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|V Abstract

Repetitive transcranial magneticinstilation (rTMS) particularly thetaburst stimulation
(TBS), can be appliedo modulate cortical excitability beyond the period of stimulation
(Huang et al., 2005). Consequently, rTMSregarded to have high therapeutic potential for
treatment of various psychiatric and neurological diseaskd#ed to cortical hyg or
hyperexcitabilitysuch asstroke(Ridding & Rothwell, 200Y. Whether rTMS induced effects
are sufficiently robust to be useful in clinical settings is currently under intense investigation.
The most challenging problem appears tocbesiderably higtvariability in rTMS induced
effectsboth, acrosstudies (Hoogendam etl., 2010) andndividual patients (Ameli et al.,
2009. Hence, he major goal of the presetihesis was to improve rTMS intervention
strategiesn stroke patients suffering froohroric motor hand deficits bynultimodal uses of
(repetitivg TMS with stateof-the-art neuroimagingechniques.

Sources of variance across studies are likely to be methodological in origin. They might result
from different strategies to identify the cortiadIMS target positionindividual functional
magnetic resonanceMRI) datahave been demonstratedyield bestspatialapproximations

of the most excitable TMS position compared to other techniques (Sparing 2004.,
However there is still a consetably large spatial mismatch between the cortical position
showing highesimovementrelated fMRI signal and thecortical position yielding highest
muscle responses when stimulated with TMS of up to 14 MmBastings et al. 1998;
Boroojerdi et al.1999; Hewig et al, 2002; Krings et aJ.1997; Lotze et al2003; Sparing et
al,, 2008 Terao et al., 1998 The underlying cause of this spatial mismaitchunknown
Hence the aim ofthefirst study (Study I) of the present thesigas to testhe hypothesis it

the spatial mismatch betwegositions withhighest fMRI signakchangeand positions with
highest TMS excitability might be caused bythe widelyused GradierEcho blood
oxygenation leveldependent (GRIBBOLD) fMRI technique GREBOLD signal has been
denonstrated tooccur further downstrearfrom the site of new activity in large veins
running on the cerebral surfafidludag et al, 2009. Consequently, & testedhe hypothesis
thatalternative fMRI sequencesaylocalize neural activityi) closer tothe anatomical motor
hand areaj.e. Brodmann Area 4 (BA4)and (ii) closer tothe optimal TMS pogion than
GREBOLD. The following alternative fMRI techniques were testédl: SpinEcho (SE
BOLD) assessingblood oxygenation leveldependentsignal changeswith decreased
sensitivity for the macrovasculaturat high magnetic field§O0 3  TUkidad ea al, 2009
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and (ii) arterial spin labdling (ASL), assessindocal changes ircerebral blood flow (ASL
CBF) which have been shown to ocaarclose proximityto synapticactivity (Duong et al.
2000. GREBOLD, SEBOLD, and ASIL-CBF signal changes during right thumb abductions
were obtained from 15 healtlypungsubjects at 3 Tesla. In 12 subjedigintissue at fMRI
peak voxel coordinateswas stimulated withheuronavigatedTMS to investigate whether
spatial differences between fMRI techniques famctionally relevanti.e. impact onmotor
evoked potentials (MEPsgcorded froma contralateral target musclevhich isinvolved in
thumb abductionsA systematicTMS motor mapping was performed identify the most
excitable TMS positiorfi.e. theTMS hotspo} andthe centre-of-gravity (i.e. theTMS CoG),
which considers the spatial distribution ekcitability in the pericentral regiorEuclidean
distances betweelMS andfMRI positionswere calculatedor each fMRI techniqueResults
indicated that lghest SEBOLD and ASL-CBF signal changesccurredin the anterior wall
of the central sulcus (BA4) whereas highest GREBOLD signal changesoccurred
significantly clser to the gyral surfac&here mostlarge draining veins arcated fMRI
techniques were not significantly different from each other in Euclidean distances to optimal
TMS positions since optimal TMS positions wéoeatedconsiderablymore anterior(and
slightly surprisinglyin premotor corteXBA6) and notBA4). Stimulationof brain tissue at
GREBOLD peak voxel coordinatesvith TMS resulted in significantly higher MEPs
(compared to SBBOLD and ASL-CBF coordinates). This was probably the case because
GREBOLD positions tendedotbe located at the gyral crown, which wsightly (but not
significantly) closer to the TMS hotspot positidraken together, findings of Study | suggest
that spatial differences between fMRI and TMf®sitions are not caused by sial
unspecificity ofthe widelyusedGREBOLD fMRI technique Hnece, ther factors such as
complex interactions betwedirain tissue and the TMBduced electric fieldOpitz et al.,
2011), couldbe the underlying cause

Identificationof the cortical rMS target positioms particularly challenging in stroke patients
since reaganization processesfter stroke may shift both, fMRI and TMSpositions in
unknown directiorand extendRossini et al., 1998In the second study(Study Il) of the
presenthess, we thereforetested whethefindings obtained from healthyoungsubjectsin
Study Ido also aply to chronic stroke patientnd older (i.e. agenatched) healthy control
subjectsln this studyarterial pin labdling (ASL) was used to assess CBF &@LD signal
changessimultaneouslyduring thumb abductionwith the affectediondominant andthe

unaffecteddominant hand in 15 chronic stroke patients anc&d@matchedhealthycontrol

9



suljects at 3 TeslaBrain tssue at fMRIpeak voxel coordinatesvas stimulated with
neuronavigated TMS ttest whether spatial differences are functionally relevant and impact
on MEPs Systematic TMS motor mappings were perforrfegdooth hemisphereis overall

12 subjectg6 strokepatients and Gealthysubject$. Euclidean distances between fM&hd
TMS positionswere calculatedor each hemisphere and fMRI technigueline with results

of Study | highest ASL-CBF signal changes were located in the anterior wall of ¢méral
sulcus BA4), whereas highe®tSL-BOLD signal changesccurredsignificantly closer to the
gyral surfaceln contrast to gidy I, there were no significant differences betwéei -CBF

and ASL-BOLD positionsin MEPs when stimulatedwith neuronavigatedTMS, which
suggeststhat spatial differencesin( depth) were not functionally relevant for TMS
applications In line with Study I, there were no significant differences between fMRI
techniques in Euclidean distances to optimal TMS positisimge optimal TMS positions
werelocatedconsiderably morerderior than fMRI positiongin premotor cortexi.e. BA).
Stroke patients showed overall larger displacements (between fMRI and TMS positions) on
the ipsilesional (but not the contralesionalhemisphee compared to healthy subjects.
However,none of thefMRI techniques yielded positions significantly closer to the optimal
TMS positon. Hence, functional reorgamition mayimpact onspatial congruence between
fMRI and TMS butthe effect is similar foASL-CBF andASL-BOLD.

Pathomechanisms underlying $teoinduced motor deficits are still poorly understood but a
simplified model of hemispheric competitidras been suggested, which proposaative
hypoexcitability of the ipsilesionahemisphereand hyperexcitability of the contralesional
hemisphereleadng to pathologically increasednterhemispheric inhibitionfrom the
contralesional onto the ipsilesional hemisphere during movements péartégchand (Duque

et al., 2005 Grefkes et al., 20@8 2010; Murase et al., 20040 line with themodel of
hemigpheric competitionbothincreasing excitability of the ipsilesionaémispheréKhedr et

al., 2005; Talelli et al.,, 2007as well as decreasing excitability of the contralesional
hemisphere(Fregni et al., 2006; Di Lazzaro et al., 28D%ave been demonsdted to
normalize cortical excitability towards physiologicallevels andor ameliorate motor
performanceof the strokeaffected handHowever, theres considerablfigh interindividual
varianceand some patients may even show deteriorations of motfaripance after rTMS
(Ameli et al., 2009) Therefore, the aim dhethird study (Study Il ) was to identify reliable
predictors for TBSeffects on motor performance of the affected hand in stroke patients

which appears essentialr successful implementan of TBS in neurorehabilitatioOverall,
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13 chronic strokepatients withunilateral motor hand deficitand 12 agenatched healthy
control subjects were included in the studyAll patients received3 different TBS
interventionson 3 different days: (i) mtermittent TBS (iTBS, facilitatory) over the primary
motor cortex (M1) of the ipsilesional hemisphere, (ii) continuous TBS (cTBS, inhibitory) over
M1 of the contralesional hemisphere, and (iii) either iTBS or cTBS over a control stimulation
site (to contol for placebo effects)Motor performance was measured before and after each
TBS session with3 different motor tasks and an overall motor improvement score was
calculated. All subjects participated im dMRI experiment, in which they performed
rhythmic fist closureswith their affe¢ed/nondominant and unaffectédbminant hand A
laterality index (LI) reflecting laterality ofMRI signalin corticalmotor areasvas calculated.
Effective connectivity, i.e. the direct or indirecausal influencehat acivity in one area
exerts on activity of anothearea Friston et al., 1993a)as inferred fromfMRI data by
means ofdynamic causal odelling (DCM).Due to relatively high inteindividual variance,
neither iTBSnor cTBS was significantly diffent from ontrol TBS in terms of average
behavioural (or electrophysiological) changes over the group of patitoigver beneficial
effects of iITBS over the ipsilesional hemisphere were predicted by a unilateral fMRI
activation pattern during movements of theeaféd hand and by the integrity of the cortical
motor network. The more pronounced the promoting influence from the ipsilesional
supplementary motor area (SMA) onto ipsilesional M1 anel mmore pronounced the
inhibitory effectoriginating from ipsilesionaM1 onto contralesional M1, the better was the
behavioural response téacilitatory iTBS applied to the ipsilesional hemisphere. No
significant correlations were found for behavioural improvements following cTBS or
behavioural changes of the unaffected chafaken togetherStudy Il yielded promising
results indicating thdaterality of fMRI signal and integrity of the motor netwachitecture
constitute promising predictors for response to iTBSpatientsin whom theconnectivity
pattern of theipsilesional motor network resembled physiological network connectivity
patterns (i.e. preserved inhibition of the contralesional hemisphere and supportive role of the
SMA of the ipsilesional hemisphere), beneficial effects of ITBS over ipisdesional
hemighere could be observeth contrast, patients with severely disturbed motor networks

did not respond to iTBS or even deteriorated.
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V Kurzzusammenfassung

Die repetitive transkranielle Magnetstimulation (rTMShsbesondere die MetaBurst
Stimulation (TBS), kann dazu verwendet werderkortikale Erregbarkeit Uber den
Stimulationszeitraum hinaus zu modulieren (Huang et al., 2005). Daher wird der rTMS ein
hohes therapeutische Potenzial fur die Behdiung diverser psychiatrischer und
neurologischer Erkrankungerzugeschrieben die mit einer kortikalen Hypo oder
Hyperexzitabilitat einhergehenvie es beispielsweise nach einegdehlaganfallder Fall ist
(Ridding & Rothwell, 2007). Ob die durch die rTMS induzierten Effekte ausreichend robust
sind, um sich im klinisben Alltag durchzusetzenyird momentan intensiv untersucht. Die
grofdte Herausforderurigestehimoglicherweise darirdie hoheVarianz in rTMS vermittelten
Effekten sowohl zwischen Studien (Hoogendam et al., 2010) als auch zwisahsginen
Patienten (Ami¢ et al., 2009)zu reduzieren Daher war das Haupel der vorliegenden
Doktorabeit, die Verbesserungon rTMS-Interventionsstrategien fur Schlaganfallpatienten
mit chronifiziertem motorischra Defizit der Handdurch die multimodale Anwendung der
(repetitven) TMS mit modernsten bildgebenden Verfahren.

Die Quelle hoher ¥rianz tber Studien hinweg ishéchstwahrscheinlichmethodischen
Ursprungs und konntdaraus resultieren, daserschiedenen Strategien zur Identifizierung
der kortikalen rTMS Zielposition verwendet werden Individuelle funktionelle
Magnetresonanz Tomographie (fMRiiéfert die beste raumliche Annaherungdie Position

mit héchster TMSErregbarkeit im Vergleich zu anderen Method&paring et al., 2008).
Dennochgibt esimmer nocheine reléiv grof3e rAumliche Diskrepanz zwischen kertikalen
Position h@hster bewegungsabhéangiger fMHRRKtivitat und der kortikalen Position, die zu
héchsten Muskelantworten fuhrt wenn sie mit TMS stimuliert wird, von bis zu 14 mm
(Bastings et al., 1998; Boramgi et al., 1999; Herwig et al., 2002; Krings et al., 1997; Lotze
et al., 2003; Sparing et al., 2008; Terao et al., 1998¢ Ursache dieser raumlichen
Diskrepanz ist unbekannt. Dahsar das Zielderersten Studie(Study I) die Hypotheseu
testen dassdie raumliche Diskrepanz zwischen Positionen mit héchster fKivitat und
Positionen mit hochster TMBrregbarkeit durch die Vemwndung der weitverbreiteten
GradienterEchoblood oxygenation levelependen{GRE-BOLD) fMRT-Methode zustande
kommt Das GRE-BOLD-Signal entstehfstromabwart® von neuraler Aktivitat ingroRe
Venen, die auf der Hirnoberflache verlauf@iudag et al., 2009)Daher testeten widie

Hypothese dass alternativ€MRT-Sequenzen neurale Aktivitat (i) ndher zum anatomischen
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motorischen Handareal, Brodmann Area 4 @BAnd (ii) ndher zur optimalen TMBosition
lokalisieren als GREBBOLD. Die folgenden fMRTSequenzen wurden als Alternativen zu
GREBOLD getestet: (i) SpiiEcho das demlood oxygenation levalependeng&ffekt (SE
BOLD) bei héheren magnetischen FeldstarkéB(Tesla) mit verringerter Sensitivitat fir
grol3e GefalRe misst und (dje aterielle Spinmarkierundarterial spin &belling, ASL), die
lokale Veranderungen im zerebralen Blutfluss (cerebral blood flow, CBF) naigstin
unmittelbarer NahaeynaptischeAktivitat entstehen (Duong et al., 2000). GBBLD-, SE
BOLD- und ASL-CBF-Signaleranderungen wahrend Abduktionsbewegundes rechten
Daumens wurdervon 15 jungen gesunden Probanden bei einer Feldstarke von 3 Tesla
erhoben. Bei 12 Probanden wurde aufRerdeimgdéwebe an der Position des fMRT
Maximumsmittels neuronavigierter TMS stimuliert, um zu testen ob raumliche Unterschiede
zwischen fMRFMethoden funktionell relevant sind, das heil3t einegssbaren Einfluss auf
matorisch evozierte Potentiale (MEP haben, die vom einem kontralateralen Zielmuskel
abgeleitet wurden, der an der Daumenabduktion maf3geblich beteiligt ist. Mittels TMS wurde
eine systematische Kartierung des motorischen Kortex vorgenommen, anhandlieer
Position hochster kortikaleErregbarkeit(TMS hotspojy und ein sogenanntesentreof-
gravity (TMS CoG) bestimmt wurdewelchesdie Verteilung kortikaler Erregbarkeit des
benachbarten Gewebes mitberiicksichtgtklidische Abstande zwischen TM8nd fMRT-
Positionen wurdefir jede fMRT-Methodeberechnet. Die Ergebnisse deuten darauf hin, dass
die héchsten SBOLD- und ASL-CBFSignalveranderungen in der Vorderwand des Sulcus
centralis auftretenBA4), wahrend hdchste GRBOLD-Signalveréanderungen signifikant
naher zur Hirnoberflache auftraten, wo die meisten gro3en Venen verl@i&iMRT-
Methodenunterschieden sichicht signifikant bezuglich ihrer Distanz zur optimalen TMS
Pasition voneinanderda optimale TMSPositionendeutlich weiter anterior (und etwas
Uberraschendm pramotorischen KortexBA6) und nichtin BA4 lagen). Stimulation des
Hirngewebesdas héchste GRBOLD-Signalveranderungen zeigtajittels TMS resultierte

in signifikant hoheren MEPs im Vergleich zu den anderen bdM&T-Methoden. Diesvar
vermutlich der Fall weil GREBBOLD-Positionen dazu tendierten auf der Gyruskuppe zu
liegen und somit leicht (aber nicht signifikant) naher an der Tid8pot position lagen.
Insgesamt konnte also durdie ersteStudiegezeigt werden, dass die raumliddiskrepanz
zwischen fMRT und TMSPositionen nicht durchdie réumliche Unspezifitdt der
weitverbreiten GREBOLD-Methode zustande kommtAndere Faktoren, wie komplexe
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Interaktionen zwischen Hirngewebe und dem durch di&STiMiuzierten elektrischen Feld
(Opitz et al.,2017) konnten stattdessen die Ursache darstellen.

Die Identfizierungder kortikalen Zielregion fur die rTMS ist bei Patienten erschwenada
einem SchlaganfalReorganisationsprozesse im Gehirn stattfinden, die dazu flhren kénnen,
dass sih sowohl fMRT als auch TMS$&Positionenin unbekanntem Ausmald unih
unbekannte Richtung raumlich verschieben (Rossini et al., 1998). lawdgten Studie
(Study II) der vorliegenderoktorarbeittesteten wir daer, ob die Ergebnisse von Studly

die von jungen gesunden Probanden erhoben wurden, auf Schlaganfallpatientahetend
(d.h.gleichaltrigg gesunde Kontrollprobandesbenfallszutreffen. In dieser Studie wurde die
arterielle Spinmarkierung (arterial spiabkelling, ASL) dazu verwendeYeranderugen im

blood oxygenation levelependent effe¢BOLD) und im zerebralen Blutflussdrebral blood

flow, CBF) simultan wahrend Daumenabduktionsbewegungen Hbetroffenemicht-
dominanterund der nichibetroffenerdominanten Hand zu erheben. Die Studie wurd 15
Patienten im chronischen Stadium und 13 gleichaltrigen gesunden Kontratigeobaei
einer Feldstarke vor8 Tesla durchgefuhrtHirngewebe an fMRIMaximumns-Positionen
wurde mittels neuronavigierter TMS stimuliert, um zu testen ob raumliche Umtsitsc
funktionell relevant sind und sich auf MEPs auswirken. Eine systematischertagt beider
motorischer Korties wurde bei insgesamt 12 ProbandenS¢@hbganfallpatienten und 6
Kontrollprobanden) mittels TMS erstelEuklidischeAbstdnde zwischen fRT- und TMS
Positionen wurden berechnet. Wie auch in Studie 1, traten hochste-CREL
Signalveranderungen in der Vorderwand des Sulcus centralis (BA4) auf, wohingegen hdchste
ASL-BOLD-Signalveranderungen signifikant naher zur Hirnoberfliche auftraten. Im
Gegensatz zur ersten Studie gab iesdieser Studiekeinen signifikanten Unterschied
zwischen ASECBF und ASL-BOLD-Positionen in durch die direkte TM&imulation
resultierenden MEPs, was darauf hinweist, dass signifikante raumliche Unterschiede (in
Tiefe) keine funktionelle Relevanz fur die TMS besal3en. Wie auch in der ersten Studie, gab
es keine signifikanten Unterschiedewischen den fMRIMethoden in klidischen
Abstanden zuoptimalen TMSPosition die sich deutlich weiteanteriorim pramotorischen
Kortex (BA6) befand Obwohl Patienten auf der ipsilasionellen Hemisphare insgesamt
groRere Distanzen (zwischen fMRTind TMSPositionen) im Vergleich zu den gesunden
Kontrollprobanden aufwiesen, lieferte keine der fMRE&thoden Positionen die signifikant

naker zur optimalen WS-Position lagen. Daher scheindteorganisatiosprozesseeinen
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Einfluss auf die raumliche Kongruenz von fMRT und $Mu haben, betreffen abAGL-

CBF ebenso wie ASIBOLD.

Der Pathomechanismuder Shlaganfalinduzierten motorischen Digften zugrunde liegt,

ist groRtenteils noch unverstanden Das stark vereinfachte Modell der
Hemispharenkonkurrenpostuliert eine relative Hypoexzitabiliat der ipsilasionellen und
Hyperexzitabilitdt der kontralasionellen Hemisphére, was zu einer patbdiogerstarkten
Inhibition von der kontraldsionellen Hemisphéare auf die ipsilasionelle Hemisphéare wahrend
Bewegung der betroffeneHand fiihrt (Duque et al., 200%srefkes et al., 2008 2010;
Murase et al., 2004Dem Modell der Hemispharenkonkurremntspechend, kann sowohl
durch Erh6hung der Exzitabilitat der ipsilasionellen Hemisphare (Khedr et al., 2005; Talelli et
al., 2007) als auch durch Verringerung der Exzitabilitdt der kontralasionellen Hemisphare
(Fregni et al., 2006; Di Lazzaro et al., 2@p8ne Normalisierung der kortikalen Exzitabilitat

hin zu einem physiologischen Gleichgewicht und/oder eine Verbesserung der motorischen
Leistung der betroffenen Hand erzielt werdeBs gibt jedoch eine relativ hohe
interindividuelle Variaz und einige Patigen kdnnen sogagine verschlechterte motorische
Leistung der betroffenen Hand nach rTMS aufweisen (Ameli et al., 2009). Daher war das Ziel
der dritten Studie (Study lll) die Identifizierung zuverlassigétradiktoren fur die Effekte

der TBS auf die motorthe Leistung der betroffenen Hand von Schlaganfallpatienten, da dies
ein essentieller Schritt fur die Implementierung der rTMS in die Neurorehabilitatisain
scheint 13 Schlaganfallpatienten mit chronifiziertem motorischem Defizit der Hand und 12
gleichaltrige gesunde Kontrollprobanden nahmen an der Studie teil. Alle Patienten efhielten
verschiedene TB$terventionen a3 verschiedenen Tagen: (ijtermitierendeTBS (iTBS,
fazilitierend) Uber dem primarmotorischen Kortex (M1) der ipsilasionellemisfghare, (ii)
kontinuierliche (continuous)TBS (cTBS, inhibitorisch) Gber dem M1 der kontralasionellen
Hemisphare und (iii) entweder iTBS oder cTBS Uber einer Kontrollstimulgtisition Die
motorische Leistung wurde vor und nach jeder dB®rventionmit 3 unterschiedlichen
motorischen Skalen gemessesuf denen basierend eiallgemeiner Verbesserungswert
errechnet wurde. Alle Probanden nahmen an einem HARJeriment teil, in dem sie
rhythmische Faustschlussliegungen mit ihrer betroffen@cht-dominantenundihrer nicht
betroffenen/dominantetdand durchflhrten. Ein Lateralitatsindex, der die Lateralitdt des
fMRT-Signals in kortikalen motorischen Arealen widerspiegelt wurde berechnet. Die
effektive Konnektivitat, also der direkte oder indirekte kaaidaihfluss, den Aktivitat eines

Areals auf die Aktivitat eines anderen Areals ausubt (Firston et al., 1993a), wutdks mi
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dynamic causal odelling (DCM) aus den fMREeitreihengeschéatzt. Aufgrund einer relativ
hoheninter-individuellen Varianaintersched sichwederdie iTBS nochdie cTBS signifikant

von der Kontrollstimulation bezlglich induzierter Veranderungen in der Leistungsfahigkeit
der betroffenen Hand oder Veranderungen in der ExzitabilitépdiggisionellenrHemisphare

Uber die gesamte Gruppeerd Patientenhinweg Positive Effekte der iTBS (ber der
ipsilasionellen Hemisphare wurden jedoch signifikant durch ein unilaterales -fMRT
Aktivierungsmuster wahrend Bewegung der betroffenen Hand und die Integritat des
motorischen Netzwerks pradiziert. Jesgepragter der férdernde Einfluss vom ipsilasionellen
supplementér motorischen Areal (SMA) auf den ipsilasionellen M1 und je ausgepragter der
inhibitorische Einfluss ausgehend vom ipsilasionellen M1 auf den kontral&asionellen M1, desto
hoher war die Wahrsemlichkeit, dass ein &ient von der fazilitierendeiTBS tber dem
ipsilasionellen M1 profitierte. Fur Verhaltenseffekte nach cTBS und Verhaltenseffekte der
nichtbetroffenen Hand wurden keine sigk#énten Korrelationen gefunden.
Zusammenfassendleisen @ Ergebnisse der dritten Studiarauf hin das die Lateralitat des
fMRT-Signals und die Integritdt des motorischen Netzwerks vielversprechende Pradiktoren
fur Verhaltenseffekte nach iTBS darstellen. Bei Patienten bei denen ipsilasionelle motorische
Netaverkinteraktionen physiologisch auftretenden Netzwerkinteraktionen glichen (erhaltene
Inhibition der kontralasionellen Hemisphare und unterstitzende ReBapsilasionellen
SMA), stellte sich eine Verbesserung der vom Schlaganfall betroffenen Hand ein,
wohingegen Patienten mit schwer geschadigtem motorischen Netzwerk keine Veranderungen

oder gar eine Verschlechterung nach iTBS zeigten.
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General introduction

1 General introduction

1.1 Stroke

Stroke is caused bgn interruption of blood supply to the bra@ther due tdblood vessel
blockage (ischaemic stroke, approx. 82%) or blood vessel rupture (haemorrhagic stroke,
approx.14% Feigin et al., 2009 Both leadgo asuddernbreakdown in oxygenand nutrition

supply and may causeermanentbrain tissue damageThe following World Health
Organization (WHO)standard criterion isfrequently used to define strokefirapidly
developingclinical signs of focal &t timesglobal) disturbancef cerebral functionlasting
morethan 24 hourgif not leading to deafhwith no apparentau® other than that of vascular
origind (Hatano, 1976).Stroke incidence rates1 the years 200@Q008 varied between
countries in the range of 74 to 223 (per XD persos per year Feigin et al., 2009).
Spontaneous recovery occurs within three months sfiteke until a plateau with relatively
stable motor performance is reached after three to six months (Kwakkel et al., 2004).
However, clinical outcome after stroke is highly variable across individuals. Data of the
German Stroke Database (including 174atients) suggest that three months after stroke,
9.5% of patients had died, 58.4% had completely recovered, and 32.1% retained permanent
deficits (Weimar et al.,, 2002)Hemiparesis is the most frequent neurological deficit
(occurring in more than 80% ofapents) followed by sensoryeficits (approx.45%) and
speech deficitsapprox.24%; Rathore et al., 2002Hemiparesis occurs rsboften inupper

(76%) but also ifower limbs (69%) and the face (55%; Rathore et al., 2008¢ ability to

live independstly after strokdargely depends oneconstitution of motor controCurrently,
physical and occupational theragyd at times constraimducedmovementherapy(Cl) are

used for treatment of strokeduced hand motor deficit€l involves immobilization of the
unaffected i mb t o i nduce @Af or ccemdbinedwighdntewnsé trainingeof a f f e
the affected limb Taubet al.,1993. However additionaltherapeuticstrategies are needed
sincestroke isthe most common cause fpermanentlisability in adults(Kolominsky-Rabas

et al.,, 2006Nelles 2007)andone ofthe most expensive disease industrialised countries
(Kolominsky-Rabas et al., 2006
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1.2 The human motor system

The human motor system is composedcoftical and subcorticadtruduresinteractng in
complex subsystemsvhich are organized eithdrierarchicallyor in parallel (Amunts &
Zilles, 2007) Important part of the corticddumanmotor system is the primary motor cortex
(M1; alsoBrodmann Area (BA4; Brodmam, 1909) whichis located in the anteriowvall of

the central sulcuBA4 is somatotopically organizetbot and leg representations are located
in the mesial wall of the precentral gyrus followedthynk, arm, hand, fingers (from little
finger to thumb), facelips, ard tonguerepresentationgfrom dorsomedial to ventrolateral,
Penfield & Rasmussen, 19%0 A reliable anatomical landmark for thenotor hand
representation is thieand knobstructure ,which is shaped like aomega or epsilon in axial
slicesand hook shapeid sagittal slices (Yousry et al., 19%igurel.1).

Figure 11: Introduction: The hand knob formatiomhe central sulcus at the hand knfymationis
highlighted in red colouon a highresolution anatomical magnetic resonance image of a healthy
volunteer In the axial slice (hage on thdeft) the hand knolis omegashaped in the lethemisphere

and epsilorshaped in the right hemispheha.the sagittal slice (image on thight) the hand knob is
shaped like a posteriorly directed hodR.: anterior; I. inferior; L: left; P: posterior; R: right; S:
superioj

The anterior margin of BA4 is the posterior margin of the premotor cortex (PMC; also BAG)
Brodmann initially assumed th&A4 extents over the entire surface area of the precentral
gyrus (Brodmann, 1909) However, recent histological studies demonstrated that BA4

occupies only a limited part of the exposed surface of the precentral gyrus. The transition
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betweenBA4 and BA6depends on the lateral position along the central sulcus (Geyer et al.,
2000; Rademacher et al., 2001; White et al., 198V)ts dorsomedial part, BA4 covers
posterior aspects of the crown of the precentral gyrose faterally BA4 tends tosubmerge

inside the central sulcussgyer et al., 200(igurel.2).

oo BA6 _ BA4
'/\ / --——i:—\ \\I .

Gerloff et al.(2006)

Figure 1.2: Introduction: The transition between BA4 and BAAs a rulethe primary motor caex

(BA4) occupies only a limited part of the exposed surface of the precentral gyrus, mainly in its
dorsomedial part. More laterally, BA4 tends to be buried in the depth of the central sulcus. This latter
aspect is depicted in the figure on the rightA{Brodmann Area; BA3: primary somatosensory
cortex;BA4: primary motor cortexBA6: premotor cortexCS: central sulcus)

Cytoarchitectonically, BA4 is characterized by absence of lamina IV and presence of giant
Betz cells in lamina V whose axons bend daw the precentral gyrus and form the corico
spinal tract (CST). The CST passes through the posterior limb of the internal capsule and the
cerebral peduncle before -85% of the fibres cross at the decussation of pyramids in the
medulla oblongata to theontralateral side (referred to as lateral CST). Fibres not crossing in
the brain stem (referred to as ventral CST) cross in the spinal cord segment of their target
cells. Pyramidal cells enervate motoneurons in the anterior horn of the spinal cord either
directly or indirectly via interneurons (Amunts & Zilles, 2007). Finally, spinal cord
motoneurons terminate onto skeletal muscles. The humanpmxtidal motor system is
composed of the basal ganglia, cerebellum, and -pytie@midal fibre tracts conneny the

motor cortex with motor brain stem nuclei and the spinal cord respectively. These fibre tracts

may act as alternative pathways in the case of severe @&agdafter stroke.
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The PMC (BA®6) is animportant cortical motor areangaged irboth movemenm preparation
and movementexecution BA6 can be subdivided intat least threalistinctive functional
areas: (ithe supplementary motor area (SMA)i) the dorsa premotorcortex (dPMC), and
(iif) the ventral premotor cortex (VPMC)Yhe anterior limit & BA6 is at an individually
variable distance anterior to the precentral suleand doesnot correspond to a specific
anatomical landmark (Geyer et ,akR004. However, the extent of BA6 is greater in
dorsomedial parts of the hemispheres and recedes amdatntrolateral parts merging with
theprecentral sulcus close to thgl\8an fissure (Amunts et al., 1999; Figute).

Figure1.3: Introduction:The human premotor corteXhe lateral view on the left cerebral hemisphere
shows he extenh of the premotor cortex (imlark purple and epresentative aredn light blue)
corresponding to the dorsal premotor cortex (dPMC), ventral premotor cortex (YRMQE)the
supplementary motoarea (SMA).(A: anterior; CS: central sulcus; I: inferior; iFS: inferior frontal
sulcus; P: posterior; PCS: prentral sulcus; S: superior; SFyl8ian fissure; sFS: superior frontal
sulcus)

The SMA ismainly situated in the mesiavall of the hemispherelts boundaries aresually
located at thdvlantelkanteof the hemispher (Grafton et al., 1996) batay extend slightly in
dorsdateral direction layka et al., 2006; Tanji & Hoshi, 2009jhe ventrolateral limit of the
SMA is the dorsomediaborder of the dPMC. Although SMA and dPMC constitute two
functionally distinct regions (Penfield & Welch, 1951), data allowdiféerentiation ofthose
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two regions based on anatomical grouadsscarcgMatdli et al., 198%. The border between
dPMC and vPMC has tré@mnally beenassigned tdhe intersection of the precentral sulcus
and the inferior frontal sulcugGrezes & Decety, 2001; Picard & Strick, 2001). However,
more recent studidsased on structural imagirsgiggest that it is much more dorsalamely
betwe@ superior and inferior frontal sulcaverage Z coordinate: 248 omassini et al.,
2007). Similar to BA, premotorareas aresomatotopically organized and ueadirect
projections to spinal cord motoneurons (He at al., 1988glitionally, premotor areasead
efferent connections to functionally related representations in BA4 (Dum & Strick, 2002).
Homotopic transcallosal connections between M1, SMA, vPMC, and deM@ell as
heterotopic transcallosal connections between M1, SMA, and lgteralotor corteXdPMC

and vPMC) have been demonstrated in anatomical tracer studies in macaque monkeys
(McGuire et al., 1991; Rouilleat al., 1994).

1.3 Definition of terms

1.3.1Clinical stages

Basedon a recentreview article summarizingnechanisms of spontaneous aeery after
stroke the following definitions forclinical stagesof the diseasare used throughout the

manuscrip{Cramer 2008 Tablel.1).

Table 11: Introduction:Designation of clinical stages

Acute stage O 3 days after stro
Subacutestage 4 days to 3 months after stroke

Early chronic stage 3 to 6 months after stroke

Chronic stage O 6 months after st

1.32 Cerebral hemispheres

Throughou the manuscriptthe termipsilesionalwill be used taefer to the sidef thestroke
lesion and the terncontralesional will be used to refer to the sidgppositeto the stroke
lesion. Hence, thdpsilesional hemisphereis ipsilateral tothe stroke lesion andhe
contralesional henisphere is contralateral tahe stroke lesionAlthough, in principle the

ipsilesional hemisphere corresponds to #iéected hemisphere anthe contralesional
21



General introduction

hemisphere corresponds to tineaffected hemisphetbese terms may be misleading, since

strokel esi ons may al so i mpemisghere@Grefkes bteal., B0@$ af f e c
Loubinoux et al., 2003; Ward et al., 2@032003h, and hence these terms will not be used.

The termgpsilesional hemisphere and contralesional hemispgtesald not be confesl with

the termspsilateral hemisphere and contralateral hemispherewhich are used to refer to

the hemisphere which is ipsor contralateral tan event such asand movementsor an

intervention During movements of thaeffected hand (sometimegeferredto asthe paretic

hand) the ipsilateral hemisphere refers to the contralesional hemisphere and the contralateral

hemisphere refers to the ipsilesional hemispligigurel.4).

During movements of , , During movements of
the affected hand: the affected hand:

contralateral ipsilesional contralesional ipsilateral
hemisphere hemisphere \ r hemisphere hemisphere

ischemic

lesion
unaffected affected
hand (paretic)
hand

Figure 1.4: Introduction: Designation of cerebral hemispher&ge ipsilesional hemisphere is on the
same side as the stroke lesion, whereas the contralesional hemisphere is the hemispher® tpposite
stroke lesion. During movements of the pardt.e. affected) hand, the contralateral hemisphere
corresponds to the ipsilesional hemisphere and the ipsilateral hemisphere corresponds to the
contralesional hemisphere.

1.33 Cortico-cortical connectivity

Two important concepts afurrentbran reseach are the concept of functional segregation
and the concept of functional integratidiFriston, 2002 Friston, 1993 Functional
segregationrefers tothe finding that in the human braiparticularlyin the cerebral cortex,
different areadake over diferent specific tasks, where&snctional integration relies on
observations that brain functions are not localized in a specific brain region but rely on

coordinated exchange of information between different areas with distinct fundtiostsrg,
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2002. Hence, functional segregation and functional integradia notcompeting concepts
since functional inegration is based on the mmept of functional segregation, which

postulates interactions between areas with distinct functions.

Connectivity describs structural and functional propertiesbrain networksThree different
sulitypes can be distinguished: (i) anatomicahnectivity (ii) functional connectivity and

(i) effective connectivity. Anatomical connectivity refers to anatomical fibre tracts
connecting brain regions and providing the eal basis for corticecortical connectivity.

By contrast, functional connectivity refers to temporal coherence between remote
neurophysiological events (Friston et al99®) whereaseffective connectivity refers to
either direct or indirectausal influences that activity in one neuronal system exerts on
activity of another neuronal system (Friston et al.,, Bd9Bffective connectivity can be
inferred from functional magnetic resonance imaging (fMRI) data rheans ofdynamic
causalmodelling(DCM). Althoughnot considered a measure of effective connectpétyse
transcranial magnetic stimulation (TMS) can be employed to probe artdhintercortical
physiology and causal changesfumctional circuits otthe brain (Reis el., 2008; Westlake

& Nagarajan2011).

