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Abstract

Anatomical atlases have been developed to improve the targeting of basal ganglia in deep

brain stimulation. However, the sole anatomy cannot predict the functional outcome of this

surgery. Deep brain stimulation is often a compromise between several functional out-

comes: motor, fluency and neuropsychological outcomes in particular. In this study, we

have developed anatomo-clinical atlases for the targeting of subthalamic and medial globus

pallidus deep brain stimulation. The activated electrode coordinates of 42 patients implanted

in the subthalamic nucleus and 29 patients in the medial globus pallidus were studied. The

atlas was built using the representation of the volume of tissue theoretically activated by the

stimulation. The UPDRS score was used to represent the motor outcome. The Stroop test

was represented as well as semantic and phonemic fluencies. For the subthalamic nucleus,

best motor outcomes were obtained when the supero-lateral part of the nucleus was stimu-

lated whereas the semantic fluency was impaired in this same region. For the medial globus

pallidus, best outcomes were obtained when the postero ventral part of the nucleus was

stimulated whereas the phonemic fluency was impaired in this same region. There was no

significant neuropsychological impairment. We have proposed new anatomo-clinical atlases

to visualize the motor and neuropsychological consequences at 6 months of subthalamic

nucleus and pallidal stimulation in patients with Parkinson's disease.
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Introduction
High frequencydeepbrain stimulation(DBS)isaneffectivetreatmentfor patientswith severe
disablingmovementdisordersrefractoryto medicaltreatment.For25years,subthalamic
nucleus(STN)stimulationhasprovedits efficacyon thetriad of Parkinson'ssymptoms[1,2]
notwithstandingits potentialneuropsychologicalandpsychiatricsecondaryeffects[3±8].
Patientswith severedisablingParkinson'sdisease(PD) andseverecognitiveimpairmentand/
or axialsymptomscouldbeoperatedon medialglobuspallidus(GPm)whenSTNDBSwas
contraindicated[9]. Evenif manyauthors[10±12]havereportedlittle deteriorationafterGPm
DBS,it seemsimportant to analyzemoreaccuratelytheeffectof stimulationon motor and
neuropsychologicalaspectsin differentGPmareasusing3D functionalatlases.Functional
atlasesto analysemotor outcomesafterSTNstimulationexist,but no functionalatlashasbeen
built, to our knowledge,aboutGPmDBS.

FunctionalatlasesintroducedbyNowinskietal.[13±15]integrateinformation suchas
positionof electrodecontacts,stimulationor electrophysiologicalrecordingsto determine
theefficacyzonesof DBS.Functionalatlaseshavebeendevelopedin amajority of casesfor
STNDBSbecauseof thesmallsizeof this nucleusandthedifficulty of its direct targeting
basedon MRI contrast,andfor betterunderstandingof thesecondaryneuropsychological
sideeffectsof thestimulation.Wepreviouslydescribedamethodologyfor thecreationof
functionalatlasesin STNDBSwhichcorrelateclinicalscoreswith activeelectrodecontacts,
in orderbetterto understandclinicaleffectsof stimulationsaccordingto their specificloca-
tions.In particular,weshowedthat targetingthepostero-superiorregionof theSTNinduced
discrepancybetweenaverygoodmotor improvementandadeteriorationof thesemantic
andphonemicfluenciesin thesameregion[16]. Inversely,stimulatingtheventralpart of the
STNresultedin betterpostoperativefluenciesresultsbut lessmotor improvement.Con-
versely,Mikos etal.[17] demonstratedanegativecorrelationbetweenthevolumeof stimula-
tion in theventralSTNandletterfluencychanges,whereastheyobservedbetterfluency
performancewhenincreasingthestimulationvolumeat theoptimalSTNzone.Neitherin
Mikos etal.[17] nor Okun etal.[9], havetheneuropsychologicalchangesbeencorrelated
with themotor outcome.

Thus,theobjectiveof thestudywasto createfunctionalatlases,accountingnot only for
electrodelocation,but alsotheelectricaldistribution of theelectrode,representedby thevol-
umetheoreticallyactivatedbyeachstimulation.Thisnewrepresentationof motor andneuro-
psychologicaleffectsisaimedathelpingtheclinician to understandandchooseadifficult
compromisebetweentherapeuticandsideeffectsasexplainedabove,in theparticularlydeep
andsmallareaof thebasalganglia.

