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Introduction

High frequencydeepbrain stimulation(DBS)is an effectivereatmentfor patientswith severe
disablingmovementdisordersrefractoryto medicaltreatment.For 25yearssubthalamic
nucleus(STN)stimulationhasprovedits efficacyon thetriad of Parkinson'ssymptomq1,2]
notwithstandingits potentialneuropsychologicaind psychiatricsecondareffect3+8].
Patientswith severalisablingParkinson'diseas€PD) and severaognitiveimpairmentand/
or axialsymptomscould be operatedon medialglobuspallidus(GPm)whenSTNDBSwas
contraindicated9]. Evenif manyauthors[10+12]havereportedlittle deteriorationafterGPm
DBS.,it seemdmportant to analyzenmore accuratelythe effectof stimulationon motor and
neuropsychologicaspectin differentGPmareasising3D functionalatlases-unctional
atlase$o analysamotor outcomesafter STN stimulationexist,but no functionalatlashasbeen
built, to our knowledgeaboutGPmMDBS.

Functionalatlasesntroducedby Nowinski etal.[13+15]integrateinformation suchas
positionof electrodecontactsstimulationor electrophysiologicakcordingsto determine
the efficacyzonesof DBS.Functionalatlasefiavebeendevelopedn amajority of casegor
STNDBSbecausef the smallsizeof this nucleusandthedifficulty of its directtargeting
basedn MRI contrastandfor betterunderstandingf the secondaryneuropsychological
sideeffectf the stimulation.We previouslydescribeda methodologyfor the creationof
functionalatlasesn STNDBSwhich correlateclinical scoreswith activeelectrodecontacts,
in order betterto understandclinical effectsof stimulationsaccordingto their specifidoca-
tions.In particular,weshowedhattargetingthe postero-superioregionof the STNinduced
discrepancyetweeraverygoodmotor improvementandadeteriorationof the semantic
andphonemicfluenciesn the sameregion[16]. Inversely stimulatingthe ventralpart of the
STNresultedin betterpostoperativdluenciesesultsbut lessmotor improvement.Con-
verselyMikos etal.[17] demonstratedanegativecorrelationbetweerthe volumeof stimula-
tion in theventralSTNandletterfluencychangeswhereagheyobservedetterfluency
performancevhenincreasinghe stimulationvolumeatthe optimal STNzone.Neitherin
Mikos etal.[17] nor Okun etal.[9], havethe neuropsychologicathange®eencorrelated
with the motor outcome.

Thus,the objectiveof the studywasto createfunctionalatlasesaccountingnot only for
electroddocation,but alsothe electricaldistribution of the electroderepresentedby the vol-
umetheoreticallyactivatedoy eachstimulation. This newrepresentatiorof motor andneuro-
psychologicatffectds aimedat helpingthe clinicianto understandand chooseadifficult
compromisebetweertherapeuticand sideeffectsasexplainedabovejn the particularlydeep
andsmallareaof thebasabanglia.

Materials and methods
Patients

Twenty-ninePD patientswho underwentGPmDBSand42 patientswho underwentSTN
DBSatthe RennedJniversityHospitalbetweer?006and 2015 wereenrolledin the study.
Two institutional reviewboardsapprovedhe study, the2Comitdde ProtectiondesPersonnes
OuestV° from RennesHospital,andthe2AgenceFrangaisele SkeuritdSanitairedesProduits
deSanf® (referenceB110464-80)All patientsmetthe criteriaof the United Kingdom Parkin-
son'sDiseaseocietybrain bankfor idiopathicPD [18]. Forthe GPm-DBSgroup,the female-
to-maleratio was17+12with ameanageof 60.5 7.2 yearsandmeandiseas@&uration of 12.8
6.2 yearsatthedateof the surgery STNDBSwascontraindicatedor all patientsof this
group,dueto cognitiveimpairment(Mattis dementiarating scaleMDRS-  130and/oran
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Tablel. Clinical dataconcerning29 patientswith GPm DBSand 42 patientswith STNDBS.

Target

Ageat surgery
(years °SD)

DiseaseDuration
(years °SD)

fUPDRSIII
IMDRS
Strooptest
SemanticFluency
PhonemicFluency
Meanlevodopagjuivalent daily ("mg)

Valuesaremean interquartile range.