1.4 Transcranial magnetic stimulation (TMS)

TMS was introduced i1985by Barker et alandhas sincghengained recognition as safe
techniqueto stimulatethe humarcerebralcortexnonrinvasivdy and painfree (Barker et al.,
1985).TMS makes wuse of Electromagaetioddactiop which stateg thate o f
electrical energy can be converted into magnetic fieldsvasedversgFaraday, 1832During

TMS, acopper stimulatiooil ishd d t angenti al | y Thedectticltierens ubj e c
in the stimulationcoil producesa strong magnetic pulse of short duration (~2 Tesk0-100

ps) which pases the skull nearly unhinderedand induce an electric field EF) in the
underlying bran tissue (Figure 1.5A). The inducedEF causesdepolarization offast
conducting large pyramidal cellg’hich have excitatory monosynaptic connections to spinal
cord motoneuronsHence, TMS pulse may finally result in moteevoked potential(MEPS)

in cortralateral peripheral muscles which can reeordedby means of electromyography
(EMG). There is evidence that TMS excites pyramidal ceitber directlyat the axon

membraneor indirectly via transsynaptimput frominterneurongDi Lazzaro et al., 1998.
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Evidence for this suggestion comes fromcatled descending wavesr descending volleys
recorded from a bipolar electrode inserted into the cervical epidural space of conscious human
subjects(Di Lazzaro et al., 1998. Descendingwavesare rapidly transmitted (6670 m/9
synchronized action potentials in fast conducting axons of pyramidal elish innervate
motoneurongn the spinal cordAmassian et al., 198.7The first of these descending waves is
referred to aslirect waveor D-wave which isthought to reflect direct excitation of axons in
white matter due to its short laten@massian et al., 1987)he early Dwave is followed by
several latenndirect wavesor I-waveswhich follow in constant intervals of ~1.5 ms and
correlate with excitatry postsynaptic potentials (EPSP) of fast conducting pyramidal cells
(Amassian et al., 198 @nd henceare thought to refleahdirect excitation of pyramidal cells

by transsynaptic input from excitatory interneurohb!S may induceboth D-waves and-I

waves indicating that the induced EF may excite motoneurons either directly at the axon
membrane or indectly via transsynaptic input (Di Lazzaro et al., 1898\xons are
preferentially excited ifthe induced EF changes relative their trajectory (Figurel.5B).

Since the EF in the brain tissue is horizonpalrticularlyaxons which bend dowvardswill

be locally depolarised at the axon membrane (Basser, 1994; limoniemi et al., 1999; Roth &
Basser, 1990Figure1.5C).

Magnetic

field Electric current

in the TMS coil

Pyramidal
axons

B C

membrane

Modified from: http://www.biomadnus.fi/tms/Thesis/Figl.jpg (19.10.2011)

Figure 1.5: Introduction: Principles of transcranial magnetic stimulatipfiMS). A: The electric
current in the TMS coi(solid blackline; flowing in posterioranterior direction) generates a transient
magnetic field ¢olid greyline), which induces an electric field (EF) in the bradaghedvhite ling; in
posterioranterior direction).B: Motor cortex stimulation and tegtory of pyramidal axonsThe
induced EF runs in posterianterior direction and approximateparallel to the gyral surfaceC:
Direct axonalexcitation at the microscopic levelhe induced EFausedocal depolarisation of the
axon membrane at the pasn where thepyramidalaxon bends downwards.
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Excitation of motoneurons has been demonstrated to be maximal if the inH&césl
approximately perpendicular to the central sulcus and in posgerterior (PA) direction
(Mills et al., 1992 Traditiond circularshapedTMS coils induce strong electric fields
whereasfigure-of-eight TMS coils offer theadvantage of increased focalgynce maximal
currentis induced in aelatively small areaat the intersection of the two round components
(Lontis et al, 2009. A recent study of Thielscheand colleaguesuggests that TM8as a
spatial resolutiorof at least 7.7 mn(Thielscher& Wichmann 2009).Since the EF strength
decreases exponentiallys a function oflistance from the TMS coil (Eaton, 1992), TMS i
restricted to stimulation ahoresuperficial cortical aread-6 cmdistart from the TMS coill;
Weyh & Siebner2007).

Two majorappoaches can be pursued with TMS:
1) Investigaion of physiologicalproperties of neuronal tissloy means of several pulses
applied at low frequencies (<Hz):
Two differentsubtypesare:
a) Singlepulse TMS {0 assess e.gorticospinal excitabilitycf. 1.4.9
b) Pairedpulse TMS {o assesmtra- or intercorticalneuronal pathway<f. 1.4.3
2) Modulating corticospinal excitabilitbeyond theperiod of stimulation by means of
repetitivetranscranial magnetic stimulation (rTM$). many pulsesusudly > 500)
applied at highestimulationfrequencies@1 Hz)
The following paragraph gives an overviewIdflS technigieswith emphasis on the methods

applied inthe present thesis.

1.4.1Stereotaxic frameless neuronavigation

Although exact coil positioning is crucial for correct interpretation of TMS effestcurate
positioning of the TMS coil over the cortical target area represents one of the most
challenging aspects of the experimental procedure (Sparing et al., 2010). Two conventional
strategies have been used beforeith@ductionof stereotaxic frnelessneuronavigation for

TMS: (i) the international 120 electroencephalography (EEG) electrode system and (ii)
standardized function guided procedures (Sparing et al., 2008). The former strategy assumes
consistent correlation between scalp positiortswamderlying brain structures and may lead to
spatial variations of up to 20 mm with some electrode positions showing larger variability
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than others (Herwig et al., 2003). The latter strategy assumes that brain areas are subsequently
located in a certainpsitial relation to a reference poirg.g M1 leading to MEPs when
stimulated) Accuracy of this procedure falbff with increasing distance from the reference

point (Herwig et al.,, 2001). Since the early 1990s, irmggded frameless stereotaxic
neuronaigation systems (SNS) have been used for presurgery evaluation as well as online
navigation during neurosurgeri¢rwig & Schafeldt-Lecuona, 200) Since 1997, SNS is

also available for coil guidance during TMS and three different strategies have been
suggested which makeu s e o f : (i) the subject 6émagnetndi vi d
resonance imagingV[RIl) scanallowing navigation after subje@inage coregistration based

on facialand/orcranial landmarks, (ii) individugiMRI data, and (iii) prodbilistic (group)

fMRI data. Highest precision can be achieved with the latter two strategies in which task
related fMRI signal is used as functional landmark for coil positioning (Sparing et al., 2008;
Figure 1.6). The probabilistic approach might paricularly useful if reliable fMRI
activations cannot be obtained on the sirgglbject level. Nonetheless, a spatial mismatch of

up to 14 mm between the individual position yielding highest MEPs when stimulated with
TMS and the position with highest indivdl fMRI signal has consistently been reported for

the human motor cortexBéstings et al.1998; Boroojerdi et al.1999; Herwig et a).2002;

Krings et al, 1997; Lotze et al2003; Sparing et al2008 Terao et al., 1998 The underlying

cause of thispatial mismatch between fMRI and TMS is unknown and will be matter of

investigation in the present thesis (Study | & I1).

Figure 1.6: Introduction: Stereotaxic frameless
neuronavigation for  transcranial magnetic
stimulation (TMS). The screenshot of the eXimia

software (Nexstim, Helsinki) shows 3D head
reconstruction mod el based
individual highresolution anatomical magnetic
resonance imaging (MRI) secaThe position of the

TMS coi l and the position o
tracked via an infrared camewndich allowsonline

navigation. The anatomical MRI scan oserlaid

with the subject édmagnetodi vi du
resonance imaging (fMRI) data rilg index finger

tapping (red/yellow activation cluster in the motor

hand area)The electric field(EF) is colour coded

(highestEF strength depicted nmed).
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1.4.2Single-pulse TMS

1.4.2.1Motor -evoked potentials (MER) and motor thresholds (MTs)

When nvestigating the human motor system, TMS effeare usually probed by inducing
MEPsmeasured at contralateral peripheral target masnjaneans of EM@ecordings Two
small hand muscles served as target muscles in the primesi$ (i) the first dorsal
interosseous (FDlnuscleinvolved in index finger abduction, and (ii) the abductor pollicis
brevis (APB) muscle involved in thumb abduction. Botmuscles particularly the FDI
muscle have the advantage @lativelylarge representation areas in M1 amd well suitable

for EMG recordings due to their superficatatomicalposition.Motor thresholds (MTs) and
peakto-peak amplitudes of MEP&re measures aorticospinal excitability involving both,
excitation ofcorticalneurongeither directly or trassynaptically) andynaptic mechanisnet

the level of the spinal cor@Hallett, 2007). TheMT is defined as thaninimum TMS
stimulator output intensity needed to generate MEPSs in the target muscle andotdairie
eitherat rest(resting motor threshdl= RMT) or during permanent Ielevel contractiorof

the target muscléactive motor threshold = AMT). The RMT depends on at least three
different independent factors: (i) excitability of corticospinal axons, (ii) excitability of
intracortical synapsesnd (iii) excitability of synapses in the spinal cord. The AMT is usually
lower than the RMT of the same subject sitar@c muscle contraction pi&ctivates synapses

in the spinal cord which lowers their threshold to generate an MEP if a TMS pulse is
simulkaneously applieqHess et al., 1987; Rter et al, 2008). Sincesynapses in thepinal
cordarepre-activated AMT is assumed to depend mostly thie excitability of cortical axons
and intracortical synapseblence AMT is thought to bea mesure of coital rather than

corticospinal excitabilitfTalelli et al., 2006)

1.4.2.1.1 MER and MT s early after stroke

In some stroke patientsinglepulse TMSappliedto the ipsilesional hemisphere fails to elicit
any MEPsin the acute phas@-oltys et al., 2003Manganotti et a] 2002; Trompetto et al.,
2000. According to a systematic review, absence of MiERbe affected limbn the acute
phase is a strong predictor for poor motor recovery (Hendrickk, €t997. In patients in
whom MEPs can be elicitethe RMT of the ipsilesionahemispheras usuallyincreasedi.e.
corticospinal excitability is decreasedpmpared to healthy subjecésd compared to the

contralesional hemisphei#oth in the acute (Manganotti et al., 2002nd subacutephase
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(Cicinelli et al., 1997. Likewise, AMT which has been suggested to be less sensitive to
changes in spinal cord excitability was found to be increased in thacsitd phase (Cicinelli

et al., 2003)ndicatingreduced cortical excitabilityfexcitability increases (€. MEPs increase
and MTs decreaseradually over timeconcomitantto motor recovery (Manganotti et al.,
2002; Thickbroom etlg 2002; Traversa et al., 2000MTs of the contralesional hemisphere
areusuallywithin normal limitsevenin the acutgohase(Foltys et al., 2003; Manganotti &k,
2002; Shimizu et al., 2002

1.4.2.2TMS motor mapping

TMS motor mappings are used to defihe position and extend dhe cortical representation

of a particular peripheral musclBuring this procedure, a focabtire-of-eight TMS coil is
systematically moved (usually 510 nm increments) to scalp positionds a result,a
cortical excitability map is generated based on muscle resparsddEPs) recorded from
thetarget muscl€Figure 1.7) The most importarparametersvhich can bebtained by TMS
motor mappings are (i) the geometric gdre-of-gravity (CoG; i.e.the MEP amplitude
weighted centre of the maphd (ii) the size of the cortical representation (i.e. the number of
excitable scalp positions). €harea of tissue which can be excited by means of TiMS
considerably larger than the actual representatidilinThis might be due to several reasons
including geometry of thécF causing excitation of neurons not only exclusively directly
underneath the TM$oil and excitation of axons running horizontally and terminating onto
distant neurons. The size of the map area is highly dependent on the stimulation intensity
used. By contrasthe CoG is relatively insensitive testimulationintensity and coil shape
(BrasikNeto et al. 1992; Wassermann et al., 1992
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Figure 1.7: Introduction: Example TMS motomap

of a healthy volunteer generated witlartscranial
magretic  stimulatim  (TMS).  Sinde-pulse
suprathreshold TMS (120% resting motor threshold)
pulses were appliecht different scalp positions
spaced at intervals of 5 m(# pulses per position)
Resulting notor-evoked potentials (MEPs) of the
abductor pollicis brevis (APB) muscigere usedo
generatea colour codedexcitability map (purple
lowest MEP red highest MEP and calculatethe
MEP amplitude weighted centre of the map (i.e. the
centreof-gravity; CoG) which is marked with a
white cross

1.4.2.2.1TMS motor mapsearly after stroke

In the acute phase;ortical representationsf paretic hand muscles the ipsilesional
hemisphereare significantly smaller tharcortical representations of homologue muscles in
the contralesionahemisphere (Foltys et al., 2003). The map area iseszaoncomitant with
motor recoveryCicinelli et al., 1997 Traversa et al., 1997However stimulation intensities
were not adjustedn these studigesand therefore, the results might be confounded by
decreases in MWhile patients recoved Analyses a map areavould anywayonly allow
conclusions on a general increase of corticospinal excitability whereas a spatial shift of the
CoG suggests changes in somatotopy of motor cortical projections. In the acutetiphase,
CoGis within the normal range bgpatial shifts may occudater during recovery either the
anteriorposterior or medialateraldirection(Bastings et al., 2002; Thickbroom et al., 2002).
Such gatial shiftsmay range fronseveral millimetresByrnes et al., 2001Thickbroom et

al., 20@) up to few centimetres (Bastings et al., 20@elvaux et al., 2003 which is well
beyond the normal variation range 682nm in healtli subjects (Wassermann et al., 1996)
Motor maps of thecontralesionalhemisphere usuallyemain unchangedBastingset al.,
2002; Liepert et al., 1998).

1.4.3Paired-pulse TMS

Pairedpulse TMS paradigms can luesedto investigateinhibitory and excitatory neuronal

circuits eitherwithin or betweerhemispheresvith high temporal resolution. What all paired

29



General introduction

pulse TMS padigms share is the concept of a conditioning TMS pulse (conditioning
stimulus = CS) preceding a second test TMS pulsé ¢t@nulus = TS)appliedto M1.
Although the CS isusuallyapplied to M1, itmight also bedeliveredto other cortical brain
areas for exampledPMC (Koch et al., 2006 The intensity of the TS is usualbdjustedto
generate MEPs of 0:5.5 mV in the contralateral target muscle. Trials with paired pulses
(CS+TS) and single pulses (TS) are applied in randomized or alternating order avi¢h
session andhhibitory or facilitatory effects are inferred frofMIEP amplitudesresulting from
single compared topairedpulsetrials. Two main protocol types can be distinguished: (i)
both stimuli are applied via the same TMS coil at the saméeiquosir (ii) stimuli are applied

via two different coils at two different positions. The first approach allows investigation of
inhibitory and excitatory neuronal circuitswithin one hemispheravhereas the second
approach allows investigation néuronal gcuits betweerhemispheres, for example between

both primary motor cortices

1.4.3.1 Pairedpulse TMS applied to one hemisphere

Three different types of protocols allow investigationegtitatory and inhibitory neuronal
circuits within one hemispherei) (protocols with two suprathreshold stimuli of similar
intensity separated by long interstimulus intervalsgjI8f 10-200 ms, (ii) protocols with a
subthreshold CS and a suprathreshold TS and shefi%t15 ms, and (iii) protocols with a
suprathresbld CS and a subthreshold TS asaly short ISk of 0.55 ms {Tablel1.2).

Tablel1.2: Introduction:Pairedpulse TMS parantersapplied toone hemisphere

CSs TS ISI PairedpulseTMS parameter First description
intensity | intensity

Supra Supra 1040 | LICF | Long-interval intracortical Claus et al.
threshold | threshold | ms facilitation (1992)

60-200 | LICI | Long-interval intracortical

ms inhibition
Sub Supra 1-5 SICI | Shortinterval intracortical Kujirai et al.
threshotl | threshold | ms inhibition (1993)

10-15 |ICF | Intracortical facilitation

ms
Supra Sub 0.55 | SICF | Shortinterval intracortical Ziemann et al.
threshold | threshold | ms facilitation (1998)
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CS: Conditioning stimulus; ISI: Intestimulus interval.TMS: Transcranial magnetic stimulation; TS:
Test stimulus

1.4.3.1.1 Shorinterval intracortical inhibition (SICI)

SICI refers to the phenomenon that a suprathreshold TS applied to the motordwans a
suppressed by a subthreshold CS applied at the same position 1 to 5 ms befor@-iperg S
1.8). Maximum inhibition is seeif the TS intensity is adjusted to generate MBEP1 mV
andthe CS intensity is around 80% AMT (Talelli et al., 2006)

CS+TS

\ r Motor-evoked potentials:

TS ]

CS+TS v - —

Figure 1.8: Introduction: Pairedpulse transcranial magnetic stimulation (TMS)pplied to one
hemisphere During assessment oShortinterval intracortical inhibition(SICI) a subthreshold
conditioning stimulus (CS; 80% of the active motor threshold) is applied s before a
suprathreshold test stimulus (TS) via the same TMS paditioned over the motor hand area
Stimulation intensity of the TS is adjusted to gate motorevoked potentials (MEPgf 1 mVin the
contralateral target muscle if applied alone. If the @t&cedegshe TS, MEP<f the target muscle
(contralateral to the T3re significantly reduced compared to MEPSs resulting from simgllee trials
(i.e. application of the TS alone)

Compared to other pairgullse m@rameters relatively much is known about the
neurophysiologicamechanisms underlying§ICI. For instance, there is evidence that SICl is a
measure ofintracortical inhibition, i.e. suppresion is likely to occur at the corticédvel

rather than at théevel of the spinal cord. This conclusion was mainly drawn from two
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experiments: (ixortical CS pulsess(ppressingortical TS pulsesuting SICI) have no effect
on Hoffmam reflexes(H-reflexes)generated in spinal cord segments (Kujirai et al., 1993;
Ziemann et al., 1999 and (ii) dectrical recordings of descending volleys produced by
pairedpulse TMS by means of high cervical epidural electrodes implanted in patients for pain
relief denonstrateda significant reduction of later-waves which suggests involvement of
local cortical inhibitory circuits (Di Lazzaro et al., 13)8If a longer ISlis applied ICF
instead of SICIs induced (cf. Tabld.2). Presumably different neuronal cirtaiare involved

in the generation of SICI and ICBince SIClcan be induced with lower CS intensitibsin

ICF (Kujirai et al., 1993; Ziemann et al., 1996@nd SICI and ICF are differentially affected
by neuropharmacological agents. ICF is likedyacton dutaminergic NmethylD-aspartate
(NMDA) receptors since administration of NMDreceptor antagonists decreases ICF
(Schwenkreis eal., 1999; Ziemann et al., 1998 By contrast, SICI is mediated lgpmma
aminobutyric acid A GABA,) receptors since GAB, agonistshave been demonstrated to
enhane SICI (Di Lazzaro et al., 2000lic et al., 2002 Ziemann et al., 199%. SICI is
modulded by muscle contraction, i.BICI is reduced during contraction of the target muscle
(Ridding et al., 1995) and increabsduring contraction of nearby muscles (Stinear & Byblow,
2003). Therefore SICI has been suggestéd play an important role in selecting the most
appropriate muscles for a specifitovement SICI at very short ISI (~ 1 ms) is probably
mediated by a difrent mechanism than SICI at longer ISI5(2ns) since it requires much
lower CS intensities and is insensitive to voluntary contraction (Fisher et al., 2002). It has
been suggested that SICI agry shortISI (~ 1 mg is most likely caused by relative
refractoriness ofcortical neural elements activated by the @&ereas SICI at longer ISI
reflects GABA\-mediated intracortical inhibition (Fisher at al., 2002; Hanajima et al., 2003)
The present thesis focuses 8ICI to assesintrahemispheric inhibitiorbecause(i) it is a
very robust paradign{ii) its neurophysiological mechanisragebetter understood than those
of any other paireghulse TMS panaeter (iii) it is well characterizedh healthy subjectsand

(iv) it is of particular relevance for strok&nce stroke patients may show abnormal SICI

compared to healthy subjects

1.4.3.1.1.1SICI early after stroke

In the first days (Di Lazzaro et al., 2010) and weeks after stroke, SICI on the ipsilesional
hemisphergends to beeduced (Cicinelli el., 203; Liepert et al., 2000; Manganotti et al.,

2002. Although ICF is generallyunchanged (Cicinelli eal., 2003; Liepert et al., 2000
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Manganotti et al., 2002Zhere is a tendency for ICF to occur at $@oISIs (Liepert et al.,
200Q Shimizu et al., 202) and lower CS intensities (Bafisch et al., 2003), which induce
SICI in healthy subjectsThese findings suggest that intracortical excitability of the
ipsilesional hemisphere is shifted towards facilitation. Interestingly, also excitability of the
contalesional hemisphere was found to bengjeal towards facilitation, i.&ICI was reduced

in the first weeks after strekin the majority of studies (Befisch etal., 2003; Liepert et al.,
2000 Manganotti et al., 2002; Shimizu et al., 2002). Hence, sttekions appear to have
differential effects orcorticospinal excitability (MEPS MTs) and intracortical excitability
(SICI, ICF) of the contralesionahemisphere (sinc&1Ts of the contralesional hemisphere

were found to be unchanged in the majority atlgs).

1.4.3.2Paired-pulse TMS applied to both hemispheres

Two different types of protocols allow investigation inhibitory andfacilitatory neuronal
circuits between hemispheres: (i) protocols with two suprathreshold stimuli of similar
intensity sepeated by ISIs of B0 ms, (ii) protocols with a subthreshold CS and a
suprathreshold TS (applied with anterpmsterior (AP) instead of the standard posterior
anterior (PA)induced current in the brain) and an ISI of 8 ms (Taldg

Tablel1.3: Introdudion: Pairedpulse TMS paranters assessed over both hemispheres

CS TS ISI Pairedpulse TMS parameter First description

intensity  intensity
Supra Supra 7-50 IHI Interhemispheric inhibition ~ Ferbert et al.
thredqrold  threshold ms (1992)
Sub Supra 8ms IHF Interhemispheric facilitation Baumer et al.
threshold threshold (2006)

(AP

induced

current)

AP: Anteriorposterior; CS: Conditioning stimulus;Sl: Interstimulus interval; TMS: Transcranial
magnetic stimulation; TS: Test stimulus
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1.4.3.2.1 Interhemispheric inhibition (IHI)

IHI refers to the phenomenon that a suprathreshold TS (yielding MEPs-af @6 when
applied alone) applied to the motornidaarea is suppressed by a suprathreshold CSL(0.5
mV) applied to the homologue motor hand area of the catdgral hemisphere resulting in a
decrease of th®EP recorded from d@argetmuscle contralateral to the TS and ipsilateral to
the CS(Figurel.9).

TS CS

\ r Motor-evoked potentials:

TH == e
||J/"
CEFTE pp—fe—— =

Figure 1.9: Introduction: Pairedpulse transcranial magnetic stimulation (TMS) applied to both
hemispheresDuring assessment of interhemispheric inhibitittl)(a suprathreshold conditioning
stimulus (CS) is applied to the motor hand aré#® s before a suprathreshold test stimulus (TS) is
applied to the homologue motor hand area of the contralateral hemisphere. Stimulation intensities of
both CS and TS aradjusted to generate motevoked potentials (MEPS) of 1 mV in contralateral
target muscle if applied alone. If the @&cedeshe TS, MEPs of the target muscle (contralateral to

the TS and ipsilateral to the CS) are significantly reduced compared ts ME®ting from single

pulse trials (i.e. application of the TS alone).

Although the exact mechanisms underlying IHI are still under investigation, involvement of
transcallosal glutamatergic patays linking with CST neurons througlhinhibitory GABA-
ergicinterneurondhas been suggest€Reis et al., 2008 IHI can be induced in relaxeshd
voluntary contractedhand muscles (Chen et al., 2003; Ferbert et al., 1992). The higher the

intensity of the CS, the more pronounced is IHI. By contrast, high TS angsdit(~ 2mV)
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decrease IHI compared to standard amplitudes of 0.5 to 1mV. Hgherlation intensities

are needed to generatdl compared tosinglepulse MEPs from the same hemisphere,
suggesting involvement of different neuronal populations. UnderitectastraintsIHF
could be demonstrated in the healthy brain at rest. However, ICF is considerably less robust
than IHI (Ferbert et al1992; Hanajima et al., 2001; 8aer et al., 2006and occurs only at

an ISI of 8 ms when the TS is applied with APt@&asl of standard PA induced current in the
brain IHI is thought to consist of two phases: an early phase with ISIsl6friis and a later
phase with intervals > 15 ms (Talelli et al., 200B)e early but not the late phase of IHI is
influenced by voluntey muscle contractionAlready the original work by Ferbert et al.
(1992) who first describedlHI, demonstrated that IHI was increasédhe target muscle
contralateral to the C&nd ipsilateral to the T®as tonicallycontractedcompared to IHI at
rest. This findingindicatesthatvoluntaryactivation ofM1 leads taincreasd inhibition of the
contralateraM1. In line with these suggestions, contraction of the hand contralateral to the
TS and ipsilateral to the CS has been demonstrated to rédu¢€hen et al., 2008 The
present thesis focuses on Iftheasured at restd assesmterhemispheric inhibitiolecause

it is (i) a very robust paradigm(ii) well characterized in healthy subjects, &id) of
particular relevance for stroke since strokéiggas may show abnormal IHlompared to

healthy subjects.

1.4.3.2.11IHI (measured at rest)early after stroke

In the subacute stagéHl from the contralesional onto the ipsilesional hemisphere: (CS
contralesional hemispher€S: ipsilesional hemisphe) is unchanged (Befisch et al., 2008).

In contrast,IHI from the ipsilesional onto the contralesional hemispH&g: ipsilesional
hemisphereTS: contralesional hemispheréps been shown to lsgnificantly reducedn
stroke patients in the subacutage (Butefisch et al., 2008)IHI targeting the contralesional
hemisphere was fourtd be decreaseiddependent ofhe lesion site (i.ecorticatsubcortical

or purely subcortical)n the study of Btefischet al. (2008) However,two studies suggest
that IHI targeting the contralesional hemisphenght be unchanged the lesion is purely
subcortical and below the centrum semiovale containing transcallosal(Bmem®jerdi et al.,
1996; Shimizu et al., 2002). Hence, IHI targeting the contralesionaspkere might benly

reducedf transcallosal fibre are injured
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1.4.4Repetitive transcranial magnetic stimulation (rTMS)

Repetitive transcranial magnetic stimulation (rTMS) can be used to modulate corticospinal
excitability beyondthe stimulation perid. Stimulation intensities used for rTMS ausually
defined as a percentagé the individualMT and aresulthresholdin the majority of studies
(Hoogendam et al., 2010)

1.4.4.1 rTMS protocols

During rTMS, stimuli arerepetitively applied in a speciftemporal patternConventionalso
called simple rTMSprotocolsare characterized bynany (usually > 500) stimukppliedat
constantlSls. By contrast,patterned rTMS protocolsre characterized by varyinkgls.
Effects of simple rTMS protocolare bidiectional depending on the frequency aigpl: low
frequency rTMS rost frequentlyused 1 Hz) produces inhibitiorwhereas higHrequency
rTMS (O3 Hz, most frequentlysed 5 Hz) produce facilitation of cortical excitability (Chen
et al., 1997; Houdayer et al., 2008ascualeone et al.,, 1994)Numerous studies
demonstrated effects afmplerTMS protocolson motor cortex excitabilitythat ison MEP
size(Hoogendam et al., 20},ut durationsof aftereffectsare highly variable across studies
andrarely last longer tha80 min despite ofrelatively long stimulation periods (~ 126
min). Thet-burst stimulation (TBS) is aatterned rTMS protmol resembling the naturally
occurring firing pattern of neurons in the hippocamfes 5 Hz = theta rhythm; Albensi et
al., 2007; Larson et al., 198dt was developedollowing the example othe thetaburst
protocol used to inducphenomena of syndpt plasticity such as lontgrm potentiation
(LTP) and longterm depression (LTDin animal studiedy means of repetitive electrical
stimulation(Hess et al., 1996; Huemmeke et al., 2002; Larson & Lynch, 1986; Vickeky et a
1997. Huang et al. (2005) we the first who used rTMS with a thdtarst stimulation
pattern to modulate motor cortexcitability norinvasively in humans. The bhaslement of
TBS patterns aréursts(3 pulses given at 50 Blzwhich areapplied at 5 Hz. Huang et al.
(2005) demonstated that40 s of continuous TBS (cTBSignificantly suppressed motor
cortex excitability for nearly 60 min, wheresdermittent TBiTBS), in which a2s-train of
stimulation (10 bursts)s followed by 8 s pausesignificantly increased motor cortex

excitability for about 15 mir{Figurel.10).
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Figure 1.10: Introduction: Repetitive transcranial magnetstimulationprotocols Severalrepetitive
transcranial magnetic stimulationTMS) protocols are available to modulate cortical excitability
beyond theperiod of stimulationSimple rTMS protocolare characterized by constant irgémulus
intervals (ISIs). Lowfrequency rTMS (most frequentlysed 1 Hz) induces inhibition, whereas high
frequency r TMSeqgeflyuS8ed FHz) inducessfacilatibrr. Modernpatterned rTMS
protocols are characterized by varying ISIs. The basic elemehtthetaburst stimulation (TBS)
patternsare burstsi(e. 3 pulses given at 50 Hr anlSI of 20 msrespectively. Bursts are repeated at

5 Hz (i.e. with an ISI of 200 ms). Continuous TBS (cTBS) for 40 s induces inhibition, whereas
intermittent TBS (iTBS), in which 2 s of stimulation are followed by 8 s pausluces facilitation.
Overall600 pulses are usually applied during both cTBS and iTBS.

iTBS has facilitatory and cTBS inhibitoryeffects on cortical excitabilityalthough both
protocols contairequivalentnumber of pulsesnamely 600 pulses in totalo explainthis
finding, Huang et al. (2005) suggestadheoretical modelhich is based on the following
assumptions(i) TBS induces botHacilitatory and inhibtory effectssimultaneouslyin the
human brain(ii) inhibitory effects buildup slowerthan facilitatory effects and (iii) inhibitory
effectsdominate ovefacilitatory effectsvhen both have reachedturationAccording to this
model, short trains ofstimulation (as during iTBS) would favour facilitatory effectsvhich

built up fasterthan iribitory effects However duringlongerstimulation periodsagsduring
cTBS)inhibitory effects buidl up and dominatever facilitatory effect®on the long run since
facilitatory effectssaturate at lower level$However, this is still a hypothetical madén
alternative would be that iTBS and cTBS act on different neuronal circuits. This hypothesis is
supported by findings of differential effects on corticospinal activity probed by recordings
from patients with electrodes implanted in the epidural spattee spinal cord (Di Lazzaro et

al., 2005, 200B8). Huang et al., (2005) did not only probe motor cortex excitability by means
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of MEP sizes buadditionallydemonstrate that TBS may have significant impact on motor
performance Interestingly, behavioural TBS effecé were not restricted to the hand
contralateral to thetimulatedhemisphere buivere also found in the hand ipsilatertd the
stimulated hemispher&eaction times of the contralateral hand were prolonged 10 min after
cTBS, whereas reactiomies of the ipsilateral hand were significarglyorter30 min after
cTBS. TBS has several advantages ogenple rTMS protocol]samong themow stimulation
intensities(reducng the risk to induce seizures; Bezard et al., 19@#just and longasting
effects which aremore consistentacross studiefHoogendam et al., 2010and short

stimulation duratiorof only 1-3 min.

1.4.4.2 The neurophysiological basis of rTM$ffects

The neurophysiological mechanisms underlying rTMS effectsrem@mpletelyundersood

but there are esveral lines of evidence suppadg the hypothesis that rTMS aa® the level

of individual synapseby mechanismsuch as LTP and LTD. For instance, there are various
characteristicof rTMS induced effects which follow key featureg synaptic plasticity(i)
effects outlast the period of stimulation (i) direction and duration of effects depend on
temporal pattesof the stimuliapplied (iii) induced changes depend plysiologic activity
andthe history of activationand (iv) effectsinteract withskill learning(Hoogendam et al.,
2010). Apart from these indirect lines of evidence based on observed similarities,
pharmacological and geneticstudies suggest more directlink between rTMS effects and
synaptic plasticity such asTP andLTD. For instance, AydifAbidin and colleagues (2008)
demonstratedha iTBS increaseghe expression of #268 in the rat brain Zif268 is a
mammalian transcription factowhich is essential for the induction and persistence of LTP
(Jones et al2007). There is also some evidence that MDA receptorwhich plays a key

role in synaptic plasticity (Cé® & Bliss, 2006), is involved in rTMS mediated effedisice

the NMDA receptor antagonist memantislecksboth, thefacilitatory effectof iTBS and the
inhibitory effect of cTBS in humans (Huang et al., 200H)wever, although several lines of
evidence suggest that rTMS effects are mediated by synaptic plastiditgct proof for the
involvement ofLTP and LTD inrTMS effectiveness has not yleéendemonstrated
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1.4.4.3Therapeutic potential of rTMS

General introduction

SincerTMS induces londasting changes in cortical excitability activity, it hasherapeutic

potential for treatment of various neurological and psychiatric diseasesvhich the

pathomechanis is related to either decreased or increasetical excitability. Examplesfor

diseases in which inhibitory rTMS is used to suppress abnormal hyperexcitability are

epilepsy, hyperkinetic movement disorders, chronic,gainitus, anchallucinationsvhereas

facilitatory rTMS is used to enhance abnormally low excitability in depression and

hypokinetic movement disorde(Karim et al., 200Y. The therapeutic potential of rTMS for

treatment of stroke induced motor deficits seems to be particularly higtll(®aRothwell,

2006; Ziemann, 2005)n most cases,TMS causs no pain ands well tolerated. Although

there isaresidual risk to cause seizures with rTMS, this is considered low if sglietglines

are met Oberman et al., 201Wassermannl998).

1.4.4.4The model of hemisphericcompetition

Although the pathomeeamism underlying strokeinduced motor deficits isncompletely

understoodsome studies suggedisturbedhemispheric balancehich led to the suggestion

of a simplifiedmodel ofhemispheig competition(Figure 1.11)

A B

A

ipsilesional

e

e

hemisphere \r hemisphere

contralesional

affected
(paretic)
hand

Figure 1.11: Introduction: The model ofhemispheric competitionA: There is balanced reciprocal
interhemispheriénhibition (IHI) betweenboth primary motor cortices via transcallosal fibre tracts in
the healthy human brain at rest. IB: healthy subjects, reciprocal IHI is modulated by the state of

activation. Duringpuni | at er al

hand

movement s,

t he ateraltot i veo

handmovementsxerts increasetHl onto the M1 ipsilateral to hanchovementsC: Modulation of
IHI is abnormal in stroke patient®uring movements of the paretic hand, the contralesional
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hemisphere (ipsilateral to paretic hand movements) exeatisologically increased IHI onto the
factived ipsilesional M1 (contralateral to paret

In line with themodel of hemispheric competitiotwo rTMS intervention strategies have
been demonstrated to yield significant transient improvésne@nmotor performance of the
affected hand in stroke patients: (fcreasing cortical excitability of the ipsilesional
hemisphere by means of hiffequencysimplerTMS protocols(Khedr et al., 2005; Kim et
al.,, 20069 and (ii) decreasing cortical exchdity of the contralesional hemisphere by means
of low-frequencysimplerTMS protocols(Fregni et al., 2006; Mansur et al., 2005; Takeuchi
et al, 2005. Both stimulation strategieseem to be equally effective anidduce
improvements of approximately D% Effects of a single rTMS session rarely last longer
than 3-60 min (Hoogendam et al., 201@vhereas féects of multiple sessions have been
demonstrated tast for hours and up 2 weeks (Fregni et al., 2006 his impliesthat non
invasive brain stulationtechniquesould in future be used fromoteneural plasticity and

to improve clinical outcomef stroke patienten combination withphysical trainingcurrently
used in neurorehabilitation. Whether effects are sufficiently robust in clinitthgseis
currently under intensive investigation as are questions regarding the optimal stimulation site
and protocal The most important problem that needs to be solved isahsiderably high
inter-individual variability in rTMS mediated effectsvhich is seenin healthy subjects
(Daskalakis et al., 2006/an Der Werf & Paus, 2006; Mar-Dahlhaus et al., 200&s well

as stroke patients (Ameli et al., 2009)he latter study by Ameli and colleagues (2009)
demonstratedhat some stroke patientamay evenshow transientdeterioratios of motor
performance after rTMSdence, for the implementation of rTMS in stroke therapy it seems
essential to identify reliable predictors for the therapeutic success sgecific rTMS
intervention Factors which are likelyo impact on rTMS induced effects a(@ time since
stroke (ii) lesion location, andiii) underlying pathology Study Il of the present thesis
focusses on identification of reliabl@euroimagingpredictors for behavioural response to
facilitatory andinhibitory TBS in chronic stroke patients.
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1.5 Functional magnetic resonance imaging (fMR)

1.5.1Fundamentals of magnetic resonance imagingMIRI ) physics

MRI is based on the absorption and emission of radio waves by tissue placed in magnetic
fields andwas independently developed by different authors in 1973 (Lauterbur 1973;
Mansfield & Grannd| 1973). MRI pictures tissue by hydrogen atoms which have a single
proton as atomic nucleus and a single electron as atomic shell. Like all elementary particles
the proton hag basicpor oper t y c a it totatds aling fisiowrdaxi@Veishaupt et

al., 2006).Since the proton is positively charged, it also has a magnetic moment (B). In other
words protons act as small magnets. They are therefdheenced by magnetic fields and
electromagnetic waves and induce voltage in the receiviagnetic resonancMR) coil if
therotation axisof their spinmoves. If human tissue is brought into the high magnetic field of
the MR scanner (8, spins realignwith Bo. Spins show a weak preference fgarallel
compared to antiparallel realignment wBl and hence there is a measureable longitudinal
magnetization M (Weishaupt et al., 2006 Now radio frequency (RF), alscalled high
frequency (HF) pulsesan be usedo deflect spingnto the transversal plane (transversal
magnetization N}). After this excitation, the spins start to realign again withaBd this
induces an electrical voltage in the receiving coil of Mi® scanner.This process requires
both longitudhal relaxation and transverse relaxation, whente independent processes
running in parallel The longitudinal relaxation tim&1 (0.55 s)is the time needed fdull
longitudinal relaxation, i.ethe transformation of i back to M. Tl-weighted imagesire
frequently usd for highresolution anatomicaimages (Weishaupt et al., 2006)The
transverseaelaxation timer2 (100-300ms)is the time needed until transversal magnetization
hasdisappearedecausespins stadd to rotate with differentwelocities (also referred to as
dephasinyy Dephashg occurs due to spispin interactions T2) as well as field
inhomogenities T2*; Weishaupt et al., 2006)5enerally speaking, small changes in field

inhomogenities are utilized to measure changes in neural attwityeans of fMRI.

