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1. Einleitung

Unsere Sinnessysteme missen fortwahrend eine hohe Anzahl sensorischer
Reize verarbeiten. Diese stammen nicht nur von sensorischen Ereignissen aus
der Umwelt, sondern auch von sensorischen Konsequenzen unseres eigenen
Kdrpers und seiner Bewegungen. Theoretisch scheint es aus mehreren
Grinden vorteilhaft zu sein, wenn ein Organismus in der Lage ware, zwischen
beiden Arten von afferenten Signalen — solchen als Folge von Veranderungen
der Umwelt (,Exafferenz*) und solchen als Folge eigener Bewegungen
(,Reafferenz") — zu unterscheiden: (1) Die sensorischen Konsequenzen, die als
zwangslaufige Folge aus unseren eigenen Bewegungen resultieren, sind flr
unsere Wahrnehmung zumeist weniger relevant als die sensorischen
Ereignisse, die in unserer Umwelt passieren. Oft wirde es sogar stéren, wenn
wir die sensorischen Folgen unserer eigenen Bewegungen im gleichen Mal3e
wahrnehmen wuirden wie die sensorischen Ereignisse aus der Umwelt, da
hierdurch ein GrofR3teil der Verarbeitungskapazitaten unserer Sinnessysteme
und Aufmerksamkeit stets bereits besetzt waren. Eine Unterscheidung beider
Arten afferenter Signale ist also zur Kompensation und gegebenenfalls
Abminderung der selbst-induzierten sensorischen Reize noétig. (2) Die
sensorischen Ereignisse, die als Konsequenzen der eigenen Bewegungen
entstehen, sollten auch dem eigenen Organismus zugeordnet werden, wahrend
sensorische Ereignisse, die durch Umweltbeeinflussungen entstehen, der
Umwelt ursachlich zugeordnet werden sollten. Eine Unterscheidung beider
Arten afferenter Signale ist also auch wichtig fur die Attribution der
Urheberschaft bzw. der Verursachung eines Ereignisses.

In der Tat scheint unser Organismus fortlaufend afferente Signale derart zu
beurteilen und zu unterscheiden. Obwohl wir beispielsweise fortwéahrend
Augenbewegungen durchfihren und auf unserer Netzhaut die Umweltsignale
dadurch standig ,verschwimmen®, nehmen wir dennoch die Umwelt als konstant
wahr. Es scheint als wirde unser Gehirn denjenigen Anteil der sensorischen
Reize, der durch die selbstverursachte retinale Bildverschiebung der

stationdren Umwelt entsteht, herausrechnen bevor dieser zur Wahrnehmung



gelangt. Oder wir nehmen beispielsweise Beruhrungen, die durch uns selbst
verursacht werden, anders wahr als Beruhrungen, die von anderen verursacht
werden — selbst wenn sie die gleichen physikalischen Eigenschaften besitzen.
Auch hier scheint also das Gehirn eine Verrechnung des peripheren
sensorischen Reizes durchzufiihren, bevor dieser die Wahrnehmung erreicht.
Zudem gelingt es uns im Alltag in der Regel, sensorische Ereignisse entweder
uns selbst urséachlich zuzuordnen oder aber sie auf Umweltbeeinflussungen
zuruckzufihren: Wir wissen, wenn eine Beruhrung auf unserer Haut durch uns
selbst oder jemand anderen/ etwas anderes verursacht wurde. Wir wissen, wie
unsere Handbewegung auszusehen hat, wenn wir sie durchfiihren. Diese
Wahrnehmungsleistung mag zunachst als selbstverstandlich erscheinen.
Bestimmte Wahrnehmungsstorungen wie z.B. Fremdbeeinflussungsph&nomene
bei Schizophrenie-Erkrankten oder das ,alien limb“-Phdnomen bei
verschiedenen neurologischen Krankheitsbildern zeigen jedoch, dass es sich
um eine hochkomplexe und damit auch stérungsanfallige Leistung handelt.

Bei der Unterscheidung zwischen  selbstverursachten  gegenuber
fremdverursachten sensorischen Ereignissen ist das Gehirn mit dem Problem
konfrontiert, dass sich die sensorischen Konsequenzen unserer eigenen
Bewegungen aufgrund der Veranderungen des eigenen sensomotorischen
Systems (z.B. Mudigkeit, Krankheit, Wachstum oder Altern) fortwéahrend
andern. Abhangig von diesen Bedingungen kann sogar ein und dieselbe
Bewegung unterschiedliche sensorische Konsequenzen haben. Wie kénnen wir
in diesen Fallen die (neuen) sensorischen Konsequenzen uns selbst zuordnen
anstatt der Umwelt? Und wie kénnen wir lernen, die veranderte sensorische
Konsequenz unser Bewegung vorherzusagen? Nur wenn wir dieses erlernen,
kénnen wir mit den sensorischen Informationen von unseren Bewegungen und
von der Umwelt effizient umgehen, und nur dann ist eine addquate Zuordnung
ihrer Verursachung moglich. Das Unterscheidungsvermoégen in der
Wahrnehmung muss sich also stets den Verdnderungen des eigenen

sensomotorischen Systems aktiv anpassen kdnnen.



Welcher kognitive Mechanismus liegt dieser Wahrnehmungsunterscheidung
zwischen selbst- und umwelt-verursachten Ereignissen sowie der Anpassung
dieser Wahrnehmungsleistung zugrunde? Und welche Gehirnareale sind hierfir
verantwortlich? Im Rahmen der vorliegenden Doktorarbeit sollen die
Mechanismen der Wahrnehmung der eigenen Bewegung durch
psychophysische Experimente charakterisiert werden (Studie 1) und anhand
von Patienten mit umschriebenen Gehirnlasionen die beteiligten Gehirnareale

identifiziert werden (Studie 2).