Materials and methods

Patients
Twenty-ninePDpatientswhounderwentGPmDBSand42patients,whounderwentSTN
DBSat theRennesUniversityHospitalbetween2006and2015,wereenrolledin thestudy.
Two institutional reviewboardsapprovedthestudy,theªComiteÂdeProtectiondesPersonnes
OuestVº from Rennes'Hospital,andtheªAgenceFrancËaisedeSeÂcuriteÂSanitairedesProduits
deSanteÂº (referenceB110464-80).All patientsmetthecriteriaof theUnited KingdomParkin-
son'sDiseaseSocietybrain bankfor idiopathicPD[18]. For theGPm-DBSgroup,thefemale-
to-maleratio was17±12with ameanageof 60.5�7.2 yearsandmeandiseasedurationof 12.8
�6.2 yearsat thedateof thesurgery.STNDBSwascontraindicatedfor all patientsof this
group,dueto cognitiveimpairment(Mattisdementiaratingscale-MDRS-� 130and/oran
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impairmentof at least50%of executivefunctionsassessing)and/ordopa-resistantaxial
motor symptoms(dysarthria,freezing,falls)atbaseline[19]. For theSTN-DBSgroup,the
female-to-maleratio was17±25with ameanageof 55.6�7.6 yearsandmeandiseasedura-
tion of 10.1�3.8 yearsat thedateof thesurgery.After acompletedescriptionof thestudy,
written informedconsentwasobtainedfrom eachparticipantandthestudywasconducted
in accordancewith theDeclarationof Helsinki.Clinicalassessmentwasperformedbefore
(mean5 �4.7 months)andaftersurgery(mean6 �2 months)andwasconductedin accor-
dancewith theCoreAssessmentProgramfor IntracerebralTransplantation(CAPIT) [20]
(Table1).

To build thefunctionalatlases,weincludedtheUnified Parkinson'sDiseaseRatingScale
part III (UPDRSIII) [21], testsassessingexecutivefunctions,includingphonemic(letter�)
andsemantic(animals)verbalfluencytasks(2-min version)[22] andGolden'sversionof the
StroopInterferenceTest[23]. Webuilt thefunctionalatlaseson similarcognitivetestsfre-
quentlydescribedin Parkinson'sdiseaseandafterDBS[24,25].For theUPDRSIII score,
patientsweretestedbyaneurologistbeforesurgerywithout medication(DopaOff) andat6
monthsaftersurgerywith stimulation(DBSOn) andwithout medication.Foreachneuropsy-
chologicalscore,patientsweretestedwith medication(DopaOn) prior to surgeryandafterit
understimulation(DBSOn), alsowith medication.Themotor andneuropsychologicaltesting
weredonethesameweekpre-andpostoperatively.

In theSTNgroup,themeanlevodopaequivalentdailydosewas1244.2�617.5 mgperday
preoperatively,and798.4�472.9 mgperdaypostoperatively,i.e.adecreaseof 35.8%.In the
GPmgroup,themeanlevodopaequivalentdailydosewas1450.1�696.8 mgperdaypreopera-
tively,and1395.4�431.9 mgperdaypostoperatively,i.e.adecreaseof 3.7%.

Table1. Clinical dataconcerning29patientswith GPmDBSand42patientswith STNDBS.

Target aPreopbSTN cPostop
bSTN

aPreopdGPm cPostop
dGPm

Ageat surgery
(years� eSD)

55.6�7.6 60.5�7.2

DiseaseDuration
(years� eSD)

10.1�3.8 12.8�6.2

fUPDRSIII 31.4�11.6 16�9.7 � 42.1�17.5 28.7�11.6 �

gMDRS 140.5�2.8 141�3.4 131.6�7.5 132.6�6.9

Stroop test 0.8�7 1 �6.1 -3.4�9.1 -3.9�8

SemanticFluency 31.9�10.3 29.5�9.3 23.4�10.2 21.8�8.8

PhonemicFluency 20.3�6.6 20.7�6.4 14.4�6.8 12.5�5.8

Meanlevodopaequivalent daily (hmg) 1244.2�617.5 798.4�472.9 1450.1�654.3 1395.4�449.4

Valuesaremean�interquartile range.
� meansastatisticalsignificantchangeafterDBS(p<0.05)
a Preop= preoperative
b STN= subthalamic nucleus
c Postop= postoperative
d GPm= medialglobuspallidus
e SD= standarddeviation
f UPDRSIII = Unified Parkinson'sDiseaseRatingScalePartIII
g MDRS= MattisDementiaRatingScale
hmg= milligrammes

https://doi.org/10.1371/journal.pone.0200262.t001
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Surgicalprocedure
Thesurgicalprocedureconsistedfirst in attachingastereotacticLeksellframeto thepatient's
headunderlocalanaesthesia,thenimplantingbilateralquadripolarDBSelectrodes(3387Med-
tronic for theGPmand3389Medtronic for theSTN,Minneapolis,MN, USA)in thepostero-
ventralpartof thetwo GPmor in thepostero-lateralpartof thetwo STNin asingleoperating
session[1,26].Anti-parkinsoniantreatmentwasstoppedtheeveningbeforesurgery.The
patientwasawakethroughouttheprocedure;theeffectof stimulationon rigidity wasassessed
bypassivemovementof thecontrolateralwrist.Programmablepulsegenerators(Medtronic)
wereimplantedin thesubclavicularregionandconnectedto theelectrodes.

Imaging dataandelectrodecontactlocalization. All patientshadonepreoperative3-T
T1-weightedMR (1 mm x 1mm x 1 mm, PhilipsMedicalSystems)andtwo CT scans(0.5mm
x 0.5mm x 0.6mm in preoperativeacquisitionand0.44mm x 0.44mm x 0.6mm in postoper-
ativeacquisition,GEHealthcareVCT 64).Preoperativescanswereacquiredafterattachment
to thepatient'sheadof astereotacticLeksellframe,underlocalanaesthesia.All imageswere
de-noisedusingthenon-localmeansalgorithm[27] andabiascorrectionalgorithmbasedon
intensityvalues[28] wasalsoappliedto MR images.