1.5.2 MRI signal types

fMRI measurs neural activity indirectly bymagingvascular signaldriven by neurovascular
coupling Two different types of neurovascular fMRI signals carasessedoninvasively:

(i) the bloodoxygenation lgel dependent (BOLD) effect and (ii) cerebral blood flow (CBF).
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Both fMRI signal types were used in the present thesis and will be introduced in the following

sections.

1.52.1The blood oxygenation level dependen(BOLD) effect

It was discovered i1935that oxyhaemoglobin is diamagnetic wheregoxyhaemoglobin is
paramagnetisince the ion atom is not shielded by oxyggoms(Pauling, 1935) Hence
deoxyhaemoglobin causes lbdi@ld inhomogenities whicliormed the basis fdiMRI based

on T2*. The BOLD effect measures neuronal activity indirectly by measuring changes in
blood oxygenation but also relies on changes B @ndcerebralblood volume CBV) and

hence isa rather heterogeneous signal and not a pure measure of one paréngetemporal

time course of the BOLBignalis described by the haemodynamic response function (HRF)
which has been validated experimentally for many human brain regions and can be
subdividedinto three stagegFigure 1.12) Due to increased metabolic demands of firing
neuwons, deoxyhaemoglobin initially increases slightyhi ch causes the fini
HRF. Following this initial decrease, vasodilatation occurs after a short period pfiimoa

results inlocal increases IlCBF, CBV and an oversupply of oxyhaemogin relative to
deoxyhaemoglobin. Since oxyhaemoglobin is diamagnetic, the relative increase of
oxyhaemoglobin is associated with an increase in MR signal. Finally, the blood oxygenation
level returns to normal and the BOLD signal dec#yslevels slighty below baseline
(undershoot)before returning toits initial baselinelevel (Heeger & Ress, 2002 This
neurovascular response rsgionally variable andhas been demonstrated to relate decal

field potentials (which result from various synaptic andutel mechanisms) with a delaf

3-6 s (Logothetis et al., 2001 BOLD is the by far most widelysed fMRI technique and
offers high sensitivitythe BOLD responsgypically consiss of a 0.55% increase in regional
image intensityvhich increasesurtherwith higher magnetic field strengtif the MR scanner
(Detre & Wang, 2002 While BOLD fMRI has become a widely accepted brain mapping
tool, it is subject to thefact that activation signals come from larger vesselgher
downstream from the actual sité neuronal activity.The underlying causes local field
inhomogenity aroundarge draining veinsAnd hencespatial specificity of BOLDIMRI
signalis low compared tadCBF techniquegDuong et al.2000; Luh et a).2000; Silva et a.

1997; Tjandra etlg 2005).
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Figure 1.12:Introduction: The haenodynamic response functiomhe haemodynamic response
function HRF) has been validated experimentally aghelscribes the temporal time course of th
BOLD (blood oxygenation level dependent)agnetic resonance imagindgMRI) signal (T2
transverse relaxation time)

1.5.2.1.1 BOLD fMRI sequences

There are numeus different MR pulse sequences available among which Gradiehb
(GRE) and SpirEcho (SE) are the most important pulse sequences for measuring the BOLD
effect. GRE uses a single shsensitive RF excitation pulse (deflecting spins by usually 90° =
flip angle). Due to static field inhomogees spins are dephasing, isame spins run faster
than others. In SE, the 90° excitation pulse is therefore followed by a 180° pulse after half
echo time (TE). This additional pulse reverses all spins. Now ai$ $i@ive to travel the same
distance to reach their original position which they had already toeeslled Fast moving

spins that had alreadsavelledlong distances now have ti@avellong distances to reach their
original position whereas slowly movirgpins that hadravelled only short distances have to
travel only short distances to reach their original position. Since the field inhomogenities that
caused differences in travel velocities are still present, all spins are agalvase after
another Rhlf TE. This difference makes SE pulse sequences less sensitive to field
inhomogenitiesaround large draining veirthan GRE pulse sequencasd consequently SE
signal has been demonstrated to hawgher spatial specificitcompared toGRE signal
(Goense Logothetis, 2006; Harel et aR006)
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1.5.2.2Perfusion fMRI measuring cerebral blood flow (CBF)

An alternativeto fMRI techniquesassessinghe BOLD effect areperfusion fMRItechniques
which are a nearly pure measure ddcal increasesin CBF. Perfision fMRI has been
demonstrated to shoexcellentco-localization withneuronal activityat the expense of lower
sensitivity (~ 1% change in regional image intensity; Wintermark et al., 2@BJ can be
assessed by means arterial spin &belling (ASL) pulse sequences in whidrterial blood
water ismagneticallylabelled(most frequently by inversioof longitudinal magnetizatiorin
an imaging slice proximal to the tissue of interdgtis labelling procedure is nanvasive
and isachieved by meandF pulses.Control imagewithout blood labelling are additionally
acquiredto yield images withidentical tissue signabut without the signalarising from
inflowing blood Signal from inflowing bloodcan be inferred fronpair-wise subtractionof
images acqued withand withoutbloodtagging Labelled arterial spinowing into the brain
tissue elicit local signal changes (either an increase or decrease depending on the specific
techniqueapplied, which are proportional t€BF (i.e. magnetically labelledltod acts as

internal diffusible traceduring perfusion MRL

1.5.2.21 CBF fMRI sequences

Numerous different ASL techniques are availabMhich can be broadly divided into
continuous ASL (CASL) and pulsed ASL (PASL).CASL inversionof blood magnetiation

is achievedby a continuousRF pulse (lasting a few secondsdeliveredat the level of the
internal carotid artery (Williams et al., 1992)whereas in PASL inversiorof blood
magnetizations performed in tissue located next to the slioésnterestusing a shorRF
pulse(lasting only a few millisecondsPASL has several advantages over CASL and is the
most frequently used technique (Monet et 2009). Numerous different PASL techniques
have been developed toinimize artefactssuch as magnetizati transfer effects (transfer of
longitudinal magnetization betwednee hydrogen atoms ankydrogen atoms bound to
macromolecules)by optimising blood water labelhg and control image acagition
techniqueslin the PICORE (Proximal Inversion with a Casitfor Off-Resonance Effects)
methodtheinversionpulse which is used for blood labelling selectivédy appliedto a region
beneath the slices of intereBt.the control condition, a neselectiveinversion pulsever the
entire brainis utilized which generates the same magnetization transfer effect imdgeng
slice as during the tag conditioHence, magnetization transfer effects cancel each other out

when tagged and control images are subtraétdditionally, saturation pulsesan be applied
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on both tagged and control imagesbetter define the tail of the inverted blood boidsch is
achieved by th&UIPSSII (Quantitative Imagingf Perfusion using a Single Swdction
Wong et al.,1998 saturation module for PASLNumerouspulse sequencesave been
developedbased omQUIPSS Il In the presenthesiswe used PICORE2TIPS that isthe
PICORElIlabelling schemavith Q2TIPS(QUIPSSII with thin-slice TI1 periodic saturation
which is a modified version of QUIPSS Il eliminating residual erroesnaining due to
incomplete saturation o$pins and minimizing the spatial mismatch of saturation and

inversionslice profiles(Luh et al, 1999)

1.5.3 fMRI data analysis

fMRI data analysis usually comprises two main steps, i.e. data preprocesssgpsadent
statistical analysistMRI data consist otime series of 3D volumes, whaseone volume
refers to one image of the brain at a given time pddite volume consists of several
subsequengl acquired brain sliceand each sliceonsistsof rows ofvoxels Most frequently
applied steps in fMRI data preprocessing aresgatialrealignment(of volumesto a mean
image by translation and rotation along the threpatial axes to correct for spatial
displacements induced by head movements during scanriipgslice timing correction
(interpolation of intensity at a specific time point to correctdifferent acquisition time of
slices), (iii) anatomical ceegistration ¢patial alignmentof echeplanar imaging EPI)
volumes with higkresolution anatonsal T1-weighted images), (Jvspatial normalization
(changingorientationand shape oEPI volumego match astandard brain template allowing
voxelwise comparison between subjeatsgroupanalyss), and (v) spatial smoothingtd
increase statistical pawvand correct for residual intendividual differences $mith, 2001;
Wohlschlaer et al., 2007)-or statistical analysis of fMRI datan anivariate General Linear
Model (GLM) is used which models the variation of fMRI signal in each vageh linear
combination of weighted regressors (i.e. experimental conditions) and an error term (Kiebel &
Holmes, 2007)Regressors consist ainsetsof experimental conditionsonvolved with the
HRF to account for the temporal delay of the haemodynamic responsesstaegreeights
are parameters that are separately estimated for each voxedxpadmentalcondition.
Statistical analyses on estimated parameters are performed ba$edmohR-contrasts. The
result is a statistical map showing significantly activatedelsxgiven a certain linear

combination of regressors.

45



General introduction

1.6 Dynamic causal modelling (DCM)

Dynamic causal modellinggDCM) was introduced in 2003 toinvestigate effective
connectivity by means offMRI (Friston et al., 2003)DCM is a system theory oriented
approach (Stedmn, 2004). Elementsf the modelled systemorrespond to different brain
areas The direct effect of experimental conditiongn activity in brain areas andausal
interactions between areas (modulated by experimental conditions) are gweestgthn the
framework of abilinear model. Dynamic changes within the systemgawen bymeasured
fMRI dataandthethereof estimatedarametesd  antemretedas effective connectivity, i.e.
asthe causal influence that activity in oageaexertson activity in anothearea(Friston et
al., 2003) DCM is a simplified model for interregional couplingn interacting brain regions
of which eachs descriie d by a @ n edlectmgclhahgessirt neuromad act{vity over
time). A particular advantageof DCM over other techniqueswhich are available to
investigateeffective connectivity (such astructual equation modelling (SEM), Bhel &
Friston, 1997; psychophysiological interactions (PHHjiston et al., 1997, and Granger
causality, Roebroeck et al., 20p& that effective connectivitis estimatedn the neuronal
level. Neuronal states arétranslated into BOLD signal by means o haemodynamic
forward model(Friston et al., 2003). Within the same combined mauelronal interactions
between areas as well as parameters of neurovascular cowpliegch brain areaare
estimatedwithin experimentally validated physiological raspéo fit the measured data as
well as possibleAlthough neuronal state vectors do not have a direct neurophysiological
correlate they follow concepts of local field potentials and neuronagjfrates(Eickhoff &
Grefkes, 2011)Neuronal dynamics within theystem are approximated by the following
bilinear differential neuronal state equation which wasposedbased on a general state
eguationfor nonautonomousdeterministic systems (nesutonomoussystems are systems
which exchange energy or matter withittenvironment deterministicindicatesthat external
inputschange neural activity within the systenf:riston et &, 2003; Stephan et al., 2007

dz . j
d—:Az+a u;B z+Cu
t .

]

where dz/dt is the change in neuronal activity in one aveatime,z is the neuronal state, u

is the experimental input, and j refers to the jth input. A, B, and C are matrices of unknown
coupling parametersi, reflecting effective connectivity between areas. The parameter
matrices describe different componeotseffective connectivity. Th®©CM-A matrix refers

to endogenousonnectivity that describes network interactions independent of experimental
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conditions Experimental conditions can impact on the system in two waiker by
modulating coupling strengttbetween areas (which is referred to as -thgpendent
connectivitydescribed bythe DCM-B matrix) or byincreasing activity in one or more areas
directty whi ch i s r ef err e @andtsaesailsed Ify dieGMvG nmaigix (florn put s 0
examplevisual stmulus presentation increases activityearly visual cortex)Please note that
endogenousonnectivity may not be mistaken as baseline connectivity. It rather reflects the
taskindependent component of effective connectivity across the entire time aifutise
experiment onto which taskodulated changes may adtlring presence of a&ertain
experimental condition (as can be inferred from tieronal state equatipnCoupling
parameters are expressed in the unit H@nfiuence per time)Positive couplg parameter
indicate that activity in the source region increases activity in the target region and can be
interpreted as facilitatiorBy contrastnegative coupling parametergdicate that activity in

the source region decreases activity in the targgion which can be interpreted as inhibition
(Friston et &, 2003; Stephan et al., 201®lease note thabupling parameter@so implicitly
capture the influence of possible relay regions such as e.g. the basal gangliceceltbéum

and do not neessarily reflect direct axonal projections between a®iase taskdependent
modulations do not necessarily impact onesdtlogenousonnectionsdifferent connectivity
models reflecting biologically plausible hypotheses on interregional coupling asdlyus
tested against each other in a Bayesian model selection (BMS) proeddahedeterming

the most likely model given the measured datsis model is characterized by providing the
best tradeoff betweenaccuracy (in explaining the data) acwimplexty (in terms of network

architecturePenny et al., 2004
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2 Objectives and $ructure of the thesis

2.1 Summary of the medical problem

As outlined in section 1 (General introductionjroke is the most common cause for
permanent disability in adultdegite physical and occupational thergi§olominsky-Rabas
et al., 200%. Hence there is great need foew therapeutic strategissipplementinghysical
therapyin stroke rehabilitationinterestingly, ysicaltraining is associated with aimcrease
in cortical excitability Adkins et al., 2006; Butefisch et al., 2000; Perez et al., 2004;
Rosenkranz et al. 20pMHowever, a increasen cortical excitability can also be induced by
repetitive transcranial magnetic stimulation (rTM&hd particularly thetaburst stimulation
(TBS; Huang et al., 2005 ConsequentlyTBS is regardedo have high therapeutic potential
for treatment of strokenduced motor deficité appliedalone(Di Lazzaro et al., 2008a, 2010;
Talelli et al., 2007) or in combination with phyal therapy(Ackerley et al., 2010)

In line with the secalled model of hemisphericompetition increasing excitability of the
ipsilesional hemispher@Khedr et al., 2005; Kim et al., 200®alelli et al., 2007) as well as
decreasing excitability of &hcontralesional hemisphe¢Eregni et al., 2006; Mansur et al.,
2005; Takeuchi et al., 20p5has been shown timprove motor performance fahe stroke
affectedhand The underlying mechanism for the latter stimulation stra@ggyearsto be
reducedinterthemispheric inhibition from the contralesiorr@misphereonto the ipsilesional
hemisphereafter inhibitory rTMS applied to the contralesional hemisph{&@eefkes et al.,
2010) However,there isconsiderably high variability in rTMS effects both, acroagles
(Hoogendam et al., 201@nd across individual patieatfAmeli et al., 2009)which puts in
guestionwhether rTMS effects are sufficiently robust to be useful in clinical settihgsce
the major goal of tle presentthesiswasto developnovel strategiesto reduce wriability in
rTMS inducedeffectsin stroke patientsvith motor deficits For this purpose, overall three
studies combining (repetitive) TMS with stateof-the-art neuroimagingtechniquegsuch as
ASL and DCM) were designedb (i) redice varianceof rTMS effectsacross studies and (ii)

reduce variancef rTMS effectsacross patients.
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2.2Study | & Il : Reducing variance across studies

Sources of variance across studiesliedy to be methodological in origin. They might result
from differercesin rTMS protocolsand different strategies to identify the cortical MB
target position. lis becoming increasingly apparent tlediftects are more consistent across
studieswhenTBS is used instead cfimple rTMS protocolandthat more and merstudies

will use TBSin the future(Hoogendam et al., 2010)herefore the present thesfecusss on

the problem of identifying the most suitable cortical rTMS target position.

Studies which aim to improve motor function after stroke predominantiythesgrimary
motor cortex BA4) as target areddowever, numerous different strategies exist to identify
BA4 (Sparing et al., 2008). Compared to other techniguesyidual fMRI data yield best
approximations of the most excitable TMS position (Sparingl.et2008) Neverthelessa
considerably large spatial mismatch between the cortical position showing highest mevement
related fMRI signal and the cortical position yielding highestiscle responsewhen
stimulated with TMS(of up to 14 mn hasfrequentlybeen reportedBastings et al., 1998;
Boroojerdi et al., 1999; Herwig et al., 2002; Krings et al., 1997; Lotze et al., 2003; Sparing et
al., 2008; Terao et al., 1998).

The cause for this spatial mismaistonly poorly understooddence the firststudy Study )
wasdesignedo increase knowledgef theunderlyingcause for the spatial mismatch between
fMRI and TMS.We tested the hypothesis thagh sensitivity of thewvidely-used Gradient
Echoblood oxygenation level dependent (GBBLD) fMRI techniquefor large draining
veinsis responsibldgor low spatial congruencbetween fMRI and TMSFor this purpose,
positions obtained byhe i st a n d aBALD tehRiduewere compared to positions
obtained by twalternative fMRI techniques, which have been suggktoyield activations
closer to the actual site of neuronal activite. SpinrEcho SEBOLD) and arterial spin
labelling ASL-CBF). TMS motor mapping were performed to identify the optimal TMS
positionandEuclidean distances betwe#me individual @timal TMS positiorandindividual
GREBOLD, SEBOLD, and ASL-CBF positionswere comparedOur hypothesis was that
SEBOLD and ASL-CBF maylocalize neural activity significantly closéo both BA4 and

the optimal TMS positioiisinceit is assumed that th@osition with highest TMS excitability
corresponds to the position with highest density of motoneurons in BA4 (Talelli et al., 2006)
Hence SEBOLD and ASL-CBF couldin futurebe used to achieve more reliable estimates of

the most excitable TMS positionnd lead to more consistant results across stuBiesly |
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was performed in healthy young subjects aedults were recently accepted for publication
(Diekhoff et al., 2011).

Identificationof the cortical target position for TM&ppearparticularly chdengingin stroke
patientsbecauseeomanization processes may shiighest movementelated fMRI signal
and most excitableTMS positionsin unknownextend and directioBastings et al., 2002;
Rossini et al., 1998Fhickbroom et al., 2002Whether suclshifts increase or decrease spatial
congruence between fMRI and TMS is unknoavid was matter of investigation in Study Il
Results could also be different from healthy subjects becausiee spatientsmay show
vagular d&normalities (such as stenoseshd it is unknown differentiallyimpact on
conventional BOLDand perfusion MRI techniques (i.e. ASICBF). Therefore similar
measurements as in Study | wegperformedin chronic stroke patients in Study b t
investigate whether findings obtained from healjloung subjectsdo also apply tcstroke
patientsdespite spatial shifimduced by functionaleorganiation and vascular abnormalities.
fMRI and TMS positions were obtained froboth hemispheres (to investigate differences
between the ipsilesional andetltontralesional hemispheire stroke patiengsand resultf

stroke patientsvere compared to results of a grafpagematched healthy contrslbjects.

2.3Study Ill: Reducing variance across patients

Variance inrTMS effectiveness across patiemgdikely to result frompatient characteristics
such adesionlocation time since stroke, severity of deficnd underlying pathomechanism
causing motor hand deficits. Tmeodel of hemispheric competitias certainly useful as a
model but is unlikelyd apply uniformlyto all stroke patientslt seems more likelyhat
different stroke lesion&ffecting different neuronal substratggpducedifferent subtypes of
pathanechanismsHence, different patients may benefit from different rTMS intervention
strategies. For exampl@atients withreduced effectiveeonnectivitywithin the ipsilesional
hemispherdGrefkes et al., 2008 Grefkes & Fink, 2011Mintzopoulos et al., 200%harma

et al., 2009 might benefit fromfacilitation of theipsilesionalhemisphee whereas patients
with pathologicdly increasednhibition from the contralesional M1 onto the ipsilesional M1
(Grefkes et al., 2008 201Q Duque et al., 20Q05Murase et al. 2004jnight benefit from
inhibition of the contralesionalhemisphereThe aim & Study Il was to identify reliable
predictors forbehaviouraleffects of facilitatory iTBS applied tothe ipsilesional hemisphere

and inhibitory cTBS applied to the contralesional hemisphere (compared to control
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stimulation). In a multimodal approach, rgjlepulse and pairegulse TMS parameters,
movementrelated fMRI signal, laterality of fMRI signal, and effective connectivity within the
cortical motor network (assesseg means oDCM) were usedo identify potential predictors

for effectsof TBS on maor performance
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3 Study |. Spatial congruence of fMRI and
TMS in healthy subjects

3.1Introduction Study |

As stated above, GradieBtho GRE) is by far the most widely used technique fidiR1 due
to high data acquisition efficiency and high sensiivii T2 effects (Liu& Brown, 2007).
The underlyingblood oxygenation levaelependentBOLD) contrast relies on alterations of
local magnetic susceptibility mainly caused by changes in deerybglobin level reflecting
the increased metabolic demands doe enhanced neural activityggothetis, 2008).
However, such changes do not only occur in small blood vessels in brain parenckeyma (
grey matter) but also in large draining veins (Buxton ¢t18198). GREBOLD signal has
been shown to be sensitivelioth T2 changes in parenchyma as well as in and around large
draining veins (Boxerman et all995; Frahm et al. 1994; Uludag et al, 2009) and hence
GREBOLD signal changes may show a spatial displacement from actual neuronal activities,
reducing the sgeificity for functional localization. SE EPI is an alternative BOLD sequence
which is sensitive td2 and has been suggested to be more accurate in functional localization
at higher field strengths, i.é&com 3 Tesla upwardsDuong et al. 2002; Lee et al 2002;
Norris, 2003;Thulborn et al.1997; Uludg et al, 2009). Along with SEBOLD, ASL is an
attractive alternative to GRBOLD. ASL allows measuring both, CBF as well as BOLD
signal simultaneously. The signal type depends on the contrast calculatexl Subsequent
analysis, i.,et he BOLD contrast is the standard fAmoy
ASL-CBF contrast is the interaction between ASBF time seriescfeated by calculating
control - tag differences and t he A mo v easte Thée ASL signal relatedtt@ c o n
CBF (ASL-CBF) arises from magneticallgbelled(i.e. tagged) arterial blood that has passed
through the capillary walls into the tissue or is still located within capillaries (Silva, et al.
1997). A number of studies demarased that ASECBF is well celocalized with neuronal
activity (Duong et a).2000;Liu & Brown, 2007;Luh et al, 2000;Silva, 2005;Tjandra et al.
2005; Zappe et al2008.
Spatial accuracy of fMRI is especially portant for fMRI informed (i.esteredaxically
neuronavigatedfMS. TMS is a well established tool in neurosciences allowingineasive
focal brain stimulation via externally applied magnetic fields (Barker g1 @85). Within the
last decade, neuronavigation systems emerged allowings@realine monitoring of coil
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positions with reference to underlying brain structures and their functional properties assessed
with anatomical or functional MRI, respectively. The potential of TMS in combination with
fMRI is regarded to be high, especialty identification of TMS targets ithe virtual lesion
approachor in therapeutiintervention studies (Wals& Cowey, 2000).

Several studies have already investigated the spatial congruence between positomg yie
highest TMS effects, i.eMEPS and positions wih highest neural activity, i.ehighest
statistical tvalues, during hand movements measured by neuroimaging techniques such as
positron emission tomography (PETlassen et al. 1998Vassermann et al199§ or fMRI
(Bastings et al., 1998;dBoojerdi et al., 1999; Herwig et al., 200&jngs et al, 1997;Lotze

et al., 2003; Sparing et al., 200Berao et al.1999. All studies reported good gross spatial
correspondence between TMS and neuroimaging techniques since both techniques localized
neural activity during hand movements within the precentral gyrus. However, if mean
Euclideandistances between optimal TMS positions and highest neuroimaging signal were
reported, they we often relatively large, i.e13 (+ 8.8) mm for®O (oxygen) PET @
subjects; Wassermann et, d/998), 9.8 mm (8 subjects; Herwig et, @002) and 13.9 mm (5
subjects; Lotze et al. 2003) for fMRI. Only one study reported relgtiskbrt mean 3D
distances, i.€3.3 + 0.8 mm (5 subjects; Terao et 4B98) between TM&nd fMRI. Hence,
although all studies reported fairly good correspondence between TMS and fMRI, a
considerably large residual mismatch has consistently been demonstrated rising the question
whether these differences can be solely laited to technical sies (e.gcoregistration
inaccuracy or spatidbw specificity of fMRI signal) or if both techniques probe different
underlying (neuronal) processes. Although technical limitations due to unavailability of
neuronavigategtimulation systemd_ptze et al.2003; Terao et al., 1998yassermann et al.

1998 might have influenced spatial accuracy, the exact cause of the spatial mismatch remains
unknown.

In the present study, we aimed to investigate whether displacements between TMS and fMRI
might rely on thdMRI sequence used. All studies mentioned above used-BRD at 1.5

Tesla (except for Krings et al. (1997) who usedBESBL.D at 1.5 Tesla). Thus, all studies
employed fMRI sequences that are susceptible to shifts towards large vesbelsfiald

strengh used Hence, the observed mismatch between fMRI and TMS might, at least
partially, be explained by inaccurate localization tbé motor hand area by the fMRI

sequenceapplied
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We, therefore, hypothesized that at 3 Tesla;B&ED and ASL-CBF may providemore
accurate information in terms of functional localization of the motor hand area than GRE
BOLD. In particular, we aimed to test the hypothesis that spatial differences are functionally
relevant by stimulating brain tissue at fMRI peak voxel coordmatéth singlepulse
neuronavigated TMS. Finally, we aimed to answer the question whether the spatially more
accurate fMRI sequences better match with optimal TMS sites for evoking highest motor

responses.

3.2Methods Study |

3.2.1Subjects

MRI measuremestwere performed on 15 healthy subjects (8 malesg12¢ears old; mean

age 24.9 £ 2.7). 14 subjects were riganhded and one subject was-edinded according to

the Edinburgh Handedness Inventory (Oldfield, 1971). We did not excludwalafiers as we

did not expect that handedness impacts on spatial localization accuracy of fMRI sequences.
12 subjects participated in a subsequent TMS session (7 maldg; y&aars old; mean age

25.1 £ 2.7; all righthanded). None of the subjects had any history of medrcpsychiatric
disease or contraindication to TMS (Wassermd®98). All subjects gave informed written
consent to participate in this study, which was approved by the ethics committee of the
Medical Faculty, University of Cologne, Germany (#ile 08062). All experiments

conformed to the Declaration of Helsinki, sixth revision 2008.

3.2.2fMRI motor paradigm

Subjects were asked to perform visually paced rhythmic right thumb abductions at a
frequency of 1.55 Hz. The movement frequency was paced hy l@in&king circle on white
background presented on a shieldleish film transistor TFT) screen at the rear end of the

MR scanner visible via a mirror mounted on the K&ad coil Blocks of thumb movements

(20 s) were separated by resting baselines (4lus @6 s jitter) in which a black screen
instructed the subjects to rest still until the next block of movements commenced. One fMRI
session consisted of 10 cycles of baseline and movement blocks and lasted approximately 11
min. Each subject undsent thee fMRI sessions, i.@ne for each fMRI sequence. The order
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of fMRI sequences was counterbalanced across subjects. Prior to scanning, subjects were

trained until a stable performance was reached, which was monitored by visual inspection.

3.2.3fMRI data acquisition

MR images were acquired on3aTesla Siemens MAGNETOM TimTrio scanner (Siemens,
Erlangen, GermanyHigh-resolution anatomical 1-weighted images were acquired using a
3D MP-RAGE (magnetizatiomprepared, rapid acquisition gradient echo) seqeiewith the
following imaging parameters: TR = 2000 ms, TE = 3.25 ms, FOV = 256 mm, 176 sagittal
slices, slice thickness = 1 mm fane resolution = 1 x 1 minflip angle = 9°. Although

CBF and BOLD signal changes can be measured simultaneously usinghsSapproach

has been shown to result in a reduction of the BOLD signal in the order of 15 % compared to
conventional BOLD measurements (Luh et 2000). Hence, a separate GBPDLD session

was conducted in the present study to ensure that each fMRureesent was conducted
under optimal conditions. Altogether, we employed three different fMRI sequences: (i)
GradientEcho (GREBOLD) echo planar imaging (EPI) sequence with the following
parameters: TR = 2200 ms, TE = 30 ms, FOV = 192 mm, 15 axial flmesthickness = 3

mm, in-plane resolution = 3 x 3 mindistance factor = 10 %, flip angle = 90°, (ii) Siinho
(SEBOLD) EPI sequence with identical imaging parameters exceptléorgar TE of 80 ms,

and (iii) PICOREQ2TIPS (uantitative imaging of p&usion using a single subtractiovith

thin sliceTl; periodic saturatioii proximal inversion with a control for efesonance effects)
ASL-CBF sequence (Luh et all999) using a FOCI pulse for inversion with the following
parametersTl;= 700 ms,;Tl;s= 900 ms, and’l, = 1400 ms, TR = 2200 ms, TE = 30 ms, FOV

= 192 mm, 15 axial slices, slice thickness = 3 mnplane resolution = 3 x 3 mm?2, distance
factor = 10 %, flip angle = 90°. The tag was 10 cm in width positioned at a 1 cm gap inferior
to the imaing slices. Two presaturation pulses were applied in the imaging planes
immediately before the inversion tag to minimize the impact of the static tissue. A 20 mm
thick saturation slab was repeatedly applied for the boleff (Cavusotu et al, 2009).
Images were acquired sequentially in ascending direction using a-shr@yl&PI1 technique.
Slices covered a region extending from the body of the corpus callosum to the top of the
parietofrontal vertex, thereby ensuring full coverage of the primary nootbex along the
central sulcuseach f MRI session consisted of 310 EF

scansensuring a steadstate in tissue contrast. Whole brainEPI volumes (35 slices) were
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additionally acquired to improve the -cegistration with he anatomicalT1 volume in data

preprocessing (see below).

3.2.4Analysis of individual fMRI data

For ASL sessions, ASCBF time series were created by calculating cortagldifference
images (esulting in a total of 153 sthaction images) sing surrond subtraction (i.e.
computing the difference between each image and the average of its two neigtasburs,
thereby reducing BOLD signal contamination of the ASBF time course (se@avusotu et

al.,, 2009. For image prnerocessing and statistical dysis of GREBOLD, SEBOLD and
ASL-CBF data, we used PH (FMRI Expert Analysis Tool) grsion 5.98, part of FSL
(FMRIB's Software Library, www.fmrib.ox.ac.uk/jsIThe following pretatistics processing
was applied: motion correction using MCFLIRT (Jenkimst al, 2002), norbrain removal
usingthe brain extraction tool (BETSmith, 2002), and spatial smoothing using a Gaussian
kernel of 4 mm full width half maximum (FWHM). Tirgeries statistical analysis was
carried out using FILM (FMRIB's Improved Liae Model) with local autocorrelation
correction (Woolrich et 312001) and aigh pasdilter of 1/60 Hz to remove low frequency
drifts. Head motion parameters were included as covariates into the model. Z (Gaussianised
T/F) statistic images were threstietl using a voxelise corrected significance threshold of

P < 0.001orman et al., 1995; Friston et al., 199orsley et al. 1992. ASL-CBF provided
much weaker signal intensities than BOLD signal and thus, no correction for multiple
comparisons was aped for the identification of peak voxel coordinates (P < 0.001,
uncorrected). Coregistration to high resolution images was carried out using FLIRT
(Jenkinson et gl2001, 2002).

3.2.5ldentification of fMRI peak voxel

The voxel with the highest statiisal t-value located within the precentral gyrus near or at the
hand knob was identified for each of the three fMRI sessions per subject. The hand knob is
shaped like an omega or epsilon in the axial plane and-$twegbed in the sagittal plane, and

has ben shown to constitute a reliable anatomical landmark for the motor hand area (Yousry
et al, 1997). In two subjects no significant voxel could be observed in the precentral gyrus for
the SEBOLD session after correcting for multiple comparisons, and rlousorrection was

applied for identification of the peak voxel in these subjects (P < 0.001, uncorrected).
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3.2.6ldentification of fMRI CoGs

While the peak voxel represents the site of maximal regional activityGethieeof-gravity

(CoG) of an fMRI actration cluster considers the spatial distribution of activity in the
pericentral region and hence might be less prone to a spatial shift towards large veins which
usually produce high levels of activation (Luh et 2000). Therefore, CoGs were computed

for each of the three fMRI sessions per subject. In contrast to peak voxel coordinates, CoG
coordinates are influenced by the threshold applied and hence a uniform threshold of P <
0.001 (uncorrected) was applied to all fMRI data (lower thresholds were touyield very

large activation cluster for BOLD sessions, whereas higher statistical thresholds could not be
passed by ASICBF activation clustejs After thresholding, the fMRI activation cluster
comprising the peak voxel was identified and the CoG e#sulated as-talue weighted

position.

3.2.7Group analysis of fMRI data

EPI volumes were normalized to the standard template (MNI152 at 2 mm resolution) of the
Montreal Neurological Institute (MNI, Canada) using FNIRT (FMRIB's Noear Image
Registrdion Tool). A Gaussian kernel of 4 mm FWHM was used for spatial smoothing. For
statistical analysis we applied FLAME 1 (FMRIB's Local Analysis of Mixed Effects). Z
(Gaussianised T/F) statistic images were thresholded using clusters determined by Z0> 2.3 an

a corrected cluster significance threshold of P < 0.001. For anatomical assignment, statistics
for the contrast A mo voeeradwith cytoarchisectaniprobalslig/| i ne o
maps of the Juieh Histological Atlas (Eickhoff et 812005, 200Q).

3.2.8Neuronavigated TMS apparatus

Stereotaxic frameless neuronavigation was performed with the eXimiayated brain
stimulation (NBS) system ersion 2.1.1 (Nexstim, Helsinki, Finland). Since subjects
performed a thumb abduction task durithg fMRI experiment the right abductor pollicis
brevis (APB) muscle involved in thumb abduction movemengerved as target muscle.
SimultaneoulectromyographyEMG) recordings were additionally obtained from the right
first dorsalinterosseouqgFDI) muscle. ENG signals were recorded by Ag/AgCl surface

electrodes (Tyco Healthcare, Neustadt, Germany) placed in atbetlpn montage. The
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EMG signal was amplified, filtered with a 0.5 Hz high pass filter and digitized using a
PowerLab 26 T Myograph dn t h e soBaare paekageersion 3 (ADInstruments Ltd,
Dunedin, New Zealand). Prior to the study, TMS coils werayed. Displacements between
central positions of the outer plastic case and the inner copper wings occurred solely in

anteriorposterior diection and did not exceed 1 mm for any of the TMS coils used.

3.2.9Motor hotspot and resting motor threshold

Subjects were comfortably seated in an adjustable armchair withréstad’he head of the
subject was coegistered with the individual higtesolution anatomical MR image via
anatomical landmarks (e.g., nasion and crus helicis). Prior to the study, the accuracy of the
coregistration procedure was verified by small vitamin E capsules (providing a goodIMRI
contrast) attached tfevent @anatenochl positione Mhe softiarea d a |
depicted and true positions of the capsules did not show mismatches larger than 1 mm for any
position. Furthermore, the root mean square difference between positions of landmarks in the
MRI volume and at the subjechead was reported to be less than 2 mm for any TMS session
of this study (reported by the neuronavigation software). After anatomical coregmstthe

mot or A h o thes qoib position providing highest MEPs of the APB muscle with
shortest latecies during single pulse sugtareshold TMS, was identified. Hotspot coil
orientations were (nearly) perpendicular (90 + 10°) to the central sulcus and tangential to the
scalp in all investigated subjects (information provided by the neuronavigatiorassjt The

resting motor threshold (RMT) was assessed by means of the TMS Motor Threshold
Assessment Tool (MTAT) 2.0 (http://www.clinicalresearcher.org/software.htm) suggested by
Awiszus (2003). The software starts with 45 % as stimulator oumpensity After being
informed via button press whether a TMS effect (in the present study: a MEP with-ppeak
peak amplitude of at least 50 pV) was induced by the applied stimulus or not, the software
suggests a new threshold intensity based on maximum likdlibalgulations. In the present
study, the procedure was repeated 12 times ensuring a reliable estimation of the motor
threshold.

3.2.10TMS motor mapping

TMS mapping of the dominantg. left motor cortex and the surrounding tissue was obtained

by stimuation of an area determined by 8 (anteposterior) x 7 (medialkateral) positions
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spaced at intervals of 10 mm. The hand knob structure (Yousry, di98l) was located
approximately in theentreof the grid, and the anteri@osterior axis was oriéed in parallel

to the interhemispheric fissure. Classen et al. (1998) showed that increasing the grid size
considerably improves the motor mapping accuracy. Hence, we used a relatively large grid
resulting in an area of 7 x 6 cm in size being stimulatéith such a large area stimulated we
expected that stimulation of several positions at the margins of the grid would not result in
MEPs. Classen et al. (1998) demonstrated thé&tsiimuli per position are sufficient to
achieve stable mapping results. Hengositions not resulting in a MEP after 5 trials (peak

peak amplitude > 50 uV) were stimulated with 5 stimuli, whereas positions resulting in at
least one MEP after 5 trials were stimulated with 10 stimuli to achieve a goodoffade
between mappingrme and accuracy. The order of stimulation was randomized across the 56
positions (120 % RMT; ISI = 1500 ms). During the mapping procedure coil tilting was
tangentially to the scalp and the TMS coil orientation was identical to coil orientation during
RMT identification and stimulation at fMRI maxima coordinates. Both parameters were
maintained throughout the mapping procedure.