Als exemplarisches Untersuchungsmodell dient die Wahrnehmung der eigenen
Handbewegung. Daflr gibt es 2 Grinde: (1) Im Bereich der Okulomotorik gibt
es bereits Voruntersuchungen unserer Arbeitsgruppe, die diese Fragestellung
untersuchen. Hier diente die Bewegungswahrnehmung wahrend glatter
Augenfolgebewegungen als spezifisches Untersuchungsmodell (Haarmeier et
al., 2001; Lindner et al., 2006b; fir eine Ubersicht siehe Lindner et al., 2006a).
Diese Untersuchungen sollen nun fir einen anderen Effektor im Bereich der
Skelettomotorik erganzt werden. (2) Handbewegungen bieten sich hierfur
insbesondere an, insofern sie in der menschlichen Evolution (Tallis 2004; Thier
2003), bei der Entstehung des Selbstbewusstseins (Tallis 2004) und vor allem
bei unseren Alltagsaktivitaten (Jones und Lederman 2006) eine zentrale Rolle
einnehmen — sowohl hinsichtlich ihrer motorischen Durchfiihrung als auch
hinsichtlich ihrer Wahrnehmung durch das perzeptuelle System (Wing et al.,
1996).
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2. Wissensstand

2.1. Das Reafferenzprinzip

Das Problem der Unterscheidung zwischen selbst-verursachten und umwelt-
verursachten sensorischen Ereignissen besteht darin, dass sich beide Signale
in ihrem peripheren Reizmuster intrinsisch nicht unterscheiden: Retinal besteht
zum Beispiel kein Unterschied, ob sich die Umwelt von sich aus bewegt oder
aber als Folge einer willkirlichen Augenbewegung. Oder fur die
Bertuhrungsrezeptoren gibt es beispielsweise keinen Unterschied, ob die
Berthrung durch die eigene oder aber eine fremde Hand zustande kommt. Die
Unterscheidung muss also durch ein zentrales Signal erfolgen und zwar durch
eines, das die Beziehung zwischen Handlungen und korrespondierenden
sensorischen Ereignissen reprasentiert.

Der Gedanke vom Gebrauch efferenter Signale zur Verrechnung mit dem Antell
der Afferenzen, der aus den eigenen Handlungen folgt (Reafferenzen), findet
sich in Vorformen bereits bei René Descartes, Albert von Graefe oder in dem
.Handbuch der physiologischen Optik* von Hermann von Helmholtz (1867) (fur
eine ausfihrlichere Ubersicht siehe Lindner et al., 2006a). Eine genauere
Beschreibung und eine Einbettung im Rahmen eines Gesamtmodells zu den
~Wechselwirkungen zwischen Zentralnervsystem und Peripherie* findet dieser
erstmals in der Formulierung des ,Reafferenz-Prinzips® von von Holst und
Mittelstaedt (1950). Demnach wird die pradiktive Beziehung zwischen einer
Handlung und dem resultierenden sensorischen Ereignis durch eine sog.
.Efferenzkopie” — einer Art Negativ-Kopie des motorischen Befehls -
reprasentiert. Die durch die Efferenzkopie vorhergesagte sensorische Afferenz
wird mit der tatsachlichen sensorischen Afferenz verglichen. Fir den Fall selbst-
induzierter, reafferenter Aktivierung stimmen vorhergesagte und tatsachliche
Afferenz Uberein; in diesem Falle nehmen wir das sensorische Ereignis als
selbst-verursacht wahr. Wenn sie nicht Ubereinstimmen, attributieren wir die
Verursachung des sensorischen Ereignisses an unsere Umwelt.

Von Holst und Mittelstaedt exemplifizierten dieses Modell u.a. anhand des

okulomotorisch-visuellen Systems: Wenn die (pra-)motorischen Gehirnareale

12



ein Bewegungskommando zur Ausfuhrung einer Augenbewegung ausstellen,
senden sie parallel eine Kopie zu den visuellen Gehirnarealen, welche die
sensorischen Konsequenzen der Bewegung voraussagt. Diese Pradiktion
erlaubt es dem visuellen System die retinale Bildverschiebung wahrend
Augenbewegungen zu kompensieren (von Holst und Mittelstaedt 1950, Sperry
1950): Ebenso ,wie eine Fotografie ihrem Negativ‘ entspricht (Ubersetzt nach
von Holst, 1954), bildet die Efferenzkopie die erwartete Reafferenz ab. Eine
Bewegung wird nach diesem Verrechnungsprinzip immer nur dann
wahrgenommen, wenn sich retinale Afferenz und Efferenzkopie voneinander
unterscheiden

Die Anwendung des Reafferenzprinzips wurde zwar in den letzten Jahrzehnten
Uberwiegend in Bezug auf Augenbewegungen untersucht (Wertheim 1987,
Freeman et al., 2000, Haarmeier und Thier 1996, Haarmeier et al., 2001,
Lindner et al., 2006b), aber schon von Holst und Mittelstaedt sahen es als
generelles Prinzip bei der perzeptuellen Integration jedweder selbst-
verursachten Sinnesinformation an. Entsprechend fanden Curtis Bell und
Kollegen (zur Ubersicht siehe Bell 2001) eine Realisierung dieses Prinzips bei
schwach elektrischen Fischen (Gnathonemus petersii), wo ihnen erstmalig der
elektrophysiologische Nachweis einer Verrechnung afferenter Information mit
einer ,Efferenzkopie” gelang: Das Antwortverhalten von Neuronen in dem
kleinhirndhnlichen, elektrosensorischen Seitenlinienlobus ELLL (,electrosensory
lateral line lobe") der Fische spiegelt die vorausgesagte Reafferenz des selbst-
induzierten elektrischen Feldes wieder und versucht, dieser reafferenten
Aktivierung entgegenzuwirken. Ein ebenso eleganter elektrophysiologischer
Nachweis von Efferenzkopien gelang Poulet und Hedwig (2002, 2006) im
Bezug auf die Auditorik bei Grillen (Gryllus bimaculatus): Wéahrend des aktiven
Singens fuhrt eine Efferenzkopie, die vom ,song-pattern-generation-network*
der Grille ausgestellt wird, durch pra- und postsynaptische Mechanismen zu
einer Inhibition eines Interneurons. Dadurch wird die Aktivierung dieses
Interneuron durch die selbst-verursachte auditorische Reafferenz verhindert.
Auch beim Menschen scheint das Prinzip der Vorhersage der sensorischen