Weassembledinformation acquiredfrom apopulationof patientsonto onespatiallynor-
malizedreferenceimage(i.e.template).Asacommonspace,wechoseamulti-subjectMR
templatecreatedfrom apopulationof patientswith PD(namedtheParkMedAtlistemplate),
with thesegmentationof thebasalgangliaanddeepbrain structuresvalidatedbyaprevious
study[29]. After apreliminarystepof automaticelectrodecontactsegmentationbasedon
imageprocessingoperations,combinationsof linearandnon-linearregistrationsallowedeach
stimulatedcontactto bewarpedin theParkMedAtlistemplate[30]. Boththecontactsegmen-
tation andtheregistrationalgorithmshadalreadybeenmeticulouslyandsuccessfullyvalidated
[16]. Briefly,theregistrationworkflow wascomposedof alinearCT to MRI registration,a
globalaffineMR-to-templatetransformation,alocalaffineMR-to-templatetransformation
with amaskon deepstructures,andafinal non-linearregistration.Usingthisprocedure,the
contactpositionscouldbepreciselywarpedinto theParkMedAtlistemplate,takingtheante-
rior commissure(AC) astheorigin. ThedistancebetweentheAC andtheposteriorcommis-
sure(PC)of theParkMedAtlistemplatewas26millimeters.

Modeling of stimulation. Severalmethodshavebeenproposedfor modelingtheelectric
fieldduring DBS[31±33].To modeltheneuralresponse,theactivatingfunction wasusedin But-
sonetal.[34], whoproposedmodelingbasedon afinite elementmodel.At our site,mono-polar
stimulationisgenerallyproposed.Giventheconclusionof Butsonetal.[34] on thecomplexity
of correctlysimulatingthestimulationphenomena,wedecidedto modeltheelectricfield using
asinglepre-defined3D Gaussian.Theparametersof theelectrodeswere:for theGPm,Medtro-
nic1 3387(4 contactsperelectrode,1.27mm diameter,1.5mmlength,1.5mm betweenthe
contacts)andfor theSTN,Medtronic1 3389(4 contactsperelectrode,1.27mm diameter,
1.5mmlength,0.5mm betweenthecontact),thetwo beingusedwith amonopolarstimulation
protocol.Basedon theseparametersandon thequasi-staticpotentialequation,thestimulation
influencecoversapproximatelya3mm-radiusspherearoundeachstimulationcontact.

Functional atlases. To build thefunctionalatlases,arelativescoreof improvementor
deterioration�% wasdefinedfor eachscore�. Giventhat thepatientswerenot all responding
thesamewayto treatment,anaverageof bothscoreswasnecessaryasfollow:

· for theUPDRSIII:

�% ˆ � …
� ��� �

��� �� ��� � 	
�� �� � � ��
��� �� ���

� ���

†
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· for theotherscores:

�% ˆ
� ��� �

��� � � � ��
���� 

� ���

where� ����
��� �� ��� � 	
�� �� and� ��

��� �� ��� werethevaluesof thepostoperativeandpreoperativescores
without medicationrespectively,� ��� �

��� � and� ��
����  werethevaluesof thepostoperativeandpre-

operativeneuropsychologicalscoresrespectively,� maxwasthemaximumof theclinical test.
Forexample,themaximumof theUPDRSIII was70.For theStrooptest,wechosearbitrary
minimum andmaximumvalues,i.e.-20and20respectively.For thesemanticandphonemic
fluencies,theminimum andmaximumvalueswerechosenat0and30respectively.

Our aim is to creategeneralatlaseseasyfor cliniciansto readandinterpret.Thefunctional
atlasesshouldtakeinto accountthenumberof patients,thestimulationzonefor eachpatient,
aswellasall responsesto clinical testingof eachpatient.Weobtainedtwo atlasesperscore,the
first one(the'FunctionalAtlas')representingthepostoperativechangeof thescorepervoxel,
andthesecondone(the'PatientAtlas')representingthenumberof patientspervoxelusedfor
thefinal scorecomputation.To calculatethevalueof eachvoxelin each̀ FunctionalAtlas',(i)
wedeterminefor eachpatientthevoxelsactivatedby theelectricalstimulation(ii) if thevoxel
wasactivatedbyseveralpatients,wecalculatedtheaverageof thevalues.Thevalueatagiven
voxeldoesnot representaprobabilitybut aglobalefficacyscore.Wealsoproposedasecond
atlas,the`PatientAtlas'representingonly thenumberof patientspervoxel,in otherwordsthe
regionwith amaximumof patientsfor agiventarget.Thetwo atlasesare3D mapsin whichit
ispossibleto navigateto find theregionwith themaximumof patientsin the`PatientAtlas'
andthen,thecorrespondingregionin the`Functionalatlas'with thevalueof the�� score.

Patientswhodid not havethesameversionpre-andpostoperativelyfor thesemantic(ªani-
malº) andphonemicfluencies(ªPº) wereexcludedfrom theverbalfluency`PatientAtlas'and
`FunctionalAtlas'.Thus,23patientswith GPmDBSand33patientswith STNDBSwere
includedin thebuilding of theverbalfluencyatlas.