The mean peato-peak MEP amplitude of the APB was calculated for each grid position
using all EMG recordings ¢ained from this psition (i.e.either 5 or 10) and divided by the
largest amplitude obtained within the stimulation area. Based on these datentie®f-

gravity (CoG) of the APB was calculated using the following formula:

a(xi,yi)xi ' a(Xi,yi)yi?
1 u
a

e
CoG =¢8a
CR a

i, max [ i, max V]

with a being the meamamplitude at positionjor y; (Classen et al1998). While the TMS

motor hotspot represents the site of maximal neuronal excitability, the CoG takes into account
the spatial distribution of excitability in the pericentral region. Spatial differencesebet
hotspot and CoG locations occur if there is an asymmetrical distribution of excitability around
the hotspot. Therefore, the information provided by a CoG is not the location of highest
excitability, but the weighted average of excitability of the wagof interestHence,CoG
coordinates might be less proneattefacts Since it is unknown at which position, superficial

or deep, TMSnduced neuronal excitation occuvge projected TMSdentified positions (i.e.
hotspot and CoG positions) onto the elwal surface. This was done by identifying the
individual depth of the cerebral surface by surface peeling of the software generated 3D head
model (mean distance from the scalp: 24.5 £ 2.7 mm). Positions with highest EF strength at

the cerebral surface weerecorded during hotspot identification and TMS mapping and used
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for later analyses. Efx positions were also marked on the individual structtifaimage and
transferred into MNI space by applying the respective nonlinear normalization transform that
was also used to transfer individual fMRI activation maps into MNI space.

3.2.11TMS of peak voxel coordinates at 120 % RMT

Brain tissue at fMRI peak voxel coordinates was stimulated vdth % RMT (15 stimuli;
interstimulus interval (ISI) = 3000 ms). Tharder of peak voxels obtained by the three
different fMRI sequences was counterbalanced across subjects. The experimenter was blinded
to the fMRI sequence. The target entry point for stimulation was identified by bringing the
TMS coil in a position in whie the distance between fMRI target and,&Fvalue position

was found to be minimal {2 mm, computed by the software). Then, tilting of the coil was
adjusted until the coil was tangential to the scalp (computation and visual feedback provided
by the softvare). TMS coil orientation coincided with TMS coil orientation during RMT
identification. In this final position, one stimulus was applied. The coil positioning parameters
of this stimulus were used as reference for all subsequent stimuli at this pattiogéd (by

means of the Aaiming toolo i mplemented in th

3.3Results Study |

3.31fMRI group analysis

The f MRI group analysis of the contrast fAri
left-lateralized network of cadal areas in left sensorimotor cortex located on the precentral
and postcentral gyrus (Rige 31, P < 0.001, clustdevel corrected). SBOLD and GRE

BOLD sequences showed additional bilateral activation of the supplementary motor area
(SMA), preSMA, dngulate motor area, dorsal and superior ventral premotor cortex, and
anterior intraparietal cortex. More voxels were activated in the -BRED cluster as
compared to the SBOLD cluster, and more for SBOLD than for ASL-CBF. The voxel

with highest tvalue at the precentral gyrus assessed in the weisel group analysis of the
spatially normalised GRBOLD session was close to the crown of the precentral gyrus
(Figure 31, top right) and assigned to Brodmann Area (BA) 6 by the Juelich Histological
Atlas (MNI coordinates:-38, -22, 62). In contrast, the peak voxel of the-BBBELD group

analysis was 6 mm deeper within the central subd assigned to area BA4a, ithe
60



Study I: Conguence of fMRI and TMS in healthy subjects

anterior primary motor cortex (MNI coordinate88, -22, 56 Geyer et al., 1996 The pak

voxel of the ASECBF group analysis was located even deeper in the central sulcus (14 mm
deeper than GRBOLD, 8 mm deeper than SBOLD group fMRI peak voxels) and
assigned to area B, i.e.the posterior part of the primary motor cortex (MNI coortisa
40,-18, 48).

CS

GRE-BOLD -38/-22/62

|
B [SE-BOLD  -38/-22/56
k =
ASL-CBF -40/-18/48]

sagittal

Figure 3.1: Study I: Results of the fMRI group analysi§unctional magnetic resonance imaging

(fMRI) was performed in 15 healthy subjects during rightribuabductions with thregifferent fMRI

techniques, i.eGradientEcho (GREBOLD, green),SpinEcho (SEBOLD, red), and arterial spin

labelling (ASL-CBF, blue). GREBOLD and SEBOLD rely on bloodoxygenation levedependent

(BOLD) contrast, whereas ASCBFmeasures <changes in cerebral b1l
versus resto contrasts were superimposelevelont o t
corrected; only voxels exceeding-thteshold of 3.0 are shown). The detail of the sagittal view (t

right) shows the voxel with highest statisticalalue located within the precentral gyrus for each of

the three different fMRI techniques (voxels were projected into plane-38¥ In line with our
hypotheses, SBOLD and ASL-CBF yielded more focusdeactivation with higher specificity than
GRE-BOLD. The voxel with highest GRBOLD signal change was closest to the gyral surface and

was assigned to the premotor cortex (Juelich Histological Atlas). HigheBO&P and ASL-CBF
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signal changes occurred 6cal4 mm deeper within the central sulcus, respectively and were assigned
to the primary motor cortex (Juelich Histological Atla@: anterior; CS: central sulcus; L: left; P:
posterior; R: right)

3.3.2 Individual fMRI peak voxel coordinates

The differences found for the fMRI sequences in the fMRI group analysis were confirmed by
analyses based on individual activation maps. Movement related neural activity could be
observed with all three fMRI sequences in all subjects. However, sensitivity in terms of
values of local maxima at the hand knob was significantly different across fMRI sequences
(repeated measurddNOVA (n = 15) with the factoAPPROACH(levels GREBOLD, SE

BOLD, ASL-CBF; F (2, 28) = 64.003; P < 0.001). GREOLD peak voxels had significdpt

higher tvalues (11.4 + 3.8) than SBEOLD (5.7 £ 2.3) and ASICBF (1.6 + 0.9) peak voxels.
SE-BOLD peak voxels had significantly highevalues than ASICBF peak voxels (pogtoc

paired sample-test, P < 0.001, each comparison). However, also theigosf the peak

voxel coordinates was significantly different across sequences: A repeated measures ANOVA
(n = 15) with the factoAPPROACH (levels GREBOLD, SEBOLD, ASL-CBF) showed
significant differences between fMRI peak voxel coordinates in MNIdinate Z £ (2, 28)

= 3.542, P < 0.05Figure 3.2; Table3.1), i.e.in inferior-superior direction. Pogtoc ttests
revealed that GRIBOLD coordinates (mean MNI coordinate Z: 60.7 + 6.3) were
significantly more superficial than SBOLD coordinates (56.4 15.0) and ASECBF
coordinates (55.5 * 6.6), which were on average 4.3 mm and 5.2 mm deeper within the central
sulcus, respectively (P < 0.05, each comparison}yBOED and ASL-CBF peak voxel
coordinates were not statistically differantMNI coordinate Z(P > 0.05). There were no
significant differences between sequenceshm other two dimensions, i.en the medial

lateral (MNI coordinate X; ANOVAJF (2, 28) = 1.053; P > 0.05) or posteramterior
direction (MNI coordinate Y; ANOVAF (2, 28) =0.829;P > 0.05).
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i ternt
101S !.)':f L

B TMS-CoG
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Figure 32: Study I: Localization of the primary motor cortex with fMRI and TM&olaured
ellipsoids indicate mean MNI coordinates $P) of fMRI peak voxels and optimal TMS positions
located within the precentral gyrus of the left hemisphere (n = 12 subjects). fMRI peak voxels were
defined as voxel with highest statisticatalue during right thumb abductions measured with GRE
BOLD (green), &BOLD (red), and ASECBF (blue). Hotspot coordinates refer to stimulation sites
resulting in highest abductor pollicis brevis (APB) muscle responses with shortest latencies (orange).
CoG coordinates were calculated fromsygstematicTMS motor mapping, andeflect the motor
evoked potential weighted maximum electric field coordinate (yellow). All coordinates were projected
into sagittal plane X =38 for the figure on the left showing the sagittal view and plane Z = 58 for the
right figure on the right shawg the axial view. GRBBOLD coordinates were significantly more
superficial than SBOLD and ASL-CBF coordinates (pairesample ttest, P < 0.05, each
comparison). Hotspot and CoG coordinates were significantly more anterior than fMRI maxima
(pairedsampe ttest, P < 0.05, each comparison). Euclidian distances to hotspot or CoG coordinates
were not statistically different for GRBEOLD, SEBOLD, and ASL-CBF coordinates (paireshmple

t-test, P > 0.05, each comparisorfp: anterior; ASL: arterial spin labiing; BOLD: blood
oxygenation levetlependentCBF: cerebral blood flownCoG: Centreof-gravity; CS: central sulcus;

fMRI: functional magnetic resonance imaging; GRE: Gradigstio; L: left; P: posterior SD:
standard deviation; SE: Spifcho; TMS: trans@nial magnetic stimulatign
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Table 3.1:Study I: Positions of highest fMRI signals and highest TMS effantisvidually
identified in 12 subjects and transtd into MNI space using nonlinear normalization

X Y Z
GREBOLD -38.4+3.2 -20.6 4.2 60.7 + 6.3
SEBOLD -37.9+3.9 -21.5+5.6 56.4+5.0
ASL-CBF -37.6+2.6 -22.9+4.5 55.5+6.6
TMS hotspot -40.7 + 4.3 -15.7 + 3.8 59.7 £ 3.7
TMS CoGyps -33.4+ 2.7 -10.9+5.0 60.0+2.6

APB: Abductot pollicis brevis; ASL:arterial spin labelling BOLD: blood oxygenation level
dependent; CBF: cerebral blood flow; CoG: Cemtgravity; GRE: GradienEcho; SE: SpifEcho;
TMS: transcranial magnetic stimulatioX: lateratmedial; Y: anterioiposterior; Z: inferiorsuperior

3.33Individual fMRI CoG coordinates

Significant spaal differences in depth (i.en MNI coordinate Z) were preserved when
similar analyses (repeated measures ANOVA with the fadRIPRCACH) were performed

on fMRI CoGs instead of fMRI peak voxels (2, 28) = 4.662, P < 0.05). Pdsbc ttests
revealed that GRBBOLD CoG coordinates (mean MNI coordinate Z: 56.5 + 2.5) were
significantly more superficial than SBOLD (50.9 + 5.5) and ASICBF (52.2 + 6.9) CoG
coordinates (P < 0.05, each comparison), whereaB@ED and ASI-CBF CoG coordinates
were not statistically different (paired samphest; P > 0.05). In addition, there was a
significant difference irmediatlateral direction (i.ein MNI coordinate X;F (2, 28) = 5.948,

P < 0.05) since GRBOLD CoGs were significantly more medial than-BELD and ASI-
CBF CoG coordinates (paired sampltedts; P < 0.05, each comparison).-BBELD and
ASL-CBF CoG coordinates were not statistically déferin medialateral direction (paired
sample test; P > 0.05). There were no statistically significant differences between sequences
in anteror-posterior localization (i.eMNI coordinate Y) of CoGsK (2, 28) = 0.572; P >
0.05).

3.34 Differences in fMRI and TMS positions

For each subject, the TMS coordine o f t h e mo the coil ppditiontasdpiloforo (i
evoking a MEP of 50 pV peato-peak amplitude with lowest stimulator output intensity) and

the centreof-gravity (CoG) of a systematic TM®appng of the motor cortexwere projected
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into MNI spaceby applying the individual FNIRT registration transform. MNI coordinates
were then compared with the fMRI peak voxel coordinates by computing a repeated measures
ANOVA (n = 12) with the factoAPPROACH (levels CoGypg, hotspot, GREBOLD, SE

BOLD, ASL-CBF). The analyses revealed significant differencemediatlateral direction,

i.e.in MNI coordinate X F (4, 44) = 8.705; P < 0.001) and in antefpoisterior direction, i.e.

in MNI coordinate Y E (4, 44) = 14.168; P < 0.001). Differences irfeior-superior
direction, i.e MNI coordinate Z showed a statistical tred(4, 44) = 2.353; P = 0.069; Table

3.1). Bonferronicorrected poshoc ttests revealed that the motor hotspot was significantly
arterior to GREBOLD, SEBOLD, and ASI-CBF coordinates (P < 0.08ach comparison;
Figure3.2). Displacements between fMRiaxima and the hotspot in mediateral direction

were less pronounced but there was a statistical trend for hotspot coordinatedeoabeof

fMRI maxima (P < 0.100, each comparison). Hotspot coordinates were assigned to BA6 in all
12 subjects (Juelich Histological Atlas). The Gegwas significantly anterior to hotspot,
GREBOLD, SEBOLD, and ASI-CBF coordinates (P < 0.05, eaamgarison). In addition,
CoGupg coordinates were significantly more medial than ASBF, GREBOLD, and hotspot
coordinates (P < 0.05, each comparison) whereas the comparisorRBOLEE coordinates

failed the corrected-threshold of P < 0.007 only margiha{P = 0.011, uncorrected). In all

12 subjects the Caofps was assigned to BAG.

3.35 Euclidian distances between fMRI and TMS positions

Although we found spatial differences between fMRI maxima obtained by different fMRI
sequences, Euclidean distancestween these maxima and the TMS hotspot were not
statistically different across sequences (GRBELD: 10.5 £ 3.0 mm; SBBOLD: 11.2 + 4.1
mm; ASL-CBF: 12.8 + 3.7 mmE (2, 22) = 1.360; P > 0.05, repeated measures ANOVA, see
also Table3.2). The same was trder Euclidean distances between fMRI maxima and the
TMS mapping CoGpeg, Which were also not significantly different across sequences {GRE
BOLD: 13.4 + 5.5 mm; SBBOLD: 15.3 £ 5.7 mm; ASICBF 15.3 + 7.0 mm; F(2, 22) =
1.115; P > 0.05, repeated measuresOMA). In other words, none of the fMRI sequences
localized neural activity systematically closer to the TMS hotspot or the TMS#0G
identical analyses were conducted with fMRI CoGs instead of fMRI peadsjmesults were

similar, i.e.none of the ¥Rl sequences yielded CoG positions systematically closer to the
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TMS hotspot E (2, 22) = 1.151; P > 0.05) or Caks (F (2, 22) = 0.191; P > 0.05ee also
Table 32).

Table 3.2:Study I:Euclidean distances between fMRI and TMS sitesingle subject space

fMRI peak voxel vs. TMS hotspot fMRI CoG vs. TMS CoG

Subject GRE SE ASL GRE SE ASL
1 11.49 15.10 13.75 42.89 17.80 21.29
2 12.81 4.90 13.56 8.50 14.73 21.00
3 14.59 14.59 13.00 14.18 14.56 15.98
4 13.75 13.75 9.43 14.49 18.60 8.95
5 7.48 7.48 17.80 17.68 24.49 19.78
6 11.00 6.32 11.49 23.86 12.66 3.84
7 8.72 14.70 13.75 25.54 12.22 11.17
8 5.48 17.15 18.47 22.22 25.30 24.58
9 13.19 13.19 16.67 19.25 25.87 23.75
10 11.45 10.77 10.05 5.20 5.85 17.56
11 6.40 6.32 8.94 5.75 11.77 8.89
12 9.38 10.20 6.32 17.93 22.11 20.53
Mean 10.5 11.2 12.8 18.1 17.2 16.4
SD 3.0 4.1 3.7 10.3 6.3 6.7

ASL.: arterial spin labellingCoG: Centreof-gravity; fMRI: functional maynetic resonance imaging;
GRE: GradienEcho; SD: Standard deviation; SE: Sghtho; TMS: transcranial ngnetic
stimulation; vs: versus

3.36 TMS of fMRI peak voxel with 120 % RMT

We stimulated brain tissue at the fMRI peak voxel coordinate with smige
neuronavigated TMS to investigate whether the spatial differences found for the three
different fMRI sequenceare functionally relevant, i.empact on MEP size of the respective
peripheraltargetmuscle (APB) and an adjacent small hand musctg inwlved in thumb
abductions (FDI)A repeated measures ANOVA (n = 12) with the faciPPROACHand
MUSCLE (levels APB, FDI) yielded a significant main effect &PPROACH(F (22, 2) =
4.797; P < 0.05) anMUSCLE (F (11, 1) = 8.506; P < 0.05) but no signdit interactionk

(22, 2) = 0.131; P > 0.05). Pdstc ttests revealed that mean pdakpeak MEP amplitudes

of the APB and the FDI were higher for GROLD coordinates compared to both -SE
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BOLD coordinates and ASCBF coordinates (P < 0.05, each comparjsFigure 3.3A).
Muscle responses during TMS of B®OLD and ASLCBF coordinates were not statistically
different (P > 0.05). MEPs of the APB were statistically higher than MEPs of the FDI during
stimulation of SEBOLD and ASL-CBF coordinates (P < 0.05, dba comparison) but not
during stimulation of GREBBOLD coordinates (P > 0.05). In summary, spatial differences of
local maxima were matched by functional differences in MEP amplitudes. TMS at GRE
BOLD coordinates was probably more effective than TMS aBOEED or ASL-CBF
coordinates because GHEOLD coordinates were more superficial and anterior, and hence
closer to optimal TMS positions than ®OLD and ASLCBF sites. We correlated
individual differences in mean MEPs obtained by stimulation of GRED vs. SEEBOLD
positions with individual spatial differences of GEBOLD vs. SEBOLD positions in
anteriorposterior direction. The result suggests that TMS over the-BBED site evoked
larger MEPs the more anteriorthe GREOL D coor di nat e wa®67,(PXPB: P e
0.05; FDI : Pearsondés r = 0.63, P < 80LD5). Ho
vs. ASL-CBF positions and SBOLD vs. ASL-CBF positions were not statistically
significant (P > 0.05, each correlation). Differences in mddiaral o inferior-superior
direction were also not significantly correlated with differences in MEP amplitudes between
the three different fMRI sites (P > 0.05, each correlation). However, a significant main effect
of sequence in the repeated measures ANOVA oanntieh,.« values at the target position
during TMS (F(22, 2) = 5.779; P < 0.05) indicates that due to the physical constraints of
TMS, superficial GREBOLD coordinates were stimulated with significantly higher mean
EFnax values (77.4 = 23.2 V/m) compareddeeper SEBOLD (61.7 + 26.5 V/m) and ASL

CBF coordinates (59.2 £ 25.9 V/m; paired samgiests, P < 0.0%each comparison; Figure
3.3B). Differences between SEOLD and ASL-CBF coordinates in Efzxvalues were not
statistically significant (paired sangpttest, P > 0.05).
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Figure 33: Study I: Stimulation of brain tissue at fMRI peak voxel coordinates with TMS
Neuronavigated TMS (120% restingptor threshold) was used to stimulate brain tissue at fMRI peak
voxel coordinates to investigate whether localization differences between fMRI sequences
functionally relevant, i.edmpact on muscle responses (n = 12 subje8tsMuscle responses. Bleto-

peak motofevoked potentials (MEPs) of the abductor pollicis brevis (APB) and the first dorsal
interosseou$FDI) hand muscle are shown. MEPSs resulting of stimulation at-B&ED coordinates
were significantly higher than MEPs resulting of stimulataa SEBOLD and ASL-CBF coordinates.

B: Electric field strength at target position. Maximum electric field values.{EFeaching the fMRI
target position during stimulation are shown. GBBLD coordinates were stimulated with
significantly higher ERaxvalues than SIBOLD and ASL-CBF coordinates which were significantly
deeper in the central sulcus and hence further away from the TMS coil. MganvalEes during
stimulation at SEBOLD and ASL-CBF coordinates were not statistically different (paisadples t

test, P > 0.05) Error bars indicate standard errors. Asterisks indicate significant differences in paired
sample {tests (pairegample ttest, P < 0.05, each comparisofSL: arterial spin labellingBOLD:

blood oxygenation levadependent; CBFcerebral blood flow; fMRI: functional magnetic resonance
imaging; GRE: GradierAEcho; SE: SpifEcho; TMS: transcranial magnetic stimulation)

3.37 Tests to exclude spatial errors of the TMS equipment

Coregistration quality was verified prior to the stwhd after each session (to verify that the
head tracker depicting the subjectdés head
TMS session). Furthermore, for one subject with pronounced anterior shift of the optimal
TMS position (Subject ;1Figure 34), the complete motor mapping was repeated with the
induced current dection as applied before (i.posterioranterior (PA), perpendicular to the
central sulcus) and additionally with inverted inducedeant direction (i.eanteriorposterior

(AP), pependicular to the central sulcus). If systematic anterior EF distortions due to coill

failure or inaccurate computerizedodellingaccounted for the anterior shift of the optimal
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TMS position,then the CoG of the mapping with inverted coil orientation (A€uced
current direction) should be locatednsaderably more posterior (i.60 the amount of the
displacement) than with standard coil orientation. The results showed that except for a drop in
maximum MEP size, we basically replicated the map recordéd RA induced current
direction with almost identical location of peak excitability and C&@yre 35). Therefore,
technical confounds cannot explain the systematic anterior shift of optimal TMS positions

when compared to fMRI peak voxels.
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Figure 34: Study I: Results of TMS motor mapping8 (anteriorposterior) x7 (mediatateral)
positions spaced at intervals df thm were stimulated with neuronavigated TMS in randomized order
(10 stimuli if at least onenotorevoked potential JEP) > 50 pV were recorded after 5 stimuli;
otherwise 5 stimuli; 120% RMTresting motor threshold)SI (interstimulus interval= 1500 ms).
The hand knob was located approximately inddetreof the gid, and the anterigposterior axis was
oriented in parallel to the interhemispheric fissure. Positions refer to electric field maximyg) (EF
positions within the cerebral cortex calculated by computerimedelling Contours represent 10
percentiles ofthe averaged maximal response of @heluctor pollicis brevisAPB) muscle viewed
from above. Background images refer to individual structural images showing the corregpondin
underlying cerebral anatomill fMRI and TMS positions (depicted as white syng)overe projected
into the slice corresponding to the mean axial deptildive individual sites (i.eGREBOLD, SE
BOLD, ASL-CBF, TMS hotspot, andTMS CoG). (ASL: arterial spin labelling BOLD: blood
oxygenation levedependent; CBF: cerebral blooadw; CoG: Centreof-gravity; fMRI: functional
magnetic resonance imaging; GRE: Gradieadho; SE: SpirfEcho; TMS: transcranial magnetic
stimulation)
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Figure 35: Study I: TMS motor mapping with inverted induced current directidpper Figures show
results of the TMS motor mapping of one subject (Subject 1) with posgarierior (PA) induced
current direction (perpendicular to the central sulcus). Upee left contour map is the initial
mappingresult; the upperright map is the result of the repeated mapp@agrtical excitability maps

are very similar and demonstrate high reproducibility. The |defrfigure shows the result of the
mapping with revered induced current direction pointing in antesqpasterior (AP) direction
(perpendicular to the central sulcus). The map recorded with AP current direction replicated results of
the mapping with PA current direction with almost identical location of e@kability and CoG.
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(ASL.: arterial spin labellingBOLD: blood oxyg@ation leveldependent; CBF: cerebral blood flow;
CoG: Centreof-gravity; fMRI: functional magnetic resonance imaging; GRE: Graei®thio; MEP:
Motor-evoked potential; SE: Spi#cho; TMS transcranial magnetic stimulation)

3.4 Discussion Study |

3.4.1 Localization differences between fMRI sequences

3.4.1.1Localization of the motor hand area

The primary motor cortexonstitutesa key area for the execution of voluntary movements
(Dum & Strick, 2002; Grefkes et al., 2088Sanes& Donoghue, 2000 This region is
structurally well defined: Human pestortem studies showed that the primary motor cortex
(Brodmann area 4, BA4) is a distinct cytoarchitectonic area characterized by the alfsence o
layer IV and presence of giant Betz cells in layer V (Brodmann, 1909). At the hand
representation area, BA4 is buried within the central sulcus and rarely extends to the gyral
surface ¢f. 1.2 andFigure 1.2), where it forms a boundary with the premobtartex. Since
ASL-CBF and SEBOLD showed highest signal increase during isolated thumb abductions in
the rostral vall of the central sulcus, i.éhe location where BA4 has to be expected (Eickhoff

et al, 2005, 2007, our data suggest that at 3 Tesla ¢h®8RI sequences may correctly locate

the primary motor hand area. By contrast, signal increases for theBGIRE sequence were

shifted towards the crown of the precentral gyrus, and thus, toBAIs

3.4.1.2Systematic superior shift of GREBOLD

Both, fMRI group analysis as well as single subject fMRI analyses, demonstrated that highest
GREBOLD signal changes showed a systematic shift in superior direction. These findings
suggest that the underlying cause is, at least partially, subgsgiendent. Hjh susceptibility

of GREBOLD for large draining veins (Boxerman et,dl995; Uludaget al, 2009) which

mainly run on the cerebral surface (Duong et, &000) seens to be the most likely

explanation fothis finding

3.4.1.3Spatial localization of ASL-CBF (vs. GREBOLD) signal

ASL sequences measure cerebral blood flow (CBF) by means of magnetically labeled arterial

water that has either passed the capillary wall into tissue or is still located within capillaries
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(Silva et al. 1997). Due to the tighéurovascular coupling, CBF changes have been shown to
occur in close proximity to neuronal activity (Duong et al. 2000; Luh et al. 2000; Tjandra et
al. 2005). Duong et al. (2000) comparB@LD and CBF signal changes during forepaw
stimulation in anesthizied rats at 9.4 Tesla. Additionally, calcitdependent synaptic activity

was measured by means of manganese iorfjMacting as calcium analogue and MRI
contrast agent. Results werengparable to our findings, i.elusters assessed with GRE
signal weremore expanded and diffuse compared to CBF. Importantly, voxels with highest
BOLD percent signal change were located at the cortical surface, whereas voxelglégt hi
CBF percent signal changahowed excellent spatial docalization with synaptic actity

within deeper cortical layers, i.avithin layer IV, where neuronal activity was expected
during sensory stimulation.

Our findings are also in line with the study of Luh et al. (2000) who identified tissue types by
means ofT 1 maps which were correl&d on a voxelwise basis with BOLD and CBF signal
changes during bilateral fingetapping in 5 healthy subjects at 3 Tesla. This study
demonstrated that GRBOLD voxels with highest -values predominantly contained
cerebrospinal fluid (CSF) and/or blood.dantrast, highest relativ€éBF signal changes were
located in voxels withT1-values similar to voxels containing predominantly grey matter
independent of-score thresholds appliedeHce CBF activation maps were better localized
than BOLD maps, which isompatible with our data. In addition, Lamd colleague&000)
calculated the fractional overlap of BOLD and CBF activation maps. As a result, the overlap
was only in the order of 40%, which indicates that different signals eagered by BOLD

and CBF Tjandra et al. (2005) found no statistical spatial displacement between GRE and
CBF statistical 4maps at 3 Tesla during visually cued finger tapping in 5 healthy subjects.
However, Tjandra et al. (2005) used cesttkgravities (CoGs) instead of peak xeb
coordinates for their comparison. A venous shift might have been evident when using peak
voxel instead of CoGs, based on the findings reported by Luh et al. (2000) that especially
voxels with high statistical values may contain signal from large \esCSF. However,
Tjandra et al. (2005) provided additional evidence for a shift of GRE signal towards veins.
They defined the nearest draining vein by MR venograms and found that the group mean
Euclidean distance to the nearest draining vein for GRE igagisantly smaller compared to
CBF. Thus, our data are supported by growing body of evidence that CBF is better co
localized to neural activity, whereas GRE is susceptible to shifts towards large veins or CSF.
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3.4.1.4Spatial localization of SEBOLD (vs. GRE-BOLD) signal
SE and GRE fMRI sequences are both sensitive to the BOLD eféejtint combination of

changes incerebralblood volume, CBF, and dexygenation level of blood (Buxton et al.
1998). Several studies demonstrated that both sequencesigavsusceptibility for large
vessels at low magnetic fields, but in contrast to GRE signal, SE signal becomes selectively
sensitive to microvasculature with increasing field strength (Kennan et al. 1994; Boxerman et
al. 1995; Oja et al. 1999)1 udaj et al . 2009) . Recentl vy,
model for assessing the amount of inteamd extravascular contributions to SE and GRE
signal for magnetic field strengths ranging from 1.5 to 16edld@based on Mont€arlo
simulations. At 15 and 3 Eslg intravascular contributions are higher than extravascular
contributions for both sequences. Intravascular contributions mainly arise from veins to which
GRE is more sensitive than SE. From 8slk upwards, intravascular signal from veins
vanishes for SE, but not GRE. Intrand extravascular contributions to SE signal changes are
equal at 3 €sla (Norris et al. 2002) but intravascular signals mainly arise fitben
microvasculature (i.e., capillaries, arterioles, and venwés}ing towardslood vessels with

high blood oxygenation (i.e., arterioles, capillaries) at higher field strengths. Although
intravascular signal also decreases with increasing field strength for GRE, there is no field
strength at which the BOLD signal from the microuaature is larger than from the
macrovasculature (Ulugla et al . 2009) .

Recent experimental data from high magnetic field studies in animals (Lee et al. 2002) and
humans (Duong et al. 2002) support these findings. Lee et al. (2002) compared neural activity
during forepaw stimulation measured by SE and CBRimriesthetized rats at 9.4 Tesla and
found that both signal types were well correlated and localized in the middle of the cortex.
Duong et al. (2002) compared SE and CBF signal changes during visual stimulation and
voluntary movements at 4 and 7 Tesla uman subjects and found that both located neural
activity within grey matter with good spatial correspondence. Hence, there is good evidence
that at high field strengthSE signal changdsave comparable high spatial specifias/ CBF

signal changesFor example, several studies investigated the laminar specificity of high
resolution SE and GRE fMRI in primary visual cortex of macaque monkeys (Gé&ense
Logothetis, 2006) or cats (Harel et al. 2D@6 high magnetic fields, i.at 4.7 or 9.4 €slg
respedtely and found that laminar specific activation could be clearly demonstrated for SE
yielding highest signal changes in cortical layer IV whereas highest GRE signal changes

occurred at the cerebral surface. However, studies in humans at 3 Tesla aréT$edboen
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et al. 1997). Thulborn et al. (1997) measured neural activity during stimulation with different
visual stimuli in human subjects at 3 Tesla with two differerilane resolutions (3.1 x 3.1

mm?2 and 0.8 x 1.6 mmz2; slice thickness: 3.0 mm). Ta#as found that the 10 most
significant voxels obtained with SE and GRE overlapped by only 30% (low resolution) and
40% (high resolution) respectively. This result suggests that SE signal is not just a subset of
the more sensitive GRE activation, butttbath are detecting spatially different effects. This
finding is in good agreement with our data suggesting that already from 3 Tesla on, SE signal
changes are well |l ocali zed with primary mot
that reduced maoc-vasculature weighting is achieved if large vessels predominantly run
parallel to the main magnetic field as the susceptibility effect equals to zero for this condition.
This is for example true for the central sulcus and hence for parts of the maéor lmatr not

e.g.,for the calcarine sulcus where the large vesselsnaisly oriented perpendicular to the
magnetic field. Therefore, in our study, SE might be more sensitive to gray matter than large
vessels.

Taken together our findings strongly enc@eaonsidering alternative fMRI sequences such

as ASL and (under certain conditions) SE when spatial localization is of high priority.
However, decisions may depend on multiple aspects and not only on local{Zaina 3.3.

For example, CBF is superitdo GRE in spatial accuracy, provides lower irgession and
inter-subjectvariation (Tjandra et al. 2005However, GRE offers highest sensitivity (in
terms of contrasto-noise ratio), temporal resolution (due to faster data acquisition) and
finally, a larger number of slices can readily measured with GRE, whereas ASL is limited to

fewer slices (Liu and Brown, 2007).
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Table3.3: Study I:Qualitative comparison of different motor mapping approaches

fMRI TMS
Aim Identification of position with highest task Identification of position with
related neural activity lowest electrophysiological

threshold to elicit MEPs of the
respective peripheral muscle

Assesed via Neurovascular coupling Cortico-spinal excitability

GREBOLD SEBOLD ASL-CBF

Measured  BOLD (Deoxy BOLD CBF Peripheral EMG signals
variable(s) Hb, CBF, CBV) (DeoxyHb,
CBF, CBV)
Main High CNR High spatial High spatial Independent of vascular effec
advantages specificity  spedficity
Main Low spatial Low CNR Low CNR Restricted to superficial area
disadvantage: specificity (limited penetration depth)
Main source Macrovasculature Arterioles  Capillaries Indirect transsynaptic
of signal (mainly veins) and and brain excitation of cell bodies and
capillaries parechyma direct excitation of axons
(O3 Tesla)
Localized BAG BA4da BA4p BAG
structure
Distance to + ++ +++ n/a
surface

ASL: arterial spin labelling BA: Brodmann area; BA4a: arior primary motor cortex; BA4p:
posterior primary motor cortex; BA6: premotor cort®OLD: blood oxygenation levadependent;
CBF: cerebral blood flow; CBV: cerebral blood volume; CNR: coriasivise ratio; DeoxyHb:
deoxyhaemoglobin; EMG: electromy@phy; fMRI: functional magnetic resonance imaging; GRE:
GradientEcho; SE: SpirfEcho; n/a: information is not available; TMS: transcranial magnetic
stimulation

3.4.2 Localization differences between fMRI and TMS

Surprisingly, although SBOLD and ASI-CBF were more accurate in anatomical
localization of the primary motor hand area, they provided significantly lower muscle
responses than GREOLD when stimulated with TMS. One explanation may be found in the
properties of the EF induced by the magnetic @uighich declines exponentially with
increasing distance from tAeMS coil (Eaton, 1992). As GRBOLD peak voxel coordinates

were sgnificantly more superior (i.ecloser to the TMS coil), they were stimulated with
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significantly higher EF strengths than -8©LD and ASI-CBF peak voxels. In this case,
stimulation under equal conditions seems impossible to achieve with TMS, since stimulation
of maxima with similar EF values would requirenstilation with highly differenstimulator

output intensities, therebynkarging the stimulated area. However, since it is unknown at
which position, superficial or deep, excitation oc¢cwkich accountfor highest TMS effects

(Fox et al, 2004; Salinas et al., 200Fhielscher et al. 20Q9the most likely explanation for

our findings is that the GRBOLD site was located more ant# (i.e. closer to the TMS
hotspot) and thus TMS at the GRIOLD site was more effective. However, spatial distances
between fMRI peak voxeksnd optimal TMS positions, i.otspots and mappir@oGs, were

not statistically different across fMRI sequences. This finding demonstrates that the mismatch
between TMS and fMRI persists even if fMRI sequences with high anatomical accuracy such
as ASL-CBF or SEBOLD are used. Hence, a potential shift of ESROLD towards
superficial veinscannotexplain the spatial mismatch observed between TMS and fMRI.
Although fMRI and TMS were not expected to yield exactly identical positions due to
apparent technical differences underlying these two brain mapping epesoapatial
mismatches were considerably large, 11.9 mm and optimal TMS positions were located
within premotor areas in all 12 subjects (Eickhoff et 2005, 200}. These differences are

not likely to be caused by technical issues, such as systegwegistration errors or
systematic EF distortions in posterior direction, since the magnitude of displacements were
highly different across subjectée.g. low in Subject6, and high in Subject 8; Figure 3.4
Furthermore, similar anterior displacengentvere also reported in previous studies
investigating spatial congruency of TMS and neuroimaging data such as PET (Classen et al.
1998) and fMRI (Herwig et g12002; Lotze et al.2003). Even if no precise specifications
were made,published figures often suggested anterior displacements of optimal TMS
positions relative to PET (Wassermann et2996; Figire 2) or fMRI (Bastings et al1998;
Figure2 and 3) activations.

3.4.3 Possible explanations for the anterior shift of optimal TMS positions

Musde responses evoked by TMS typically have up to 3 ms longer latencies than muscle
responses evoked by electrical stimulation, which led to the assumption that TMS activates
cortical cells predominantly transsynaptically, whereas electrical stimuli exartieat cell
bodies or axons directlyp@y et al., 1989Hess et a).1987; Mills et al, 1992; Rothwell et al.
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1991). However, it is unknown whether the entire synaptic chain (from optimal stimulation
position to descending motoneurons) is located withenprimary motor cortex or whether it
includes (intet) neurons in other regions, eremotor cortex projecting onto BA4 neurons.
Hence, it cannot be ruled out that indirect stimulation of BA4 neurons via transsynaptic input
from BAG6 accounts for antier positions of optimal TMS sites.

Although fMRI and TMS sessions were performed under different functional motor states,
(Aactivedo during f MRI sessions, Apassi veo
unlikely to account for the spatial mismatchsetved since previous studies demonstrated
that TMS mappings under Ielgvel voluntary contraction (220 % of maximum contraction)

yield CoGs significantly anterior (and nsmgnificantly medial) of CoGs obtained at rest
(Lewko et al., 1996Wilson et al, 1995. This anteriormedial shift (in the range of 6.6 to 20

mm) could be caused by decreased thresholds for surrounding premotor and supplementary
motor areas during muscle paetivation (Lewko et al.1996). However, this anterionedial

shift would rave more likely enlarged than shortened the distance between fMRI and TMS
positions in the present study, since TMS mapping CoGs showed already (predominantly)
anterior displacements.

We rather assume that EF effects are likely to account for the ardbifioof optimal TMS
positions. Like the neuronavigation system used in the present study, most systems compute
EF strength based on spherical head models which assume that EF is maximal directly under
the junction of the wings and declines exponentiatith distance from the coil (Eaton,
1992). However, there is growing evidence that this simplified model is insufficient, since
different tissue types of the head have different conductivities which change the EF
considerably. Realistic head models suchtiassuesegmented MR images with realistic
anatomical features like gyri and sulci demonstrated that the EF forms a complex pattern onto
the folded cerebral cortex (Salinas et @009). For instance, secondary EFs with either
decreasing or increasing eftts of varying magnitude (Zb % of primary EF) and direction

(often opposing the primary EF) occur especially near tissue boundaries (Salina20€19al.

