cognitivedeficits[10,11],particularlylPS[12]. MSis associated
with cerebelladamageand extensivelemyelinationhasbeenobservedn the cerebellacor-
tex[13]. An associatioetweerCIAMS andcerebellaiGM atrophy[14,15]andlesionvolume
[11,16]hasbeenreported.SeveraDTI studiesof the brain reportedabnormalDTI metrics
suchasfractionalanisotropy(FA) and meandiffusivity (MD) associatedith CIAMSin the
cerebellapeduncler the cerebellaparenchymaThis associatiorsuggestan anatomical
disconnectiorbetweerthe cerebrabssociativareasandthe cerebelluni17+22].Functional
magneticresonancémaging(fMRI) confirmedthe existencef afunctional cortico-cerebellar
disconnectiorassociatedith CIAMS [23] and providedevidenceof the cognitivespecificity
of posteriorcerebellatobulesin healthysubjectsHS)[24,25].Posteriorlobulesintegration
within the cortico-cerebellaloop hasbeenshownanatomically Cortico-pontineprojections
havebeenevidencedisingviral transynaptidracersin rhesusmonkeysshowingconnexion
betweerhemispherigartsof Crusll andvermianpartsof lobulesVIl etIX ontheonehand
andaread6and9 of the dorsolateraprefrontalandareab and 7 of posteriorparietalcortices
ontheotherhand[26,27].A specificcognitivecartographyof the posteriorcerebellatobules
hasbeendescribeasedn fMRI studiesmadein thelasttwentyyearg25]. Indeed,in healthy
subjectgHS), althoughall posteriorlobulesareengagedsomepreferentialcontribution of
specifidobulesin cognitivedomainshavebeenobservedsuchastheleft supero-posterior
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cerebellunfor attention[28], vermisVI and Crusl| for verbalworking memoryandlobule VI,
Crusl/Il andVIIb for executivdunctions[24,25].

However the associatiometweerspecificalterationsof the posteriorlobulemicrostructure
andspecificcognitiveoutcomeshasnot beenstudiedin CISandMS. Our aim wasto studythe
diffusionmetricsin lobulesVI to VllIb in personswith CIS(PwClIS)accordingto the cogni-
tive statusjn PwMSwith cognitiveimpairment(CIPwMS)andin HS asnegativecontrols.

Methods
Subjects

Sixty-ninepatients(PwClSand CIPwMS)and 69HS matchedfor age sexandeducational
levelwererecruitedfrom June2010to Decembef014atthe BordeauxJniversityHospital
Center,France Out of 69HS,36underwentan MRI scanandall 69wereevaluatedvith cogni-
tivetesting.

All PwCIS(n = 37)wereincludedwithin 6 monthsaftertheir first neurologicakpisodeand
presentedt leasttwo asymptomaticerebralesiondargerthan 3 mm on fastfluid-attenuated
inversion-recoveryFLAIR) imagesFor CIPwWMS(n = 32)theinclusioncriteriawereasfol-
lows:MS diagnosisaccordingto McDonald'scriteria[29], disease&luration >6 monthsand

15 yearsandmild cognitiveimpairmentdefinedastwo scoredeyondonestandarddevia-
tion (SD)amongalargeneuropsychologicdlattery.MS patientsweretreatedaccordingto
currentstandardf clinical care.

Exclusioncriteriawereasfollows:ageunder 18 or over55yearshistory of otherneurologi-
calor psychiatricdisordersjnability to perform computerisedasksor MRI, MS attackin the
two monthsprecedingthe screeninggorticosteroidpulsetherapywithin two monthspreced-
ing the screeningsevereognitivedeficits(Mini-Mental StateExamination<27), anddepres-
sion(BeckDepressiorinventory score(BDI) >27).

ExpandedDisability StatusScal EDSSkcorewasdeterminedby expertneurologists.

Standard protocol, approvals, registration, and patient consents

Eachsubjectprovidedwritten informed consentPatientswvereincludedfrom two different
studieREACTIV,ClinicalTrials.govdentifier: NCT01207856studyconcerningcognitively
impairedPWCIAMS,and SCI-COG ClinicalTrials.govdentifier: NCT01865357analysing
cognitiveimpairmentin patientsaftera CIS).Both studieswereapprovedy the localethics
committeewhichis calledComitAde ProtectiondesPersonnesBordeaux.