Konsequenzen nicht auf Augenbewegungen beschrankt zu sein. Vielmehr
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konnte es eine perzeptuelle Stabilitat im Kontext vieler verschiedener selbst-
verursachter Bewegungen ermdoglichen: Unser Fahigkeit, selbst-generierte
Extremitatenbewegungen, Bertuhrungen oder Sprache zu kontrollieren und uns
selbst zuzuordnen, scheint daflr zu sprechen, dass es sich hierbei um ein viel
allgemeineres Prinzip handelt (Frith 1992). Zudem konnte die Efferenzkopie von
verschiedenen perzeptuellen Systemen oder bei unterschiedlichen
Anforderungsbedingungen in verschiedener Weise genutzt werden: Sie kann
dazu gebraucht werden, (i) eine Reafferenz komplett auszuléschen (z.B. die
retinale Bildverschiebung in Folge einer selbstverursachten Augenbewegung),
(i) eine Reafferenz abzumildern und damit externe, verhaltensrelevante
Aspekte vermehrt hervorzuheben (z.B. eine fremde Berihrung gegentber einer
eigenen BerlUhrung des eigenen Koérpers; Blakemore et al., 1999; Shergill et al.,
2003) oder (iii) dem Wahrnehmungsystem reliable Informationen Uber die
eigenen Bewegungen zu liefern, wenn externe Reafferenzen fehlen oder
mehrdeutig sind (z.B. Informationen Uber die Richtung der eigenen
Handbewegung, wenn visuelle Reafferenzen fehlen; siehe Kapitel 2.2, 3.1 und
3.2 sowie das Konzept der ,internen Rickmeldung“ von Ito 2000, 2005).

2.2. Interne Modelle

Der Ansatz von von Holst und Mittelstaedt lasst die genaue Beziehung
zwischen motorischem Kommando und sensorischer Reafferenz offen, d.h. er
erklart nicht, worauf ausgehend von einem motorischen Kommando die
Vorhersage der Reafferenz beruht (vgl. Lindner 2004, S. 17). Ausgehend von
computationalen Erkenntnissen wurde in den letzten Jahren eine Theorie
entwickelt, die diese Erklarungslicke zu fillen beabsichtigt — die Theorie der
.nternen Modelle* (Ito 1970; Ito 1990; Kawato et al., 1987; Jordan und
Rumelhart 1992; Kawato und Gomi 1992; Miall et al., 1993; Miall und Wolpert,
1996; Wolpert et al., 1995; Wolpert et al., 1998). Interne Modelle sind ,ZNS-
interne” Reprasentationssysteme, die die kausale Beziehung zwischen
Handlungen und ihren Konsequenzen simulieren (Wolpert und Ghahramani
2000; Wolpert und Flanagan 2001).
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Es kénnen prinzipiell 2 Klassen von internen Modellen unterschieden werden
(siehe Abb. 1 und Wolpert et al., 1998): (1.) Vorwarts-Modelle sagen auf
Grundlage eines motorischen Kommandos, des gegenwartigen Korperzustands
und der jeweiligen Kontextbedingungen (=Eingabe-Signale) den resultierenden
Zustand (=Ausgabe-Signal) vorher. Ein Vorwartsmodell fir Armbewegungen
sagt beispielsweise die Armposition und —geschwindigkeit vorher, die aus
einem bestimmten motorischen Kommando, der gegenwartigen Position des
Armes und der Korpersituation folgen. Der Nutzen von Vorwarts-Modellen
besteht darin, dass ein sensomotorisches System allein auf Grundlage eines
gegebenen motorischen Kommandos das resultierende Verhalten des Korpers
und der Welt vorhersagen kann, ohne dass es dabei einer (sensorischen)
Ruckmeldung aus der Wirkungswelt bedarf (aus diesem Grunde werden die
Termini ,Vorwarts-Modelle* [forward models] und ,Pradiktoren” [predictors] auch
oft synonym gebraucht, vgl. Wolpert und Ghahramani 2000).

(2.) Inverse Modelle dagegen ,invertieren® das sensomotorische System,
insofern sie das motorische Kommando berechnen (=Ausgabe-Signal), das
notwendig ist, um in einer bestimmten Situation und bei einem bestimmten
Kdrperzustand (=Eingabe-Signale) einen erwinschten Zustand zu erreichen.
Ein inverses Modell fir Armbewegungen erstellt beispielsweise das motorische
Kommando, das notwendig ist, um einen Arm mit einer bestimmten
Geschwindigkeit in eine bestimmte Richtung zu bewegen, und berucksichtigt
dabei Faktoren wie die Tragheit des Armes oder die Gewichtskraft eines
maoglichen Gegenstandes in der Hand. Der Nutzen von inversen Modellen
besteht darin, durch ein abstraktes, partiell in sensorischen Formaten kodiertes
Ziel in eine konkrete Bewegung umzusetzen. Sie bestimmen also aus der fast
unendlichen Menge an Bewegungstrajektorien, die prinzipiell méglich waren,
um das erwunschte Ziel zu erreichen, die konkreten Bewegungsparameter fur
Gelenke und Muskeln, die sich in der jeweiligen Umgebungs- und
Kdrpersituation als am effizientesten erweisen. Wenn man beispielsweise nach
einem Glas greifen und es zum Mund filhren méchte, so kann man dieses mit
vielen unterschiedlichen Trajektorien, Gelenkstellungen und
Muskelaktivierungen tun. Der Grund dafir, dass unser motorisches System
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dennoch unter gleichen Umstanden meist die gleichen Trajektorien verwendet,
also ein erstaunlich stereotypes Bewegungmuster zeigt, liegt wohl darin, dass
es stets die Bewegungen anstrebt, die mit dem geringesten ,Aufwand®
verbunden sind (principle of cost-control; Wolpert and Gharamani, 2000). Da
die inversen Modelle durch die Spezifikation des motorischen Kommandos
vorrangig der motorischen Kontrolle dienen, werden sie haufig auch ,Kontroller*
(controller) genannt (Wolpert und Ghahramani 2000). Das Zusammenspiel von
inversen Modellen und Vorwéarts-Modellen bei der sensomotorischen Kontrolle