Statisticalanalysis. Analysiswasperformedusingthenon-parametricWilcoxontestto
comparetheSTNandGPmDBSon changescores(UPDRSIII, MDRS,Strooptest,semantic
andphonemicfluencies).AnalysiswasperformedusingtheSPSSsoftware.Thelevelof signifi-
cancewasdefinedaslessthan0.05.

Results

Statisticalanalysisof the motor andneuropsychological scores
All resultsaredetailedin Table1.STNandGPmDBSledto asignificantimprovementin
motor functions(�<0.05). Theotherscoresdid not changesignificantlyafterSTNor GPm
DBS.ThepostoperativemeanlevodopaequivalentdailydosesignificantlydecreasedafterSTN
DBS(�<0.05) but not afterGPmDBS.

Stimulation contactandparameters
Giventhesizeof theGPm,12patientswerestimulatedon two contacts,9patientson 0 and1
and3 patientson 1and2bilaterallywith monopolarstimulation.The17otherpatientshad
only onecontactstimulatedbilaterally,asdid the42patientswith STNDBS.

Sixmonthsaftersurgery,themeanpositionof theactiveelectrode'scontactswascalculated
by first makinganaverageof thecoordinatesin eachpatientwith doublestimulatedcontacts,
andsecondly,anaverageof all thecoordinatesin all thepatients.Themeancoordinatesand
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theaveragestimulationparametersof theactivecontactof GPmandSTNDBSaredetailedin
Table2.

Functional atlases
For the`FunctionalAtlas',thecolorscalewasdarkblue(deterioration)to darkred(improve-
ment).The`PatientAtlas'wasalsocodedusingacolorscalefrom darkblue(onepatient)to
darkred(highestnumberof patientsfor agivenscore).For instance,avoxelon the`Func-
tional Atlas'representingadarkredpoint of thescorewouldrepresentonly onepatienton the
'PatientAtlasº(darkbluepoint). Inversely,adarkbluevoxelon the`FunctionalAtlas'would
representthehighestnumberof patientsin the`PatientAtlas'(darkbluevoxel)andwouldbe
morerepresentativeof thepatientgroup.Weobtainedthevaluesof the�� scoresfor thedif-
ferenttestsassessedandthenumberof patientspervoxelin the`PatientAtlas',whichare
detailedin Table3.

STNDBSgroup
UPDRSIII functional andpatient atlases. Weobtaineda`PatientAtlas'(Fig1,����� ���)

showingmostof thepatientsstimulatedin thesupero-lateralpartof thetwo STN.In the
regionwith themaximumof patientson the`PatientAtlas'(redpointson Fig1,����� ���), the
UPDRSIII �� scorewasrepresentedin greento yellowcolorsbilaterallyon the`Functional
Atlas'(Fig1,����� ���), meaningan�� scorebetween0.17and0.3(Table3),suggestingan
increasein thepostoperativescore.On theright `Functionalatlas',therewerehighredsuperior
pointson coronalviewwith an�� scoreof 0.35(Fig1,����� ���), representing3 patientson
the`PatientAtlas'(Fig1,����� ���).

Stroopfunctional andpatient atlases. Weobtainedthesamè PatientAtlas'(Fig1,�����
���) asfor theUPDRSIII analysis.In theregionof theredpointson the`PatientAtlas',the
Stroop�� scorewasrepresentedin greento orangecolorsbilaterally(Fig1,����� ���), mean-
ing an�� scorebetween-0.02and0.06(Table3),suggestingaglobalstabilityof thepostopera-
tivescore.

Table2. Mean(� standarddeviation) coordinatesandstimulation parametersof 29patientswith GPmDBSand42patientswith STNDBSat 6 months
postoperatively.

MeanCoordinates AverageParameters

Lateral
(amm)

Anterior
(amm)

Vertical
(amm)

Voltage
(bV)

Frequency(cHz) Amplitud e(d�s)

eSTN Left -14.5�1.5 -16.7�2.1 -1.4�1.55 2.3�0.6 132.4�9.4 60.7�4.7

Right 14� 2.6 -15.9�2.8 -1 �2.8 2.4�0.6 134.3�14.1 61.4�6.5
fGPm Left -24.7�1.8 -12.1�2.4 -0.9�3.6 2.8�0.4 132�9.4 79.3�21.5

Right 23.6�2 -11.6�4.2 0.55�4.2 2.8�0.4 132�9.4 77.6�20.5

Valuesaremean�interquartile range.

Theorigin of themeancoordinateswastheanteriorcommissure.Thecoordinatesof theanterior-posteriordirectionwerenegativebehindandpositivein front of the

anteriorcommissure.Thecoordinatesof thelateraldirectionwerenegativeon theleft,positiveon theright. Thecoordinatesof thecaudo-dorsaldirectionwerenegative

undertheanterior±posterior commissureline.
a�� = millimeters
b� = volts
c�� = Hertz
d�� = microseconds
e��� = subthalamicnucleus
f��� = medialglobuspallidus

https://doi.org/10.1371/journal.pone.0200262.t002
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Semanticfluencyandpatient atlases. Weobtaineda`PatientAtlas'(Fig2,����� ���)
showingmostof thepatientsstimulatedin thesupero-lateralpartof thetwo STN.In the
regionwith themaximumof patientson the`PatientAtlas'(redpointson Fig2,����� ���), the
verbalfluency�� scorewasrepresentedin greencolorbilaterally(Fig2,����� ���), meaning
an�� scorebetween-0.17and-0.05(Table3),suggestingaslightdecreasein thepostoperative

Table3. Detailsof �� scoresandnumber of patientsfor `Functional'and`Patient'atlases.