Neuropsychological assessment

Neuropsychologicadvaluationassesseattention,working memory,executivdunctionsand
IPS.Becaus®wClSand PwCIAMSwereincludedin two differentstudies sometestsfor
working memoryandverbalfluencydifferedbetweerthe two samplesndz scoregor cogni-
tive domainswerecalculatedy comparisonsvith scoreobtainedin the control group.Atten-
tion IPSandexecutivdunction tests ptherthanverbalfluency,wereidenticalfor all patients
andHSandhavebeendescribedpreviously{30]. All patientsandtheir matchedHSincluded
in agivenstudy(respectivel\5CI-COGand REACTIV)wereassessduly the sametests.

Eachdomainwasevaluatedvith the following testy(ClSandmatchedHS: ; MSand
matchedHsS: ):

1. : Testof Attentional PerformanceTAP) ! consistof subtestgor visualscan-
ning (accurateanswerspandvisualand auditory divided attentionFor divided attention,
thenumberof accurateanswersandreactiontime ratiosof the doubletask(auditory and
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visualdivided attention)to the simpletask(auditory or visualdivided attention)were
considered.

2. Working Memory:Numericalspantest(forward /  andbackward’ ) andPaced-Audi-
tory SerialAddition Test+3second4PASAT) or working memorysubtesofthe TAP .

3. :  Strooptest’ (usingthedifferencebetweerthe denominationpart
andtheinhibition taskscoresiandWord List Generatiortest(verbalfluencyassessment)
or semanticverbalfluency(usinganimalcategory) .

4. : SymbolDigit ModalitiesTest(SDMT) /

DepressiorandanxietysymptomswveremeasuredisingBeck'sDepressiorinventory
(BDI) and State-TraitAnxiety Inventoryfor adults,subtesState(STAI-S) respectivelyn all
participants.

MRI acquisition

MRI scansvereperformedon a3T AchievaT X system(PhilipsHealthcareBest,The Nether-
lands)with an8-channekoil. The morphologicalprotocol consistedf 3D T1 weightedVIR
imagesacquiredusingthe magnetizatiorpreparedrapid gradientecho(MPRAGE)imaging
(TR=8.20ms,TE=3.5ms,TI =982ms, =7EFOV = 256mm, voxelsize= 1 mm? 180
slicesland FastFluid-Attenuatednversion-Recover{FLAIR) imageq TR = 11000ms,
TE=140ms, Tl =2800ms,FOV = 230mm, matrix = 325X35245axialslices 3-mm thick).
Thesingle-shotiffusionweightedEPIDTI sequencéncluded20directions(TE = 60ms,

TR = 11676ms,matrix = 144X14475slices1.6-mmthicknessb = 1000s/mn).

Image processing and analysis

MRI processing. T1l-weightedVIRI imagesvereprocessedsingthe pipelineof thevol-
Brain system(http://volbrain.upv.ek This preprocessingipelineconsistedf adenoising
step[31] andanaffineregistration[32] into the MontrealNeurologicalnstitute (MNI) space.

DTI processing. Diffusion MRI imagesvereprocessedsinganin-housepipeline(dti-
Brain).First, diffusion-weightedmagesveredenoised33] to improvethe signal-to-noise
ratio. Headdisplacemenanddistortionsinducedby eddycurrentswerethen correctedoy
performingaffineregistrationfollowedby non-linearregistrationof all diffusion-weighted
imagedo theb0Oimage.Thedirectiontablewasupdatedwith the estimatedegistrationmatri-
cesA non-rigid registrationof diffusion-weightedmageso the subject'sT 1-weightedmages
in the MNI spacevasusedto compensatéor EPIdistortions.Finally,adiffusiontensormodel
wasfit ateachvoxelusingFSL5.0.3(http://fsl.fmrib.ox.a.uk/fsl)to estimatehefractional
anisotropy(FA) andmeandiffusivity (MD) maps.

Regionsof interest.