These data show that stimulation with highest EF intensities does not necessarily occur
directly under the junction of the coil as proposed by spherical head models. Therefore, it
might be that stimulation with highest EF strength did not necessarily occur directly at the
CoG position.

The neurophysiology of TMS is still incompletely understoodthete is some evidence that

lateratmedial (LM) induced current directions activate cortical motor neupoagominantly
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directly leading to Bwaves whereas posterianterior (PA) induced current directions, as
used in the present study, activate cortinator neurons predominantly indirectly via
interneurons leading towaves (Di Lazzaro et al1998&). However, at stimulus intensities
above the motor threshold (MT), as applied in the present study, induced PA current direction
can also excite neurongrectly generating Biwaves (Di Lazzaro et al. 1988 Hence, for the

coil orientation and stimulus intensity used in the present study both types of neuronal
excitation (direct and indirect) should be considerediave generation relies on short
distance(inter)neuron or even microscopic (dendrite, cell body) geometry (Herbsman et al.
2009), and there is some evidence that especially these short distance neuronal structures are
subject to orientatiospecific effects (Amassian et,al998). For instancdsox et al. (2004)
demonstrated that the orientation of the EF relative to cortical columns outweiglesthigh
absolute EF strengths, i.EMS excitation was optimal within sulci where cortical columns

run parallel to EF direction, although the absolute ViE#s higher at gyral crowns (where
orientation to cortical columns is less optimal). Direct excitation on the other hand is mediated
by longer neuronal structures, i@ons. Here, inhomogenities of the applied electric field
caused by changes of the axbomajectory relative to the EF are the most dominant factor in
TMS-induced neuronal excitabilityApdeen & Stuchly, 1994, Amassian etal., 1992;
Maccabee et al., 1993Axons originating from BA4 first run perpendicular and anterior to
the sulcal wall, ath then turn approximately 90° downwards to form the cord fibres and the
subcortical bundle in theentreof the precentral gyrusSChmahmanr& Pandya, 2006
Therefore, if for some subjects axonal thresholds were lower due to more abrupt white matter
bendngs (Fox et aJ.2004), these subjects would show an anterior shift of optimal TMS
excitation spots. In line with this suggestion are also the results of a very recent study by
Herbsman et al. (2009) who investigated the relatietween TMS excitabilityie. motor
threshold = MT) and several anatomical parameters in 17 subjects. Approxima6&lyybof
theinters ubj ect variability in MT can btecorex pl ai n
distance Kozel et al, 2000) but there is also strong ieence that the anterior component of

the corticospinal tract is an additional important predictor for MT accounting for ~ 48 % of
the variance observed (Herbsman et a009). Pronounced anterior components of the
corticospinal tract were associated withv MT (Herbsman et 312009) suggesting that TMS

with PA induced current direction may act directly on axons running anterior of BA4 and
changing their trajectory relative to the EF.

79



Study I: Conguence of fMRI and TMS in healthy subjects

3.4.4 Implications and limitations

In summary, we conclude from thimdings of the current study that the spatial mismatch
between fMRI and TMS is not caused by the venous shift of -BRED signal. Spatial
differences between fMRI and TMS are likely to result from different underlyin
physiological processes, ierfuson) fMRI predominantly reflects the position with highest
taskrelated synaptic activity (Duong et ,aR000) at cell bodiesi.e. within grey matter,
whereas TMS mappings yield optimal positions for neuronal excitation with applied EFs.
These two positias might be different for several reasons including (i) EF distortion (caused
by tissue boundaries etc.), and (ii) direct excitation of axons (Di Lazzarg £#9%&) which

might be distant from cell bodies in white matter. One limitation of the preseht might be

the fact that effects are EF orientation (and hence coil orientation) specific. Our finding that
optimal TMS were more anterior might not apply to TMS mappings with other coil
orientations. EFs in the coronal plame more likely to act omediatlateral fibre tract
components, and henceight show displacements in medlateral direction in contrast to

EFs in PA (or AP) directions which predominantly act on antgrosterior fibre tract
components (Herbsman et,&009). Another limitabn of the present study might be that
fMRI and TMS sessions were not matched in functional state although fMRI informed TMS
lesion studies usually use the same task for the MRI localizer and the TMS experiment.
Although this limitation is unlikely to accoa for the mismatch between fMRI and TMS sites
observed in the present study, it might limit the significance of our findings with respect to
previous fMR}informed (r)TMS studies. Nevertheless, our findings also have implications
for studies in which opthal TMS positions cannot be identified as easily as for the motor or
visual cortex. Although fMRInformed TMS might not reflect the optimal position to
generate TMS effects, our data indicate that it provides at least a position resulting in
measurable T8 effects, and hence fMRI informed TMS should be preferred to the use of
structural landmarks solely. Furthermore, our data imply that when behavioural effects are
absent after rTMS over fMRdased coordinates (e.g., in attention or language experiments),
missing effects might also result from ineffective stimulation of the target region due to the
spatial mismatch of fMRI coordinates and maximal TMS effects as demonstrated for the

motor system in the present study.
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4 Study Il: Spatial Congruence of fMRI and
TMS In stroke patients

4.1 Introduction Study Il

Results of Study indicatethatin healthy young subjectajovementrelatedchanges irCBF
signaloccurcloseto the anatomical motor hand area. Brodmann Area BA4), whereas
movementrelated chages inBOLD signaloccur closer tahe gyral surfaceHowever,spatial
differences between neuroimaging techniquds&d not impact on Euclidean distancese
optimal TMS positions since optimal TMS positions wereconsiderablymore anterior
compared tofMRI positions (and differences between CBF and BOLD signal occurred
mainly in cortical depth)Hence, in healthy young subjects, the use of CBF (instead of
BOLD) did notimprove spatial congruence between fMRI and TMS.
However, the main goal of the presentsisavas to improve rTMS invervention strategies in
stroke patients and stroke patients in the chronic phase may show several abnormalities
compared to healthy subjects. First of aflorganization processewnhich take placaluring
the first weeks and mohs after stroke (Cramer et al., 199vay shift taskrelated fMRI
signalas well asoptimal TMS positions in unknown extend and direct(Bastings et al.,
2002; Rossini et al., 1998; Thickbroom et al., 2002hich influence such shifts may have on
congrience between fMRI and TMiS howeverunknown Additionally, stroke patients may
show vascular abnormaliti€e.g. stenoses)but it is unknown vhethertheseabnormalities
have stronger effectsn BOLD signal (asising from the macrovasculaturedmpared taCBF
(aridng from capillaries andsmaller vessels)rherefore we tested whether results obtained
from healthyyoung subjects in Study | do also apply ¢tbronic stroke patientdespite of
spatial shifts of fMRI and TMS positionscaused by reorgaragon and vascular
abnormalities.
Hypoperfusions themost proximateause ofschemic strokeTherefore CBF measurements
have been suggested to have high potefdiatlinical neuroimagingDetre et al., 1998)
Initially, presence of stenoses and the resglprolonged transit timas stroke patientsvere
thought to be potential sources of error or artefact in perfusion imaging usingHa%kever
in 1998,Detre and colleaguesere able talemonstrat¢hat goodquality CBF images can be
obtained from patigs with chroniccerebrovascular diseasg rest(Detre et al., 1998)
Nowadays ASL is predominantly usetb assess global perfusiateficits in acute stroke
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patientsin clinical settings These neasurements are performedabsence of a specific task

( Asrtei n g arsl ellaw ideltijication of the ischemic penumftiasue potentially destined

for infarction but not yet irreversibly injuredrisher, 1997),if combined with diffusion
weighted imaging (DWI According to thaliffusionperfusion mismatch nael, the ischemic
penumbra represents the amghich showsperfusion deficitsassessedby ASL but normal
diffusion measured by DW(Chalela et al., 2004However, until now, no study has been
published using ASL to assesskrelated changes in CBF in sike patientsTherefore,an
additionalaim of the present studwas to demonstrate thameaningful taskelated CBF
signal changesan beobtainedfrom chronic stroke patients

Numerous studiessed BOLD fMRI to assess movemealated activity in stro& patients

and many of these studiesported bilaterally enhanced BOLD signal during movements of
the affected hand in stroke patiestsmpared to healthy subjediBinkofski & Seitz, 2004,

Cao et al., 1998; Chollet et al., 1991; Cramer et al., 1997k&eit al., 2008 Jaillard et al.,
2005; Loubinoux et al., 2003; Seitz et al., 1998; Weliller et al., 19a22d et al., 2008). The
functional role of enhanced neural activity in twntralesional hemisphefe.g. supportive,
compensatory or detrimentad) currently under intemse debatgcf. sectiors 4.4,5.4.3 and
5.4.4) The second aim of the present study wasxclude the possibility that bilaterally
organized BOLD signal is simply caused by vascular artefacts (such as local magnetic
susceptibiliy around large draining veins)Ve hypothesized thatilaterally organized neural
activity duringmovements of the affected hand is ailsdicatedby CBF (and not onlyby
BOLD). Since CBF signal changesxclusively occur in capillaries ararain parenchyma
(Duong et al., 2000; Luh et al., 2000; Silva et al., 1997; Tjandra et al., 2005), this finding
would strongly argue against artefafrism veins (and for neuronal processasynderlying
cause ofbilaterally enhancedBOLD signal in the contralesional h&phereipsilateral to
movements of the affected hand

Hence in the present studye tested on both hemispheres of chronic stroke patients and age
matched healthy controls: (i) whether meaningful movermelated changes in CBF can be
obtained from chrowi stroke patients, (ii) whether bilaterally enhanced neural activity can be
obtained by BOLD as well as CBHji) whetherhighesttaskrelated CBF signathanges
occur closer tahe anatomical motor &nd areaBA4) thanhighesttaskrelated BOLD signal
changes (iv) whether spatiatlifferences between neuroimaging techniques are functionally
relevant (i.e. impact onMEP9 if brain tissueis stimulatedwith TMS, and (v) whether
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movementrelated CBF signal changeecur significantly doser tooptimal TMS paitions

thanmovementrelated BOLD signal changes

4.2 Methods Study Il

4.2.1 Subjects

MRI measurements were performed on 15 chronic stroke patients (61.4 + 10.2 years old; 12
males) and 13 healthy control subjects (60.1 + 8.0 years old; 6 malesA4TlgblEhere were

no significant differences between groups in age @ample ttest, P > 0.05) or gender

( Pe ar s-gqudrestestc b * 0.05). Patients had rgjtied (n = 10) or lefsided (n = 5)
lesions due to firsever cerebral ischemia. Patients véncluded in the study based on the
following criteria: (i) stable unilateral hand motor deficit, (ii) insult at least 12 months ago
(chronic stage), (iii) absence of aphasia, neglect, and apeaddiv) no mirror movements

of the unaffected hand dugmmovement®f the affected handlhree different scales were
used to assess clinical impairment: (i) the modified Rankin scale (mRS), (ii) the National
Institutes of Health Stroke Scale (NIHSS), and (iii) the Action Research Arm Test (ARAT).
Additionally, maximum index finger tapping frequencies (in Hz) arakimum grip force (in

kPa) wasobtained (the latter with a vigorimeteévtartin, Tuttlingen, Germany). CST damage
was assessed by calculating the overlapping volume between the individuzidkhilized

|l esion mask and the probabilistic CST map
(Eickhoff et al., 20052007 http://www.fzjuelich.de/inm/inml/spm_anatomy_toolbox) in
relation to total CST volume. Healthy control subjects were free of any histongdital or
psychiatric disease. One subject in each group wasdefied according to the Edinburgh
Handedness Inventory (EHI; Oldfield, 1971). Remaining subjects werehagiued (EHI

was assessed for the time before stroke in patiedi®rall 12 sulgcts (6patients ands
healthy subjec)sagreed to participat®n a subsequent TMS sessionwhich a systematic
TMS motor mapping was performedone of the subjects had any contraindication to TMS
(Wassermann, 1998) and all subjects gave informed cotwspatticipate in the study, which
was approved by the ethics committee of the Medical Faculty, University of Cologne,
Germany (fileno 09108). All experiments conform to the Declaration of Helsinki, sixth

revision 2008.
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Table 4.1:Study Il: Demograpfcal, clinical, and behavioural data

Subject Age Sex Han Lesion Lesion Lesion mRS NIH ARAT Affected/nordominant hand Unaffected/domiant hand
ded side size age SS
ness [em3] [m]
FT GF TA TA FT GF TA TA
[HZ] [kPa] max. eff. [HZ] [kPa] max. eff.
[Hz] [HZ] [Hz] [HZ]
P 01* 56 M R R 0.1 33 1 1 57 4.8 111.0 2.8 1.9 5.4 119.0 2.9 1.9
P 02 48 M R R 251.7 156 2 6 30 2.3 105.0 1.4 0.9 6.7 150.0 2.6 1.7
P 03* 65 M R R 0.1 28 1 1 46 3.3 76.7 15 1.0 55 96.3 3.7 2.5
P 04 70 M R R 3.0 100 3 7 24 15 16.0 1.9 1.3 5.6 90.0 2.9 1.9
P 05* 68 M R R 40.2 32 3 5 32 1.7 43.7 1.0 0.7 5.4 113.7 2.5 1.7
P 06 65 M R R 1.3 22 2 3 50 35 42.7 1.5 1.0 45 70.7 2.3 1.5
P 07* 73 M L R 0.2 35 1 4 41 3.9 64.7 2.3 1.5 53 76.7 2.7 1.8
P 08 75 M R L 0.4 43 1 2 57 51 64.7 3.1 2.1 53 63.3 3.1 2.1
P 09 43 F R R 42.1 18 2 3 32 3.0 7.3 1.0 0.7 5.4 60.7 3.7 2.5
P 10 67 M R L 1.6 253 1 3 56 4.2 64.7 2.0 1.3 5.1 77.3 2.0 1.3
P11 60 M R R 2.3 16 1 2 54 29 71.7 1.6 1.1 57 81.0 2.5 1.7
P 12* 52 F R R 26.7 12 1 1 57 3.7 49.3 2.1 1.4 4.6 46.7 2.8 1.9
P 13* 74 F R L 0.2 50 1 4 54 3.1 21.3 2.7 1.8 3.3 48.0 2.8 1.9
P 14 51 M R L 2.7 38 2 3 21 1.6 10.0 1.0 0.7 6.5 106.7 4.4 2.9
P 15 54 M R L 10.5 78 2 4 48 2.0 12.7 1.1 0.7 45 86.0 2.2 1.5
Mean 61.4 255 60.9 1.6 3.3 43.9 3.1 50.8 1.8 1.2 5.3 85.7 29 1.9
SD 10.2 64.3 65.4 0.7 1.8 12.9 11 33.2 0.7 0.5 0.8 28.1 0.6 0.4
H 01 50 M R - - - - - 5.9 95.0 2.6 1.7 6.4 101.7 3.3 2.2
H 02* 66 M R - - - - - - 5.5 92.0 2.3 1.5 5.8 104.3 2.4 1.6
H 03 56 F R - - - - - - 53 40.0 2.4 1.6 6.3 48.3 3.2 2.1
Ho04 66 M L - - - - - - 5.9 90.0 2.5 1.7 55 82.3 2.7 1.8
H 05* 61 F R - - - - - - 5.1 59.7 3.4 2.3 5.6 55.3 3.1 2.1
H 06* 64 M R - - - - - - 55 119.7 2.7 1.8 5.0 102.3 2.7 1.8
H 07* 63 F R - - - - - - 6.0 74.0 2.5 1.7 5.7 78.0 2.6 1.7
H 08* 56 M R - - - - - - 5.7 102.0 2.4 1.6 6.4 97.3 2.6 1.7
H 09* 50 F R - - - - - - 5.9 66.7 2.7 1.8 6.7 62.7 2.9 1.9
H 10 53 F R - - - - - - 49 99.7 2.3 1.5 55 102.7 2.4 1.6
H11 55 F R - - - - - - 51 49.7 1.8 1.2 55 49.3 2.0 1.3
H 12 62 M R - - - - - - 57 112.7 3.3 2.2 6.1 107.7 3.8 2.5
H 13 79 F R - - - - - - 3.7 60 1.3 0.9 4.4 63 1.2 0.8
Mean 60.1 5.4 77.5 2.5 1.7 5.8 76.8 2.7 1.8
SD 8.0 0.6 32.3 0.5 0.4 0.6 30.7 0.6 0.4

ARAT = Action Research Arm Test; F = female; FT = maximum index finger tapping frequency; GF = maximum grip force; Hy=chatith subject; L = left; M = male; m = months; mRS =
modified Rankin Scale; NIHSSNational Institutes of Health stroke scale; P = stroke patient; R = right; SD = standard deviation; TA eff. = thumb afegagooy performed during the
functional magnetic resonance imaging experiment (66% of TA max. = maximum thumb abductiorciretjGerbjects participated in TMS experiments
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4.2.2 fTMRI motor paradigm

A block designwas implementedin which subjects were asked to perform visually paced
rhythmic thumb abductions with their affected hand (corresponding to thdammant hand

of healthy subjects) and their unaffected hand (corresponding to the dominant hand of healthy
subjects) The volunteerodos hands were fixated on
ensure a flat hand position throughout the experiment. A vertical cylimbemted onto the

board, served as lateral margin restricting thumb abductions. The position of the cylinder was
adjusted to allow thumb abductions of approximately 45°. This experimental setup
specifically facilitated movements of the abdugpotlicis brevis (APB) muscle, which was

later used as target muscle for TMBiumb abductions were performed at two different
movement frequencies: (i) a fixed frequency of 1 Hz and (ii) a frequency individually
adjusted tomotor performance (66% of the maximum fremey). The fixed frequency
condition was implemented to compare neural activity (between groups or hands) with similar
absolute number of thumb abductions in one movement block resulting in, for example
similar amount of raafferent signal, whereas the aslied frequency condition was
implemented to compare neural activity (between groups or hands) during movements with
similar degree of difficulty (but different absolute number of movements). The maximum
thumb abduction frequency of each hand was detednmenediately beforéMRI scanning

when subjects resided in their final position for the experiment. For assessment of the
maximum thumb abduction frequency, subjects were instructed to move their thumb to the
cylinder and back as fast as possibleassosn a fAgoo si gnal aflpear ed
transistor (TFT) screen at the rear end of the MR scanner. Thumb abductions were counted by
visual inspection wuntil a Astopo signal was
consecutively 3 time$or each hand and the mean across 3 blocks was used as maximum
thumb abduction frequency (see TaMld). During the fMRI experiment, the movement
frequency was paced by a red blinking circle on white background presented on the TFT
screen, which was vidi via a mirror mounted on the MRead coil Blocks of hand
movements (15 s) were separated by resting baselines (30 s-pluiss Qitter) in which a

black screen instructed subjects to rest still until instructions were displayed for 1.5 s
indicating whch hand to move in the subsequent movement blodke software
O0Presentationdéo (Ver si on 9.9, Neur obe

www.neurobehavioralsystems.com) was used for visual stimulus presentatienfMRI
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experiment consisted of 6 cycles of baseliand movement blocks for each of the 4
conditions which were pseudandomized and counterbalanced across the experiment.
Overall, the experiment lasted about 19 min. Subjects were trained outside and again inside
the scanner until they had reached stapérformances (monitored by visual inspection).
During the experiment, motor performance was monitored by an MR compatible camera in

the scanner room.

4.2.3 fMRI data acquisition

MR images were acquired on a 3 TeSiamens MAGNETOM TimTrio scanner (Siemns,
Erlangen, GermanyHigh-resolution anatomical 1-weighted images were acquired using a
3D MP-RAGE (magnetization preparedapid acquisition gradient echo) sequence with the
following imaging parameters: TR = 2000 ms, TE = 3.25 ms, FOV = 256 mnsdgitial

slices, slice thickness = 1 mm, mane resolution = 1 x 1 mmz, flip angle = 9 avoid
discomfort for patients induced by long scanning durati@i&f and BOLD signal changes
were simultaneously acquired by means of the PICQREIPS Quantitdive imaging of
perfusion using a single subtraction with thin slitk periodic saturationi proximal
inversion with a control for offesonance effectgulse sequence using a FOCI pulse for
inversion (Luh et al., 1999) with the following paramet&iis= 1000 msTlis= 1200 ms, and
Tl2=1700 ms, TR = 2500 ms, TE = 22 ms, FOV = 256 mm, 8 axial slices, slice thickness =5
mm, inplane resolution = 4 x 4 mm2, distance factor = 0%, flip angle = 90°, and a flow limit
of 100 cm/s. The tagging region wasdf in width positioned at a gap of 1 cm inferior to the
imaging slices. Two presaturation pulses were applied in the imaging planes immediately
before the inversion tag to minimize the impact of the static tissue. A 20 mm thick saturation
slab was repeatbd applied for the bolugut-off (Cavusoglu et al., 2009). Images were
acquired sequentially in ascending direction using a sstgh EPI technique. Slices covered

a region extending from the fundus of the central sulcus to the top of the parietofeste=a)
thereby ensuring full coverage of the primary motor cortex. Each fMRI session consisted of
471 EPI vol umes, i ncludi ng t {stateietissuel comrasy. 0 S C ¢
Sevenwhole brainEPI volumes (30 axial slices) with identicalaging parameters (except

for a longer TR of 4000 ms) were additionally acquired to improve thegistration with

the anatomical 1-weighted volume during data ppeocessing (see below).
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4.2.4 fMRI data analysis

For image preprocessing and statistianblysis of BOLD and CBF data, we used FEAT
(FMRI Expert Analysis Tool) version 5.98, part of FSL (FMRIB's Software Library version
4.1.7, www.fmrib.ox.ac.uk/fsl). Dummy scans were discarded from further analyses. EPIs
from patients with lefsided lesiongn = 5) were mirrored at the midsagittal plane. To
account for possible confounds arising from laterality effects, EPIs of 5 healthy subjects were
similarly processed. ASICBF time series were created by calculating costagldifference
images (resultip in a total of 234 subtraction images) using surroundracton (i.e.
computing the difference between each image and the average of its two meigtasbury,
thereby reducing BOLD signal contamination of the ASBF time courseGavusoglu et al.,
2009). The following prestatistics processing was applied: motion correction using MCFLIRT
(Jenkinson et al., 2002), ndmain removal using the brain extraction tool (BET; Smith,
2002), and spatial smoothing using a Gaussian kernel of 5 mm full width halfmom
(FWHM). A highpass filter of 1/290 s (i.slightly longer than the maximum interval between
two blocks of the same condition) to remove low frequency drifts in MR signal. To ensure
good spatial caegistration with the high resolution anatomiddl image, EPI volumes
(covering the brain only partially) were first-cegistered with thevhole brainEPI before
applying the transformation matrix frowhole brainEPI to the brairextractedl' 1 image. For
statistical analysis on the singdabject levelpox-car vectors of the following fowsonditions
were applied to both CBF and BOLD time series in the framework of a general linear model
using FILM (FMRIB's Improved Linear Model) with local autocorrelation correction
(Woaolrich et al., 2001):

1) Movements bthe affected (nomominant) hand at 66% of the maximum frequency

2) Movements of the affected (n@ominant) hand at 1 Hz

3) Movements of the unaffected (dominant) hand at 66% of the maximum frequency

4) Movements of the unaffected (dominant) hand at 1 Hz

Head notion parameters were included as covariates into the model.

4.2.5 Identification of fMRI peak voxeland fMRI CoGs

The voxel with the highest statisticalvAlue located within the precentral gyrus near or at the
hand knob formatioYousry et al., 1997yas identified for movements of the affected (hon

dominant) and the unaffected (dominant) hafml the adjusted movement frequency
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condition)for both BOLD and CBF using statisticalthreshold of P < 0.001 (uncorrectelt).
contrast to peak voxel coordites, CoG coordinates are influenced by the threshold applied
A uniform threshold of P < 0.001 (uncorrected) was applied to all fMRI data (lower
thresholds were found to yield very large activation cluster for BOLD sessions, whereas
higher statistical tlesholds could not be passed by CBF activation clystekiter
thresholding, the fMRI activation cluster comprising the peak voxel was identified and the

CoG was calculated avalue weighted position.

4.2.6 Group analysis of fMRI data

Lesion masks werecreated based on anatomicall images using MRIcron
(http://www.cabiatl.com/mricro/mricron/). EPIs volumes were spatially normalized to the
standard template of the Montreal Neurological Institute (MNI152_T1 2mm) with masked
lesions using FLIRT (Jenkinscet al., 2001, 2002). For the fMRI group analysis we used
FLAME 1 (FMRIB's Local Analysis of Mixed Effects) to compare the parameter estimates of
each condition between subjects in a-faitorial ANOVA with the factor GROUP (levels:
patients, controls). ZGaussianised T/F) statistic images were thresholded using awiseel
corrected significance threshold of Z > 3.0 and a clusise corrected significance threshold

of P < 0.05 (Forman et al., 1995; Friston et al., 1994; Worsley et al., 1992). Fomanaét
assignment, statistical contrasts wewerlaid with cytoarchitectonic probability maps of the
Juelich Histologtal Atlas (Eickhoff et al., 2005, 2007

4.2.7 Neuronavigated TMS apparatus

Stereotaxic frameless neuronavigation was performed witheXienia navigated brain
stimulation (NBS) system version 3.2.1 (Nexstim, Helsinki, Finland). Since subjects
performed a thumb abduction task durihg fMRI experiment the left and right abductor

pollicis brevis (APB) muscle served as target musidedMS. EMG signals were recorded

by Ag/AgCl surface electrodes (Tyco Healthcare, Neustadt, Germany) placed in a belly
tendon montage. The EMG signal was amplified, filtered with a 0.5 Hz high pass filter and
digitized using a ML856 PowerLab 26T Myograph ahdet A Lab Chart o soft wi

version 6.0 (ADInstruments Ltd, Dunedin, New Zealand).
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4.2.8 Motor hotspot and resting motor threshold

Subjects were comfortably seated in an adjustable armchair withréstad’he head of the
subject was coegistered wh the individual higkresolution anatomical MR image via
anatomical landmarks (e.g., nasion and crus helidiBe root mean square difference
between positions of landmarks the subjects head and landmarkshe MRI volumedid

not exceed® mm or any TMS session of the presestudy €alculatedby the neuronavigation
software). After anatomical coregistration, themm o r A h othescqil pdsition pravidirey .
highest MEPs of the contralateral APB muscle with shortest latencies during single pulse
swprathreshold TMS, was identified. Hotspot coil orientations were (nearly) perpendicular
(90 = 10°) to the central sulcus amangential to the scalp in aflubjectsinvestigated
(information provided by the neuronavigation softwar€he RMT was defined sathe
minimum TMS stimulator output intensity required to produce an MEP {mep&ak
amplitudeO50 pV) in at least 5 out of 10 consecutive trials in the contralateral APB muscle
at rest (Rossini et al., 1994).

4.2.9 TMS Motor Mapping

TMS motor maps of thépsilesional (honrdominant) andcontralesionalldominant) motor
cortex and surrounding tissweereobtained froml2 patients § strokepatients and 6 healthy
subjecty. The TMS coil was navigated to grid positions spaced at intervals of 5 mm. The
anteriorposterior axis of the grid was oriented in parallel to the interhemispheric fissure. The
mappng procedure started at the hotspot positiBmbsequent positions followed a helix
around tle hotspot position until no ME@eakto-peak amplitud€50 pV) could be elicited

at any outside margin of the map. This mapping procedure included the hand knob formation
(Yousry et al., 1997) in all subjects. Classen et al. (1998) demonstrated@hsintuli per
position are sufficient to achieve stableppig resultsin the present study, stimuli (at

120% RMT; ISI = 1500 ms) werdelivered toeach position. Coil tilting was tangentially to

the scalp and the TMS coil orientation was identical to coil orientation during RMT
identification and stimulatioat fMRI maxima coordinates, i.e. approximately perpendicular
to the central sulcus. The mean péadpeak MEP amplitude of the APB was calculated for
each grid position and divided by the largest amplitude obtained within the stimulation area.
Based on tbse data, the centod-gravity (CoG) of thecortical APB representatiorwas

calculated(Classen et al., 1998). Since it is unknown at which position, superficial or deep,
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TMS-induced neuronal excitation occuvee projectedTMS identified positions (i.ehotspot

and CoG positions) onto the cerebral surface. This was done by identifying the individual
depth of the cerebral surface by surface peeling of the software generated 3D head model.
Positions with highest EF strength at the cerebral surfB€gay) were recorded during
hotspot identification and TMS mapping and used for later analysesompare anatomical
positions derived by fMRI and TM&Fnax positions were marked on the individual structural
T1limage and transferred into MNI space by applyirg ispective nonlinear normalization

transform(whichwas also used to transfer individual fMRI activation maps into MNI 9pace

4.2.10 TMS of peak voxel coordinates at 120 % RMT

Brain tissue at fMRI peak voxel coordinates was stimulated with 120 % RM3tighuli; I1SI

= 3000 ms)n all subjects (n = 28)The order of stimulation of BOLD and CBF peak voxels

was counterbalanced across subjects. The experimenter was blinded to the fMRI sequence.
The target entry point for stimulation was identified by bmggihe TMS coil in a position in

which the distance between fMRI target and,EFalue position was found to be minimat (0

2 mm, computed by theeuronavigatiorsoftware). Then, tilting of th€ MS coil was adjusted

until the coil was tangential to the §zgcomputation and visual feedback provided by the
neuronavigatiorsoftware). TMS coil orientation coincided with TMS coil orientation during
RMT identification. In this final position, one stimulus was applied. The coil positioning
parameters of this stiulus were used as reference for all subsequent stimuli at this particular

target (by means of the fAaiming tool o implerm

4.3 Results Study Il

4.31 fMRI group analysis

4.31.1 BOLD signal

Figure 4.1 shows regions ganificantly activated by visuallpaced thumb abductions at a
movement frequency of 1 Hz in stroke patients (n = 15; all normalized as having right sided
lesions) and healthy subjects (n = 13) relative to theléwel baseline (Z > 3.0, P < 0.05
clusterlevel corrected. Healthy subjects shaud increased BOLD signal in a network

comprising contralateral primary motor cortex (M1), contralateral primary somatosensory
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cortex (S1), bilateral supplementary motor area (SMA), bilateral ventral and dorsal premotor
cortex (VPMC, dPMC), and bilateral superior parietal lobule (SPL) during movements of the
dominant (Figuret.1F) and nordominant (Figure 4B) hand In stroke patients, movements

of the unaffected hand yielded comparable results as movements of the rdoonimonr
dominant hand in healthy subjects (FigutdE). In contrast movements of the stroke
affected hand were associated with significant neural activity in contralesional M1 ipsilateral
to movemers of the affected hand (Figureld). Although healtis subjects also showed
significant activation in the dominant hemispheigsilateral to movements of the non
dominant hand, this activation was siedhtin ipsilateral dPMC (Figure.¥B) anddid not
extend intaipsilateral M1 as irstroke patients (Figuré1A). Results were comparable if the
thumb abduction frequency in the fMRI experiment was adjusted to motor penfar(G8o

of maximum frequency; Figure2).

4.31.2 CBF signal

The fMRI group analysis of theontrastii t h walmdbctions versus baselinen CBF (instead

of BOLD) signal revealedateralized activation clustenn contralateral sensorimotor cortex
(M1/S1) in healthy subjects during movements of the dominant (Figulid) and non
dominant hand (Figure.ZD). In stroke patients, movementstbé unaffected hand yielded
similar results as movements of the dominant or-eimminant hand in healthy subjects
(Figure 4.1G). In contrast movements of the stroke affected hand were associated with
additional activation clusterg contralesional M1 ipkateral to hand movementd-igure
4.1C, highlighted by green circlesyhis activation was located at the lateral margin of the
hand knob formatioYousry et al., 1997andwas not sen in healthy subjects (Figure 4.1D,
Figure 41H) or stroke patients ming their unaffected hand (Figurel4s). Results were
comparable if the thumb abduction frequency in the fMRI experiment was adjusted to motor

performance (66% of maximum frequency; Figure 4.2).

4.3.13 Peak activation clusters

Characteristicef peak ativation clusters are given in Table 4ACBF peak activation clusters
were significantly smaller (i.e. contained significantly fewer voxels) tB&LD peak
activation clustergP < 0.001)and hadsignificantly lower statistical Zralues at the peak

voxel coordinate (P < 0.001). There were no significant differences between stroke patients

91



Study II: CongruencefdMRI and TMS in stroke patients

and healthy subjects in voxel size or statisticalalie of peak activation clusters (P > 0.3).
All peak activation clusters obtained by CBF were located either iprthmary motor cortex
(M1) or the central sulcus (C8pth in healthy subjects and stroke patiefriscontrast, pak
activation clusters obtained by BOLdere located in other brain aregsrgdominantly
supplementary motor are§MA). Only for one of the ight conditions, the BOLD peak
activation cluster was located in the CS.

4.3.14 Summary fMRI group analysis

In summary our results demonstrate that meaningful teedlated changes (in contralateral
M1) can be obtained from chronic stroke patients usi8g-CBF. Additionally to activity in
contralateral M1, tsoke patients showed enhanced fMBgnal in contralesionali.e.
ipsilateral) M1 during movements of the affected hand (but not during movements of the
unaffected hand compared to healthy subject$his was the case in both movement
conditions.Interestingly,both fMRI signal types, i.eBOLD and CBF, suggested&nhanced
neural activity in contralesional M1during movements of the affected har@BF peak
activation clusters were smaller and had logtatistical Zvalues than BOLD peak activation
clusters but there were no significant differences between patients and healthy subjects in
cluster size or Zalues of peak activation clustetdighest movementelated CBF signal
changesn stroke patierst and control subjecisere located in MIr the central sulcuBy
contrast, highest movemerglated BOLD signal changes were located in otirain areas

(such asSMA). There were no differences between stroke patients and healthy subjects in

location d peak activation clusters.
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Study II: CongruencefdMRI and TMS in stroke patients

Figure 4.1:Study II: Results of the fMRI group analys{fixed movementcondition) Functional

magnetic resonance imaging (fMRI) wasrformed in 15 chronic stroke patients and 13 healthy
subjects during visually paced rhythmic thumb abductions of the affectedd¢gmaimant) and

unaffected (dominant) hand at a fixed movement frequency of Attrial spin labelling ASL) was

used as MRI pulse sequence and bloodygenation leveldependent (BOLD) as well as cerebral

bl ood flow (CBF) f MRI signal was assessed. i Mo v
onto the MNI standard template (Z > 3.0; P < 0.05, cluster level correcteche $atients showed

enhanced BOLD and CBF signal in contralesional M1 (ipsilateral to hand movements) during
movements of the affected hand but not during movements of the unaffected hand compared to
healthy controls.
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Figure 4.2:Study II: Results ofthe fMRI group analysigadjusted movemerdondition) Functional
magnetic resonance imaging (fMRI) was performed in 15 chronic stroke patients and 13 healthy
subjects during visually paced rhythmic thumb abductions of the affecteddfmimant) and
unaffected (dominant) hand at a movement frequency adjusted to motor performance (66% of
maximum thumb abduction frequencyrterial spin labelling(ASL) was used s fMRI pulse
sequence and bloaakygenation levetlependent (BOLD) as well as cerebral blood flow (CBF) fMRI
signal was assessed. iMovement versus resto con
template (Z > 3.0; P < 0.05, cluster level correct@®sults were comparable to the fixed movement
condition, i.e. stroke patients showed enhanced BOLD and CBF signhal in contralesional M1
(ipsilateral to hand movements) during movements of the affected hand (but not during movements of
the unaffected hantbmpared to healthy controls.
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Table 42: Study Il: Peak activation cluster of the fMRI group analysis

Contrast Voxels P Z P)e(ak P:a(ak P;ak Area C;G C$G C;G Area

Affected | adjusted 14826 |0.000| 6.66| 4 -8 52 SMA -0.4 | -12.7 | 55.9 SMA

Patients hand fixed 10318 | 0.000| 6.67| 2 -6 52 SMA 3.7 -94 | 56.0 SMA
Unaffected| adjusted 8675 0.000| 5.90| -40 | -20 50 CS -13.8 | -10.8 | 55.7 | SMA/WM
BOLD hand fixed 16379 | 0.000| 6.09| -52 | -26 44 S2 -10.1 | -7.23 | 53.9 | SMA/WM
Non-dom | adjusted, 12449 | 0.000| 6.16| 2 -4 60 SMA 12.2 | -6.23 | 54.5 | SMA/WM
Controls hand fixed 10378 | 0.000| 5.90| 2 -4 58 SMA 12.0 | -8.45 | 55.3 | SMA/WM
Dominant | adjusted 10521 | 0.000| 5.91| -44 | -12 56 | PMC/M1| -17.8 | -12.4 | 56.2 dPMC

hand fixed 11172 | 0.000| 6.24| 2 -2 56 SMA -8.21 | -6.56 | 55.2 SMA

Affected | adjusted 842 0.000( 4.15| 36 | -12 52 M1 37.2 | -15.2 | 54.6 M1

Patients hand fixed 305 0.000( 5.54| 36 | -22 54 M1 345 | -15.6 | 50.1 M1

Unaffected| adjusted 507 0.000| 4.49| -36 | -28 50 CS -37.0| -24.0| 51.7 Cs

CBE hand fixed 844 0.000| 4.52| -40 | -20 56 M1 -38.7 | -22.3| 52.6 M1

Non-dom | adjusted 368 0.000| 4.01| 42 | -20 52 CS 38.4 | -20.0 | 52.7 M1

Controls hand fixed 274 0.000| 4.24| 40 | -18 52 M1 39.1 | -18.7 | 53.5 M1

Dominant | adjusted 643 0.000| 4.29| -40 | -16 58 M1 -36.3 | -20.4 | 53.5 M1

hand fixed 515 0.000| 4.08| -40 | -14 56 M1 -36.1| -15.8 | 52.4 M1

adjusted: thumb abduction frequency in the fMRI experiment was adjusted to motor performance (66% of maximum frequench)o&Bxygenation level
dependent; C: control subjects; CBF: cerebral blood fléwG: centreof-gravity coordinate CS: central sulcus; dPMC: dorsal premotor cortex; fixed: thumb
abduction frequency in the fMRI experiment was 1 Hz; fMRI: functional magnetic resoimaaging; M1: primary motor cortex; Naom: nondominant; P:

stroke patientsPeak: peak voxel coordinat82: secondary somatosensory cortex; PMC: premotor cortex; SMA: supplementary motor area; WM: white matter;
X: laterakmedial coordinate; Y: antemgosterior coordinate; Z: inferisuperior coordinate Coordinates refer to the standard space of the Montreal
Neurological Institute (MNI)
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4.32 Statistical Z-values at individual fMRI peak voxels

Movementrelated neural activityvasobserved with bét ASL-BOLD as well asASL-CBF

in all subjects. However, sensitivity in terms of statist&atalues ofindividual local maxima

at the hand knoliormationwas significantly different across fMRI techniques. A repeated
measures ANOVA (n = 28) with the facs)APPROACH (levels: ASIBOLD, ASL-CBF),
HEMISPHERE (levels:ipsilesionalnon-dominant, contralesiondgtlominant), and GROUP
(levels: patients, controls) revealed a highly significant main effect of APPROACH (F (1, 26)
= 173.969; P < 0.001ASL-BOLD peak wxels had sigificantly higher statistical Zalues
(11.8 = 3.3) than ASICBF (4.2 + 1.0) peak voxel3here was no significant main effect of
HEMISPHERE or GROUP and no significant interacti&n>0.05) indicating that statistical
Z-values atindividual ASL-CBF peak voxels were generally decreasedependenbf the

hemisphere or groupvestigated.