3PreopPSTN Postop 3PreopGPm °Postop
PSTN GPm
55.67.6 60.57.2
10.13.8 12.86.2
31.411.6 16 9.7 42.117.5 28.711.6
140.52.8 141 3.4 131.67.5 132.66.9
0.87 16.1 -3.49.1 -3.98
31.910.3 29.59.3 23.410.2 21.88.8
20.36.6 20.76.4 14.46.8 12.55.8
1244.2617.5 798.4472.9 1450.1654.3 1395.4449.4

meansa statisticakignificantchangeafterDBS(p<0.05)

2Preop= preoperdive

b STN= subthalamé nucleus

¢ Postop= postoperative

4 GPm= medialglobuspallidus
¢ SD= standarddeviation

TUPDRSIII = Unified Parkinson'Diseas&RatingScalePartlll

9 MDRS= Mattis DementiaRatingScale
"mg = milligrammes

https://da.org/10.1371durnal.pon®200262.t001

impairmentof atleast50%of executivdfunctionsassessingnd/or dopa-resistanaxial
motor symptomg(dysarthriafreezingfalls)at baselind19]. Forthe STN-DBSgroup,the
female-to-maleatio was17+25with ameanageof 55.6 7.6 yearsandmeandiseas@&ura-
tion of 10.1 3.8 yearsatthe dateof the surgery After acompletedescriptionof the study,
written informed consentwasobtainedfrom eachparticipantandthe studywasconducted
in accordancevith the Declarationof Helsinki. Clinical assessmentasperformedbefore
(mean5 4.7 months)andaftersurgery(mean6 2 months)andwasconductedn accor-
dancewith the Core AssessmerRrogramfor IntracerebralTransplantation(CAPIT) [20]
(Tablel).

To build the functionalatlasesyeincludedthe Unified Parkinson'DiseasdratingScale
partlll (UPDRSIII) [21], testsassessingxecutivdunctions,including phonemic(letter )
andsemantiqanimals)verbalfluencytasks(2-min version)[22] and Golden'sversionof the
StrooplinterferenceTest[23]. We built the functionalatlase®n similar cognitivetestsfre-
guentlydescribedn Parkinson'diseasandafterDBS[24, 25]. Forthe UPDRSIII score,
patientsweretestedby aneurologistbeforesurgerywithout medication(DopaOff) andat 6
monthsaftersurgerywith stimulation(DBSOnN) andwithout medication.For eachneuropsy-
chologicakcore patientsweretestedwith medication(DopaOn) prior to surgeryandafterit
understimulation(DBSOnN), alsowith medication.The motor and neuropsychologicaksting
weredonethe sameweekpre-andpostoperatively.

In the STNgroup,the meanlevodopeaequivalendaily dosewas1244.2617.5 mg perday
preoperativelyand 798.4472.9 mg perdaypostoperativelyi,e.adecreasef 35.8%In the
GPmgroup,the meanlevodopaequivalentdaily dosewas1450.1696.8 mg perdaypreopera-
tively,and1395.4431.9 mg perdaypostoperativelyi,e.adecreasef 3.7%.
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Surgicalprocedure

Thesurgicalprocedureconsistedirst in attachinga stereotactid_ekselframeto the patient's
headunderlocalanaesthesighenimplanting bilateralquadripolarDBSelectrode$3387Med-
tronic for the GPmand3389Medtronic for the STN,Minneapolis MN, USA)in the postero-
ventralpart of thetwo GPmor in the postero-laterapart of the two STNin asingleoperating
sessioril,26].Anti-parkinsoniantreatmentwasstoppedhe eveningbeforesurgery The
patientwasawakethroughoutthe procedurethe effectof stimulationon rigidity wasassessed
by passivenovementof the controlateralrist. ProgrammablgulsegeneratorgMedtronic)
wereimplantedin the subclavicularegionand connectedo theelectrodes.

Imaging dataand electrodecontactlocalization. All patientshadonepreoperative3-T
T1-weightedMR (1 mm x 1 mm x 1 mm, PhilipsMedicalSystemsandtwo CT scang0.5mm
x 0.5mm x 0.6mm in preoperativeacquisitionand 0.44mm x 0.44mm x 0.6mm in postoper-
ativeacquisition,GEHealthcare/CT 64).Preoperativescansvereacquiredafterattachment
to the patient'sheadof a stereotactit ekselframe,underlocalanaesthesiall imagesvere
de-noisedusingthe non-localmeansalgorithm[27] andabiascorrectionalgorithmbasedn
intensityvalueqd28] wasalsoappliedto MR images.

We assembleéhformation acquiredfrom apopulationof patientsonto onespatiallynor-
malizedreferencémage(i.e.template) Asacommonspacewe chosea multi-subjectMR
templatecreatedrom apopulationof patientswith PD (namedthe ParkMedAtlistemplate),
with the segmentatiorof the basaljanglisand deepbrain structuresvalidatedby a previous
study[29]. After apreliminary stepof automaticelectrodecontactsegmentatiorbasecn
imageprocessingperationscombinationsof linearandnon-linearregistrationsallowedeach
stimulatedcontactto bewarpedin the ParkMedAtlistemplate[30]. Boththe contactsegmen-
tation andtheregistrationalgorithmshadalreadybeenmeticulouslyandsuccessfullyalidated
[16]. Briefly,theregistrationworkflow wascomposedf alinear CT to MRI registration,a
globalaffineMR-to-templatetransformation,alocalaffine MR-to-templatetransformation
with amaskon deepstructuresandafinal non-linearregistration.Usingthis procedurethe
contactpositionscould be preciselywarpedinto the ParkMedAtlistemplate takingthe ante-
rior commissurgAC) asthe origin. Thedistancebetweerthe AC andthe posteriorcommis-
sure(PC)of the ParkMedAtlistemplatewas26 millimeters.