- Lobule segmentation:The spatiallyunbiasedatlastemplateof the cerebellumand brainstem
(SUIT) toolbox3.0(SPM8) wasusedfor cerebellatobulesegmentatiotj34+36].The soft-
wareenableghe standardizatiorof lobulesizeto drive areliablesegmentatioroy capturing
inter-individual variability. First, cerebellumsvereisolatedfrom brainson 3D T1win the
MNI spaceandanon-linearregistrationof the croppedT1wimagesverthe SUIT template
usingDartelwasperformed[37]. FAandMD mapsin the MNI spaceveretransformedinto
the SUIT spacausingthe deformationfield estimatedn the TlwimagesMoreover,dedi-
catedregionsof interest(ROI) weredefinedin eachcerebellatobulefrom VI to VIlIb to
avoidsusceptibilityartefactsatthe borderof the posteriorlylocatedobulesthat could artifi-
ciallymodify diffusivity parametersTo definetheseROls,spheresvith aradiusof 8 mm,
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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://bi.org/10.1371durnal.por.0182479.¢01

adaptedo thelobularanatomyweremanuallydrawnon SUIT cerebellunatlaslabelsusing
MRIcron, version4.8.2014ROlswerepositionedinsidetheinner part of the posteriorlob-
ulesin orderto minimize CSFpartialvolumeandouterlayerartefactandwerereplicated
for eachpatient'slobulesto obtainareproducibleandrepresentativeampleof FAandMD
valuegerlobule(Fig 1B).

- PedunclesegmentationFinally,becaus¢éhe SUIT toolboxdid not includecerebellar
pedunclemasksadedicatechipelinewasdevelopedo segmenthesestructuresTo do that,
weregistered-A andMD mapsin the MNI spacéby usingaffineandnon-linearregistration
(FNIRT, FSL5.0)with the JHU-ICBM-FA-1mmtemplateasareferenceThen,weusedthe
JHUICM DTI 81WM atlasto createbinarizedmaskdor eachcerebellapeduncle(superior
cerebellapeduncle SCPmediumcerebellapeduncle MCP;inferior cerebellapeduncle,
ICP). Finally,the binarizedmasksverewarpedon the FAandMD mapsto calculatanean
valuedor eachcerebellapeduncle Therefore diffusion metricsof superior(SCP) medium
(MCP) andinferior cerebellapedunclegICP) wereindependentlyestimatedvithin ROI
determinedby the JHU-ICBM-DTI-81 WM atlas(Fig 1C).

Theaveragealuesof the diffusivity parametersverethen calculatedn eachROI in cerebellar
lobulesandpeduncles.

Statistical analyses

All datawereanalysedvith the R packagéstats{version3.1.3).Thenormal distribution was
testedfor all variableswith the Shapiro-Wilktest.
SexandeducationalevelwerecomparedusingChi-squareests Quantitativeclinicaland
imagingdatawerecomparedbetweerPwCIS PwCIAMSandHSwith ANOVA or Kruskal-
Wallistestsdependingon their distributions.For posthocanalysesTukey'sor Nemenyitests
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Table 1. Character istics of the population .

Median age (range) ®
Sex: % of women®

wereusedto comparetwo subgroupsvhenANOVA or Kruskal-Wallistestsshowedsignifi-
cantresults.

Z scoresverecalculatedcaccordingto theformula:
HS standarddeviation(spy from apopulationof 69HS.Whenacognitivedomainwascomposed
of multiple teststhe meanz scoreof eachtestwasconsideredCognitiveimpairmentwas
definedwith z scoredelow-1.5in adomain.Z scorecomparisondetweerPwCIAMSand
PwClISwereobtainedwith thet-test(or Mann-Whitney U tests) A significancehresholdof
0.05wasapplied.

Accordingto thevariabledistribution, Spearmaror Pearson'sorrelationsbetweerimag-
ing and cognitiveoutcomein all patients(CISandMS)wereused Bonferronicorrectionfor
multiple comparisonsvasapplied(p<0.002).

Linearregressioranalysesvereusedto predictcognitiveoutcome,ncluding threehierar-
chicalblocks:1) clinical data,2) lobulardata,and 3) peduncledata.Eachcognitivedomain
wasstudiedin anindependenimmodel. Two predictionmodelsweredefined(FA andMD mod-
els).Thedependentariableandresidualnormal distributionswerecheckedisingthe Shapiro
testandhistogramsindependentwariablesvereenteredin the modelsonly if the p valuewas
below0.10in univariateanalyses.