von Bewegungen wird in Abbildung 1 veranschaulicht.

Ziel

v
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Abbildung 1: Das Zusammenspiel von inversen Modellen und Vorwarts-Modellen
bei der sensomotorischen Kontrolle von Bewegungen.

Das motorische System kann als Kontroll-System betracht werden, bei dem der
angestrebte Zustand das Input-Signal und der abgeschétzte tatsachliche Zustand das
Output-Signal liefert. Inverse Modelle (oder ,Kontroller) spezifizieren zunachst das
motorische Kommando, das geeignet ist, unter der jeweiligen Korper- und
Umweltbedingungen das angestrebte Ziel in der jeweiligen Situation zu erreichen.
Durch einen Vergleich des angestrebten Zustandes mit dem tatsachlichen Zustand,
welcher durch sensorische Rickmeldung rickgemeldet wird, kann ein motorischer
Fehler berechnet werden (siehe Komparator 1). Dieser tragt dazu bei, die Bewegungen
durch eine bessere Spezifikation der motorischen Kommandos zu optimieren. Auf
Grundlage der Efferenzkopie eines motorischen Kommandos kann das System zudem
eine Vorhersage der Bewegungskonsequenzen erstellen. Diese Vorhersagen dienen
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zunachst zur Vorwarts-Kontrolle der Bewegungen, insofern durch den Vergleich des
angestrebten Zustandes mit dem vorhergesagten Zustand fehlerhafte motorische
Kommandos noch vor jeglicher sensorischer Rickmeldung detektiert werden kénnen
(,central error monitoring“, siehe Komparator 2). Zudem dienen die Vorhersagen auch
der Wahrnehmung der eigenen Bewegungen: Durch die Verrechnung des
vorhergesagten  Zustandes mit dem tatsédchlichen Zustand kann das
Wahrnehmungssystem  beispielsweise  selbstinduzierte  sensorischen  Signale
abschwachen (siehe Komparator 3). Durch diese Verrechnung kann auch die
Verursachung eines sensorischen Ereignisses registriert werden: Wenn der
vorhergesagte und der tatsachliche Zustand Ubereinstimmen, wird ein sensorisches
Ereignis als ,selbstverursacht” registriert; stimmen sie nicht Uberein, wird es als
Jfremdverursacht® registriert.  Durch  kontinuierlich  verénderte  sensorische
Ruckmeldung der eigenen Bewegungskonsequenzen konnen die sensorischen
Vorhersagen den neuen Bewegungskonsequenzen angepasst werden. Da die
letztgenannten Prozesse im Mittelpunkt dieser Doktorarbeit stehen, wurden sie fett
gedruckt (Abbildung modifiziert nach Frith et al., 2000; Blakemore et al., 2002, Synofzik
et al., 2007).

Vorwarts-Modelle dienen vorrangig der motorischen Kontrolle: Durch
motorische Vorhersagen kénnen beispielsweise Sakkaden mit hoher Effizienz,
Schnelligkeit und Genauigkeit durchgefuhrt werden, ohne dass man bei ihrer
Durchfihrung auf sensorische Rickmeldung — welche zumeist ungenau und mit
zeitlichen Verzégerungen versehen ist — angewiesen ware. Indem Vorwarts-
Modelle das dynamische Verhalten von Korper und Umwelt simulieren, kénnen
sie auch die Konsequenzen von motorischen Kommandos in komplexen
Situationen  vorhersagen. Die Beziehung zwischen einem Augen-
Bewegungskommando und der resultierenden Augenposition mag hierbei noch
relativ einfach erscheinen. Wenn man jedoch Extremitdtenbewegungen
betrachtet, dann ist die Beziehung zwischen unseren motorischen Kommandos
und den daraus resultierenden Bewegungen aufgrund der Dynamik von
Mehrgelenk-Bewegungen und den vermehrten Kontexteinflissen von Umwelt
(Art und Schwere des Objekts, sensorische Bedingungen, etc.) und Kérper
(Mudigkeit, Krankheit, etc.) noch einmal wesentlich komplexer. Die Vorwarts-
Modelle beziehen sich aber nicht nur auf die Préadiktion korpereigener
Effektoren, sondern auf alle Effektoren in der Wirkungswelt, die durch unsere
motorischen Kommandos beeinflusst werden, so z.B. Gegenstdnde und
Gebrauchsmittel (,tools®) (Imamizu et al., 2000, 2003).