4.3.3 Differences in fMRI and TMS positions

Individual TMS hotspot positions werebtained from15 stroke patients and 13 control
subjects (n = 28). Theyeare projected into MNI space by applying the individual nonlinear
FNIRT registration transform. MNI coordinates of TMS hotspot positions were then
compared with MNI coordinates of fMRI peak voxel coordinates by computing a repeated
measures ANOVA (n = 28ith the factor APPROACH (levels: ASBOLD, ASL-CBF,
TMS-hotspot) and GROUP (levels: patients, controls) for each hemisphere and dimension
(MNI-coordinate X, Y, and Z).

4.33.1 Analyses on differences in fMRI and TMS hotspot positions (n = 28)

Mean MNI omordinatesof ASL-CBF, ASL-BOLD, and TMS hotspots agiven in Tabé 4.3

and depicted in Figure 4.8 lateratmedial direction (i.e. in MNI coordinate X), there was a

significant main effect of APPROACH for both hemisphergssilesional/nordominant

(IL/ND): F (2, 52) = 7.149, P = 0.002; contralesional/dominant (CL/D): F (2, 52) = 4.630, P =

0.0149. Posthoc ttest revealed that TMS hotspot positions were significamibye lateral

than ASL-CBF positions(IL/ND: P = 0.001, FDRcorrected; CL/D: P = 0.042incorrected)

and ASL-BOLD positions [L/ND: P = 0.007,FDR-corrected;CL/D: P = 0.005, FDR

correctedl. In anteriorposterior direction (i.e. in MNI coordinate Y), there was a highly
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significant main effect of APPROACH for botliemispheresli(/ND: F (2, 52 = 31.511, P <
0.001; CL/D: F (2, 52) = 9.661, P < 0.Q0Posthoc ttest revealed that TMS hotspot
positions were significantlynore anterior than ASLCBF positions(IL/ND and CL/D: P <
0.001, FDRcorrectedl and ASL-BOLD positions [L/ND: P < 0.001, FDRcorrected; CL/D:

P = 0.007, FDReorrectedl. As TMS cannot differentiate between superficial and deep targets
(due to the physical nature of the magnetic field induced by the TMS cod)yses in
inferior-superior direction (i.e. in MNI coordinate Z) veeperformed for fMRI apprehes
without TMS hotspot positions. There was a significant main effect of APPROACH for both
hemispheresndicating thatASL-BOLD positions were significantly more superficial than
ASL-CBF positions(IL/ND: F (1, 26) = 4.560, P 9.042; CL/D: F (1, 26) = 4.302, P =
0.048) There was no significant main effect of GROUP or significant APPROCH x GROUP
interactian for any of the ANOVAsR > 0.035.

In summary, analyses on differences in ABOLD, ASL-CBF, and TMShotspot positions

in al 28 subjects indicated that TMS hotspot positiarese significantlylateral and anterior

of fMRI positions ASL-BOLD positionswere significantly more superficial than ASCBF
positions. Findings were similar for both hemispheres ameéré were no sigficant
differences between stroke patients and healthy subjects irBE&&RID, ASL-CBF, and
TMS-hotspot positionsResults were comparable to results of Study I.

Table 43: Study II: Mean fMRI and TMS positions in MNI space

Hemisphere Approach Sample size X Y Z
MR BOLD N =28 -359+6.0| -183+£8.0| 589+7.2
Contralesiondl CBF N =28 -37.3+5.1| -20.1+6.3| 55.7+4.3
dominant hotspot N =28 -39.9+4.1| -123+8.9 | 57.8+4.1
™S CoG N=12 -35.8+4.8| -53+86 | 57.3+4.4
MR BOLD N =28 389+51| -19.0+£5.9| 58.6+8.9
Ipsilesional CBF N =28 38.0+4.0 | -17.8+53| 55.0+6.8
non-dom. hotspot N =28 423+45| -80+7.7 | 57.2+585
™S CoG N =12 41.2+39 | -58+7.3 | 57.2+4.0

BOLD: blood oxygenation level dependent (fMRI signal type); CBF: cerebral blood flow (fMRI
signal type);CoG TMS centreof-gravity; fMRI: functional magnetic resonance imaging; MNI:
standard space of the Montreal Naogical Institute;nortrdom.: nondominant; TMS: transcranial
magnetic stimulation; X: laterahedial coordinate; Y: anterigrosterior coordinate; Z: inferior
superior coordinate® Position was projected onto the gyral surface (because TMS has noviglecti
for a particular stimulation depth)
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Figure 4.3 Study IlI: Localization of the primary motor cortex with fMRI and TME&olaured
ellipsoids indicatemean MNI coordinates (+ SD) of functional magnetic resonance (fMRI) peak
voxels and optimal transcranial magnetic stimulation (TMS) positions located within the precentral
gyrus of thecontralesiond@tlominant andpsilesionalnon-dominant hemisphere of site patients (n =

15) and healthy controls (n = 13). Results of stroke patients and healthy controls were pooled since
there were no significant differences between groups (ANOVA, P > 0.05). fMRI peak voxels were
defined as voxel with highest statisticalalue during contralateral thumb abductions measured with
ASL-BOLD (green) and ASICBF (blue). Hotspot coordinates refer to stimulation sites resulting in
highest abductor pollicis brevis (APB) muscle responses when stimulated with TMS (orange). CoG
coordnates were calculated from a TMS motor mapping, and reflect the motor evoked potential
weighted maximum electric field coordinate (yellow). All coordinates were projectethmgtagittal

and axialplane corresponding to the mean coordinate acoss altipos ASL-BOLD coordinates

were significantly more superficial than ASIBF coordinates (repeated measures ANOVA, P <
0.05). Hotspot and CoG coordinates were significantly more anterior and lateral than fMRI maxima
(posthoc ttests, P < 0.05, FDRorreded). The white arrow marks the central sulcus (CS).

4.3.3.2 Analyses on differences in fMRI and TMS positions (n = 12)

Overall 12 subjects (6 stroke patients and 6 control subjegi®edto participate in a
separate TMS session in which systematic motappings of the ipsilesional/n@ominant

and contralesional/dominant motor cortex and surrounding tissue was perfémdieiual

TMS mapping derivedCoG positions were projected into MNI space by applying the
individual nonlinear FNIRT registrationainsform. MNI coordinates of TMS0G positions

were then compared with MNI coordinates of fMRI peak voxel coordinates and TMS hotspot
positions by computing a repeated measures ANOVA (n = 12) with the factor APPROACH
(levels: ASL-BOLD, ASL-CBF, TMShotspot, TMS-CoG) and GROUP (levels: patients,
controls) for each hemisphere and dimension (Mbbrdinate X, Y, and Z).

Mean MNI coordinates of TMS CoG positions are given in Table 4.3 and are depicted in
Figure 43. In lateratmedial direction (i.e. in MNI codinate X), there was no significant
main effect or interaction (P > 0.05In anteriorposterior direction (i.e. in MNI coordinate

Y), there was a highly significant main effect of APPROACH for dutmispheresli(/ND:

F (3, 30) =21.798, P < 0.001; CL/DF (3, 30) = 24.604, P < 0.0pIPosthoc ttest revealed

that both, TMS hotspotsand TMS CoGswere significantlymore anterior than ASEBOLD

and ASL-CBF positions (IL/ND and CL/D: P < 0.002, FDB&brrected) Analyses in inferior
superior direction (i.e. iMNI coordinate Z) were not performexs TMS has no selectivity

for a particular stimulation deptbiNo significant main effect of GROUP or significant
APPROCH x GROUP interaction was falfor any of the ANOVAsR > 0.05.

In summary, analyses on differescen ASL-BOLD, ASL-CBF, TMShotspot, and TMS

CoG positions in all 12 subjects, in whom a systematic TMS motor mapping was performed,
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indicated thaboth TMS-hotspot and TMSCoG positions are significantly more anterior than
fMRI positions.Findings were isilar for both hemispheres and there were no significant
differences between stroke patients and healthy subjects inQdESpositionsResults were

similar to results of Study I.

4.34 Euclidian distances between fMRI and TMS positions

To test whetherme of the fMRI techniques localize®eural activity significantly closer tine
optimal TMS positionEuclidean distances betweadividual fMRI and TMS positiors were
calculated (Table 4.4). Two different approaches waunesued: (i) Euclidean distances
between fMRI peak voxel positions and the TMS hotgpsition(n = 2§ and (ii) Euclidean
distances betweehe centreof-gravities(CoGs) of the fMRI activation clusterand the TMS
mapping CoG (n = 12yere calculatedThe CoGapproachconsiders the spial distribution

of fMRI activity (and TMS excitability respectively)in the pericentral regiorHence the
CoG approachhas been suggested to bkess prone toartefacts(Classen et al., 1998)
However, as a drawback, the CoG approach highly dependseciMfRI cluster size and
hence on the statistical thresti@pplied (Duong et al., 2000).

Euclidean distances werentered in repeated measures ANOVAs with the factors
APPROACH (levels: AStBOLD, ASL-CBF) and GROUP (levels: patients, controls) for
each hensphere.There was no significant main effect or interaction for displacements
between fMRI peak voxslandthe TMS hotspotindicating that none of theviRI techniques
yielded peak activatiorsignificantly closer tahe TMS hotspofP > 0.095.

For displacenents between fMRCoGs and the TME0G, there was a significant main
effect of APPROACH for both hemispheres indicating that displacements were significantly
largerfor ASL-BOLD compared to ASICBF if the CoG approach wasised(IL/ND: F (1,

10) = 32.185P < 0.001; CL/D: F (1, 10) = 18.294, P = 0.pORor theipsilesionainon
dominant hemisphere (but not for tl®ntralesiondtiominant) hemisphere there was a
significant main effect of GROURor displacements between fMRIoGs and the TM&0G

(F (1, 10) =8.432, P = 0.01p This findingindicatesthat stroke patients show significantly
larger displacementsetween fMRI and TMS positions éheipsilesionalhemisphere (25.3 =
11.8 mm) compared to the ndeminant hemispheref healthy subjects (18.0 £ 118m).
However, there was no significant GROUP x APPROACH interaction, neither on the
ipsilesional/nordominant (IL/ND) nor on the contralesional/dominant (CL/D) hemisphere (P

> 0.05).
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In summaryif Euclidean distances between fMRI peak voxel positionstaedMS hotspot
position (n = 28 were calculated, there was no statistical difference between fMRI
techniques, suggesting that none of the fMRI techniques yielded peak activations significantly
closer to the TMS hotspofFindings were similar for both henispheres andyroups If
however,the CoG approach was usatisplacements were overall larger for ABOLD
compared to ASICBF, but this was the case for both groups. Moreover, displacements were
overall larger on the ipsilesional hemisphere of strokeptst (compared to the nalominant

hemisphere of healthy subjects), but this was the case for both fMRI techniques.

Table 4.4 Study II: Euclidean distances between fMRI and TMS positisigglesubject spade

Hemisphere Approach Sample size Euclld[ergrr:]]dlstance
fMRI peak voxel vs. BOLD N =28 13.2+6.0
Contralesional| TMS hotspot CBF N =28 12.6 +5.6
dominant MR CoG Vs, BOLD N=12 33.1+13.8
TMS CoG CBF N=12 19.1 + 8.4
Ipsilesional | TMS hotspot CBF N =28 13.7+5.8
nondom. fMRI CoG vs. BOLD N=12 29.2 + 8.8
TMS CoG CBF N=12 14.2 +6.0

BOLD: blood oxygenation ével dependent (fMRI signal type); CBF: cerebral blood flow (fMRI
signal type); CoG: TMS cent@f-gravity; fMRI: functional magnetic resonance imaging; MNI:
standard space of the Montreal Neurological Institute; TMS: transcranial magnetic stimulation; X:
lateratmedial coordinate; Y: anterigrosterior coordinate; Z: inferiegsuperior coordinate

4.35 TMS of fMRI peak voxel with 120 % RMT

Brain tissue at individual peak voxel coordinates was stimulated with neuronavigated single
pulse suprathreshold TM8 investigate whether spatial differentetween ASEBOLD and
ASL-CBF positions (in MNI coordinate Z, i.e. in deptre functionally relevant, i.@mpact

on MEP size of the respective periphdeabetmuscle(APB). A repeated measures ANOVA

(n = 28) with the factors APPROACH (levels: ASROLD, ASL-CBF) and GROUP (levels:
patients, controls) was performed for each hemisphere. There was no significant main effect
or interaction (P > 0.05) indicating that there was no significant difference between fMRI

techniques in MEPs when stimulated with TMS. Hence, significant differences between fMRI
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techniques in depth (i.e. in MNI coordinate Z) were not functionally relef@anfTMS
applications

4.3.6 Results of TMS motor mappings

Results of TMS motor mappingsn be seen in Figure 4.4 (healthy subjects) and Figure 4.5
(stroke patients) There was considerably highinter-individual difference in cortical
excitability mapsin healthy subjects as well as stroke patieAts.expectedmost subjects
showedhighest exitability in the precentral gyru&lbeit not necessarily at the hand knob
formation). In some subjectdighest excitability was found consideralphore anteriorthan
the precentral gyruHowever this finding was not restricted to stroke patierdsy.(see
stroke patient Q4 but did also occur in healthy subjects.d. see healthy subject 06).
Interestingly, some subjects showatlisualsites of highest excitabilityFor example stroke
patient 01 showed higheghuscle responseghenthe TMS coil was nagated toan anterior
medial areawhich might correspondto the pre-SMA. However, unusual sitesf cnighest
excitability were also found among healthy subjects. istance highest excitability was
found on the postcentral gyro$the domnhant hemispherin healthy subject QZFuthermore,

in healthy subject Q3highest excitability waslikewise found over an anteriemedial area,

which mightcorrespond tohe pre SMA.

104



Study llI: Prediction of TBS effec

o

Dominant

Non-dominant | ™ Hea|thy subject 01 | Dominant Non-dominant Healthy subject 0

.....

' y Healthy subject 06 g%

SFS | -
PCS -

Figure 4.4 Study II: Results of TMS motor mappings of the ftmminant and the dom&nt motor

cortex of six healthy subject$he TMS coil was navigated to grid positions spaced at intervals of 5
mm starting at the TMS motor hotspot position. ®gjent positions followed a helix around the
hotspot position until no MEPs (petipeak amplitudegd 50 pV) could be elicited at any outside
margin of the map. This mapping procedure included the hand knob formation (Yousry et al., 1997) in
all subjectsSeven stimuli (at 120% RMT; ISI = 1500 ms) were applied at each position. The TMS
coil orientation was approximately perpendicular to the central sulcus (cf. white arrows in the lower
corners). MEPs were recorded from the APB and a cefgeavity (CoG,the weighted average of
excitability of the TMS motor map) was calculated. Positions refer to electric field maximu)(EF
positions within the cerebral cortex calculated by computerized mod€eliM§. identified positions

(i.e. hotspot and CoG positionarere projected onto the cerebral surface. Coloured contours represent
10 percentiles of the averaged maximal response of the APB muscle viewed from above. The
background i mage i s the sludzdneshowidgs theicareespondirdyu a |
undelying cerebral anatomyAll fMRI and TMS positions (depicted as white symbols) were projected
into the slice corresponding to the mean axial depth of all individual sites. (CS: central sulcus; HK:
hand knob; PCS: precentral sulcus; SFS: superior frantals.
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Figure 45: Study Il: Results of TMS motor mappings of the ipsilesional and the contralesional motor
cortex of six chronic stroke patients.

4.4 Discussion Study Il

44.1 fMRI group analysis

4.41.1 fMRI BOLD signal

The fMRI group analysis oBOLD signal change demonstrated thablee patients show
enhancedBOLD signal incontralesionaprimary motor corteXM1) during movements of the
affected hand (but not during movements of the unaffected heovdpared tohealthy
controls. This finding B in line with previousstudies reportingilaterally enhancedMRI
BOLD signal in contralesional M131, PMC, ipsilesional cerebellum, bilateral SMA and
parietal cortexin stroke patientsnoving their afected hand compared to control subjects
(Chollet etal., 1991; Cramer et al., 1997; Seitz et al., 1998, Ward et al.b2004ller et al.,
1992. The functional role of bilaterally enhanced fMRI signal is still not fully understood but

somestudies suggedhat there is an inverse relationship between eckd activation and
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motor performance, i.@atients with poorer outcome recruit more regions of the lfodien
bilaterally) duringmovements of the affected hatithn less severebffectedpatients(Ward

et al.,, 2003h Since SMA and PMC haveprojectims to motoneurons in the spinal cord
(Maier et &, 2002, it has been suggested tlatpatients in whom the cortiemotoneuroal

input originating from M1 is lost or severely impaired, there isai@r reliance on other
parallel motor circuits to genegain alternative input to motoneurasfghe spinal cordThis

may resultin increased taskelated activationhowever,since alternative projections are less
numerous and exert a weaker excitatory effect than those fronfMdier et al., 2002),
functiond recovery s incomplete (Ward et al., 2003b

Previous studies discussed the possibility thiddterally enhanced BOLD signadiuring
movements of the affected hamulight not exclusively be attributable to neuronal
reorganization bumayalsorelateto higher effort in stoke patients (Ward et al., 2003 he

fixed movement condition, in which patients (with impaired motor performance) were asked
to perform the motor task witidentical parameters (i.e. thumb abduction frequency) as
healthy controls,was more effortful and cognitively complex for patients compared to
controls.More effortful motor tasks are known to recruit a wider network of motor regions
than simple motor tasks (Catalan et al., 1998)order to control for the degree of effort
involvedin the thumb abduction task as much as possible, performanceitetie¢éspresent
study were maintained across all subjects (patients and controls) by asking subjects to
perform at a percentag®6%) of their individual maximum thumb abduction frequency.
Interestingly, stroke patients showed bilaterally enhanced BOLD signal during both, the fixed
and the adjustd movement frequency conditicompared to control subjectBhese findings
suggest thabilaterally enhance®8OLD signalduring movements of thaffected hands not

exclusivelycausedy increaseeffort in stroke patients.

4.41.2 fMRI CBF signal

Several studies demonstrated that ASL can be successfully used to assedateskhanges

in CBF in healthy subjects (Diekhoff et al., 2010; Edmtret al., 1994; Talagala & Noll,
1998; Ye et al., 1997; Yongbi et al., 200AJthough it has been demonstratight good

guality CBF images can be obtained from stroke patients at rest (Chalela, 2004; Detre at al.,
1998),so0 farno study has been publisth using ASL to assessskrelatedchanges in CBF in

stroke patientsHence, the present study is the first study to demonstrate that meaningful

movementrelated changes i@BF canbe obtained from chronic stroke patiebismeans of
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ASL. By using perfusan MRI, we were able to narrow down the source of fMRI signal to
small vessels and capillaries. Vascular abnormalities in stroke patients may result in reduced
blood flow (due to artery occlusion or stenoses), which would result in reduced CBF signal
(or even absence of CBF signal) due to prolonged transit times which might prevent that
blood reaches the imaging slice in due time. However, we were able to find significant CBF
signal changes in stroke patients. Additionally, significant CBF signal changes we
exclusively located in primary motor cortex and premotor cortex (and nowhere else in the
brain; Table 4.2, Figure 4.1), which make artefacts an unlikely cause.

Interestingly we were able to detect bilatdyabrganizedfMRI activation in chronic stroke
patients not only with BOLD but also with perfusion fMRI. The functional role of enhanced
BOLD signal in the contralesional hemisphere has been discasagoversially(Butefisch

et al., 2005; Fregni et al., 2006; Grefkes et al., B0@81Q JohanseiBerg et al., 2002; Lotze

et al., 2006; Murase et al., 2004; Ward et al., PO@# a detailed discussion see section 5.4.3
and 5.4.4 and the opportunity that the increased signal might at least ibgattributabléo
vascular abnormalities (instead @fitered neuronal activity) of in the contralesional
hemisphere could natntirely be excludedOur experimentdmply that enhancedOLD

signal in tle contralesional hemisphedees noexclusivelyoriginate fromvascular artefacts
aroundlarge vessels, sce bilateralorganization of neural activity was suggestedQBF
(originating from brain parenchyma and capillarias)well Hence, our data support the view
that increase@MRI signal in contralesiond@ll reflectsincreased neuronal activignd is not
simply caused byascular artefacts

All peak activation clusters obtained by A®IBF were located either in the primary motor
cortex (M1) or the central sulcus (CS). This finding isagreementvith previous studies
demonstrating that CBF signal is weth-localized withneuralactivity (Duong et al., 2000;

Luh et al., 2000; Silva et al., 1997; Tjandra et al., 2008¢restingly,global peak activation
obtained by BOLDwas located in other brain areasi¢h asSMA); whereaslocal BOLD
maxima in M1feauredlower statistical Azalues Hence CBF suggestedhighest movement
related neuronal activitin M1, whereaBOLD suggestedhighest movementelated neural
activity in SMA. However it is difficult to make a clear statement about which fMRI
techniques iges a more realistic image of neuronal processes, since it is not precisely known
whetherneuronal activity in Mlexceeds neuronal activity ISBMA (or vice versa)uring

movement executioim humans
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4.4.2 Statistical Z-values at individual fMRI peak voxels

BOLD activation clusters were larger due to considerably higher sensitivity of BOLD fMRI
comparedto perfusion fMRI. Statistical Xalues at ASEBOLD peak voxels were
significantly higher compared to statisticalvalues at ASECBF peak voxels. Thigrfding is

in line with previousreports of reduced sensitivity in perfusion fMRI (~ 1% signal change;
Wintermark et al., 2005) compared to BOLD fMRI (up to 5% signal change; Detre & Wang,
2002).

4.4.3 Differences in fMRI and TMS positions

Individual TMS lotspot positions were available for 15 stroke patients and 13 control subjects
(n = 28).They were projected into MNI space by applying the individual nonlinear FNIRT
registration transform. Aalyses on differences in ASBOLD, ASL-CBF, and TMShotspot
postions in all 28 subjects indicated that TMS hotspot positions are more lateral and anterior
compared to fMRI positions and that AROLD positions are significantlgloser to the

gyral surfacethan ASL-CBF positions.Individual TMS Cd positions (derivedrom a
systematic TMS motor mapping) weagailablefrom 12 subjectsq stroke paents and 6
control subjects They were projected into MNI space by applying the individual nonlinear
FNIRT registration transformAnalyses on differences in ASBOLD, ASL-CBF, TMS
hotspot, and TMS oG positions in all 12 subjects, in whom a systematic TMS motor
mapping was performed, indited that TMShotspot and TMSCoG positions were
significantly anteriorof fMRI positions. Similar findings were found in healthy young
subjects inStudy | There were no significant differences between hemispheres or groups
regarding ASEBOLD, ASL-CBF, TMShotspot, and TMSo0G positionsin the present
study. Hence, results suggest that functional reorganization in stroke patients|dadnoga
systematic shift of fMRI or TMS positions in stroke patients compared to control subjects.

In the acute phase after stroke, the TMS CoG (i.e. the amplitude weighted centre of the TMS
excitability map) is usually within the normal range (Taletliaé, 2006). However, spatial
shifts may occur later during recovery. Thagy range from several millimetres (Byrnes et

al., 2001; Thickbroom et al., 2002) up to few centimetres (Bastings et al., 2002; Delvaux et
al., 2003), which is well beyond the nahvariation range of-8 mm in healthy subjects
(Wassermann et al., 1996). However, in line with our findings, such spatial shifts may occur

in different directiors (Bastings et al., 2002; Byrnes et al., 2001; Delvaux et al., 2003;
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Thickbroom et al., 2002 which might explain why we were not able to find a systematic
shift over the group of patients. It has been suggested that the underlying cause of a spatial
shift in CoG might be: (a) that the corticospinal projection of the muscle has been damaged
morein one location than the otheandbr (b) unmasking of additional synaptic inputs to
remaining corticospinal output regions (Talelli et al., 2006). Spatial shifts in TMS CoG occur

in well-recovered patients (Byrnes et al., 2001), but do not necessalale o clinical
recovery (Bastings et al., 2002). In the study of Thickbroom et al. (2004) greater map
displacement was associated with better motor outcome (i.e. grip strength), but only in a

subgroup of patients which showed normal corticospinal cdiafuin the subacute stage.

4.4.4 Euclidian distances between fMRI and TMS positions

To test whether one of the fMRI techniques localized neural activity significantly closer to
optimal TMS positions, Euclidean distances between fMRI maxima and the dtdoh (n=

28) as well as between fMRI0oGs and the TM&oG (n = 12) werecalculated.If fMRI
maxima and the TMS hotspot were used for analysis, therenwaggnificant difference
between fMRI techniques, whickuggestghat none of the fMRI techniqueselded peak
activations significantly closer to the TMS hotspbhis findingis in line with findings of

Study | obtained in healthy young subjecifiere were no significant differences between
hemispheres or groups in the present stediggeshg that functional reorganization after
stroke had no significaimpact onthe spatial congruence between fMRI and TMS

If however, fMRI-CoGs andthe TMS-CoG (instead of pealcoordinatey were used for
analysis, ASECBF showed significantlghorter distancet® the TMSCoGthan ASL-BOLD.

This was not the case in Study I, which showedigaificantdifference between BOLD and

CBF even if CoG (instead of peak activations) were uselbwever, in the present study
BOLD activation clusters were larger than BOLD aation clusters of healthy young
subjects in Study | (although the samatistical threshold was used)hy BOLD activation
clusters in the present study were larger than BOLD activation clusters in Study | is unclear
but might be due to increased tasKidiflty due to thdixation device attached to the subjects
hands (cf. 4.2.2). Although the device was useful to standardize movements across subjects, it
might have induced additional effoft i n order to perform the
demanding taskisave hoevebeen demonstrated to indut®re widespread fMRI activations

(Catalan et al., 1998However, sincdBOLD activation clusters were so large, the CoG of
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BOLD activation clusters showedpgonouncedshift away from the local maximum at the
hand kb formation in medial direction (i.e. towards the SMA where highestraated
BOLD signal changes were foum the majority of subjecjs CBF activation clusters were
much smallethanBOLD activation clusterg¢due to lower sensitivityand hence CBIEoGs
showed only small spatial shifts away frahe local maximum at the hand knob formation.
However, more conservative s#dital thresholds, which led to smaller BOLD activation
clusters could not be passed by CBF activation clustelence, althouglanalyses using the
CoG approach suggested tiAedL-CBF positions were significantly closer to the TM®G
than ASL-BOLD positions this finding can be attributed toenlarged BOLD activation
clusters Due toindependence from the statistical threshold @&gpive have more confidence
in analyses on peak activations (instead of CoGs), whicfortunately suggested no
significant difference betweeiMRI signal typesin distance to the TMS hotsp@teither in
healthy subjects nor in stroke patients).

Interestimgly, stroke patients showexveralllarger displacements on tlgsilesional(but not
the contralesionalhemisphere compared to healthy contr&eorganization processegter
strokemay cause both, a spatial shift bighestfMRI signal and highestTMS excitability
(Rossini et al., 1998 Our data seem to suggest ttlag¢se processenight further decrease

spatial congruence between fMRI and TMShe ipsilesional hemisphere

44.5 TMS of fMRI peak voxel with 120 % RMT

Although we found significantifferences between BOLD and CBF positions, there were no
signficant difference in MEPs whentissue at fMRI positions wastimulated with
neuronavigated singlpulse TMS. This finding indicates that spatial differences between
fMRI signal types were noufctionally relevant for TM@pplications This might be because
CBF and BOLD positions differed from each otloety in MNI coordinate Z(i.e. in depth

and TMS cannot differentiateetweersuperficial and deefargets.There were no significant

differenes between hemispheres or groups and no significant interactions.

4.4.6 Results of TMS motor mappings

Mapping resultswere highly variable across individuals. However, high #mdividual
variability and unusual sites of highest excitability were netried to stroke patients but

did also occuin healthy subjects. This finding is in line with previous studiesionstrating
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high interindividual variance in TMS motor mapping results in healthy subj&itssen et

al., 1998; Diekhoff et al., 2011; 8png et al., 2008; Wassermann et al., 1989&J stroke
patients Bastings et al., 2002; Byrnes et al., 2001; Delvaux et al., 2003; Thickbroom et al.,
2002. These resutstrongly suggest thatnusual sites of highest TMS excitability (distant
from the had knob formation)are notnecessarilycaused by reorganization processes in
stroke patients bumnay also besubject to technical issues suchdistribution of the TMS
induced electric field (EF)For instance a recent study Ofpitz and colleagues (2011)
demonstratethat EF strength iigheston gyral crowns and lipdue to conductivity changes

at tissueboundaries Individual differences imgrey matterand white matteranatomymay
hence cause considerable differences in TMS mapping réSpitz et al, 2011)

4.4.7 ConclusionsStudy I

The present study is the first studyd®monstrate thaheaningfulmovementrelated changes

in CBF signal (located in the primary motor cortexpn be obtained from chronic stroke
patients. Enhanced fMRI signal in corglesional primary motor cortex (M1) during
movements of the affected hand in stroke patients (compared to healthy subjects) was
suggested by both, BOLRnd CBF signal, which strongly suggests increased neuronal
activity (and not vascular artefacts) as eriging cause. Highesthovemenirelated CBF

signal changes were located close to the anatomical motor hand area (Brodmann area 4)
indicating high spatial specificity of CBF signal. In contrast, highest BOLD signal changes
occurredclose to the SMA. Similato findings of Study I, obtained in healthy young subjects,
highest BOLD signal changes occurred significantly closer to the cerebral surface than
highest CBF signal changes. However, also in line with findings from Study I, this difference
between fMRI ¢chniques (in depth) did unfortunately not impact on distances to optimal
TMS positions, which were considerably more anterior than fMRI positions. In line with this
finding, muscle responses resulting from stimulation of brain tissue at peak voxelrgositio
with TMS was not significantly different for CBF and BOLD positions, indicating that
differences in cortical depth are not functionally relevant for TMS applicat®egarding
Euclidean distances between fMRI and TMS positioasiltsof the presenttady (Study 1)

were comparable teesults of Study IHence, findings suggest that neither in healthy young
subjects nor in chronic stroke patients (or-aggiched healthy controls), ASCBF localizes

the motor hand area significantly closer to the TM$spbat than ASEBOLD. The only
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significant group difference, which was found in the present stuaygestedsignificantly

larger displacements between fMRI and TMS positions on the ipsilesional hemisphere of
stroke patients compared to the radwminant hensphere of healthy subjects. This finding
might point towards decreased congruence between fMRI and TMS on the ipsilesional

hemisphere However, underlying mechanisms apparently affected both, CBF and BOLD
signalsto similar extend.
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5 Study Il : Prediction of TBS effects

5.1 Introduction Study IlI

The major aim ofStudy | & Il was reduction ofvariability across studies by improving
current strategies to iderfyi the cortical target positiofior rTMS. The major aim ofthe
present studyStudy Ill) is to identify reliable predictors for effects ofTMS on motor
performancef stroke patient$o reducevariability acrossndividual patients.

Thetaburst stimulation TBS) was recently introduced as new rTMS protogohllowing
modulation of cortical excitabilt outlasting the period of stimulatigifuang et al., 2005).