(patient‘sraw scoretHSneanscore/

Results
Demographic, clinical data and cognitive assessment

Weincluded37PwCIS 32CIPwMSand69HS. Therewereno differencedor sex,medianage
andeducationalevelbetweergroups.eitherwhenconsideringhe wholeHS groupor only
theHS subgroupthat underwentMRI. Tablel describeshe populationdemographicand
clinical characteristicsSThe meanattention,working memoryand IPSz scoreaveresignifi-
cantlydecreaseth CIPwMSversusPwCIS No differencesveredetectedor executive

Median EDSS (range)®

Mean disease duration (SD) in months®

Median MSSS (range)®

Educational level”

Mean attention z score (SD)/ % impaired®

Mean working memory z score (SD)/ % impaired®
Mean EF z score (SD)/ % impaired®

Mean IPS z score (SD)/ % impaired®

2 Results for ANOVA between HS, CIS and MS;
b: Results for Fisher's exact test;
°: Results for t tests between CIS and MS patients.
Differences between groups:
": not significant; p 10.05;
: p0.05 ;

p 0.01;

p 0.001

EF: Executive functions, IPS: Information Processing Speed

https://da.org/10.1371durnal.pon®182479.t001

HS (n = 69) CIS (n = 37) MS (n = 32)
36 (21£60) 36 (19£59)" 42 (29250) "
50 (72.46%) 29 (78.38%) " 23 (71.88%)"
1.00 (0+6) 3.00 (0+8)
4.25(“1.98) 106.11 (“ 61.44)

2.44 (0.67+9.74)

25 (67.57%) ™
-0.13(*0.44) 0
-0.32("0.73) 5.41
-0.54 (*0.69) 8.11
-0.57 (“1.06) 13.51

54 (78.26%)

3.55 (0.21+9.09)
21 (65.62%)"
-0.33(*0.70) 6.25
-0.97(*0.78) 25
-0.75(*0.83)"™ 15.3
-2.11(*1.02) 71.77
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functions.Tablel showsthe z scoredor the differentcognitivedomainsfor the two groups.
IPSslownessccurredin 13.51%pof PwCISandin 71.77%of CIPwWMS .Depressiorscoresvere
higherin CIS(BDI medianscore= 9[0£26];p<0.001)andMS(14[0£26];p<0.001)compared
to HS (4 [0+£23]).Anxiety scoresvereincreasedn PwCIS(STAI-Smedianscore= 34[20+64];
p<0.001)but not CIPwMScomparedo HS.No correlationwasfound betweercognitive
assessmemtndanxietyor depressiorscales.

DTI metrics analyses

Significantdifferencesn the DTI metricsbetweergroupsaredescribedn Tables? and 3.
No significantdifferencesverefound regardingdiffusivity metricsbetweerPwClSandHS.
FAwasreducedn amajority of cerebellasubstructuresn MS comparedo ClSandto HS,
especiallypn theright side(Table2). CISpatientstendedto displayslightlyhigherFA values,
comparedo HS,but this usuallydid not reachstatisticakignificanceMD wasincreasedn
thevermisCrusll, LeftVllb, lobulesVlilib andcerebellapedunclesn CIPwMScomparedo
HSandto PwCIS.

Correlations between cognitive outcome and imaging data

Correlationsbetweerdiffusion metricsand cognitiveoutcomesarelistedin Tablest and5.
For the entire patientgroup,working memorywaspositivelycorrelatedwith the FA 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 0.23° “0.03 0.20° “0.03
Vermis VI 0.12 “0.02 0.14* ° “0.02 0.12 “0.02
Right VI 0.19 “0.03 0.19° *0.03 0.17 “0.04
Left Crus| 0.23 “0.04 0.23° “0.04 0.21° “0.03
Right Crus | 0.19 “0.03 0.19° “0.03 0.16° “0.03
Vermis Viib ~ 0.16 (0.11+0.31) 0.17° (0.11+0.26) 0.15 (0.11+0.23)
Right VIib 0.18 “0.03 0.20° “0.02 0.17 “0.03
Vermis Vllla 0.17 “0.03 0.19° “0.04 0.17 “0.02
Right Vllla 0.18 “0.03 0.20* “0.04 0.18 “0.03
Right VIlib 0.16 “0.03 0.18° “0.04 0.16 “0.04
SCPL 0.55 “0.03 0.55°¢ “0.03 0.52° “0.03
SCPR " 0.55 (0.46+0.59) 0.53° (0.49+0.63) 0.52° (0.42+0.56)
MCP 0.48 “0.02 0.48° “0.02 0.46° “0.03
ICPL 0.47 “0.03 0.48° “0.03 0.45° “0.04
ICPR 0.47 “0.03 0.46° “0.03 0.44°  “0.03)