Modeling of stimulation. Severaimethodshavebeenproposedor modelingthe electric
field during DBS[31+33].To modelthe neuralresponsethe activatingfunction wasusedin But-
sonetal.[34], who proposedmodelingbasedn afinite elementmodel.At our site,mono-polar
stimulationis generallyproposedGiventhe conclusionof Butsonetal.[34] on the complexity
of correctlysimulatingthe stimulationphenomenaywe decidedo modelthe electricfield using
asinglepre-defined3D GaussianThe parameter®f the electrodesvere for the GPm,Medtro-
nicl 3387(4 contactyerelectrodel.27mm diameter,1.5mmlength,1.5mm betweerthe
contactslandfor the STN,Medtronicl 3389(4 contactgperelectrodel.27mm diameter,
1.5mmlength,0.5mm betweerthe contact) the two beingusedwith amonopolarstimulation
protocol.Basedn theseparameters&ind on the quasi-statipotentialequation the stimulation
influencecoversapproximatelya 3 mm-radiusspherearoundeachstimulationcontact.

Functional atlases. To build the functionalatlasesarelativescoreof improvementor
deterioration % wasdefinedfor eachscore. Giventhatthe patientswerenot all responding
the samewayto treatment,an averag®f both scoresvasnecessargsfollow:

- for the UPDRSIII:

%" .= t
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- for theotherscores:

% "

where and werethe valuef the postoperativeand preoperativescores
without medicationrespectively, and werethe valuef the postoperativeand pre-
operativeneuropsychologicalcoresespectively, max Wasthe maximumof the clinical test.
Forexamplethe maximumofthe UPDRSIII was70.Forthe Strooptest,wechosearbitrary
minimum and maximumvaluesj.e.-20and 20respectivelyf-or the semanticand phonemic
fluenciesthe minimum andmaximumvaluesverechoserat 0 and 30respectively.

Our aimisto creategenerahtlasegasyfor cliniciansto readandinterpret. Thefunctional
atlaseshouldtakeinto accountthe numberof patientsthe stimulationzonefor eachpatient,
aswellasall responseto clinical testingof eachpatient.We obtainedtwo atlaseperscorethe
first one(the 'FunctionalAtlas") representinghe postoperativehangeof the scorepervoxel,
andthesecondne(the'PatientAtlas’) representinghe numberof patientspervoxelusedfor
thefinal scorecomputation.To calculatehe valueof eachvoxelin each FunctionalAtlas', (i)
wedeterminefor eachpatientthe voxelsactivatedby the electricalstimulation i) if thevoxel
wasactivatedby severapatientswecalculatedhe averagef the valuesThevalueatagiven
voxeldoesnot represent probability but aglobalefficacyscore We alsoproposedasecond
atlasthe "PatientAtlas'representingnly the numberof patientspervoxel,in otherwordsthe
regionwith amaximumof patientsfor agiventarget.Thetwo atlasesire3D mapsin whichit
is possibleo navigateo find the regionwith the maximumof patientsin the “PatientAtlas'
andthen,the correspondingegionin the "Functionalatlaswith thevalueofthe  score.

Patientswho did not havethe sameversionpre- and postoperativelyor the semantig®ani-
mal®) and phonemicfluencieg®P°) wereexcludedrom theverbalfluency PatientAtlas'and
“FunctionalAtlas'. Thus,23patientswith GPmDBSand 33patientswith STNDBSwere
includedin thebuilding of the verbalfluencyatlas.

Statisticalanalysis. Analysiswasperformedusingthe non-parametricWilcoxontestto
comparethe STNand GPmDBSon changescoreUPDRSIII, MDRS,Strooptest,semantic
andphonemicfluencies) Analysiswasperformedusingthe SPSSoftware Thelevelof signifi-
cancewasdefinedaslessthan0.05.

Results
Statisticalanalysisof the motor and neuropsychologial scores

All resultsaredetailedin Tablel. STNand GPmDBSIledto asignificantimprovementin
motor functions( <0.05). Theotherscoredlid not changesignificantlyafterSTNor GPm
DBS.Thepostoperativaneanlevodopaequivalendaily dosesignificantlydecreasedfter STN
DBS( <0.05) but not afterGPmMDBS.