Vorwarts-Modelle werden aber nicht nur fur eine effiziente Bewegungskontrolle

verwendet. Sie scheinen auch unserem Wahrnehmungssystem bei der
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Wahrnehmung der eigenen Handlungen bzw. der Konsequenzen der eigenen
Handlungen zu dienen. Durch die Vorhersage der sensorischen Konsequenzen
der eigenen Bewegungen wird das Wahrnehmungssystem beispielsweise
weniger abhéngig von  zeitverzdgerter, mehrdeutiger  sensorischer
Ruckmeldung oder kann die potentiell stérenden sensorischen Signale, die man
selbst durch seine eigenen Handlungen hervorgerufen hat, bei der
Wahrnehmung von Ereignissen herausfiltern. Auch hier stellt die eingangs
dargestellte Beziehung zwischen einem Augenbewegungs-Kommando und der
resultierenden retinalen Bildverschiebung ein noch relativ einfaches Beispiel
dar. Durch die sensorischen Vorhersagen, die durch Vorwarts-Modelle erstellt
werden, kdnnen wir auch komplexere Korper-Umwelt-Interaktionen antizipieren,
so z.B. die taktile Stimulation, die wir erzeugen, wenn wir mit der einen Hand
Uber die andere Hand beriihren (Blakemore et al., 1999). Bei den sensorischen
Vorhersagen ist ebenfalls eine Pradiktion nicht nur kérpereigener, sondern auch
korper-externer Handlungseffekte maoglich, so z.B. eine Vorhersage dartber,
wie sich das Auto, das wir fahren, als Resultat unserer FulBbewegung auf dem
Pedal verhalt.

Zur lllustration der Wirkungsweise und des Nutzens von Vorwarts-Modellen
sollen die zwei unterschiedlichen Pradiktions-Typen im Folgenden in
exemplarischer Weise naher erlautert werden: die pradiktive Einschéatzung
eines Korperzustandes fir effiziente motorische Kontrolle (2.2.1) und die
pradiktive Einschéatzung sensorischer Informationen fir eine gescharfte
Wahrnehmung (2.2.2). Beide Arten der Pradiktion konnten wichtige
Informationen fir die motorische Kontrolle liefern, indem sie die inverse
Bewegungsplanung informieren, welche (mittels inverser Modelle) ein
intendiertes Bewegungsziel in ein daflr geeignetes Bewegungskommando
umsetzt (2.2.3). Grundvoraussetzung des adaquaten Funktionierens der
Vorwarts-Modelle tberhaupt ist jedoch eine standige Anpassung an sich stets

verandernde Korper-, Umwelt- und Objekteigenschaften (2.2.4).

2.2.1. Pradiktion eines Korperzustandes (state estimation)
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Das Wissen um die Zustande unseres Korpers, z.B. der Positionen und
Geschwindigkeiten unserer jeweiligen Gliedmalien, ist essentiell fur eine
akkurate motorische Kontrolle. Sensorische Riickmeldung eignet sich fur dieses
Wissen nur bedingt. Zum einen wird sie erst mit einer gewissen zeitlichen
Verzdogerung gegentber den erfolgten Bewegungen rickgemeldet (u.a.
aufgrund des Zeitbedarfs von Rezeptor-Transduktion, Nervenleitung und
zentraler Prozessierung), zum anderen ist sie anfallig fur Storungen, Rauschen
und Fehlinformationen. Der Gebrauch sensorischer Informationen zur
Einschatzung eines Korperzustandes kénnte also insbesondere bei schnellen
Bewegungen zu grofRen motorischen Fehlern und Instabilitaiten fihren.
Alternativ kann die Einschatzung durch Ruckgriff auf eine Vorhersage erfolgen,
die auf unseren Motorkommandos basiert. Hier wird der durch die Bewegung
veranderte Korperzustand bereits vor seinem tatsachlichen Eintreten
vorhergesagt und so die Limitationen der sensorischen Rulckmeldung
umgangen (Jordan und Rumelhart 1992; Ariff et al 2002).

Geschicktes motorisches Verhalten involviert nun verschiedene Kontrollweisen,
die in unterschiedlichem Ausmald auf motorischer Vorhersage oder
sensorischer Rickmeldung beruhen. Dieses kann alltagsnah am Beispiel des
Objektgebrauchs illustriert werden: Wenn wir ein Objekt mit einem
Prazisionsgriff mit den Fingerspitzen an beiden Seiten in unserer Hand halten,
missen wir einerseits genugend Griffkraft aufbringen, um zu verhindern, dass
es uns aufgrund seiner Gewichtskraft zwischen den Fingern durchrutscht;
andererseits wollen wir aber auch nicht zuviel Griffkraft aufbringen, da dieses
eine Verschwendung der Kraftressourcen und unter Umstanden sogar eine
Schadigung des Objekts (z.B. beim Greifen einer Erdbeere) zur Folge hétte
(Johansson et al.,, 1992). Wenn die Eigenschaften des Objekts nicht
vorhersehbar sind, dann stellt sensorische Rickmeldung das geeigneteste
Signal zur Einschatzung der Last dar. Halten wir zum Beispiel die Hand eines
quirligen Kindes oder steuern einen Spielzeug-Drachen im stirmischen Wind,
missen wir unseren Griff den unvorhersehbaren Bewegungen des Kindes oder
des Drachens reaktiv anpassen — auch wenn wir damit in Kauf nehmen

mussen, dass unser Griff den Bewegungen immer zeitlich hinterher héangt.
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Anders dagegen beim Gebrauch von Objekten mit stabilen, vorhersehbaren
Eigenschaften in einem spezifischen Kontext: hier stellt die motorische
Vorhersage das geeignetere Signal zur Einschétzung der Last dar (Flanagan
und Wing 1997; Wolpert und Flanagan 2001).