Scores
��

Total number of patients `aFunct Atlas':
Median (bMin- cMax)

of �� score

`PatientsAtlas':
maximum

of patientsat onevoxel

`FunctAtlas':
�� scoresat the

red points in the `PatientAtlas'
dSTN

eUPDRSIII 42 0.22(-0.11to 0.63) 20 0.17to 0.3

Stroop 42 0 (-0.39to 0.35) 20 -0.02to 0.06

SemanticFluency 33 -0.06(-0.53to 0.37) 19 -0.17to -0.05

PhonemicFluency 33 0 (-0.27to 0.5) 19 0.03to 0.07
fGPm

eUPDRSIII 29 0.17(-0.12to 0.61) 16 0.12to 0.26

Stroop 29 -0.01(-0.28to 0.55) 15 0.005to 0.03

SemanticFluency 23 0 (-0.43to 0.23) 13 -0.02to 0.06

PhonemicFluency 23 -0.06(-0.37to 0.23) 13 -0.12to -0.03

4th columnshowsthenumberof patientsat theredpointsin the`PatientAtlas'.Thelastcolumnshowsthe�� scoresin theregionsof the`FunctionalAtlas',

corresponding to theredpointson the`PatientAtlas'.
a����� ����� = Functionalatlas
b �� = minimum
c �! = maximum
d��� = subthalamicnucleus
e"�	#� = Unified Parkinson'sDiseaseRatingScalePartIII
f��� = medialglobuspallidu�

https://doi.org/10.1371/journal.pone.0200262.t003

Fig 1. Axial, sagittalandcoronalviewsof the ParkMedAtlis templateshowingthe `PatientAtlas' ������ �	
�, the
`Functional Atlases'built on UPDRSIII analysis���	�� �	
� andon Stroopanalysis������ �	
� in patientswith
STNDBSat 6 monthspostoperatively.Amygdala (��$�� ���%), hippocampus(���%), putamen(&����), GPm(����$),
internalcapsule(����), lateralpallidum($��), caudatenucleus(��$�� '��), thalami((����), substantianigra($�(),
STN(��$�� ����$), cerebellartent (��), ventricles(���% '��).

https://doi.org/10.1371/journal.pone.0200262.g001
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score.On theright `Functionalatlas',therewereorangepointsaroundtheSTNwith an��
scoreof 0.13(Fig2,����� ���), representingonly two patientson the`PatientAtlas'.

Phonemicfluencyandpatient atlases. Weobtainedthesamè PatientAtlas'(Fig2,�����
���) asfor thesemanticfluencyanalysis.In theregionof theredpointson the`PatientAtlas',
thephonemicfluency�� scorewasrepresentedin blue-greencolorsbilaterally(Fig2,�����
���), meaningan�� scorebetween0.03and0.07(Table3),suggestingaglobalstabilityof the
postoperativescore.On theright `Functionalatlas',therewerehigh redsuperiorandmedial
pointsto theSTNwith an�� scoreof 0.4(Fig2,����� ���), representingonly onepatienton
the`PatientAtlas'.

GPmDBSgroup
UPDRSIII functional andpatient atlases. Weobtaineda`PatientAtlas'(Fig3,����� ���)

showingmostof thepatientsstimulatedin thepostero-ventralpartof thetwo GPm,morelat-
erallyon theleft thanon theright side.In theregionwith themaximumof patientson the
`PatientAtlas'(redpointson Fig3,����� ���), theUPDRSIII �� scorewasrepresentedin
greencolorsbilaterallyon the`FunctionalAtlas'(Fig3,����� ���), meaningan�� score
between0.12and0.26(Table3),suggestinganincreaseof thepostoperativescore.On the
`Functionalatlas',therewereredpointslocatedin theright lateralglobuspalliduswith an��
scoreof 0.54,representingonly onepatienton the`PatientAtlas',andredpointsmediallyin
theleft GPmwith an�� scoreof 0.54,representingonly onepatienton the`PatientAtlas'(Fig
3,����� ���).

Stroopfunctional andpatient atlases. Weobtainedthesamè PatientAtlas'(Fig3,�����
���) asfor theUPDRSIII analysis.In theregionof theredpointson the`PatientAtlas'(Fig3,

Fig 2. Axial, sagittalandcoronalviewsof the ParkMedAtlis templateshowingthe `PatientAtlas' ������ �	
�, the
`Functional Atlases'built on verbalfluencyanalysis ���	�� �	
, semanticfluencyand ����� �	
, phonemic
fluency� in patientswith STNDBSat 6 monthspostoperatively.Amygdala(��$�� ���%), hippocampus(���%),
putamen(&����), GPm(����$), internalcapsule(����), lateralpallidum($��), caudatenucleus(��$�� '��), thalami
((����), substantia nigra($�(), STN(��$�� ����$), cerebellartent (��), ventricles(���% '��).

https://doi.org/10.1371/journal.pone.0200262.g002
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����� ���), theStroop�� scorewasrepresentedin bluecolorsbilaterallyon the`Functional
Atlas'(Fig3,����� ���), meaningan�� scorebetween0.005and0.03(Table3),suggestinga
globalstabilityof thepostoperativescore.On theright Stroopatlas,therewereredpoints
locatedin theventralputamenwith an�� scoreof 0.35(Fig3,����� ���), representingonly
two patientson the`PatientAtlas'.