Stimulation contactand parameters

Giventhe sizeof the GPm,12 patientswerestimulatedon two contacts9 patientson O and1
and3 patientson 1 and 2 bilaterallywith monopolarstimulation. The 17 other patientshad
only onecontactstimulatedbilaterally,asdid the 42 patientswith STNDBS.
Sixmonthsaftersurgery the meanposition of the activeelectrode'sontactavascalculated
by first makingan averag®f the coordinatesn eachpatientwith doublestimulatedcontacts,
andsecondlyanaveragef all the coordinatesn all the patients The meancoordinatesand
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Table2. Mean( standarddeviation) coordinatesand stimulation parametes of 29 patientswith GPmDBSand 42 patientswith STN DBSat 6 months

postopetively.
Lateral
(°'mm)
°STN Left -14515
Right 14 2.6
‘GPm Left 24718
Right 23.62

Valuesaremean interquartile range.

MeanCoordinates AverageParameers
Anterior Vertical Voltage Frequency(“Hz) Amplitud e (¢ s)
(°mm) (°(mm) @)
-16.72.1 -1.41.55 2.30.6 132.49.4 60.74.7
-15.92.8 -128 2.40.6 134.314.1 61.46.5
-12.124 -0.9 3.6 2804 1329.4 79.321.5
-11.64.2 0.554.2 2804 1329.4 77.620.5

Theorigin of the meancoordinaeswasthe anteriorcommissureThe coordinatef the anterior-posteriordirectionwerenegativebehindand positivein front of the
anteriorcommissure.The coordingesof the lateraldirection werenegativeon theleft, positiveon theright. The coordingesof the caudo-dorsl direction werenegative

underthe anteriortpogerior commissurdine.

2 =milimeters

b =volts

¢  =Hertz

4 = microsecons

€ = subthalamimucleus

f = medialglobuspallidus

https://da.org/10.1371¢urnal.pon®200262.t002

theaveragetimulationparameter®f the activecontactof GPmand STNDBSaredetailedin
Table2.

Functional atlases

Forthe "FunctionalAtlas',the color scalewasdark blue (deterioration)to dark red (improve-
ment). The “PatientAtlas'wasalsocodedusingacolor scalérom dark blue (onepatient)to
darkred (highestnumberof patientsfor agivenscore) Forinstanceavoxelon the "Func-
tional Atlas'representingadark red point of the scorewould represenbnly onepatienton the
'PatientAtlas®(dark bluepoint). Inversely adark bluevoxelon the "FunctionalAtlas'would
representhe highestnumberof patientsin the "PatientAtlas' (dark bluevoxel)andwould be
morerepresentativef the patientgroup.We obtainedthevaluesofthe  scoredor thedif-
ferenttestsassesseahdthe numberof patientspervoxelin the “PatientAtlas',whichare
detailedin Table3.

STNDBSgroup

UPDRSIII functional and patient atlases. We obtaineda"PatientAtlas'(Fig 1, )
showingmostof the patientsstimulatedin the supero-laterapart of thetwo STN.In the
regionwith the maximumof patientson the "PatientAtlas'(red pointson Fig 1, ), the
UPDRSIII scorewasrepresentedh greento yellowcolorsbilaterallyon the "Functional
Atlas'(Fig 1, ), meaningan  scorebetweerD.17and0.3(Table3), suggestingn
increasen the postoperativescore On theright “Functionalatlas' therewerehigh red superior
pointson coronalviewwith an  scoreof 0.35(Fig 1, ), representing patientson
the "PatientAtlas'(Fig 1, ).

Stroop functional and patient atlases. We obtainedthe same PatientAtlas'(Fig 1,

) asforthe UPDRSIII analysisin theregionofthered pointson the “PatientAtlas’,the
Stroop  scorewasrepresentedn greento orangecolorsbilaterally(Fig 1, ), mean-
ingan  scorebetween0.02and0.06(Table3), suggesting globalstabilityof the postopera-
tive score.

PLOS ONE | https://doi.org/10.1371/journal.pone.0200262  July 13, 2018 6/16


https://doi.org/10.1371/journal.pone.0200262.t002
https://doi.org/10.1371/journal.pone.0200262

o @
@ : PLOS | ONE Functional atlas in deep brain stimulation

Table3. Detailsof  scoresand number of patientsfor “Functional' and "Patient' atlases.