TBS has several advantages over conventios@talled simple rTMS protocolslow
stimulation intensities, robust and lelasting effects, whickappear to banore consistent
across studiegHoogendam et al., 2010)and short stimulation durationsf only a 1-3
minutes TBS is thought to induce phenomena of synaptic plasticity such as LTP and LTD
(Hoogendam et al., 2010), whicbndersTBS an interesting todlor neurorehabilitationThe
pathomechnisms underlying strok@duced motor deficits do not only depend on direct
tissue damage due to ischemia, but may also comprise network disturbances remote from the
primary stroke lesionHeney &Baron, 1986 Grefkes & Fink, 201;1Honey & Sporns, 2008

The simplified model of hemisphericompetitionproposes ealative hypoexcitability of the
ipsilesional hemisphereand hyperexcitability of the contralesional hemisphieading to
pathologically increasethhibition from the contralesional hemisphere otite ipsilesional
hemispheréDuque et al., 20Q05Grefkes et al., 2008 2010; Murase et al., 2004 line with

the model of hemispheric competitiomoth increasing excitability of the ipsilesional
hemisphergKhedr et al., 2005; Talelli et al., 200@} well as decreasing excitability of the
contralesional hemisphe(Eregni et al., 2006; Di Lazzaro et al., 2008)means of TMS has

been demonstrated toeormalize cortical excitability towardslevels observed in healthy
subjectsandor to ameliorate motoperformancef the paretidand. Interestingly, and in line

with the model of hemispheric competitionnhibitory 1 Hz rTMS applied to the
contralesional hemisphere has been demonstrated to decrease pathologically enhanced
interhemispheric inhibition tgeting the ipsilesional hemisphere (Grefkes et al., 2010).
Effects of a singleTMS sessionmay last severahinutesup to one houy depending on the
protocol applied (Huang et al. 2005; Hoogendam et al.,, 2010). Whether effects are

sufficiently robust to b useful in clinical settings is currently under investigat@ne of the
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most challenging problem that needto be solved isconsiderably high inteindividual
variancein rTMS induced effectswhich has been reported for healthy subj¢dskalakis et

al., 2006; Van Der Werf & Paus, 2006; MuHeahlhaus et la 2008) as well as stroke
patients Ameli et al.,, 2009 Furthermore, stroke patienthay evenshow transient
deterioratios of motor performance after rTM&terventions depending on the lesion
location (Ameli et al., 2009Hence, for the implementation of rTMS in stralehabilitation,

it seems essential to identify reliable predictors for the therapeutic suc@espeafific rTMS
interventionin a specific stroke patienFactors which are lédy to impact on rTMS induced
effects are patient characterist®sch astime since strokelesion location, clinical deficit,

and the pathomechanism underlying stroke induced motor hand deficits. The pathomechanism
underlying stroke induced motor handidiés might be best reflected when taking a network
perspective (Grefkes & Fink, 2011). It appears likely that the slightlysowgtified model of
hemispheric competitiodoes not uniformly apply to all stroke patients with motor deficits. It
appears caeivable that the variety of lesions in stroke causes a variety of different
functional pathologiesimpacting on the processes of movement planning, execution and
feedback controlFor examplepatients with decreasedfective connectivity among cortical
motor areas othe ipsilesional hemisphere (Grefkes et al., 200&flkkés & Fink, 2009
Mintzopoulos et al., 2009; Sharma et al., 2008ght benefit more likely fronfiacilitation of

the ipsilesionalhemispherewhereas patients with pathologigaenhancd inhibition from

the contralesiongbrimary motor cortexNI1) onto the ipsilesional M1Quque et al., 2005
Grefkes et al., 2008 201Q Murase et al. 2004) might benefit more likely from inhibitidn o

the contralesional hemispherReducing intesindividual variance and avoidingdverse
effects appears crucial to for the implementation of rTMS in stroke rehabilitation. Hence, the
aim of the present study was to identify reliable predictors for behavioural effects following
facilitatory intermittent TBS {iBS) applied to ipsilesional M1 and inhibitory continuous TBS
(cTBS) applied to contralesional M1 (compared to control stimulation) in chronic stroke
patients. We used a multimodal approach consisting of sjgée and pairegulse TMS
parameters, movemerelated fMRI signal in cortical motor areas, laterality of fMRI signal,
and effective connectivity within the cortical motor network (assessed by means of dynamic

causal modelling, DCM) to identify potential predictors for TBS effects.
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5.2 Methods Study Il

5.2.1Subjects

13 stroke patient$62.8 = 10.3 years oldt0 maleg and 12 healthygontrol subjects58.5+

5.9 years old; 6 malgswere investigatedT@ble 5.1). There were no significantifterences
between groups in age (tweamplet-test,P>01)orge nd er <ch-squnareest,R B
0.1). Patients hadight-sided 6 = 10) orleft-sided(n = 3 lesions due tdirst-ever cerebral
ischemiaLesionsdid not affecthe M1 hand representatian the precentral gyruonany of
the other corticainotor areasised forthe DCM analysigFigure5.1). Patients were included
in the study based on the following criteria: (i) stable unilateaaldmotor deficit, (ii)insult

at least 12 months ago (chronic stade) absence of aphasia, neglect, andaaja, and(iv)
absence omirror movements of the unaffected hand dunmgvements of thaffected hand.
Healthy control subjects were free of any history of medical or psychiatric digease.
subject in each group was Kfanded according to the Edinigh Handedness Inventory
(EHI; Oldfield, 1971). Remainingubjectswereright-handed EHI wasassessed for the time
before stroke in patients)None of the subjects had any contraindication to TMS
(Wassermannl998)and dl subjects gave informed consentgarticipate in ta study, which
was approved by the ethics committee of the Medical Faculty, University of Cologne,
Germany (fileno 09-108). All experiments confored to the Declaration of Helsinki, sixth

revision 2008.
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Figure 51: Study lll: Lesionlocations.Individual highresolutionT1-weighted anatomical magnetic
resonance (MR) images of 13 chronic stroke patients are shown at the axial depth of the ischaemic
lesion (depicted in red calo). MR images of patients with lefided lesions (Patient 08, 10, and 13)
were flipped at the midsagittal plane (see methods section for detadsipns were spatially
normalized to the standard template of the Montreal Neurological Institute (MNd)colbur coded

spatial overlap between lesions in MNI standard space can be seen in the lower righofctiraer
figure.
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Table 51: Study Il Demographical, clinical, and behavioural data

Subject Age Sex Han  Lesion % Lesion Lesion mRS NIH ARAT CIS Affected / nondominant hand Unaffected / dominant hand Order of
ded side CST size age SS TBS
ness [cm3] [m] JTT FT GF MIS MIS JTT FT GF MIS MIS protocols

[s] [Hz] [kPa] c¢TBS iTBS [s] [Hz] [kPa] cTBS iTBS

POl 56 M R R 0.0 0.1 33 1 1 57 -1.01 30.7 4.8 111.0 0.51 0.61 27.5 5.4 119.0 1.37 085 IiCiXi
P 02 48 M R R 477 2517 156 2 6 30 1.19 1205 2.3 105.0 -0.46 -0.03 35.9 6.7 150.0 0.76 -0.19 Ci Xci |l
P 03 65 M R R 0.4 0.1 28 1 1 46 -0.68 64.8 3.3 76.7 -0.13  0.34 36.4 5.5 96.3 -1.18 -0.60 XciliC
P 04 70 M R R 2.9 3.0 100 3 7 24 2.01  158.2 15 16.0 011 -242 47.2 5.6 90.0 -0.72 0.04 Ci Xcil
P 05 68 M R R 17.9 40.2 32 3 5 32 140 165.2 17 43.7 -0.50 0.02 395 5.4 113.7 064 -045 1iXciC
P 06 65 M R R 0.0 1.3 22 2 3 50 0.03 68.5 3.5 42.7 -1.47  -0.98 473 4.5 70.7 -0.53 -1.71 XiiliC
P 07 73 M L R 0.0 0.2 35 1 4 41 0.03 69.4 3.9 64.7 0.14 0.67 37.6 5.3 76.7 0.80 089 XiiCil
P 08 75 M R L 0.0 0.4 43 1 2 57 -0.83 27.7 5.1 64.7 0.13 0.80 26.7 5.3 63.3 -0.83 0.16 Xii Ci |l
P 09 43 F R R 17.5 42.1 18 2 3 32 0.58 1448 3.0 7.3 2.89 1.24 33.0 5.4 60.7 004 -014 CiXiil
P10 67 M R L 6.4 1.6 253 1 3 56 -0.61 34.0 4.2 64.7 -043 -045 329 5.1 77.3 -0.52 -135 IiXiiC
P11 60 M R R 7.5 2.3 16 1 2 54 -0.74  46.5 2.9 71.7 0.08 -0.18 43.0 5.7 81.0 -0.21  -0.27 Ci Xci |
P12 52 F R R 7.6 26.7 12 1 1 57 -1.01 38.7 3.7 49.3 -0.70 -0.75 28.6 4.6 46.7 -1.42 063 1iXiiC
P13 74 F R L 0.0 0.2 50 1 4 54 -0.37 41.1 3.1 21.3 -0.15 1.14 33.1 3.3 48.0 1.81 215 11 Ci Xc
Mean 62.8 8.3 284 614 1.5 3.2 454 0.0 7.7 3.3 56.8 0.0 0.0 36.1 5.2 84.1 0.0 0.0

SD 10.3 134 689 70.1 0.8 19 121 1.0 51.0 1.1 31.4 10 1.0 6.8 0.8 29.7 1.0 1.0

H 01 50 M R - - - - - - - - 22.2 5.9 95.0 - - 23.7 6.4 101.7 - - -

H 02 66 M R - - - - - - - - 28.5 5.5 92.0 - - 28.6 5.8 104.3 - - -

H 03 56 F R - - - - - - - - 26.9 5.3 40.0 - - 25.9 6.3 48.3 - - -

H 04 66 M L - - - - - - - - 314 5.9 90.0 - - 27.2 5.5 82.3 - - -

H 05 61 F R - - - - - - - - 33.7 5.1 59.7 - - 32.0 5.6 55.3 - - -

H 06 64 M R - - - - - - - - 28.3 5.5 119.7 - - 325 5.0 102.3 - - -

H 07 63 F R - - - - - - - - 25.2 6.0 74.0 - - 25.7 5.7 78.0 - - -

H 08 56 M R - - - - - - - - 26.4 5.7 102.0 - - 26.7 6.4 97.3 - - -

H 09 50 F R - - - - - - - - 27.2 5.9 66.7 - - 28.6 6.7 62.7 - - -

H 10 53 F R - - - - - - - - 30.0 4.9 99.7 - - 27.5 55 102.7 - - -
H11 55 F R - - - - - - - - 29.1 5.1 49.7 - - 254 5.5 49.3 - - -
H12 62 M R - - - - - - - - 29.8 5.7 112.7 - - 28.6 6.1 107.7 - - -
Mean 58.5 28.2 55 83.4 27.7 5.9 82.7

SD 5.9 3.0 0.4 25.2 2.6 0.5 23.2

% CST = percentage of the corticospinal t(&$T)which is affected by the lem; ARAT = Action Research Arm Test; C = cTBS (inhibitory) applied to contralesional primary motor cortex; CIS
= composite clinical impairment scQreTBS = continuous thetfiaurst stimulation; F = female; FT = maximum index finger tapping frequency; @&Bximum grip force; H = healthy control
subject; | = iTBS facilitatory) applied to ipsilesional primary motor cortex; iTBS = intermittent thetst stimulation; JTT = Jebsen Taylor hand function test; L = left; M = male; m = months;
MIS = composite motoimprovement score; mRS = modified Rankin Scale; NIHSS= National Institutes of Health stroke scale; P = stroke patightt; 50— standard deviation; TBS = Theta
burst stimulation; Xi = iTBS (facitiatory) applied to control stimulation site; Xc RS (inhibitory) applied to control stimulation site
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5.2.2Clinical impairment score (CIS)

We usedthree different scalesto asses<linical impairment (i) the modified Rankin scale
(mRS), (ii) the National Institutesfddealth Stroke Scale (NI&S), and(iii) the Action
Research Arm Test (ARAT)To compute a&omposite clinicaimpairment score, individual

clinical scoresvere zstandardized using the following standard equation:

X
x|

wherex, i s t he p adual valuetx the meamadd theistandard deviation across the

group of patients. Atandardized values were entered as input variables into a factor analysis
with principal component extractidprincipal componemanalysis, PCA)The PCA yielded a
onefactor solution explaining 86% of the variance of mRS, NIHSS, and ARAT sablies.
variablesloaded highly on this factqmRS = 93%; NIHSS = 91%; ARAT =95%). Factor
values of were calculated for each patient aefindd asclinical impairment scoreg(CIS)
reflecting strokeinduced clinical deficitsNegativeCIS valuesreflect lessimpairmentthan

the averageacross the groupf patientg(Table5.1).

5.2.3Experimental design

In this study, v implemented &linded shamcontrolled withirsubject desigrin which dl

patients receivethreedifferent thetaburst stimulation (TBSinterventionson three different

days separated by at leashe day (to avoid carryover effects) Electrophysiological and
behavioural paraeters were probed for each hemisphened before and after each TBS
session. Functional magnetic resonance imaging (fMRPeriments were conducted in
patients as well as healthy control subjects on a separate day before TBS sessions. Motor
performanceand electrophysiological TMS parametext baselinewere assessed once in
healthy controls andverall five timesin stroke patientdo ensure stable baselivalues

Clinical saleswere obtained from patien{¢he time course of experimental procedur®es i

given inFigure 52).
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Baseline measurements

1) FMRI experiment (visually-paced fist closures; 1 x patients; 1 x controls)
2) Clinical scales (MRS, NIHSS, ARAT; 1 x patients)
3) Motor scales (JTT, FT, GF; 2 x patients; 1 x controls)
4) TMS parameters (AMT, RMT, SICI, MEPs, IHI; 2 x patients; 1 x controls)

TBS interventions (patients)

Before 1) Motor scales (JTT, FT, GF)
TBS 2) TMS parameters (MEPs, IHI)
In randomized order (on different days separated by at least one day)
Verum cTBS Verum iTBS Control TBS
T _
(O]
N =
'S‘— ’E = % [0
= S 88%
8BS 8 g £= 35
. £ 0 0T® =
sl £ 55 283
vention n© “n’g s E
F_J ‘= mG s £
o 8 Eo w80
03 e
BES
o 1) TMS parameter (MEPs, IHI) "
iy 2) Motor scales (JTT, FT, GF) £
(finished: 30-35 min after stimulation) F_v

Figure 52: Study Ill: Experimental desigoef Study Ill. We implemented a blinded sharantrolled
within-subject design in which 13 chronic stroke patients receivedet different thetdurst
stimulation (TBS) interventions on three different days separated by at least or@ dayibitory
continuous TBS over the contralesional hemisphere, (ii) facilitatory iTBS over the ipsilesional
hemisphere, and (iii) either 85 or iTBS over the midsagittal parietooccipital control stimulation site
(to control for placebo effectsllectrophysiological and behavioural parameters were prbbgxte
andafter each TBS sessidar each hemisphere/hanBaseline measurements indlhugl a functional
magnetic resonance imaging (fMRI) experiment were conducted in patients as well agriftcigel
healthy control subjects on a separate gAWT: active motor thresholdARAT: Action Research
Arm Test; FT: maximum index finger tapping dquency; GF: maximum grip force; IHI:
interhemispheric inhibition; JTT: Jebs&aylor Hand Function TestM1: primary motor cortex;
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MEPs: motorevoked potentialsmRS: modified Rankin scale; NIHSS: National Institutes of Health
Stroke ScaleRMT: resting notor threshold; SICI: sheitterval irtracortical inhibition)

5.2.4Theta-burst stimulation (TBS) interventions

The following TBSparadigmswere appliedin stroke patients(i) facilitatory intermittent
thetaburst stimulation(iTBS) appliedto the ipsiesional M1 (ii) inhibitory continuous theta
burst stimulatior(cTBS) appliedo the contralesional Mland (iii) control TBSappliedto the
midsagittal linehalf-way between vertex angrotuberantiaoccipitalis externgcontrol TBS,
Figure 52). Each TBSprotocol comprised a total of 600 TMS pulsgébe cTBS protocol
consisted of 200 bursts (one bursters to3 pulsesgiven at a frequency o060 Hz) which
wereapplied continuously at 5 Hor 40 s The iTBS protocol consisted of 10 bursts &5
appliedevery 10s. Huang et al. (2005) demonstrated that iTB8y significantly increase
motor cortex excitability for about 15 min, whereas cTi8y significantly suppressotor
cortex excitability fomearly 60 min.The control stimulation wasnplemented to aatrol for
placebo effects and wasthercTBS (n = 7 tients) or iTBS(n = 6 patients)Patients were
randomly assigned to the cTBS or iTBS control stimulation group and the order of the three
TBS interventionsvas pseuderandomizedacross patientéTable 5.1). TBS was performed
using a Magstim Super Rapid? stimulator connected to a standard 70 mrofigugat TMS
coil (Magstim, Whitland, U.K.which was held tangentiglto the scalpThe handleof the
TMS coil was pointing postericaind approximately5° away from the midsagittal line during
iTBS and cTBS applietb M1 (i.e. verum TBS) Hence the TMS-induced electricurrent in
the brain was approximately perpendicular to the central sulbich has been demonstrated
to be optimafor excitationof motor neurongMills et al., 1992. During control stimulation
the handle of the TMS coil was pointiragteriorand parallel to the midsagittal line. The
stimulation intensity was defined in relation to the active motor threshold (AMT) and was
identical fa verum andcontrol stimulation i(e. 80% AMT). Hence the control stimulation
yielded similar tactile and auditory stimulation as the verum stimulatidrout stimulating
motor areasThe AMT was determinedt the motor hotspgpositionof the hemisphert be
stimulated. For control TBS, the AMT of thpsilesionalhemisphere was usdg@hich is
usually higher than the AMT of thmntralesionahemisphergTraversa et al., 2000Since it
has been suggestddat muscle contraction before stimulation ma&yearse BS effects
(Gentner at al., 20Q8ezzi et al., 2008 the AMT was identified at least 10 min before TBS.

Moreover subjects were instructed to avoid any muscle contraction during TBS, which has
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been suggested to abolish TBS effects (Huang 2@08) anduntil 5 min after TBS, which
has beeshown to increase facilitatoafter-effects of iTBSbutreverss aftereffects of cTBS
into facilitation (Huang et al., 2008)Muscle relaxation was monitored by online
electromyography (EMG) recordings fnothe peripheral target muscle (i.e. the first dorsal
interosseoud-DI) muscle).

5.2.5TBS effects

TBS-inducedeffectsoutlasting theapplicationperiodwere probed otwo different levels, i.e.

on the behaviourallevel andon theelectrophysiologicalevel. Electrophysiological changes
were assessedZb min, and behavioural measurements335min after application of TBS.

Note that in the study of Huang and colleagues (2005) reaction times were found to be

significantly decrease80 minafterTBS.

5.25.1Behavioural TBS effects

5.2.5.1.1 Motor tasks

Motor performanceof the affected and the unaffected handsiobke patients ereassessed
five times at baselinandafter eaclof the threelBS sessios. Motor performance dfiealthy
control subjets wasobtainedonceat baselineWe implemented three differemtotortasks to
assess different aspects of motor performanceqgrip) force (GF) measurements(ii)
maximumindex finger tappingFT) frequency and (iii) the Jebseflraylor Hand Function
Test (JTT). Grip force (in kPa) was measured with vigorimeter (Martin, Tuttlingen,
Germany) inthree consecutive trialsThe mean across trials was calculated and used for
further analysesSubjects were asked to perform index finger tappimwith maximum
frequerty on a computer keyboart¥eanindex finger apping frequencies (in Hacrosdive
consecutive blocks of 10were calculatedand used for further analysé&he Jebseriraylor
Hand Function Test(JTT), mimicking object manipulations of everyday lifevas
implemented with the followingix subtests(1) turning cards(2) picking up small objects,

(3) spooningkidney beans,4) stacking checkersb) picking up large light objects, an@)(
picking up large heavy objectShe time needed to accomplish eaabtestwas taken with a
millisecond precise stopwatch time frame of 30 s was given to accomplish each subtest

(Jebsen et al., 1969%%0me of themore severely impaired patients were not dbleerform
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all of thesix subtestsPatient O4wvas not able t@erform subtest 2 and 3, Patient\@&s not
able to perform subtest and Patient 09 &as not able to perform subtestWe performed
outlier analyses on théve baselinenmeasurementsf strokepatientsto ensure stable baseline
values Subtestsvere cosidered to contaisevere outliersf the statistical variancexceeded
thestatisticalmeanvalug i.e.if 0 | #X( where (0] is thsubaeicalbdse ma
across baselingsSubtests with such high variance were regaraednstableand were
discarded fronfurtheranalysesn the respective patienthis criterion wasnly exceededor
the affeced handand only inPatient 02in subtests 2 and 4n Patient04 andPatient07 in
subtest 4and in Patient 09 in subtestQverall,a total ofnot more tham.3% of JTT subtests
was unavailable(1.9% due toinability to perform and 2.4% due tmstableperformances
Thetime needed to accomplish allibtests with stable baselines vealsled up andised for

further analyses.

5.2.5.1.2Motor improvement score(M1S)

To investigate improvaents in motor performanadter verum compared to control TB&,
compositemotor improvemenscorewas calculatedbased onmprovements in JTT, FT, and
GF. Overall, four motor improvement scores were calculated for each paimetor each
hand(affected, unaffectedindverumTBS protocol (TBS applied to ipsilesional1l, cTBS
appliedto contralesional ML As a frst step improvemens after each TBS sessiomere
expressedn percentagdermsfor each patienthand and motor taskusing the following

formula

« = (pre - post)
pre

*100%

wherepre is the measured value e andpostthe measured value after TBSecondly
behavioural changes after veruBS in relation tocontrol TBS were calculated by
subtracting thebehavioural change®llowing control TBS (in percent from behavioural
changes followinggerum TBS(in percen). This was agaiperformedfor each patient, hand,
and motor taskFinally, improvements after verum versus control TBS westandardized
(cf. 5.2.2). Zstandardized values were entered as variableganotor analysg with principal
component etraction (principal component analysis, PCAach PCA yielded a oractor
solution explaininge5-67% of the variance othanges in JTT, FT, and GRIl variables
loadedpositively on this factor $9-97%). Factor values were calculated for egetientand

defined asmotor improvement scor@M|S) reflecting changem generalmotor performance
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following verum TBScompared tocontrol TBS Negative values reflect less improvement
than the average acsothe group of patients (Tablelh

5.2.5.2Electrophysiological TBS effects

Electrophysiological TBS effects were investigated ussigglepulse and paireepulse
transcranial magnetic stimulatioGTMS). Two parameters were obtained from both
hemispheres before and after each TBS sessiomofrevoked ptentials (MEPsklicited

by singlepulse suprdahreshold TMS (reflectingexcitability of the corticospinalmotor
system)and (ii) interhemispheric inhibition (IHIbetween both motor hand representations
probed bypairedpulsesuprathreshold TMS Additional TMS protocols were usetb obtain
electrophysiologicalparametersat baseline(as potential predictors for therapeutic TBS
effects see sectiob.2.6below).

5.2.6Investigation of electrophysiological TMSparametersat baseline

Several electrophysiogical (TMS) parameteswere obtained at baselimad correlated with
motor improvement scores MIS) to investigate their predictive potential regarding
therapeutic TBS effects in chronic stroke patiefitse following electrophysiological TMS
parameters ere obtained from both hemispheres at baseline: (i) the resting motor threshold
(RMT), (ii) the active motor threshold (AMT), (iii) the 1 mV motor threshold (:MV), (iv)
shortinterval intracortical inhibition (SICI), and (v) interhemispheric inhibit{&l).

5.2.61TMS Apparatus

All electrophysiological TMS parameters were assessed withredaxic frameless
neuronavigation bymeans ofthe eXimia NBS system ersion 3.2.1(Nexstim, Helsinki,
Finland. As the TMS stimulator of the eXimia NBS ggm canot be used to apply TB&e
SuperRapid TMS stimulator (Magstim, Whitland, United Kingdom) waed for this
purpose Sinceassessment of IHI requiréise smultaneoususe of two TMS coilsand only
one TMS coilat a timecan be connected the neuronavigted systemboth TMS devices
(Nexstimand Magstimwere used for assessment of .IlAlI standardnonophasic figur®f-
eight coil @llowing application ofpaired-pulses via a single TMS cdilvas used to measure
SICI, whereas atandardiphasic figureof-eight coil @llowing higher stimulation intensitig¢s
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was used for all other measuremefi®th TMS coils: Nexstim, Helsinki, Finland)A
stanard figureof-eight TMS coil Magstim Whitland, United Kingdomwas connected to

the Magstim stimulator. Prior tché study, all TMS coils were-payed. Displacements
between central positions of the outer plastic case and the inner copper wings occurred solely
in anteriorposterior direction and did not exceed 1 mmn any of the TMS coils The
neuronavigation softwarallows tracking of one TMS coil at a time. However, it can
additionally track a digitization pen which usuallyused for anatomical eeegistration.We
attached the digitization peto the handle of the Magstim TMS coil by anhouse built

fixation device which allowedmaintainingtilting of the coil precisely during assessment of

IHI. The correct anterieposterior and laterahedial positioning of theviagstim coil was

maintainedoy a markon the subjects head.

5.2.6.2 Electromyography (EMG) apparatus

Electromyography(EMG) signals were recorded by Ag/AgCl surface electrodes (Tyco
Healthcare, Neustadt, Germany) placed in a Heliylon montagever the left and right first
dorsalinterosseou¢FDI) muscle The EMG signal was amplified, filtered wi#gh0.5 Hz high
pass filter and digitized using ®IL856 PowerLab 28 Myograph and thdiLabChard

software packageersion6.0 (ADInstruments Ltd, Dunedin, New Zealand).

5.2.6.3 Anatomical co-registration

Subjects were comfortably seated in an adjustabletfmmwith heaerest. The head of the
subject wasspatiallyco-registered with the individual higlesolution anatomical MR image
via anatomical landmarks.€. nasion and crus helicisf the ears The root mean square
difference between positions of landrks in the MRI volume and at the subjects head was
not more than 3 mm for any TMS sessiortlod presenstudy {nformation providedoy the

neuronavigation software).

5.2.64 TMS parametersat baseline

5.2.64.1Motor hotspot and motorthresholds

After anatomical ceegistration, the motohotspot, i.e.the coil position providing highest

MEPs of the contralateral FDI musclguring singlepulse suprdhreshold TMS was
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identified foreachhemisphere. All electrophysiological TMS parameters were assatsged
hotspot position by means ah fiaiming toob implemented in the neuronavigation software
which allows maintaining certain coil positiorprecisely Overall, tiree motor thresholds
were assessed: ®MT, (ii)) AMT, and(iii) 2ImV-MT. TheRMT was ddined as the minimum
TMS stimulator output intensity required to produceMEP (peakto-peak amplituded 50

pV) in at least out of 10 consecutive trialén the contralateral FDihuscleat rest(Rossini et

al., 1994) The AMT was defined as the minimunMB stimulator output intensity required

to produce a MEP (peakto-peak amplitudegd 200 pV) in at leasb out of 10 consecutive
trials from the contralateral FDrhuscle while the subject was maintainitagnic voluntary
contraction of 20t 5 % of maximum(Rossini et al., 1994)For this purpose, a hand
dynamometer (ADInstruments, Ltd, Dunedin, New Zealand; Product Code: MLTO003) was
placed between thelsy ect 6 s t humb amhmed swobjeact d®ngiemndiawnidc
force was used to calibrate the sigalédwing online visual feedback of the force applied on a
screen in front of the subjecthe ImV-MT was defined as the TMS stimulator output
intensity best suited to produce MEPs with paakeak amplitudes close to 1 mV in the

contralateral FDI muscle aest.

5.2.64.2Motor-evoked potentials(MEP)

Fifteen MEPs elicited by singleulse TMS (intesstimulus interval (ISI) = 7syvere recorded
from the contralateral FDI at rest @ baseline andii) 5-15 min after TBS with similar

stimulator output irgnsitiesdetermined at baselirfee. 100% 1mVMT at baseline)

5.2.6.4.3Short-interval intracortical inhibition (SICI)

SICI is arobustpairedpulse paradignreflecting GABAa-mediatedintracorticalinhibition
within the primary motor cortexf one hensphere(Kujirai et al., 1993 Ziemann 2004 cf.
1.4.3.1.). In this protocol, a suprthreshold test stimulus (TS) is suppressed if b su
threshold conditioning stimulus (CS) is applied fins before the TS8ia the same TMS caoil
The following parametergereapplied CS intensity 80% AMT, TSintensity 100% InV-
MT, 2 ms interval between CS and,T/S interval between trials. Tenals with single (TS)

pulses andentrials with paired (CS+TS) pulses were recorded in alternating order.
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5.2.64.4Interh emispheric inhibition (IHI)

IHI is a robust pairedpulse paradigm reflectinghe primarily transcallosally mediated
interhemispheric inhibitiorbetween the primary motor cortex of one hemisphere and the
primary motor cortex of the contralateral hemisph@merbert et al.1992 cf. 1.4.3.2.1 In

this protoco] the suprathreshold TS is suppressed if a sufim@shold CS is applied50 ms
before the TS on the contralateral hemisphBrge to spatial restrictions resulting from the
size of the two TMS coilsve decided toapply TMS with the handle of the TMS call
pointing lateally (i.e. 90° away from the midlinewhich resulted in arlectric field in medial
direction induced in the brain tissué’he motor hospot podion and InV-MT was re-
evaluated for eah hemispherewith laterml-medial coil position Chen et al. (2003
demonstrated that induced current direction of the CS does not impact on IHI if supra
threshold intensities are applied as in the present silidly. following parameters were
applied for HI: CS and TS intensity: 1ImWIT of the respective hemisphere, interval between
CS and TS: 1ns, interval between trials: 7s. Terals with single (TS) pulses anentrials

with paired (CS+TS) pulses were recorded in alternating order for each dir@ctiolif|

from theipsilesionalonto thecontralesionahemisphere antHl from thecontralesionabnto

theipsilesionalhemisphere).

5.2.64.5Data analysis SICI and IHI
SICI and IHI were expressed as mean peaieak amplituden conditioneddouble plse
trials (CS+TS= 100%) relative to meapeakto-peak amplitude of unconditioned single pulse
trials (TS)recorded from the contralateral FDI at (€8: conditioning stimulus; TS: Test
stimulus)

SICI/ IHI =((TST (CS+TS)/TS) *100%

5.2.7 Functional magnetic resonance imaging (fMRIat baseline

5.2.7.1 fTMRI motor paradigm

We implemented a block design in whichbgectswere asked to perform visually paced
rhythmic fist closureswith their afiectedhand(corresponding to theaon-dominanthand of

hedthy subject$ and their unaffectetiand(corresponding to the dominant hand of healthy
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subjects)Subjects were instructed press MRcompatible response grips positioned between
proximal parts of the thumb and index finger. This experimental setudisplgifacilitated
movements of theFDI, which was used agsarget muscle for TMS. The software
O0Presentationd6é6 (Versi on 9.9, Neur obe
www.neurobehavioralsystems.com) was used for visual stimulus presentation and movement
recordngs. Fist closures were performed tato different movementfrequencies(i) a fixed
frequency of 0.8Hz and (ii) a frequency individually adjusted to performance of the hand
(40% of the maximum frequency)lhe fixed frequency condition was implemented to
compare neural activity (between groups or hands) with similar absolute number of fist
closures in one movement block resulting in, e.g., similar amount -affeeent signal
whereas the adjusted frequency condition was implemented to compare neur& activi
(between groups or hands) during movements with similar degree of difficulty (but different
absolute number of fist closureg)he maximum fist closure frequency of each hand was
determined immediately before scanning when subjects resided in thépdsigon for the
experimentSubjects were instructed to opand closeheir handas fast as possibks soon

asa N gignalappearedintil af s t sigmalwas presentedafter 10s) on a shieldedthin-

film transistor TFT) screen at the rear end oktMR scannerThe procedure was repeated
consecutivelythree times for each hamahd te meanacross hree blocks was used as
maximummovemenfrequency The movement frequency was paced by a red blinking circle
on white background presented tre sameTFT screenwhich was visible via a mirror
mounted on the MRiead coil Blocks ofhandmovements X5 s) were separated by resting
baselines 13 s plus0-1.5 s jitter) in which a black screen instructed the subjects to rest still
until instructions were dispjed for 1.5 s indicating which hand to movetle subsequent
movementblock. The order of conditions was pseudmdomized andcounterbalanced
across theexperimentwhich overall lasted about 18 mirSubjects were trainedutside and
againinside the scamer until they had reachedstable performance (monitored by visual
inspection) During the experiment, ator performance asmonitored byan MR compatible

camera in the scanner room

5.2.7.2 fMRI data acquisition

MR images were acquired on a 3 Tesla SIBmMMAGNETOMTimTrio scanner(Siemens,
Erlangen, Germany)High-resolution anatomical 1-weighted images were acquired using

the following imaging parameters: TR 8§@ms, TE = 5ms, FOV = 256 mm, 176 sagittal
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slices, slice thickness = 1 mmlistance &ctor= 50%, in-plane resolution = 1 x 1 mfnflip
angle = 9°.In orderto screen for brain lesions not visible ®t-weightedimages and for
preciseanatomicako-registration in further analysis, highsolution anatomical2-weighted
images were acquideusing the following imaging parameters: TR = 5500 ms, TE = 113 ms,
FOV = 220 mm, 48 axidalices, slice thickness =@m, DF =30%, in-plane resolution = 0.7

x 0.7mn¥, flip angle = @°. For functional imaging a adientEchoblood oxygenation level
dependent(GRE-BOLD) EPI sequence with the following parameteiss implementedTR

= 2070 ms, TE = 30ms, FOV =200 mm, 31 axial slices, slice thickness =13nm, in-plane
resolution = 3L x 3.1 mn¥, distance factor =®%, flip angle = 90°Slices covered #brain
from the vertex to lower parts of the cerebelluBach fMRI session consisted 687 EPI

volumespreceded byhreedummyscansensuring a steadstate in tissue contrast.

5.2.7.3fMRI data analysis

5.2.7.3.1 Reprocessigy

Functional MRI data wereanalyzed using statistical parametric mapping (SPMS,
http://www.fil.ion.ucl.ac.uk/spm/ Dummy scanswere discarded frorfurther analyse EPIs
from patientswith left-sided lesiongn = 3) were mirrored at the midsagittal planto
account for possibleonfounds aiising from laterality effectsEPIs of three healthy subjects
were likewise mirrore@t the midsagittal plan@hefiart_sliced tool, part of theSPM Artefact
Repair toolbox (ArtRepairhttp://cibsr.stanford.edu/tools/ArtRepair/ ArtRepair.htryjas
used to detect and repaiutlier slices(the default thresholdvas applied to all subjects and
resultedin well-tolerable 61% of slices being repaired). Aftegpatial realignmentof EPI
volumesiart _gl obal 0 outiesvolunzes vhich eber differedeoasiderablyn
global intensity(i.e. variation in global intensity > 1.3%@9r exhibited high scato-scan
motion {.e. scanto-scan motion> 0.5 mm/TR due to head mements Outlier volumes
were repaired by interpolation between the neamesrepaired scans. In two patients and
one healthy subjedhe default threshold had to Isfightly increased (to 1.0 mm/TR) to
prevent excessive data logsdqulting in weHtolerable5.7% ofvolumes being repaired].o
ensure good spatial @egistraion with the anatomical 1l image, EPI volumes were first-co
registered with the braiaxtracted anatomicdl2 image (which resembles EPI volumes in
MR contrasthbefore applying théransformatiommatrix frombrain-extractedl2 images to the

brain-extractedTl images. Lesion masks were created based on anatofhicahages using

129



Study llI: Prediction of TBS effec

MRIcron (http://www.cabiatl.com/mricro/mricron/). EPIs wespatially normalized to the
standard template of the Montreal Neurological Institute (M32] T1 _2mm)with masked
lesions ad spatially smoothed with an isotropic Gaussian kevh& mm full-width at half

maximum to compensate for residual variability across subjects after spatial normalization

5.2.7.3.2 Statistical analysis

For firstlevel analyses, begar vectors for edc of the four conditions fwo for each
movement frequency and hana®re convolved with the canonical hemodynamic response
functionin the framework ofgeneral linear mod€lGLM). A high-pass filterof 1/300 s (i.e.
slightly longer tharthe maximum inteval between two blocks of the same condition) was

applied to remove lovirequency driftsn MR signal

5.2.7.4 Regionof-interest (ROI) analysis

We conducted regieof-interest (ROI) analyses to investigate whether fNBRILD signalin

motor areaprediced behaviouralTBS effects For this purposethe first eigenvariatérom

the time serie®f voxels surrounding the individual local maximufm an 8 mm diameter

spher¢ was extractedrom the firstlevel GLM analysiss si ng t he SPMR® ool bo:
(http//marsbar.sourceforge.netfhis procedurewas performedfor all four conditiors and

three notor areas per hemisphere, itke primary motor cortex (M1), the ventral premotor

cortex (vVPMC), andhe supplementary motor area (SMA)

5.2.7.5 Laterality index (LI)

To investigate whether laterigl of fMRI BOLD signal predictedbehaviouralresponse to
TBS, we calculated ataterality index (LI)which wasfirst introduced by Cramer et 41997
and later used by several strakéRI| studies as a measure ofddlization of fMRI signal
(Carey et al., 2002lohanseiBerg et al. 2002Marshall et al., 2000LI wascalculated using
the following formula

_CL-IL
CL +IL

LI
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whereCL (contralesionglis the number os$ignificantly activatedsoxels in Brodman Area
(BA) 4 and BA6 of the contralesiondtominant hemisphereand IL (ipsilesiona) is the
number of voxels in BA4 and BA6 of thpsilesionalnondominant hemisphere passing a
threshold of P < 0.00{uncorrected)BA4 and BA6 were defined by means of theman
postmortem cytoarchitectonic probability atl a
(Eickhoff et al., 2005 2007 http://www.fzjuelich.de/inm/inm1l/spm_anatomy_toolb@x
Positive LI values indicate that the fMRI activation pattern is lateralizeeards the
contralesiondtlominant hemisphere, whereas negative LI values indicate an fMRI activation
pattern lateralized twardsthe ipsilesionalnon-dominant hemisphere, and LI values close to
zero indicatesabsence ofateralization.LIs were calculaté for eachsubject andcondition

based on individual firsevel analyses

5.2.7.6 Dynamic CausalModelling (DCM)

DCM is a hypothesedriven approach to modeffective connectivity between stinct brain
regions and relies on neurobiologically plausitdepriori assumptions regarding hypotheses
on relevant brain regions, connections, and context depemiehtiations thereafFriston et

al., 2003 cf. 1.6). We performed analyses on core regions of the motor system activated by
the fist closure tasknamdy the primary motor cortex (M1), the ventral premotor cortex
(vPMC), andthe supplementary motor aae(SMA) as well as thetriatal and extrastriatal
primary visual cortex (V1, as major input regsince fist closures were paced by visual fues
bilateraly. BOLD time seriesvere extractedor each of theseight ROIs in first-level fMRI
analyseqsphere 8 mm in diameter around fhdividual activation maximumseesection
Regionof-interest (ROI) analysiand Table5.2). ROIs did not overlap with eachhsr nor

did they overlap with stroke lesions. Stroke lesions did also not directly interrupt connections
between ROIs as inferred fromi-weighted imagesNe first used the fMRI group analysis to
define group coordinates (separately for patients and d¢entos each region in MNI space.
Thesegroup coordinates wetbenused as starting pdionsfor the search of the closest local
maximumin the individual SPM map meetirige a priori defined anatomical constraini$e
following anatomical landmarks wewused: (i) M1: in the rostral wall of the central sulcus at

t he @ ha rfamatiom @dusry et al.1997, (i) SMA: in the medial wall of the
interhemispheric fissure between the paracentral lobule (postesiain), the coronal plane
cutting the anteor commissure (3coordinates < 0, anterior margin), and the cingwateus

(inferior margin, Picard& Strick 2001) (iii) vPMC: close to the inferior precentral gyrus and
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pars opercularigRizzolati et al., 2002 Invasive tracer studies in macaque nkeys
demonstrated that homotopic as well as heterotopic connections between M1, SMA, and PMC
exist (McGuire et al., 1991; Rouiller at al., 19943 we assumed th#ttese connections exist

in humans as well, they represent the most likely anatomicak(idngenoysconnectivity

model (Figure 53, upper left corngr Aside from endogenous(i.e. taskindependent)
coupling we also investigated how effective connectivity within the netwegik modulated

by fist closures with different movement frequencigsesefitaskdependeritmodulations do

not necessarily impact on ahdogenousonnectionsWe therefore constructe86 different
connetivity models (Figure 5.3/5.5) reflecting biologically plausible hypothesesn

interregional coupling.
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Table 52: Stuly IlI: Peak voxel coordinates used for regmfrinterest (ROI) analyses and dynamic causal modelling (DCM)

) V1 left V1 right SMA left SMA right vPMC left vPMC right M1 left M1 right
Sublect X Y z X Y z X Y z X Y z X Y z X Y z X Y z X Y z
P01 -14  -100 2 16 -98 -8 -4 -4 74 4 -6 66 -56 0 42 60 0 42 -48 -22 58 36 -24 58
P 02 -16 -100 -10 16 -98 -14 -4 -2 62 6 -8 68 -52 -4 32 52 2 40 -30 -32 60 38 -32 58
P 03 -16 -100 -8 14 -96 -12 -4 2 56 4 -2 60 -52 -8 50 54 -2 46 -38 -22 60 34 -30 70
P 04 -22 -96 4 14 -84 -14 -6 -18 50 10 -6 68 -58 -10 38 58 -6 44 -44 -30 58 36 -28 48
P 05 -30 -92 2 34 -82 0 -6 -12 56 4 -2 74 -54 4 42 62 6 24 -36 -20 66 32 -22 72
P 06 -10 -96 -16 10 -90 -14 -4 -4 62 6 -14 62 -52 -2 34 56 34 -42 -32 56 36 -30 58
P 07 -24 -98 2 34 -90 2 -10 -4 66 4 0 68 -62 8 42 58 40 -46 -22 60 44 -20 70
P 08 -20 -96 10 28 -92 0 -12 -2 58 4 -10 62 -48 -2 36 58 44 -42 -32 58 36 -26 62
P 09 -12 -102 -2 22 -84 -8 -8 -12 58 4 -8 60 -56 0 38 40 20 36 -44 -28 66 36 -18 68
P 10 -22 -94 -2 20 -96 6 -4 -18 70 6 -16 58 -52 -12 46 56 2 40 -36 -34 58 34 -36 50
P11 -22  -102 4 28 -94 -4 -12 64 6 -10 58 -60 6 32 58 34 -42 -34 64 40 -34 64
P12 -18 -98 4 10 -96 -8 -8 64 4 -6 66 -44 8 34 60 36 -36 -32 74 40 -26 70
P 13 -18 -92 0 30 -88 -8 -4 -10 60 8 -10 62 -58 14 30 54 -10 44 -34 -34 70 40 -30 58
Mean -188 -974 -08 212 -914 52 60 -80 615 54 -75 640 -542 02 382 558 20 388 -398 -288 622 371 -274 620
SD 54 34 7.0 8.7 5.6 7.1 2.7 6.3 6.3 1.9 4.6 4.8 49 7.7 6.0 55 7.0 6.0 5.3 5.3 54 3.2 54 7.8
H 01 -16  -102 -6 20 -96 2 -4 -10 62 8 -8 70 -52 0 32 56 14 40 -42 -34 66 42 -28 58
H 02 -26 -90 -12 20 -100 -2 -6 -4 74 6 -4 62 -48 10 40 56 2 42 -42 -28 62 52 -16 60
H 03 -20 -92 -8 16 -94 -2 -8 -12 68 6 -14 70 -62 10 36 56 8 40 -54 -26 64 40 -28 60
H 04 -24 -96 4 28 -94 -2 -4 -8 66 6 -12 60 -52 0 36 56 0 46 -40 -24 66 44 -26 58
H 05 -24 -96 -4 22 -92 -2 -6 -10 62 4 -8 68 -52 10 44 54 6 44 -42 -26 70 36 -28 58
H 06 -22 -90 30 -90 0 -8 -12 66 12 -12 66 -58 6 40 56 0 44 -36 -26 56 46 -28 60
H 07 -16 -96 24 -94 2 -10 -6 74 6 -8 66 -54 -4 48 56 -2 48 -42 -22 66 46 -20 62
H 08 -28 -92 -2 26 -94 2 -6 -18 70 4 -2 68 -62 -2 38 58 6 46 -42 -30 54 40 -28 58
H 09 -16  -102 18 -92 0 -8 -12 64 6 -6 72 -56 38 64 34 -40 -26 64 38 -26 64
H 10 -26 -98 32 -92 4 -6 -6 66 4 -2 72 -56 42 54 14 42 -38 -26 56 36 -24 70
H11 -20 -96 -2 28 -92 6 -10 -14 68 6 -12 62 -54 -2 44 54 0 46 -42 -32 58 38 -28 56
H12 -24 -98 4 24 -94 -2 -6 2 62 6 -6 74 -54 0 42 56 -2 48 -38 -28 66 48 -14 62
Mean -223 -9%65 -03 238 -928 00 -67 -95 652 63 -7.7 693 -553 22 397 560 57 430 -43.0 -27.0 620 402 -253 605
SD 41 3.6 4.2 4.8 1.8 41 20 5.3 2.8 22 41 4.8 34 4.2 3.7 35 54 41 4.6 3.7 4.8 37 4.0 3.8

H = healthy control subject; M1 = primary motor cortex; P = stroke patient; SD = standard deviation; SMA = supplementanga)dtt: primary visual cortex; vVPMC = ventpaémotorcortex; X = lateralmedial, Y =
anteriorposterior, Z = inferioisuperior coordinate in MNI (Montreal Neurological Institute) standard space
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Figure 53 - Figure 5.5 Study Ill: Hypothetical models on interregional couplirigynamic causal
modelling (DCM) is a hypothesealiven approach to model effective connectivity between distinct
brain regions, and relies on neurobiologically plausible a priori aggumspregarding hypotheses on
relevant brain regions, connections, and context dependent modulations thereof (Friston et al., 2003).
We performed analyses on core regions of the motor system activated by the fist closure task, namely
the primary motor coex (M1), the ventral premotor cortex (vVPMC), and the supplementary motor
area (SMA) The primary visual cortex (V1was usedas major input regiognot shown) Based on
anatomicalstudies in macaque monkeys (McGuire et al., 1991; Rouiller at al., 19@4)rocal
connections between alx cortical motor areas (M1, SMA, and vPMC bilaterally), can be assumed
and henceepresent the most likely anatomical (i.e. endogenous) connectivity tfuzgetted in the
upper | e f Taskdceoprennedre)n.t 0 fi donpotl mekeasarilyoimpact on all endogenous
connections.Therefore, we constructe86 different connectivity models reflecting biologically
plausible hypotheses on interregional couplige then used random effects Bayesian model
selection (BMS) to iderfly the model with highest evidence given the measured data (Stephan et al.,
2009).