Semanticfluencyandpatient atlases. Weobtaineda`PatientAtlas'(Fig4,����� ���)
showingmostof thepatientsstimulatedin thepostero-ventralpartof thetwo GPm,morelat-
erallyon theleft thanon theright side.In theregionwith themaximumof patientson the
`PatientAtlas'(redpointson Fig4,����� ���), thesemanticfluency�� scorewasrepresentedin
yellowto orangecolorsbilaterallyon the`FunctionalAtlas'(Fig4,����� ���), meaningan��
scorebetween-0.02and0.06(Table3),suggestingaglobalstabilityof thepostoperativescore.

Phonemicfluencyandpatient atlases. Weobtainedthesamè PatientAtlas'(Fig4,�����
���) asfor thesemanticfluencyanalysis.In theregionof theredpointson the`PatientAtlas'
(Fig4,����� ���), thephonemicfluency�� scorewasrepresentedin blue-greenbilaterallyon
the`FunctionalAtlas'(Fig4,����� ���), meaningan�� scorebetween-0.12and-0.03
(Table3),suggestingaglobalstabilityof thepostoperativescore,perhapsaslightdecrease.On
theleft `Functionalatlas',therewereredpointsinsideandup thelateralglobuspalliduswith
an�� scoreof 0.23(Fig4,����� ���), representingonly two patientson the`PatientAtlas'.

Discussion
Thepresentarticleis thefirst, to our knowledge,to analysethemotor andneuropsychological
effectsof theGPmandSTNDBSwith functionalatlases.Thesewerebuilt for agroupanalysis,

Fig 3. Axial, sagittalandcoronalviewsof the ParkMedAtlis templateshowingthe `PatientAtlas' ������ �	
� and
the `FunctionalAtlas' built on UPDRSIII analysis���	�� �	
� andon Stroopanalysis ������ �	
� in patientswith
GPmDBSat 6 monthspostoperatively.Amygdala (��$�� ���%), hippocampus(���%), putamen(&����), GPm(����$),
internalcapsule(����), lateralpallidum($��), caudatenucleus(��$�� '��), thalami((����), substantianigra($�(),
STN(��$�� ����$), cerebellartent (��), ventricles(���% '��).

https://doi.org/10.1371/journal.pone.0200262.g003
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at6monthspostoperativelyshowingin 3D andin colourthemotor andneuropsychological
outcome.The�� scoresusedfor building theatlaseswerenot analysedwith statisticaltests.
Only avisualandnumericalanalysisof theatlasesiscurrentlyfeasible.Wedid not wantto
comparetheatlasesbetweenthetwo groups.Table1 presentedthedifferencesbetweenthe
motor andneuropsychologicalscoresin thetwo groups.

ConcerningtheresultsafterSTNDBS,thepatientsshowedsignificantmotor improvement,
alsovisibleon theUPDRSIII FunctionalAtlas(Fig1). In apreviousstudyincludingour first
30patientswith STNDBS,wedemonstrated,with thehelpof anatomo-clinicalatlases,adis-
crepancybetweengoodmotor improvementin thesupero-lateralpartof theSTNand
impairmentof thefluenciesin thesameregion[16]. Nevertheless,thesefirst anatomo-clinical
atlasesdid not takeinto accountthevolumeof tissueactivated(VTA) nor thefusionof the
atlaseson theParMedAtlistemplateto visualizetheSTNandtheadjacentstructuresaccu-
rately.Theimpairmentof verbalfluencyis themostcommonlyreportedside-effectafterSTN
DBS[6±8,17,25,35].In our series,patientsafterSTNDBSdid not presentasignificantdecline
in semanticandphonemicfluency,while thesemanticfluencyfunctionalatlasandits median
�� scoresuggestedaslightdeterioration(Fig2).Thecauseof postoperativefluencychanges
afterSTNDBSarestill debatedboth in term of cognitiveandcerebralnetworkmechanisms
[17,25,35,36].Houvenagheletal.[25] comparedmetabolicandexecutivechangesbetween
patientswith andwithout postoperativesemanticor phonemicdeteriorationfollowing
STN-DBS.Theydid not find anygroupdifferenceseitherin frontal area,or in executive
changesbut observedgroupdifferencesin responsespeedandapathy.Okun etal [35] and
Mikos etal.[17] haveshownafterunilateralSTNDBS(equallyleft andright) adecreased

Fig 4. Axial, sagittalandcoronalviewsof the ParkMedAtlis templateshowingthe `PatientsAtlas' ������ �	
�, the
`Functional Atlas' built on verbalfluencyanalysis���	�� �	
, semanticfluencyand ����� �	
, phonemicfluency�
in patientswith GPmDBSat 6 months postoperatively.Amygdala(��$�� ���%), hippocampus(���%), putamen
(&����), GPm(����$), internalcapsule(����), lateralpallidum($��), caudatenucleus(��$�� '��), thalami((����),
substantia nigra($�(), STN(��$�� ����$), cerebellartent (��), ventricles(���% '��).