Scores Total number of patients “Funct Atlas": “PatientsAtlas": "FunctAtlas'":
Median (°Min- “Max) maximum scoresat the
of  score of patientsat onevoxel red points in the "PatientAtlas’
9STN
SUPDRSIII 42 0.22(-0.11t0 0.63) 20 0.17t0 0.3
Stroop 42 0(-0.39t0 0.35) 20 -0.02to 0.06
SemanticFluency 33 -0.06(-0.53t0 0.37) 19 -0.17t0 -0.05
PhonemicFluency 33 0(-0.27t0 0.5) 19 0.03to 0.07
‘GPm
CUPDRSIII 29 0.17(-0.12t0 0.61) 16 0.12t0 0.26
Stroop 29 -0.01(-0.28to 0.55) 15 0.0050 0.03
SemanticFluency 23 0(-0.43t0 0.23) 13 -0.02to 0.06
PhonemicFluency 23 -0.06(-0.37t0 0.23) 13 -0.12t0 -0.03

4" columnshowsthe numberof patientsat the red pointsin the ‘PatientAtlas'. Thelastcolumnshowsthe  scoresn the regionsof the “FunctionalAtlas',
correspoling to thered pointson the “PatientAtlas'.

a = Functionalatlas

b =minimum
€1 =maximum

= subthaamicnucleus

o = Unified Parkinson'diseasératingScalePartll|

f = medialglobuspallidu

d

https://da.org/10.1371durnal.pon®200262.t003

Semanticfluency and patient atlases. We obtaineda PatientAtlas'(Fig 2, )
showingmostof the patientsstimulatedin the supero-laterapart of thetwo STN.In the
regionwith the maximumof patientson the "PatientAtlas'(red pointson Fig 2, ), the
verbalfluency  scorewasrepresentedn greencolor bilaterally(Fig 2, ), meaning

an  scorebetween0.17and-0.05(Table3), suggestingslightdecrease the postoperative

Fig 1. Axial, sagittaland coronal viewsof the ParkMedAtlis template showingthe "PatientAtlas' , the
“Functional Atlases'built on UPDRSIII analysis and on Stroopanalysis in patientswith
STNDBSat 6 months postoperatively. Amygdda( $ %), hippocampug %), putamen(& ), GPm( $),

internalcapsulg ), lateralpallidum($ ), caudatewucleug $ ' ), thalami(( ), substantianigra($ (),
STN($ $), cerebellatent( ), ventricleg % ' ).

https://i.org/10.1371durnal.por.0200262.g01L
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Fig 2. Axial, sagittaland coronal viewsof the ParkMedAtlis template showingthe "PatientAtlas' , the
“Functional Atlases'built on verbalfluencyanalyss , semanticfluencyand , phonemic
fluency in patientswith STNDBSat 6 months postoperatvely. Amygdalal $ %), hippocampug %),
putamen(& ), GPm( $), internalcapsuld ), lateralpallidum($ ), caudatenucleug $ ' ), thalami
(( ), substananigra($ (), STN($ $), cerebellatent( ), ventricles( % ' ).

https://dbi.org/10.1371durnal.por.0200262.402

score On theright "Functionaktlas' therewereorangepointsaroundthe STNwith an
scoreof 0.13(Fig 2, ), representingnly two patientson the "PatientAtlas’.
Phonemicfluency and patient atlases. We obtainedthe same PatientAtlas'(Fig 2,

) asfor the semantidluencyanalysislin theregionof thered pointson the “PatientAtlas’,
thephonemicfluency  scorewasrepresentedh blue-greercolorsbilaterally(Fig 2,

), meaningan  scorebetweerD.03and0.07(Table3), suggestingglobalstabilityof the
postoperativescore On theright "Functionalatlas'therewerehigh red superiorand medial
pointsto the STNwith an  scoreof 0.4(Fig 2, ), representingonly onepatienton
the "PatientAtlas'.

GPmDBSgroup

UPDRSIII functional and patient atlases. We obtaineda PatientAtlas' (Fig 3, )
showingmostof the patientsstimulatedin the postero-ventrapart of thetwo GPm,morelat-
erallyon theleftthanon theright side.In theregionwith the maximumof patientson the
“PatientAtlas'(red pointson Fig 3, ), theUPDRSIII scorewasrepresentedh
greencolorsbilaterallyon the "FunctionalAtlas' (Fig 3, ), meaningan  score
betweerD.12and0.26(Table3), suggestingnincreasef the postoperativescore On the
“Functionalatlas' therewerered pointslocatedin theright lateralglobuspalliduswith an
scoreof 0.54 representingnly onepatienton the "PatientAtlas',andred points mediallyin
theleftGPmwith an  scoreof 0.54 representingnly onepatienton the "PatientAtlas' (Fig
3, ).