& Comparison between CIS and HC;
b Comparison between MS and HC;
€, Comparison between CIS and MS
Differences between groups:
: p0.05 ;

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://da.org/10.137 1§urnal.pon®182479.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 Il 1.21E-03 1.18E-03° 1.30E-03%
“8.91E-05 “1.21E-04 “1.65E-04
LeftVilb ~ 1.08E-03 1.07E-03° 1.13E-03%
(8.93E-04+1.61E-03) (8.82E-04+1.36E-03) (7.61E-04+1.50E-03)
Left VIllb 1.22E-03 1.27E-03 1.40E-03%
“1.83E-04 “1.92E-04 “2.70E-04
Vermis Vlllib 1.13E-03 1.11E-03° 1.20E-03
“1.29E-4 “1.24E-04 “1.56E-04
Right VIilb ~ 1.06E-03 1.07E-03 1.13E-03%
(6.42E-04+1.24E-03) (8.37E-04+1.31E-03) (8.80E-04+1.38E-03)
SCPL 1.42E-03 1.40E-03° 1.54E-032
“9.01E-05 “9.05E-05 “1.67E-04
SCPR 1.42E-03 1.40E-03° 1.53E-032
“1.04E-04 “9.49E-05 “1.91E-04
MCP 1.06E-03 1.06E-03° 1.11E-03%
“3.96E-05 “3.46E-05 “6.27E-05
ICPL ~ 1.03E-03 1.03E-03° 1.08E-03%
(9.38E-04+1.13E-03) (9.57E-04+1.13E-03) (1.01E-03+1.27E-03)
ICPR 1.02E-03 1.03E-03° 1.07E-03%
“3.02E-05 “3.09E-05 “4.82E-05

& Comparison between MS and HC;

b, Comparison between CIS and MS

Differences between groups:
: p0.05 ;
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://da.org/10.1371§urnal.pon®182479.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 Villa 0.42
Right VIIIb 0.43
MCP 0.47
ICPL 0.39

Differences between groups:
: p0.05;
p 0.01;
p0.00 1

https://abi.org/10.1371durnal.por.0182479.100
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Table 5. Correlation s between MD and cognitive outcome .

Patients (n =69)

IPS

Vermis Crus Il -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:
. p0.05;

p 0.01

https://cbi.org/10.1371djurnal.por.0182479.t08

superiorcerebellapeduncleswhereashe IPSwaspositivelycorrelatedwith FAin the LeftVI,
RightVllla andright VIIIb, andwith MD in thevermisCrusilI.

Theresultsfrom multiple hierarchicakegressioranalysearepresentedn Tabless and7.
FAin theleftlobuleVI andin theleft superiorpeduncleexplained31%of thevariancen the
working memoryz score Working memorywasalsoassociatewvith MD in thevermisCrus
Il. FAin theleft VI andright Vllla alsopredictedsomeof the IPSz scoresThemicrostructure
of cerebellapeduncleradanimpacton cognitiveoutcomein almostall testeddomains.

Discussion

Our studyhighlightsthat microstructuralalterationsn the posteriorcerebellasubstructures
areassociatedith impairmentin differentcognitivedomainsin MS.

Microstructural alterations at different stages of MS

We observedhat microstructuraldamagesredetectecby DTI in posteriorlobulesandcere-
bellarpedunclesn the MS subgroupbut not in CIS.A post-mortemstudyfound anassocia-
tion in MSbetweerDTI metrics(FA andMD) and myelin contentandaxonalcountor gliosis
to alesseproportion, suggestinghat DTI is areliablemethodfor analysingmicrostructural

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

Attention

Working Memory
Intercept

Left VI

SCPL

Executive functions
Intercept

SCPR

IPS

Intercept

Left VI

Right Vllla
SCPR

https://da.org/10.1371durnal.pon®182479.t006

Estimate (B)

Standard Error P value Adjusted R2
None
-8.43 1.47 3.39E-7 0.31
5.63 2.75 0.05
12.27 2.79 4.45E-5
-4.45 1.37 0.002 0.10
7.13 2.57 0.007
-10.75 2.22 9.93E-6 0.31
11.54 4.83 0.02
11.15 4.45 0.02
9.03 4.07 0.03
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Table 7. Multivariate analysis model 2 +Cognitive predic tion and MD analysis.