https://doi.org/10.1371/journal.pone.0200262.g004
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phonemicfluencycorrelatedwith theVTA on ventralcontactsof theSTN.At dorsalor opti-
malcontactsinsidetheSTN,theydid not observeanyphonemicfluencydeclinesevenmonths
postoperatively.Our patientswerestimulatedbilaterallyandstudiedonly at their optimalcon-
tacts,i.e.at thesupero-lateralpartof theSTN.Themeancoordinatesof theSTNtargetwere
about14mm laterally,16mm posteriorto theAC andalmostonemm undertheAC-PCline,
in agreementwith the3D representationon the`PatientAtlases'(Figs1and2).This targetwas
morelateralthanthosepreviouslyreported[4,37],meaningperhapsthatweavoidthemore
ventralzone,at risk of verbalfluencydeterioration.Weexplainthis resultby thefactthat the
neurosurgeoncarriedout direct targetingof theSTNon 3T T2 MRI insteadof probabilistic
targetingbasedon theTalairachatlas[38].

Now the`FunctionalAtlases'provideuswith theeffectsof GPmstimulation,alsoconcern-
ing thelateralglobuspallidusandtheadjacentstructures.Weobtainedsimilar resultsto those
previouslypublishedin theliterature[10,35,39]aboutmotor improvementafterGPmDBS.
Weobservedmotor improvementbystimulatingthepostero-ventralpartof theGPm.Accord-
ing to theTalairachatlas[38], themeancoordinatesof theGPmtargetwereabout24.7mm
laterally,11.8mm posteriorto theAC andon theAC-PCline, in agreementwith the3D repre-
sentationon the`PatientAtlases'(Figs3 and4).Accordingto Laitinenetal.[26,40]andSchal-
tenbrandatlas[41], theGPmtargetingwasdescribedas2 to 3 mm anteriorto themid-
commissuralpoint betweenAC andPC,18to 2mmlateraland6 to 7mm belowtheintercom-
missuralline. In our study,theaveragecontactwaslocatedmorelaterallyandatashallower
depth,perhapsdueto alargethird ventriclebecauseof severecortico-subcorticalatrophy
inducedby thePD.

After GPmDBSweobservedat6 monthsstabilityin theStrooptestandsemanticfluency,
andonly areductionin phonemicfluencyin thepostero-ventralof theGPmon theªFunc-
tional Atlasº,whereasbehavioralstatisticaltestsdid not highlightanychangein neuropsycho-
logicaltests.Thispoint is important in patientswith preoperativecognitiveimpairment.After
theMikos etal.[17] studyin STNDBS,Dietzetal.[42] similarlystudiedthelink betweenthe
VTA anddeclinein verbalfluencyin 14patientswith unilateralGPmDBS.Therewasno sig-
nificant relationshipbetweenthelocationof theVTA within theGPmandverbalfluency
performance.

PerhapstheGPmstimulationhasno neuropsychologicalandpsychiatriceffectsthanksto
its well-separatedconnectionsto themotor andlimbic circuitsof thebasalganglia,andalsoto
its quasi-absenceof directcorticalconnections,unlike theSTN.Pallidotomyproducedmarked
motor improvementin PDpatientswithout their experiencingcognitivedeteriorationaccord-
ing to thelesionlocation[43]. More anteriorlesionsaffectingthelimbic partof theGPmled
to postoperativecognitivedeterioration[43], not seenin ameta-analysisof patientoutcome
afterGPmstimulation[11,44].Insidethemotor partsof thelateralglobuspallidusandGPm,
Yelniketal.[45] describeddifferenteffectsof thestimulationon themotor symptoms.They
observedthat rigidity wasimprovedwhateverthesiteof stimulationin themotor globuspalli-
duswhereasakinesiawasimprovedonly bystimulatingthelateralglobuspallidus.Thesite
whereakinesiawasmostpronouncedin themotor GPmwasalsothesitewhich improved
dopamine-induceddyskinesia.Thecontactswhichstimulatedthelateralglobuspalliduswere
dorsalon theelectrodeandthecontactsstimulatingtheGPmwereventral.In our study,most
patientswerestimulatedat thejunction betweentheGPmandthelateralglobuspallidus,espe-
ciallyvisibleon theleft sideof the`PatientAtlas'(Fig3).TheGPmbeinglargerthantheSTN,
GPmstimulationsometimesneedsto stimulatetwo contactsthuspotentiallymixing motor
improvementson akinesia,rigidity anddopamine-induceddyskinesia.