Figure 5.3:Study IIl: Hypothetical models on interregional couplifidodels 116). The first model
(Model 1)assumed all possible connections betweesialtortical mobr areas (i.e30 connections;
upper right corner). Based on this mgdabnnections were systematically varied by subsequently
omitting one (Figure 5.3A), two (Figure 5.3B), three (Figure 5.3C) or four (Figure 5.3D)
interhemispheric connections. Blue avs indicate omitted connectian8lack arrows indicate
remaining connections.
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Figure 5.4:Study lll: Hypothetical models on interregional couplifddodels 1728). The first model

(Model 1) assumed all possible connections betweesixatlortical motor areas (.80 connections;

upper right corner). Based on this model, connections were systematically varied by subsequently
omitting interhemisphericonnections Nlodels 116 in Figure 5.3).All models which assumed
asymmetric interregional coupling were mirrored on the midsagitta(Ntwelel 1728 in the present
figure) if the mirrored counterpart was not already includedrigure 5.3. Bue arrows mdicate
omitted connections. Black arrows indicate remaining connections.
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movements movements
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Figure5.5: Study lll: Hypothetical models on interregional couplifdodels 2936). A less complex

model with reciprocal intrahemispheric connections between all three regions and interhemispheric
connections between homologous regions easstructedModel 29; Figure 5.5, upper right corner)

and modified by omitting one (Figa 5.5A), two (Figure 5.5B) or all three (Figure 5.5C)
interhemispheric connection®lue arrows indicate omitted connections. Black arrows indicate

remaining connections.
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The first model(Model 1) assumed all possible connections between alcsiticd motor
areas(i.e. 30 connectionsFigure 53 & 5.4, upper rightcorne). Based on this model
connections were systematically varied by sgjoently omitting oneHigure 53A), two
(Figure 53B), three Figure 53C) or four EFigure 53D) interhemisphericonnections. All
models assumingsymmetricinterregional couplingvere mirroredon the midsagittal line
(Figure 5.4) if the mirrored counterpamvas not alreadytested Figure 5.3). Finally, a less
complex model assumingnly reciprocal intrahemisphericconnections between all three
regionsandinterhemispheric connections betwdwmologougegionswas tested (Model 29;
Figureb.5, upper righttorne) and modified by omitting ond-{gure 55A), two (Figure 55B)
or all three Figure 55C) interhemisphed connectionsFor all models we assumed théat
exers adriving influenceonto all premotor areas (i.e. SMA and vPMC bilateralhghand
movementswere pacedby a visual cueduring fMRI experimerd We then usedandom
effectsBayesian model selectigBMS) to identify the model with highest evideng®en the
measuredlata(Stephan et al., 2009)

5.2.8Effects of lesion location, lesion size, and lesion age

We performed voxebased lesion symptom mapping (VLSM) analyses by means of MRIcron
(http://www.cabiatl.com/mricro/mricron/install.htmkp investigate the relationship between
lesion locations and behavioural TBS effg@ates et al., 200Rorden et al., 2007Binary

lesion masks were constructed based on thetagblution anatomical 1-weighted image of

each patient and normalized to MNI space by applying the deformation parameters derived
from normalization of the respectivid-weighted image into MNI space by means of SPM8.
Patients were classified into two groups based on a megliafsSTBS improvement scores

(n = 7 patients withscores equal tor less tharthe medianvere assigned to the TBS nron
responder groupMISs itess O 0 . BlIS.#cres O -0.128, MISynarites O -0.141, and
MISunatrctes O -0.214). Behavioural improvements werentered as binary behaviour
(responder = 1; neresponder = 0) in separate analyskgbermeisteranalysis was
performed(which isa more sensitive binomial test than Suquared or Fisher's Exact test;
http://www.cabiatl.com/mricro/mricron/stats.hjmlAdditionally, behavioural TBS effects
were correlated with lesion characteristics suckesi®n size, lesion age, a®@ET damage

CST damage wadefined asoverlappingvolume betweenthe individual MNknormalized
lesion mask and the probabilistic CST mapgnp| ement ed i n the SPM
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(Eickhoff et al., 20052007 http://www.fz-juelich.de/inm/inm1l/spm_anatomy_toolbdxn
relation tototal CST voluméTable 51).

5.2.9 Statistical analyses

All statistical analyses we performed using t h e A P so8Waiee version 18
(http://www.spss.com) If not stated otherwise effects in ANOVAs were considered
statistically significant if they passed a threshold of P <.0R&Sults fromposthoc t-tests

andbi vari at e etattonamdysedivere onilered statistically significant if

they passed a threshold of P < (.@alse discovery rate (FDR)rrected for multiple
comparisons (Benjamini & Hochberg, 1995) Independensample t-tests for group
comparisons were considered statistically significhiitey passed a threshold of P < 0.05,
corrected with Dunndés MNdwhntlo9g). e Comparison Pr

5.3 Results Study Il

5.3.1Motor i mpairment in stroke patients

We performedepeated measurddNOVA s with the factorsSSROUP (levels: patients, helajt
controls) andHAND (levels: affected/nomlominant, unaffected/dominarfor all threemotor
tasks. Therewas asignificant HAND x GROUPinteractionfor each task (i) the Jebsen
Taylor Hand Function T& (JTT): F (1, 23) = 8.751; £ 0.007, (ii) maximumindex finger
tapping (FT) fequency: F(1, 23) = 12.714; P = 0.002and (iii) grip force (GF)
measurements: @, 23) = 13.055; B 0.00]). Posthoc ttestsrevealed thastroke patients
performed significantly worse with their affected handmpared tohealthy subjects
performing with theimondominant handJTT: T (23) = 3.490FT: T (23) =-7.054,GF: T
(23) =-2.321;P < 0.05 Dunncorrectedl. Hence,stroke patients had significant motor hand
deficits which were apparent imall threemotor task thatwereusedas behavioural outcome

measures for TBS effects.
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5.3.2 TBS effects

5.3.2.1Behavioural TBS effects

TBS was well tolerated by all patien®here were no adverse eveMée performedepeated
measures ANOVAs with the facttTERVENTION (levels iTBS, cTBS control TBS on
percentagednmprovements otach handaffected, unaffectechnd task (JTT, FT, GFNone
of the ANOVAs yielded asignificant main effect of INTERVENTION (P > 0.05).This
finding indicates that neithediacilitatory iTBS appliedto the ipsilesional hemisphere nor
inhibitory cTBS applied to the€ontralesionalhemisphere was significantly different from
control TBS (over the midsagittal panebccipital cortex) in terms oéveragechanges in
motor performanceof the affected han@cross the whole group of patier(tsigure 5.6)
However, here was a statistical trend flanger tappingof the unaffected han(F (2, 29 =
3.354; P = 0.052) Posthoc ttests suggestd that this trend resulted frondecreased
performanceof the unaffe@d hand afterinhibitory cTBS applied to thecontralesional
hemisphergT (12) = 2.416, P = 0.033, uncorrected)well adacilitatoryiTBS applied tahe
ipsilesional hemisphere (T 12) = 2.134; P = 0.054, uncorrecteddmpared to control

stimulation Analyses performed on absolute improvements (instead of improvements

percentage terms) yielded similar results. These findings suggeghéhanaffectedhand
responded to verum TBS psoposed by thenodel of interemispheric competitiofi.e. with
deteioration) whereas theaffected hand did not show consistentimprovementsover the
group of patientsHowever, here wasconsiderablanter-individual variance in behavioural
changes following TBSFor examplechange®f the affected hanoh the JTTragedbetween
-18.7 andt+15.4 % (mean:0.9 + 11.2 %) after iTBS and betweé8.3 and+19.9 % (mear:
0.8 £10.1 %pfter cTBS

140

in



Time needed to accomplish JTT [s]

Maximum index finger tapping
frequency [Hz]

100

80

40

20

Maximum grip force [kPa]

Stroke affected hand

Behavioural TBS effects

| Jebsen Taylor Hand Function Test|

.

control TBS

cTBS ﬁ

I

control TBS

@
S
Pre TBS Post TBS
Finger tapping
I I I
(] 2]
= =
S| o S| o
815 8|5
Pre TBS Post TBS
[ 1 I
(7] ]
= =
S |la S| ao
c om € oM
S |5 8|5
Pre TBS Post TBS

frequency [Hz] Time needed to accomplish JTT [s]

Maximum index finger tapping

Maximum grip force [kPa]

60

50

40

30

20

100 |

80 |

60 |

40 |

20

Study llI: Prediction of TBS effec

Unaffected hand

| Jebsen Taylor Hand Function Test|

@ @

F =

[e) [e]

5 [ s EE

o f2) o ) =

Pre TBS Post TBS
Finger tapping

1 I

2] 2]

om o

~ =

S w S| w

= o € o

S| S|

Pre TBS Post TBS

I [

(] 2]

= =

S |lo S lo

g8 |5 g8 |15

Pre TBS Post TBS

Figure 56: Study lll: Changes in motor performanéalowing thetaburst stimulationTBS). Motor
performance of the affectdshnd (left columnpand the unaffected harfdght column)was measured
before (Pre TBS) and approximately 25 min after (Post TBS) three different TB&ittens in 13
chronic stroke patientgi) control stimulation, (ii)inhibitory continuous TBS over the contralesional
hemisphereand (iii) facilitatory iTBS over the ipsilesional hemispher&he following parameters
were used to assess motor performatigethe time needed to accomplish the JebBayior Hand
Function Tes{s], (ii) the maximum index finger tappinfyequency [Hz],and (iii) the maximum grip
force [kPa].Vertical bars reflect the group mean and error bars indicate the standard emeomaian.
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Neither facilitatory iTBS applied to the ipsilesional hemisphere nor inhibitory cTBS applied to the
contralesional hemisphere was significantly different from control TBS in terms of awragges in

motor performancef the affected hand'herewas a statistical trend for reduced index finger tapping
frequency of the unaffected hand after both inhibitory cTBS applied to the contralesional hemisphere
as well as facilitatory iTBS applied to the ipsilesional hemisphere compared to control stimulati
Hence, the unaffected hand responded to verum TBSphesizedi.e. with deterioration) whereas

the affected hand did not show consistent improvements over the group of patients.

5.3.2.2Electrophysiological TBSeffects

In line with behavioural TB effects there were no significant differences between TBS
interventionsin terms ofaverageelectrophysiological changexrossthe group of patients.
Repeated measures ANOVAs with the fadddfERVENTION (levels: iTBS, cTBS$ control
TBS) were separatglperformed orpercentaged¢hangesn each TMS parametdMEP size
on each hemisphere and reciprocal Ilpne of the ANOVAs yielded a significant effect of
INTERVENTION (P > 0.05)In other words, verum TBS was not sigréfitly different from
control TBS in terms of average changesIHI or MEP size of thapsilesionalhemisphere
over the grop of patients. Howeverthere was a statistical trend fdMEPs of the
contralesionahemispherdF (2, 29 = 3.39, P = 0.052) Posthoc ttests suggested that ghi
trend resulted from decreased MEP sie8cited from the contralesionahemisphere after
inhibitory cTBS applied to thecontralesionalhemisphere(T (12) = 1.986; P = 0.070,
uncorrected) as well amcilitatory iTBS applied tahe ipsilesionalhemispheg (T (12) =
2.675, P = 0.022, uncorrected) compared to control stimulation. Analyses performed on
absolute changes (instead of changes in percentage terms) yielded similar Hedes.
electrophysiological TBS effects are in line with behaviotigb efects and suggest that the
contralesionalhemisphereresponded to verum TBS amsxpected(i.e. with decreased
excitability) whereas thésilesionalhemispheradid not show consistent increasen MEP
size over the group of patientSimilar to analyses orbehavioural effects,here was
considerablenter-individual variance inelectrophysiologicachanges following TBS. For
example, changda MEP sizeof theipsilesional hemisphemaged betweer1.8 and+56.5
% (mean: 15.8 £ 65.8 %) after iTBS and betwe®0.1and+90.5% (mean:16.8+ 39.2%)
aftercTBS
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5.3.2.3Correlation between behavioural and electrophysiologicalBS effects

To investigate whether behavioureBS effectswere related to electrophysiological TBS
effects we correlatedmprovemen scores ofcTBS and iTBSwith changes in MERize of

both hemispheresnd reciprocal IHI. None of the correlations suggestead significant
interaction(P > 0.05). Hence, although there was a tendency for decreased motor performance
of the unaffected hanand decreased MEP size of ttentralesionahemisphere after verum

TBS, there was no tightelationship betweenbehaviouraland electrophysiological TBS
effects. This finding suggests that changes observed on the electrophysiologicantkvel

changes olesved on the behavioural lewgkre not driven by the samsebjects

5.3.2.4Summary behavioural and electrophysiological TBS effects

In summary,stroke patients had significant motor hand defierhich were evident in all
three motor taskased as outime measussfor behavioural TBS effectdNeitherfacilitatory
ITBS applied to thepsilesionalhemisphere nor inhibitory cTBS applied to gentralesional
hemispheravas significantly different from control TBS in terms of average behaviooiral
electrofhysiological changesacross the whole group of patientdowever, here was a
statistical trend for decreased motor performance of the unaffectecahdrabcreased MEP
size of thecontralesionahemispherafter cTBS and iTBS compared to control TB&ne,
the unaffected hand andontralesionalhemisphereresponded to verum TBS as expected
whereas thaffected hand angbsilesionalhemispheralid notshowconsistenthangesvhich
was probably due thigh interindividual variability There was no tight l&ionship between
behavioural and electrophysiological TBS effects suggesting that changes on the behavioural

level originatedfrom different patients than changes on the electrophysiological level.

5.3.3Electrophysiological TMS parameters

5.3.3.1TMS parameters- differences between groups

To investigate whethestrokepatients differed significantly from healtisybjectsn terms of

TMS electrophysiologyat baseline, we computed repeated measures ANOVAs with the
factors HEMISPHERE (levels: ipsilesionalnon-dominant, contralesiongtdominant) and
GROUP(levels: patients, healthgubject$ separately for each TMS parameter (AMT, RMT,
SICI, IHI). To investigate whether TMS parameters at baseline relate to clinical deficit and
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lesion characteristics we colated TMS parameterwith clinical scores (MRS, NISS,
ARAT), clinical impairment score (CIS), lesion size, lesion age, and CST damage.

5.3.3.1.1Active and resting notor thr eshold (AMT & RMT)
ANOVAs on AMT and RMT yielded no significant main effect or teraction(P > 0.05)

indicating that cortical excitability was not significantly differeross the whole group of
patients compared to healthgntrols There wasa statistical trend for a correlation between
AMT assessed over the ipsilesional hemisphe&nd ARAT scores (r =0.543; P = 0.055,
uncorrected)ndicatingthat patients with reduced ipsilesional M1 excitability featured more
impairment ofupperlimb function To investigate whether motor thresholds differed between
mildly and more severely impired patients we assigned patients to two groups based on a
median split of ARAT scores (mediaf ARAT scores =50; n = 7 patients with ARAT
scoresO 50 wer e agreup of maedseverelympained patienjs Independent
samplet-tests revealed thatator thresholdef theipsilesional hemisphere were significantly
higher in more severely affected patients compared to mildly impaired pad#énts T (11)

= 2.515; RMT: T (11) = 2.801; P > 0.06DR-corrected)whereas motor thresholds assessed

over the contralesional hemisphere were not significantly different between groups JP > 0.2

5.3.3.1.2Short-interval intracortical inhibition ( SICI)

There was a statistical trend for a main effect for the factor GROUP for SICI (F (20, 1) =
3.887; P = 0.063) indicating that patients had decreased SICI compared to healthy controls.
Posthoc ttests revealed that patients had significantly decreased S#Cle@s intracortical
inhibition) assessed over thpsilesional hemisphere (T (20) = 2.695; P < 0.05, Dunn
corrected) but not over tlmntralesionahemisphere (P > 0.05, Dumorrected) compared to
healthy controlsSICI was not significantly differerthetween hemispheres, neither in stroke
patients nor in healthy subjects (P > 0.GBICI was not significantly associated with lesion
characteristicsuch as lesion size, lesion age, and integrity of the (S¥ 0.05).Although
correlations between SIGInd clinical scores or lesion characteristigsre not statistically
significant reduced SICin the ipsilesional hemisphere was rather associated with better than
worse motor performance as indicated by an association with higher ARAT scores (r = 0.481;
P = 0.134)and lower mRS scores (r €.454; P = 0.161)SICI in the contralesional
hemispheravas not associated with clinical scores (P > 0.3).

144



Study llI: Prediction of TBS effec

5.3.3.1.3 Interhemispheric inhibition (IHI)

There was no significant main effect or interaction in the ANOWA IHI (P > 0.05)
indicating that theravas no significant difference betweemroups or hemispheraa IHI.
Interhemispheric inhibitiorwas not significantly associated with lesion characteristics (P >
0.05). However, tinical scores wereassociated withthe IHI strength targeting the
contrdesional hemispherePatients showing low inhibition from the ipsilesional onto the
contralesional hemisphetended to be more severely affected than patients with preserved
IHI (r = 0.670; P= 0.017 uncorrectell

5.3.3.2TMS parameters as predictors for TBS effects

To investigate whethemotor thresholds(AMT and RMT), shortinterval intracortical
inhibition (SICI) or interhemispheric inhibition (IHPrediced behavioural TBSeffects we
correlatedbehavioural improgments following iTBS and cTBS (i.e. overall improvement
scores) with electrophysiological TMS parameteabtained at baseline.None of the
correlationsyielded a significanteffect (P > 0.09 suggesting thatorticospinal excitability
and intra- and interhemispheric inhibition probed by TMS have poor predictive value for

behavioural improvements following TBS

5.3.4Functional magnetic resonance imaging (fMRI)

5.3.4.1Motor paradigm (maximum fist closure frequencies)

Subjects performed visugpaced fistclosures at two different movement frequenciesat(i)
a fixed frequency 00.8 Hz and (ii) at a frequency individually adjusted #9)% of the
maximum movement frequency of the respective hawte computed aepeated measures
ANOVA on maximum movement fgeiencieswith the factorsHAND (levels: affected/non
dominant unaffected/dominapnand GROUP (levels: patients, healthgubject$. There was a
significant main effect oHAND (F (23, 1) =11.457; P = 0.003which was due to
significantly lower movement équencies for the affected/nrdominant hand compared to
the unaffected/dominant hand across grotlipge.main effect ofGROUP(F (23, 1) = 0.535; P
= 0472 was not significanbut there wasa significant HAND x GROUP interaction (F (23,
1) =9.223; P = @06).Posthoc ttestsrevealed that this was duehighly significantly lower
movement frequencied the affectechand compared to the unaffecteahdin stroke patients
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(T (12 =-3.374; P < 0.05Dunncorrected) Taken together these results suggleatalso in
the fMRI task patientsshoweda clearunilateralhandmotor deficit.

5.3.4.2fMRI group analysis

For the fMRI group analysis the parameter estimates of all four conditions were compared in
a full-factorial GLM random effects analysis with thathin-subject factors HAND (levels:
affected/nordominant, unaffected/dominant) and FREQUENCY (levels: fixed, adjusted).
Figure5.7 showsregionssignificantly activated by visuallpacedfist closuresof the affected

and the unaffected hand in stroke gents (all normalized as having right sided lesicas)
well as movements of the nedominant and dominant hand in healthy control subjects
relative to thelow-level baselineIn healthy subjects, dominant and mdominant hand
movements increased neuwtivity in a network comprising contralatenadimary motor
cortex (M1), contralaterghrimary somatosensory cortex (Shjlateralsupplementary motor
area (SMA), bilateralventral and dorsalpremotor cortex \PMC, dPMOQO), bilateral
dorsolateral prefrontaortex (DLPFC) and bilateral visual cortex (P < 0.05, FaRrrected
Figure 5.7B and 5.7D). In stroke patients, movements of the unaffected hand yielded
comparablaesults as movements of the dominant or-dominant hand in healthy subjects
(Figure 5.7C). However movements of the stroke affected hand were associated with
bilaterally enhanced fMRI signah a number of cortical regiondéctivation clusters in the
ipsilesional hemisphere were less focusedeateidedinto frontal and parietal aregBigure
5.7D). Patientsfurthermoreshowedincreased activation in thipsilesional DLPFCgingulate
motor areaand contralatergbosterior parietal corteduring movements of the affected hand
Importantly, and in contrast to the healthy control graupvenents of the strokaffected
hand were associated with significant neural activity in toatralesionalhemisphere
(ipsilateralto the performing har)dncluding activation clusteraround the central sulcus, i.e.

in M1/S1 (primary ®nsorimotorcortex) Similar results were found foboth fixed and

adjustednovement frequenes (Figureb.7).
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Figure 57: Study lll: Movementrelatedneuralsignal in cortical motor areasFunctional magnetic
resonance imagingNIRI) was used to measure bloogygenation level dependent (BOLD) signal in

13 chronic stroke patients and 12 agached healthy control subjects. Subjects performed visually
paced rhythmic fist closures awo different movement frequencies: (i) a fixed movement frequency
of 0.8 Hz (upper figure), and (ii) a movement frequency individually adjusted to 40% of the maximum
movement frequency of the respective hand (lower figure). Regions significantly edttifst
movements of the affected/nalominant and the unaffected/dominant hand relative to thdeosV
baseline are shown (P < 0.05, Fo®rected). In stroke patients, movements of the unaffected hand
(Figure 5.7C) yielded comparable results as movemehtthe dominant (Figure 5.7D) or non
dominanthand (Figure 5.7B) in healthy subjects. However, movements of the stroke affected hand
were associated with bilaterally enhanced fMRI signal in a number of cortical regmuding
contralesionaM1/S1 (primary sensorimotor corte¥igure 5.7A. Similar results were found for fixed

and adjusted movement frequencies

5.3.4.3Region-of-interest (ROI) analyses

5.3.4.3.1 ROI analysig differences between groups

To investigate whether neural activity key mota areas diffeed significantly between
patients and healthy subjects we computed repeated measures ANOVAs with the factor
REGION (evels:M1, SMA, vPMC) and GROUPévels: patients, healthy controls) for each
condition and hemisphemn parameter estimatextracted from ROIsAIl ANOVAs yielded

a significant main effect of REGION (P < 0.001) botmain effect of GROUP (P > 0.0%A
significant REGION x GROUP interaction was foumnly for neural activity in thepsilateral

(i.e. contralesiondtiominanj hemisphere during movements of the affected/dominant
hand. This effect wasvidentfor both movement frequencies (fixed (46, 2) = 5.931; &

0.005 adjusted: F (46, 2) = 4.589;#0.015). Posthoc t-tests revealed thahis effect was

due tostroke patientshaving higher levels of neural activity in M1 of thecontralesional
hemisphere during movements of the affected hmomdpared taactivity in M1 of the non
dominant hemisphere during movements of the dominant hahdaithy controlgfixed: T

(23) = 3.049; P < 0.05; adjusted: T (23) = 2.608; P < O&nncorrected) In other words
stroke patients had significantly enhanced neural activity in contralesional M1 (but not in
contralesional SMA or vPMC) during affected hand movements.

To investigatewhether neural activity cortical motor aresdatesto clinical deficits and
lesion characteristics we correlaggagkrameter estimates extracted from ROIs whh clinical
impairment scorelS), lesion size, lesion age, aBT damageThere were no sigficant
correlations(P > 0.05) suggesting that enhanced activity in contralesional M1 was not

significantly associated with clinical impairment
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5.3.4.3.2fMRI signal in ROIs as predictors for TBS effects

To investigate whether behavioural improvemeffter & BS werepredicted byneural activity

in key motor areas, we correlated fMRI parameter estimates extracted from ROIs during hand
movements with TBS improvement scores of the respective i&ede were no significant
correlations between fMRI parametstimates and improvement scores after cTBS or iTBS
indicating that movementlated fMRI signal irdistinct motor areas are poor predictors for

behavioural improvements after TBS

5.3.4.4Lateralization of fMRI signal

5.3.4.4.1L aterality index (LI) 1 differences between groups

We calculateddterality indices (LI) based on the number of significantly activated voxels (P
< 0.001 uncorrectejlin both BA4 and BAG6(LIgas+eas) as well asseparatelyfor BA4 and

BAG6 (LIgas andLlgag). Since the ROI analysi®vealed that stroke patients had significantly
higher activity in contralesional M1 during affected hand movements we had a strong
hypothesis that patients would show decreased laterality of fMRI BOLD signal compared to
healthy controls. Indeed.lgas Was significantly different between groups for affedteoh
dominanthand movements at bothe fixed and adjusted movement frequency. This was due
to patients havingignificantly reduced laterality of fMRI signalue to higher activity in
contralesional Mi(fixed: T = 2.179; P < 0.05adjusted: T = 2.345; P < 0.0Dunn
correctedl. However, here were no significant differences between groups gaelLor
LIgas+sasWhich is in line with results of the ROI analys that activity was abnormally
enhanced only irontralesional M1 but not in SMA or vPMQTaken together these results
suggest that stroke patients showed significantly enhanced neural aotthigycontralesional
hemisphere during affected hand movemdntsulting insignificantly reduced laterality
specifically in M1and not in cortical motor areas in genefi@. investigate whether reduced
laterality relates to clinical deficit or lesion characteristics, we correlaigd:khs, LIgas, and

LIgas With CIS, lesion size, lesion age and CST damagesiynificant correlationsvere

found (P > 0.05)suggesting that reduced laterality was not significantly associated with

clinical impairment.
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5.3.4.4.21 aterality index (LI) as predictor for TBS effects

To test whethebehavioural improgmens after TBSwere predicted biateralization of fMRI
signal we correlatedLlgas+Bas, Llgas, @and Lkas with improvementafter cTBS and iTBS.
Interestingly improvements of the stroke affected hand after iTB&e significantly
predicted byLlgas+sas @and Lkas. Especialy patients withlessenhanced neural activitg the
contralesionahemisphere during movements of the affected l{aedwith reduced laterality
as indicated byegative LI valuesgxperiencd beneficial effects ofacilitatory iTBS applied
to the ipsilesional hemisphereCorrelations werenighly significant for thefixed movement
frequency of 0.8 HZLIgag+pas: I = -0.735; Llgps: r =-0.714; P < 0.05FDR-correctedl as
well as forthe movement frequencadjusted to performance of the affected hdd@alsas:

r =-0.762; Llgas: r =- 0.732; P < 0.05FDR-corrected Figure 5.8. This finding indicates
that patients wittseverelyreducedateralisationof fMRI signal were less likely to improve
after iTBS applied tothe ipsilesional hemisphere An LI of appoximately -0.05 (fixed
frequency) and-0.10 (adjusted frequency) respectively was necessarily to generate
improvements of the affected hand after iTB@erestingly improvements of the affected
hand after iTBS were predicted Ipyreserved lateralitypf fMRI signal in BA4 and BAG6
(LIgas+sas) andin BAG6 alone [lgag) butnotin BA4 alone Llgas). Hence, although patients
differed significantly from healthycontrolsonly in lateralitywithin BA4 (but not in oveall
laterality in BA4 and BAG)this was a poonepredictor for behavioural improvemerttsan
overall laterality.No correlations were found betweleterality indicesand improvements of

theunaffected hanar between laterality indices and improvemeafter cTBS

150



Study llI: Prediction of TBS effec

Correlations between improvement of the
stroke affected hand after iTBS and laterality
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Laterality index [LI = (CL-IL)/CL+IL)] Laterality index [LI = (CL-IL)/(CL+IL)]

P < 0.05, FDR corrected for multiple comparisons

Figure 5.8 Study Ill: Correlationbetween laterality and TBS effectslovementrelated functional
magnetic resonance imaging (fMRI) signal during visuplged rhythmic fist closures was obtained
from 13 stroke patients. Laterality indices were calculated based on fMRI signal in cortical motor
areas (Brodmann area 4 and 6) and correlated with individual changes in motor performance following
TBS (motor improvement score). The more negative the luevaf a patient (i.e. the less pronounced
neural activity in the contralesional hemisphere) during movements of the affected hand was, the more
likely a patient experienced beneficial effects of facilitatory iTBS applied to the ipsilesional
hemisphere. Naosignificant correlations were found for changes in motor performance of the
unaffected hand or improvements of the affected hand following inhibitory continuous TBS (cTBS)
over the contralesional hemisphere. (CL: contralesional; FDR:-désevery ratejL: ipsilesional;

iTBS: intermittent thetdourst stimulation (iTBS)L.I: laterality indexy

5.3.4.5Summary fMRI data

In the fMRI experiment, stroke patients and healthy control subjects performed vizacy

fist closure at 0.8 Hz and 40% dhe indivdual maximummovement frequencyor groke
patientsthe maximum movement frequencies were significantly different between hands
(which was not the case for healthy subjecthie fMRI group analysis revealed that stroke
patients had increased fMRI signalcontralesional M1/S1 during movements of the stroke
affected hand but not during movements of the unaffected hand. This findirgup@srted

by ROI analyse demonstrating significantly higher fMRI signal in contralesional M1 during

movements of the #dcted handNeural a&tivity in distinct motor areas however did not
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predict behavioural TBS effects. Hence, we calcullttality indicedo investigate whether
laterality of fMRI signal would predict TBS effects. Patients had decreased lateraMjRof f
signal only inBA4, whereas overall laterality in BA4 and BA6 was not significantly different
between groupdnterestingly,overall laterality (but not laterality iBA4 along was a strong
predictor forimprovements of the affecteafter facilitatory iTBS applied to thepsilesional
hemispherePatients withmore lateralized fMRI signakeremoreto show improvements of
the affected hand after iTBS.

5.3.5Dynamic causal modelling (DCM)

5.3.5.1Bayesian Model Selection (BMS)

We performed random effexcBayesian model selection (BMS) analyses to identifybdst
model, i.e. the model providing the best tradiebetween accuracgin terms of explaining
variance in measured data) and simplicdilofving generalization Model 1, i.e.the fifully
connetedd model for interregional coupling during movements of the affecteedioomnant

and the unaffected/dominant harstiowed the best model fit in healthy sulgeas well as
stroke patientsgiven the data Expected posterior model probabilitiesrdflecting the
likelihood that a specific modgjenerates the data of a randomly chosen subject) as well as
model exceedance probabilitigeferring to theprobability that one model is more likely than
any other modelare displayedn Figure5.9. There wasa prdability of 99.55% in healthy
subjects and 99.6% in stroke patient§or Model 1being the most likely model given the

dataobserved
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Bayesian Model Selection Results
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Figure 59: Study lll: Results of the Bayesian model selection (BMS) proced8re n c e -

dependent o

different connectivity models reflecting biologically plausible hypotheses on intered¢gionpling.
We then used random effects BMS to identify the best model, providing the besvffrbeéveen
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accuracy (in terms of explaining variance in measured data) and simplicity (allowing generalization).
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affected/nordominant and the unaffected/dominant hand) showed the best model fit in healthy
subjects as well as stroke patients given the data. Expected posterior model probabilities (reflecting the
likelihood that a specific model generates the data of a randomly chosen subject, upper figure) as well
as model exceedance probabilities (referring to the probability that one model is more likely than any

other model, lower figure) are displayed. There was a prlityati 99.55 % in healthy subjects (left

column) and 99.64 % in stroke patients (right column) for Model 1 being the most likely model given

the data observed.
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5.3.5.2 Significant connections in healthy subjects and patients

5.3.5.2.1 Task-independent(endogenoug connectivity

We first investigatedendogenousconnectivity in healthy subjects and stroke patients
separatelyEndogenousonnectivityreflects thecausalinfluence one areaxertson neural
activity of another area dependenof a specificexpaimental condition(Friston et al.2003)
However, endogenousonnectivity (DCM A matrix) should not be mistaken abaseline
connectivitysince itreflectsthe taskindepen@ént component oéffective connectivity across

the entiretime course of the expement Figure 5.10 shows significantendogenous
connections in p&nts and healthy controls (osample ttests; P < 0.05, FDRorrected).
Green arrows indicate that activity in the souregionincreasedactivity in the targetegion
(positive couplingparameter)which can be interpreted as facilitation whereas red arrows
indicate that activiyy in the source region decreasactivity in the target region (negative
coupling parameter) which can be interpreted as inhibition. Please note that coupling
paraneters (in Hz) also implicitly capture the influence of possible (subcortical) relay regions
such ase.g, the basal ganglia dhe cerebellumlin healthy subjectsendogenousoupling of
neural activity among cortical motor areas was almost perfegtiynetrically organized.
Almostall influencesbetween motor areagerefacilitatory. Themost pronouncegromoting
influence was exertedfrom the SMA onto the ipsilateral M1. Solely interhemispheric
interactions betweethe twoprimary motor corticesvere inhbitory. Endogenousoupling in
stroke patients followed a similgatternalthough coupling strength tended to dexreased
compared to healthy subjectslence fewer connections passl the statistical threshold
(Figure5.10; P < 0.05, FDRcorrected)
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