Schlagen wir beispielsweise auf eine Ketchup-Flasche!, so erhoht sich die
resultierende Last der Flasche aufgrund der selbstgenerierten Handlung in
einer vorhersagbaren Weise und wir kdnnen eine Efferenzkopie des motorische
Kommandos der schlagenden Hand dazu gebrauchen, parallel die auftretende
Last vorherzusagen, und mit einer entsprechenden Griffskraft das Objekt mit
der anderen Hand zu stabilisieren (siehe Abb. 2). Somit kénnen wir der

zeitlichen Verzdgerung einer sensorischen Rickmeldung entgehen.

! Dieses Beispiel wird vor allem aufgrund seiner intuitiven Anschaulichkeit gewahlt. Es sollte
jedoch erganzt werden, dass hier der Ausgangspunkt fur (i) Pradiktion und (ii) Kontrolle
unterschiedliche Effektoren betrifft (Das motorische Kommando fir den schlagenden linken Arm
wird als Ausgangspunkt zur korrespondierenden pradiktiven Kontrolle des festhaltenden
rechten Arms genutzt), wahrend sich die urspringliche Idee der motorischen Kontrolle durch
Pradiktion auf ein und denselben Effektor bezieht.
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Abb. 2: Die Bedeutung der motorischen Vorhersage fur den Gebrauch eines
Objekts.

Um das Rutschen einer Ketchup-Flasche zu verhindern, muss eine ausreichende
Griffkraft (grip force) der entstehenden Last (load) entgegenwirken. A: Wenn sich die
Last aufgrund einer selbst-generierten Handlung erhoht (linke Hand schlagt die
Ketchup-Flasche), kann ein Pradiktor eine Efferenzkopie des Motorkommandos
gebrauchen, um die resultierende Last vorherzusagen und ohne zeitliche Verzdogerung
eine genau entsprechende Griffkraft zu generieren. B: Wenn die Last aufgrund
externer Ereignisse erhéht wird (Hand einer anderen Person schlagt auf die Ketchup-
Flasche), kann sie nicht vorhergesagt werden. Entsprechend héngt die Griffkraft der
Lastkraft zeitlich nach und zudem ist die Griffkraft von vornherein erhdht, um ein
Rutschen zu kompensieren und verhindern (nach Wolpert und Flanagan 2001).

&

2.2.2. Pradiktion sensorischer Ereignisse

Die Vorhersagen ermoglichen es auch, die sensorischen Konsequenzen der

eigenen Handlungen vorherzusagen, und somit nicht nur der motorischen
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Kontrolle (siehe vorheriges Beispiel), sondern auch primar der Wahrnehmung
zu dienen. Dabei kann sie die Wahrnehmung in verschiedener Weise
unterstutzen:

() Filterung sensorischer Signale (Filterfunktion). Durch die Vorhersage der
Reafferenz kdnnen wir sensorische Informationen filtern und so ungewollte
sensorische Reize abschwachen (z.B. diejenigen, die als Folge unserer
Eigenbewegungen entstehen) bzw. wichtige sensorische Reize hervorheben
(Blakemore et al., 1998a; Haarmeier et al., 2001; Shergill et al., 2003; Voss et
al., 2006). Pradiktive Mechanismen scheinen beispielsweise Grundlage des
Wahrnehmungserlebnisses zu sein, dass derselbe taktile Reiz (z.B. ein
Kitzelreiz) sich weniger intensiv anfihlt, wenn er selbst generiert wird als wenn
er extern generiert wird (Weiskrantz et al., 1971). Diese Erklarung wird durch
Studien gestitzt, in denen experimentell ein zeitlicher oder rdumlicher Versatz
zwischen motorischem Kommando und resultierendem taktilen Ereignis
eingefugt wurde (siehe Abb. 3). Je groRer die Zeitverzbgerung oder der
raumliche Versatz, desto starker war die Kitzel-Empfindung der Probanden.
Dieses ist wohl darauf zurtckzufiihren, dass die Mdglichkeit der Vorhersage
und damit der Abschwéachung der sensorischen Konsequenzen des
motorischen Kommandos immer geringer wurde, je mehr das Verhaltnis
zwischen motorischem Kommando und sensorischer Konsequenz manipuliert

wurde (Blakemore et al., 1999).
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Abb. 3: Die Bedeutung der sensorischen Vorhersage fur die Modulation selbst-
induzierter sensorischer Signale.

Ein Experiment, in dem sich Probanden Uber eine Roboter-gesteuerte Schnittstelle
selber kitzeln. A: Die Bewegung der rechten Hand wird direkt an die linke Hand
weitergeleitet. Durch Gebrauch eines Pradiktoren werden die sensorischen
Konsequenzen dieser Bewegung adéquat eingeschatzt und von der tatsachlichen
sensorischen Rickmeldung subtrahiert, so dass nur eine geringe sensorische
Diskrepanz bestehen bleibt. B: Durch die manipulierte Einfiigung einer zeitlichen
Verzégerung zwischen Motorkommando und sensorischem Ereignis ist die Vorhersage
nicht mehr synchron mit der tatsachlichen sensorischen Rickmeldung. So entsteht
eine groBe sensorische Diskrepanz, welche perzeptuell als Kitzelgefihl
wahrgenommen wird (nach Wolpert und Flanagan 2001).

(i) Detektion der Urheberschaft (Urheberschaftsfunktion). Auf gleiche
Weise stellen sensorische Vorhersagen einen Mechanismus zur Verfigung, um
zwischen selbst- oder fremd-generierten Bewegungssignalen zu unterscheiden,
d.h. eine basale Form der Selbst-Welt-Unterscheidung zu ermdglichen. Wenn
ich zum Beispiel meinen Arm bewege und meine vorhergesagte sensorische
Ruckmeldung der tatsachlichen entspricht, attribuiere ich diese Bewegung mir

selbst zu. Wenn jedoch jemand anders meinen Arm bewegt, stimmen
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sensorische Vorhersage und Rickmeldung nicht tberein, und ich nehme das
Bewegungssignal als nicht selbst generiert wahr.