Stroop functional and patient atlases. We obtainedthe same PatientAtlas'(Fig 3,

) asfor theUPDRSIII analysisln theregionof thered pointson the “PatientAtlas' (Fig 3,
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Fig 3. Axial, sagittaland coronal viewsof the ParkMedAtlis template showingthe "PatientAtlas' and
the "Functional Atlas' built on UPDRSIII analysis and on Stroop analyss in patientswith
GPmDBSat 6 months postoperatively. Amygdda( $ %), hippocampug %), putamen(& ), GPm( $),
internalcapsuld ), lateralpallidum($ ), caudatewcleus( $ ' ), thalami(( ), substantianigra($ (),
STN($ $), cerebellatent( ), ventricle % ' ).

https://abi.org/10.1371durnal.por.0200262.908

), theStroop scorewasrepresentedn bluecolorsbilaterallyon the "Functional
Atlas'(Fig 3, ), meaningan  scorebetweerD.005and0.03(Table3), suggesting
globalstabilityof the postoperativescore On theright Stroopatlas therewerered points
locatedin theventralputamenwith an  scoreof 0.35(Fig 3, ), representingnly
two patientson the "PatientAtlas’.

Semanticfluency and patient atlases. We obtaineda PatientAtlas' (Fig 4, )
showingmostof the patientsstimulatedin the postero-ventrapart of thetwo GPm,morelat-
erallyon theleft than on theright side.In theregionwith the maximumof patientson the
“PatientAtlas'(red pointson Fig 4, ), thesemantidluency scorewasrepresentedh
yellowto orangecolorsbilaterallyon the "FunctionalAtlas' (Fig 4, ), meaningan
scorebetween0.02and 0.06(Table3), suggesting globalstability of the postoperativescore.

Phonemicfluency and patient atlases. We obtainedthe same PatientAtlas'(Fig 4,

) asfor thesemantidluencyanalysisin theregionof thered pointson the "PatientAtlas'’
(Fig4, ), thephonemicfluency scorewasrepresentedh blue-greerbilaterallyon
the "FunctionalAtlas' (Fig 4, ), meaningan  scorebetween0.12and-0.03
(Table3d), suggesting globalstability of the postoperativescore perhapsaslightdecreaseOn
theleft "Functionaktlas' therewerered pointsinsideand up the lateralglobuspalliduswith
an  scoreof 0.23(Fig4, ), representingonly two patientson the “PatientAtlas’.

Discussion

Thepresentarticleis thefirst, to our knowledgeto analysehe motor andneuropsychological
effectof the GPmand STNDBSwith functionalatlasesThesewnerebuilt for agroupanalysis,
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Fig 4. Axial, sagittaland coronal viewsof the ParkMedAtlis template showingthe “PatientsAtlas’ , the
“Functional Atlas’ built on verbalfluencyanalysis , semanticfluencyand , phonemicfluency
in patientswith GPmDBSat 6 months postopematively. Amygdalal $ %), hippocanpus( %), putamen

(& ), GPm( $), internalcapsulg ), lateralpallidum($ ), caudatewucleug $ ' ), thalami(( ),
substangnigra($ (), STN($ $), cerebellatent( ), ventricles( % ' ).

https://abi.org/10.1371durnal.por.0200262.g04

at 6 monthspostoperativelghowingin 3D andin colourthe motor andneuropsychological
outcome.The  scoresusedfor building the atlasesverenot analysedvith statisticatests.
Only avisualand numericalanalysiof the atlase$s currently feasibleWe did not wantto
comparethe atlasebetweerthetwo groups.Tablel presentedhe differencedetweerthe
motor andneuropsychologicacoresn thetwo groups.

Concerningtheresultsafter STNDBS the patientsshowedsignificantmotor improvement,
alsovisibleon the UPDRSIII FunctionalAtlas(Fig 1).In apreviousstudyincluding our first
30patientswith STNDBS we demonstratedwith the helpof anatomo-clinicahtlasesadis-
crepancybetweergoodmotor improvementin the supero-laterapart of the STNand
impairmentof thefluenciesn the sameregion[16]. Neverthelesghesefirst anatomo-clinical
atlaseslid not takeinto accountthe volumeof tissueactivated VTA) nor thefusionof the
atlase®n the ParMedAtlistemplateto visualizeéhe STNandthe adjacenstructuresaccu-
rately.Theimpairmentof verbalfluencyis the mostcommonlyreportedside-effecafter STN
DBS[6+£8,17,25,35]n our seriespatientsafter STNDBSdid not presentasignificantdecline
in semanticand phonemicfluency,while the semantidluencyfunctionalatlasandits median