Webuilt theanatomo-clinical3D Atlaseswithin acommonspatialreferential,theParkMe-
dAtlis template,byautomaticallydetectingthecontactsof theelectrodeson thepostoperative
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CT andbyusingavalidatedregistrationtool to obtainareliablelocalizationof theclinicaland
anatomicaldataon theParkinsontemplate.Somelimits to our methodwere1) theuseof dif-
ferentregistrationstepsto obtainvolumeof stimulationon theParkMedAtlistemplate,2) the
estimationof theVTA bya3mmGaussianaroundthestimulatedcontactsand3) thearbitrary
colorcodingof the�� score,4) thelackof aconnectivityapproach.Concerningtheregistra-
tion tools,wehavealreadypublishedthecomparisonbetweenthreeregistrationtoolsandthe
validationof eachtool in termsof registrationerrors[16,29].Theregistrationapproachused
in thispaperwasthemostaccurate,combinedwith theuseof amulti-subjectratherthana
mono-subjecttemplate[16]. Our choicefor modelingtheneuralresponseto stimulationwas
basedon thecurrentstateof reflectioncarriedout byButsonetal.[34]. Theauthors,regarding
thelongtime-consumingprocessingof their stimulationmodel,proposedanonlinetool easier
to usein our case[34]. Furtherstudiesareneededon themodelingof aclinicalscorebycolor
scaleto renderit moreinformativefor clinicians.A recentapproachto creatingfunctional
atlaseshasbeento investigatenot only theanatomicalandfunctionaltargetin STNDBS,but
alsotheconnectivitybetweentheSTNandcorticalareas[46,47].Althoughwefind similar
therapeuticareasin theSTNto thosefoundbyAkram etal.[46] (i.e.thesupero-lateralpartof
theSTN),fiber tractographywasnot availableat thetime of our studyandpreventedusadopt-
ing aconnectomicapproach.Our goalwasto usethe`FunctionalandPatientAtlases'in clini-
calpracticeof DBS,without needingengineertime.Nevertheless,thefunctionalatlasestoday
remaina3D tool moreeasilyreadableon acomputerthanon 2D.Wedevelopedthesefunc-
tional atlasesinto aspecificDBSsoftwarepackage(PyDBS)usedin aclinicalpracticeto plan
theelectrodes'trajectories[30]. Briefly,thefirst stepiscomposedof sixprocessingmodulesto
obtainthebrain-ventricleandbasal-gangliasegmentationsprojectionsfrom atlasto patient
space.During thefirst steptheneurosurgeon(CH) definedtheAC andPCpointson thepre-
operativeMRI. Thesecondstepis thedefinition of thetargetinsidethechosennucleusand
theentrypoint. To choosethetarget,theneurosurgeondefinedthenucleustargetwith the
helpof theanatomicalinformation of theT2 sequence,thenverifiedthetargetpoint according
to thecoordinatesfrom theAC point andfinally,usedthemotor functionalatlasto verify the
targetpoint. All thesedataarerecordinginsidethePyDBSsoftware.A further studyshould
analyzehowthefunctionalatlasescouldbeahelpin targetinganucleus,eithertheSTNor the
GPmaccordingto theclinicalscoresof anewpatient.A further possibilityis to usetheatlases
for postoperativeprogrammingto find thebestcontactsto produceagoodmotor effectwith
fewerneuropsychologicalsideeffects.

Weproposednewfunctionalatlasesto producea3D representationof DBSmotor and
neuropsychologicaleffects.TheFunctionalAtlaseswerelargerthanthetargetednucleus,
becauseof theVTA estimatedbya3mmGaussianaroundthestimulatedcontacts,andbecause
of theanatomicalvariabilityof thePDpatients,whichwasregisteredon theParkMedAtlis
template.Wealsodefinedlargeratlasesfor theGPmstimulationthanfor theSTNbecauseof
thehigheraverageeffectivevoltagenecessaryto obtainaclinicaleffectfor GPmstimulation
[48]. FunctionalAtlaseswereasymmetricregardlessof thescore.Formotor results,thiswas
moreunderstandablebecauseof thefrequentasymmetryof thePD.Forneuropsychological
results,oneexplanationcouldbetheasymmetryof thestimulatedcontactsin onesubjectwith
bilateralDBS,which iswhywewereinterestedin theregionwith themaximumof patientson
eachPatientAtlas.Wesuggestthat this regionmaybethemorehomogeneouson theFunc-
tional Atlasinsideastimulatedzone.Outsidethis region,theFunctionalAtlasrepresenteda
minority of thepatients.Onefuture improvementof theFunctionalAtlascouldbeamulti-
functionalatlasrepresentingseveral�� scores.Oneotherideais to validatetheFunctional
Atlaswith thehelpof validationmethodsusingaleave-one-outprocedure.Usingthiskind of
method,wewill testtheperformanceof theFunctionalAtlasto predictthepatients'outcome.

Functional atlas in deep brain stimulation

PLOS ONE | https://doi.org/10.1371/journal.pone.0200262 July 13, 2018 12 / 16



Conclusions
WedevelopednewFunctionalanatomo-clinicalAtlasesto visualizethemotor andneuropsy-
chologicalconsequencesat6monthsof STNandGPmstimulationin patientswith PD.These
Atlasesprovideduswith confirmationof themotor improvementin thesupero-lateralpartof
theSTN.Wealsoproposedaneffective,morelateraltargetingof theGPmin PDbecauseof the
cortico-subcorticalatrophyinducedby thedisease.Our goalis to usethesè FunctionalAtlases'
prospectivelyin further patientsto improvetheir targeting,thusensuringashorterplanning
stepon thedayof thesurgeryaswellasbetteroutcomesfrom themotor andneuropsychologi-
calpointsof view.
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