Somit kdnnten interne Modelle der Wahrnehmung einen basalen Mechanismus
zur Erklarung des Gefuhls der Urheberschaft (sense of agency) darstellen
(Gallagher 2000; Pacherie 2001, Campbell 2004; de Vignemont und Fourneret
2004; Synofzik et al., 2007; siehe auch Kapitel 3.1). Zwar sind sie keinesfalls
hinreichend - und auch nicht notwendig - um jede Erfahrung der Urheberschaft
zu erklaren, dennoch kdnnen sie als wichtiger Beitrag in einen multimodalen
Integrationsprozess verschiedener handlungsbezogener sensorischer und
motorischer Signale eingehen, der dem Gefuhl der Urheberschaft (,sense of
agency®) zugrunde liegt (Abb, 4; Synofzik et al., 2007; Vosgerau und Newen,
2007). Das Gefuhl der Urheberschaft wiederum bildet ein wichtiges Element
eines basalen Selbstbewusstseins (fir eine umfassende naturalistische Theorie
des Selbstbewusstseins, in welche sich ein derart naturalistisch verstandenes
Gefuhl der Urheberschaft eingliedern lasst, siehe Newen und Vogeley, 2003) .
In anderen Worten: Mit der Konzeption interner Modelle wird ein attraktiver
Mechanismus vorgeschlagen, der es erlaubt, basale Formen von
Selbstreprasentationen auch solchen kognitiven Systemen zuzuschreiben, die
Uber keine begrifflich-propositionalen Reprasentationen verfiigen, so z.B.
Kleinkinder im 1. oder 2. Lebensjahr oder vielen nicht-humanen Tieren
(Synofzik, 2007).
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Abb. 4 Ein multifaktorielles, zweischrittiges Modell des Gefuhls der
Urheberschaft.

Auf der ersten Ebene (basale Registration der Urheberschaft=feeling of agency)
werden die verschiedenen handlungsbezogenen sensorischen und motorischen
Signale integriert und gewichtet. Diese vor-begriffliche perzeptuelle Basis wird dann
durch weitere kognitive und begriffliche Leistungen erganzt und interpretiert (Urteil Gber
Urheberschaft = judgement of agency), wodurch die letztliche
Urheberschaftszuordnung zustande kommt (nach Synofzik et al., 2007).

Entsprechend kénnten Fehlzuschreibungen der Handlungsurheberschaft — wie
z.B. Fremdbeeinflussungs-Wahrnehmungen bei Schizophrenie-Erkrankten —
moglicherweise auch auf Fehlern in der sensorischen Vorhersage beruhen oder
in ihrer jeweiligen Verrechnung mit der tatsadchlichen Reafferenz. Diese ldee
wurde zuerst von Feinberg (1978) vorgestellt, bevor sie vor allem von Chris
Frith weiterentwickelt wurde (Frith 1992, Frith et al., 2000; Frith 2005) und nun
auch — trotz einiger explanatorischer Unzulanglichkeiten (Vosgerau und Newen,
2007; Synofzik et al., 2007) — zunehmende experimentelle Unterstitzung
gewinnt (Lindner et al., 2005; Shergill et al., 2005).

(i) Interne ,Ruckmeldung” (Substitutionsfunktion). Die interne Vorhersage
erlaubt es unserem Wahrnehmungssystem, auch in Abwesenheit von
sensorischer Riuckmeldung verlassliche Informationen dber die eigenen
Bewegungen zu erhalten. Die Vorhersage dient hier also gleichsam als ,interne

Ruckmeldung“ (Miall et al., 1993; Ito 2005) fur das Wahrnehmungssystem.
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Empirische Evidenz fir diese ldee soll durch die vorliegende Arbeit gegeben
werden (siehe 3.1 und 3.2).

2.2.3. Motorische Kontrolle durch Pradiktion

Die Vorhersage der sensorischen Konsequenzen eigener Bewegungen kdnnte
Uber den Bereich der Wahrnehmung hinaus auch fir die motorische Kontrolle
von besonderer funktionaler Relevanz sein. Denn um akkurate motorische
Kommandos zu erstellen, die den jeweiligen Bedingungen des Systems und
den Anforderungen der Umwelt entsprechen, benétigt das motorische System
Informationen Uber die zu erwartenden sensorischen Konsequenzen und
Kdrperzustande. Die Vorhersagen der Vorwérts-Modelle dienen also auch der
Planung der motorischen Kontrolle, spezifischer: Sie konnen als Informationen
von einem inversen Modell und/oder einem (anderen) motorische Vorwarts-
Modell gebraucht werden, um eine intendierte Trajektorie oder Zielvorgabe in
ein dazu geeignetes Bewegungskommando umzusetzen.

Als ersten Schritt zum experimentellen Nachweis dieser Hypothese zeigten
Flanagan und Kollegen (2003), dass die Vorhersage der Konsequenzen der
eigenen Bewegungen den Berechnungen des inversen Modells zeitlich
vorausgeht. Im Rahmen einer Adaptationsaufgabe sollten Probanden ein im
Prazisionsgriff gehaltenes Objekt, dessen dynamische Eigenschaften
experimentell manipuliert wurden, entlang eines vorgeschriebenen Pfades
fuhren. Die Anpassung der Griffkraft wurde als MalR fur die Pradiktion der
Bewegungskonsequenzen genommen, die Lange der Handbewegungs-
Trajektorie entlang des Pfades als Mal3 fir die invers programmierte motorische
Kontrolle. Wahrend die Probanden ihre Griffkraft bereits nach wenigen
Durchgangen der Last angepasst haben (Kopplung von Griffkraft und Last),
dauerte die Anpassung des Handbewegungspfads, welche einer neuen
Zuordnung  von intendierter  Trajektorie und dazu  passendem
Bewegungskommando bedurfte, wesentlich langer.