scoresuggestedslightdeterioration(Fig 2). The causeof postoperativéluencychanges
afterSTNDBSarestill debatedothin term of cognitiveand cerebrahetworkmechanisms
[17,25,35,36 Houvenaghettal.[25] comparedmetabolicand executivechangedetween
patientswith andwithout postoperativessemanticor phonemicdeteriorationfollowing
STN-DBSTheydid not find anygroupdifferencesitherin frontal areaor in executive
change$ut observedyroupdifferencesn responsespeedandapathy Okun etal [35] and
Mikos etal.[17] haveshownafterunilateralSTNDBS(equallyleft andright) adecreased
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phonemicfluencycorrelatedwith the VTA on ventralcontactsof the STN.At dorsalor opti-
mal contactgnsidethe STN,theydid not observeanyphonemicfluencydeclinesevermonths
postoperativelyOur patientswerestimulatedbilaterallyand studiedonly attheir optimal con-
tacts,.e.atthe supero-laterapart of the STN.Themeancoordinatef the STNtargetwere
about14mm laterally,16 mm posteriorto the AC andalmostonemm underthe AC-PCline,
in agreementvith the 3D representatioron the “PatientAtlases(Figsl and 2). Thistargetwas
more lateralthanthosepreviouslyreported[4,37],meaningperhapghat weavoidthe more
ventralzone atrisk of verbalfluencydeterioration.We explainthis resultby the factthat the
neurosurgeortarriedout directtargetingof the STNon 3T T2 MRI insteadof probabilistic
targetingbasedn the Talairachatlas[38].

Now the "FunctionalAtlasesprovide uswith the effectsof GPmstimulation,alsoconcern-
ing thelateralglobuspallidusandthe adjacenstructuresWe obtainedsimilar resultsto those
previouslypublishedin theliterature[10,35,39Raboutmotor improvementafterGPmDBS.
We observednotor improvementby stimulatingthe postero-ventrapart of the GPm.Accord-
ing to the Talairachatlas[38], the meancoordinatef the GPmtargetwereabout24.7mm
laterally,11.8mm posteriorto the AC andon the AC-PCline, in agreementvith the 3D repre-
sentationon the "PatientAtlases(Figs3 and4). Accordingto Laitinenetal.[26,40]and Schal-
tenbrandatlas[41], the GPmtargetingwasdescribedas2 to 3 mm anteriorto the mid-
commissurapoint betweemAC andPC,18to 2mm lateraland6 to 7 mm belowtheintercom-
missuralline. In our study,the averageontactwaslocatedmorelaterallyandat ashallower
depth,perhapsdueto alargethird ventriclebecausef severecortico-subcorticahtrophy
inducedbythePD.

After GPmDBSweobservedt 6 monthsstabilityin the Strooptestandsemantidluency,
andonly areductionin phonemicfluencyin the postero-ventrabf the GPmon the2Func-
tional Atlas®,whereadehaviorabtatisticatestsdid not highlightanychangan neuropsycho-
logicaltestsThis point isimportantin patientswith preoperativeeognitiveimpairment. After
theMikos etal.[17] studyin STNDBS Dietz etal.[42] similarly studiedthelink betweerthe
VTA anddeclinein verbalfluencyin 14 patientswith unilateralGPmDBS.Therewasno sig-
nificant relationshipbetweerthelocationof the VTA within the GPmandverbalfluency
performance.

Perhapghe GPmstimulationhasno neuropsychologicand psychiatriceffectshanksto
its well-separatedonnectiongo the motor andlimbic circuits of the basalgangliaandalsoto
its quasi-absenceaf direct corticalconnectionsunlike the STN.Pallidotomyproducedmarked
motor improvementin PD patientswithout their experiencingognitivedeteriorationaccord-
ing to thelesionlocation[43]. More anteriorlesionsaffectingthe limbic part of the GPmled
to postoperativeognitivedeterioration[43], not seenin ameta-analysisf patientoutcome
afterGPmstimulation[11,44].Insidethe motor partsof the lateralglobuspallidusand GPm,
Yelnik etal.[45] describedlifferenteffectsf the stimulationon the motor symptomsThey
observedhatrigidity wasimprovedwhatevethe siteof stimulationin the motor globuspalli-
duswhereaskinesiavasimprovedonly by stimulatingthe lateralglobuspallidus.The site
whereakinesiavasmostpronouncedin the motor GPmwasalsothe sitewhich improved
dopamine-inducedlyskinesiaThe contactsvhich stimulatedthe lateralglobuspalliduswere
dorsalon the electrodeandthe contactsstimulatingthe GPmwereventral.In our study,most
patientswerestimulatedatthe junction betweerthe GPmandthe lateralglobuspallidus,espe-
ciallyvisibleon the left sideof the “PatientAtlas' (Fig 3). The GPmbeinglargerthanthe STN,
GPmstimulationsometimeseeddo stimulatetwo contactshuspotentiallymixing motor
improvementson akinesiarigidity anddopamine-inducedlyskinesia.