Estimate (B)

Attention

Intercept 1.45
Right Crus | -1635.62
Working Memory

Intercept 3.75
Vermis Crusll -1660.84
SCPR 6237.24
SCPL -7812.16
Executive functions

Intercept 5.61
ICPL -5927.83
IPS

Intercept 1.16E1
Age -4.75E-2
MCP -1.02.E4

https://da.org/10.1371¢urnal.pon®182479.t007

Standard Error P value Adjusted R2
0.58 0.02 0.11
570.94 0.006

1.03 0.0006 0.21
804.76 0.04

2532.75 0.02

2562.06 0.003

1.63 0.001 0.18
1540.53 0.0003

2.92 0.0002 0.27
1.52E-2 0.003

2.63E3 0.0003

damagen this diseas¢38]. Howeverdependingon the DTI-metrics profilesobservedseveral
typesof alterationsshouldbediscussed.

Concordantwith studiesn supratentoriabrain[17+19,39,40FA wasreducedn mostof
the cerebellasubstructuresn CIPwMScomparedwith PwClSandHS.Changan MD couldbe
observedn concordancer not with this FA reduction.MD increasedn cerebellapeduncles,
concordantwith FA reduction.This concordantprofile is the mostfrequentwhenanalysing
structuredbundlesof white matterandis associatevith fiber lossandalterationof structural
barrierslimiting watermolecularmotion. [41]. By contrastFA decreasavasassociatewith
MD preservatiorin theleft VI, leftandright Crusl andFA preservatiorwith MD decrease
thevermisCrusll, left Vb andleftandright Vllib. Thisdiscordancénaspreviouslybeen
shownin otherdisease§post-lacunaiWalleriandegeneratiorandthalamicmicrostructural
changesn Parkinsondiseasebut is not fully understood42,43].FA decreasassociatewith
unmodifiedMD levelis consideredo bethe consequencef asecondaryValleriandegenera-
tion with axonallossand changesn neuronsintegrity accompaniedby gliosisor extracellular
matrix modifications[42,43].This processnayoccurpreferentiallyin regionswherefibre tracts
arecrossingandcellularityis higherthanit isin WM. Moreover,anisolatedMD upholding
couldoccurwhenfibre lossis associatedith aninsufficientcellularreactionto alterdirectional
anisotropymetrics.It hasalsobeenobservedhatglial proliferation coulddecreaseoth MD
andFA, highlightingapreponderancef tissuedamageovertissuerepair[41].

In our cohort,FA in CIStendedto risein comparisorto HS.DTI studiesin CISyielded
contradictoryresults showingeitheranincreaseor adecreasef FAin WM andGM accord-
ing to previousstudieg44+46].This phenomenorhasalreadybeendescribedvithin struc-
turesincluding GM in MS and couldberelatedto the stripping of selectivalendritesor iron
accumulationf47+50].More recently,in post-mortemsamplesindergoingDTI imagingand
histologicalkstudy,this phenomenorhasbeenassociatewith tissuecompactionrelatedto
neurodegeneratioratherthan microglialactivation[51].