We built the anatomo-clinicaBD Atlaseswithin acommonspatialreferential the ParkMe-
dAtlis template by automaticallydetectingthe contactsof the electrode®n the postoperative
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CT andby usingavalidatedregistrationtool to obtainareliablelocalizationof the clinicaland
anatomicaldataon the Parkinsontemplate Someimits to our methodwerel) the useof dif-
ferentregistrationstepgo obtainvolumeof stimulationon the ParkMedAtlistemplate 2) the
estimationof the VTA by a3mm Gaussiararoundthe stimulatedcontactsand 3) the arbitrary
colorcodingofthe  score4) thelackof aconnectivityapproachConcerningtheregistra-
tion tools,we havealreadypublishedthe comparisorbetweerthreeregistrationtoolsandthe
validationof eachtool in termsof registrationerrors[16,29].Theregistrationapproachused
in this paperwasthe mostaccuratecombinedwith the useof amulti-subjectratherthana
mono-subjectemplate]16]. Our choicefor modelingthe neuralresponséo stimulationwas
basedn the current stateof reflectioncarriedout by Butsonetal.[34]. Theauthors regarding
thelongtime-consumingprocessingf their stimulationmodel,proposedanonlinetool easier
to usein our casq34]. Further studiesareneededn the modelingof aclinical scoreby color
scaleto renderit moreinformativefor clinicians.A recentapproachto creatingfunctional
atlasehasbeento investigatanot only the anatomicalndfunctionaltargetin STNDBS,but
alsothe connectivitybetweerthe STNandcorticalareag46,47].Althoughwefind similar
therapeuticareasn the STNto thosefound by Akram etal.[46] (i.e.the supero-laterapart of
the STN),fiber tractographywasnot availableat the time of our studyand preventedusadopt-
ing aconnectomicapproachOur goalwasto usethe "Functionaland PatientAtlasesin clini-
calpracticeof DBS,without needingengineettime. Neverthelesghefunctional atlasesoday
remaina3D tool more easilyreadableon acomputerthanon 2D. We developedhesefunc-
tional atlasesnto aspecificDBSsoftwarepackag€PyDBS)usedin aclinical practiceto plan
theelectrodedtrajectorieq30]. Briefly, thefirst stepis composedf six processingnodulesto
obtainthe brain-ventricleandbasal-ganglisegmentationprojectionsfrom atlasto patient
spaceDuring thefirst stepthe neurosurgeor{CH) definedthe AC and PCpointson the pre-
operativeMRI. The secondstepis the definition of thetargetinsidethe chosemucleusand
theentry point. To choosehetarget,the neurosurgeordefinedthe nucleustargetwith the
helpof theanatomicainformation of the T2 sequenceahenverifiedthe targetpoint according
to the coordinatedrom the AC point andfinally, usedthe motor functionalatlasto verify the
targetpoint. All thesedataarerecordinginsidethe PyDBSsoftware A further studyshould
analyzéhowthefunctionalatlasesouldbeahelpin targetinganucleusgitherthe STNor the
GPmaccordingto theclinical scoref anewpatient.A further possibilityisto usethe atlases
for postoperativprogrammingto find the bestcontactsto produceagoodmotor effectwith
fewerneuropsychologicaideeffects.

We proposechewfunctionalatlaseso producea 3D representatiorof DBSmotor and
neuropsychologicaffectsThe FunctionalAtlasesverelargerthanthetargetedhucleus,
becausefthe VTA estimatedy a3mm Gaussiararoundthe stimulatedcontactsandbecause
of theanatomicalvariability of the PD patientswhich wasregisteredn the ParkMedAtlis
template We alsodefinedlargeratlases$or the GPmstimulationthan for the STNbecausef
thehigheraverageffectivevoltagenecessario obtainaclinical effectfor GPmstimulation
[48]. FunctionalAtlasesvereasymmetriaegardlessf the score For motor resultsthiswas
more understandabl®ecausef the frequentasymmetryof the PD. For neuropsychological
results oneexplanationcould bethe asymmetryof the stimulatedcontactsn onesubjectwith
bilateralDBS,whichis why wewereinterestedn the regionwith the maximumof patientson
eachPatientAtlas.We suggesthat this regionmaybethe more homogeneousn the Func-
tional Atlasinsideastimulatedzone.Outsidethis region,the FunctionalAtlasrepresente
minority of the patients.Onefuture improvementof the FunctionalAtlascould beamulti-
functionalatlasrepresentingseveral scoresOneotherideaisto validatethe Functional
Atlaswith the helpof validationmethodsusingaleave-one-ouprocedure Usingthis kind of
method,wewill testthe performanceof the FunctionalAtlasto predictthe patients'outcome.
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Conclusions

We developediewFunctionalanatomo-clinicalAtlasedo visualizehe motor and neuropsy-
chologicakonsequencest 6 monthsof STNand GPmstimulationin patientswith PD. These
Atlasegrovideduswith confirmation of the motor improvementin the supero-laterapart of
the STN.Wealsoproposedan effectivemore lateraltargetingof the GPmin PD becausef the
cortico-subcorticahtrophyinducedby the diseaseOur goalis to usethese FunctionalAtlases'
prospectivelyn further patientsto improvetheir targeting thusensuringashorterplanning
stepon the dayof the surgeryaswell asbetteroutcomesrom the motor and neuropsychologi-
calpointsof view.
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