Involvement in cognitive impairment

SeveraDTI studieshavefocusecdn the peduncleabnormalitiesvhich arenow ratherwell
definedin contraryto lobularones An associatioetweercognitiveimpairment(especially
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IPSassessduly the SDMT andverballearning)andabnormalsuperiorcerebellapeduncles
diffusion parameterfiasbeenreported[52]. Reduced-A wasalsofoundin cerebellaparen-
chymain cognitivelyimpairedpatients[19]. Our resultsshowedhat cognitivez scoresvere
partly predictedby microstructuralalterationin cerebellapedunclegontributing to the dis-
connectionbetweerthe supra-tentoriakssociativareasandthe cerebellumThis confirmed
theimportantrole of the pedunclesn cognitiveprocesseandaboveall IPSandworking
memory.Although someresearcherstudiedthe correlationbetweemicrostructuraldamages
andCIAMS, nonehaveanalysedhe particularinvolvementof the cerebellunsub-structures.
Interestinglyandcontraryto somefMRI studiesn HS[24,25],wefound no evidenceof astrict
cognitivemaparrangementhatwould link aspecifidobuleto acognitivedomain.Indeed,
multivariateanalysislemonstratedhat the domainz scorecould be predictedby different
substructurealterationsdependingon the diffusion parametethatis consideredFor example,
theattentionz scorewasonly correlatedwith MD in theright Crusl, working memorywith
FAin theleftlobuleVIl andMD in thevermalCrusll andIPSwasstronglycorrelatedwith FA
in theleftlobuleVI andright Vllla.

Theseesultsechothe studythat werecentlyreportedaboutGM volumetricanalysisn the
samegroupof patients[53]. In that previouswork, we showeda correlationbetweernGM vol-
umewithin posteriorlobulesandespeciallyermisVI andIPS.Theseresultsshowedhatboth
macroandmicrostructuraldamagesgspeciallyn lobulesVl, areassociatedith cognitive
impairmentin MS.However thewider rangeof structuresor which microstructuralabnor-
malitieswereassociatewith cognitivedeficitssuggesthat DTI coulddetectearlyprocesses
beforethe developmenbf atrophy.

Our resultscorroboratefMRI studiesshowingthatworking memoryshouldbesupported
by thelobulesVl andVII, for examplg25,54].Howeveran overlapbetweerworking memory
andIPSis demonstratedor left lobuleVl, indicatinganon-formal cognitivemapin the poste-
rior cerebellumThelackof strict mappingisin agreementwith Schmahmann'assumption
thatthe posteriorcerebelluntregulateshe speedcapacity consistencyandappropriateness
of mentalor cognitiveprocessed8,9,55]Indeed the main role of this anatomicaktructureis
to generatenautomatizedesponsdrom high levelcognitiveload processeth the cortical
associativareaslt hasbeenshownthat MS patientsareunableto activatethe usualcerebello-
frontal networkassociatewith fastestesponseto agiventask,consequenthactivatingasub-
stitutecompensatoryetwork,involving the prefrontalcortex[23]. IPSrepresentdestthis
preferentialpphenomenorof globaloptimisationand automationwhich hasbeenpreviously
highlightedby clinicalandfMRI studiesn MS.[12,23].

Study limitations

Our studyis not without limitations. First,infratentoriallesionshavenot beenconsidered,
althoughboth greyandwhite matterlesionsin the cerebelluncouldhaveanimpacton cor-
tico-cerebelladisconnectior{56]. HoweveresionampactDTI metrics,andtheir effectis
thereforeincludedwithin the variablesSecondin our analysisROlsincludedboth greyand
white matter. Thereforethe averagdaiffusivity parameterseflectedanonlinearheteroge-
neouscerebellaanatomywith arisk of statisticabias.Indeed,cerebelladiffusion-weighted
imagingis evenmore challenginghan anatomicaimagingbecausef the technicaldifficulties
andanatomicaheterogeneityprincipally greyandwhite mattertangles)Volumeatrophy
leadingto DTI parametersnodificationis anotherconcern.Indeed,cerebellaatrophywas
not takeninto accountin our analysisMoreover,PwClSand PwMSwereincludedfrom two
differentstudiesand sometestsusedfor neuropsychologicassessmenteredifferent. How-
ever the majority of cognitivedomainswereassessed the samewaybetweerPwClSand
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PwMSanddivergenttestswereroughly equivalentand werealwaysassociatetb acommon
testin orderto obtainrelevantcognitivedomains.

Conclusion

In conclusionwereportthe predictivevalueof DTI metricsin posteriorcerebellatobulesand
pedunclesn cognitiveoutcomeat differentstage®f MS.IPSandworking memoryseemedo
bemoresignificantlyimpactedthan executivdunctionsandattention,corroboratingtheidea
of cerebellacognitiveregulationand optimizationthroughthe cortico-cerebellaloop rather

thanacognitivesubstrate
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