Dieses Experiment lasst jedoch viele Fragen offen, insofern (i) sich Pradiktion

und motorische Kontrolle nicht auf gleiche, sondern auf unterschiedliche
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Aspekte der Handbewegungen beziehen (Griffkraft bzw. Handtrajektorie); (ii)
die Greifkraft kein direktes Mald fur die Vorhersage der sensorischen
Bewegungskonsequenzen ist, sondern allenfalls ein Mal3 fiir die Vorhersage
von Objekt- oder Koérpereigenschaften bei der motorischen Kontrolle (siehe
2.2.1); (iii) nur die zeitliche, nicht aber die kausale Relation zwischen Pradiktion
und motorischer Kontrolle naher bestimmt werden konnte.

Die vorliegende Arbeit untersucht die Bedeutung der Préadiktion sensorischer
Konsequenzen fur die Anpassung motorischer Modelle (inverses Modell
und/oder motorisches Vorwarts-Modell) erstmalig direkt, innerhalb eines
Paradigmas wund fur den gleichen Aspekt von Handbewegungen
(Handtrajektorie). Entsprechend der Hypothese, dass die sensorische
Vorhersage eine wesentliche Rolle fur die Anpassung motorischer Modelle
spielt (kunftig: Funktion der Bewegungsoptimierung), soll geprift werden, (i)
ob durch Anpassung interner sensorischer Vorhersagen auch eine Anpassung
der internen Bewegungsplanung induziert werden kann (siehe 3.1) und (ii) ob
Stérungen in der Bewegungsplanung mdoglicherweise nicht priméar auf eine
gestorte motorische Programmierung per se zuriickgehen, sondern vielmehr
auf eine gestorte Vorhersage der sensorischen Konsequenzen eigener

Bewegungen (siehe 3.2, zudem auch Paulin 1993).

2.2.4. Optimierung interner Pradiktionen

Unabhangig davon, welche der genannten Funktionen die internen
sensorischen Vorhersagen bei der jeweiligen Interaktion mit der Welt
einnehmen, ist es eine Grundvoraussetzung ihres Funktionierens, dass sie
akkurate Signale liefern. Insofern sich unsere Kérperdynamik und unsere
Wahrnehmung wahrend des Wachsens und Alterns fortwahrend verandern und
wir im Laufe der Entwicklung lernen missen, mit neuen Gebrauchsobjekten und
Bewegungsablaufen mit neuen, eigenen Dynamiken umzugehen, missen wir
unsere internen Modelle kontinuierlich anpassen und optimieren (Miall et al.,
1993; Imamizu et al., 2000; Ito, 2005, Bastian, 2006). Interne Modelle sind also

keine statischen, fixen Entitdten, sondern werden durch Erfahrung und Lernen
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stets verandert (siehe Kapitel 3.1. und 3.2). Dafur kénnen sie auf Vorhersage-
Fehler (prediction errors) zurlckgreifen, die durch Vergleich von
vorhergesagtem Bewegungsresultat (erstellt Gber interne Modelle) und
tatsachlichem Bewegungsresultat (vermittelt Gber sensorische Rickmeldung)
errechnet werden (siehe auch Abb. 1). Computationalen Lernregeln folgend
konnen diese Vorhersage-Fehler in eine Veranderung synaptischer
Gewichtungen umgesetzt werden, wodurch zuklnftige Vorhersagen akkurater
erfolgen kénnen (Ito 1984, 2001, 2005; Kawato und Gomi 1992; Wolpert et al.,
1998).

2.3. Das Cerebellum

Das Konzept adaptiver interner Modelle scheint eine theoretisch sehr
Uberzeugende Theorie zur Erklarung der motorischen Kontrolle und
Wahrnehmung eigener Bewegungen zu sein. Welches aber ist die neuronale
Basis dieser Mechanismen? Durch seine einheitliche Architektur (Eccles et al.,
1967; Bloedel 1992, siehe Abb. 5), seine Funktionsweise als Statte motorischen
Lernens (Marr, 1969; Albus, 1971), seine Verarbeitung sowohl sensorischer als
auch  motorischer  Bewegungsinformationen und  seine  adaptiven
Kontrollfahigkeiten (Ito, 2005) scheint das Cerebellum (Kleinhirn) eine plausible
Basis adaptiver interner Modelle darzustellen (Ito 1984, 2005; Miall et al., 1993;
Wolpert et al., 1998; Bastian, 2006).
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Abb. 5: Die anatomische Struktur des Cerebellums.

A: Sicht auf das Cerebellum von hinten. Dargestellt sind die Kleinhirnkerne, die
unterhalb der Kleinhirnrinde liegen. B: Ein mittiger sagittaler Schnitt durch das Kleinhirn
(gepunktete Linie zeigt die Schnittebene an), welches in lobularer Form organisiert ist
(jeder Lobulus ist mit einer romischen Ziffer [-X gekennzeichnet). C: Die
mikrostrukturelle Organisation der Kleinhirnrinde. Der Ausschnitt aus einem Lobulus
der Kleinhirnrinde zeigt den charakteristischen dreischichtigen Aufbau der Rinde, die
relative Position der Purkinje-Zellen und ihre wesentlichen Eingange, die Kletterfasern
(von der unteren Olive) und die Parallelfasern (Uber die Moosfasern von den
Briickenkernen) (nach Ramnani 2006).
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In der Tat scheint das Cerebellum in der Lage zu sein, interne Modelle eigener
Bewegungen (Shidara et al., 1993, Kitazawa et al., 1998, Barash et al., 1999,
Diedrichsen et al., 2005, Tseng et al., 2007) und externer Gebrauchsobjekte
(Imamizu et al., 2000, 2003) zu reprasentieren und durch motorisches Lernen
anzupassen. Dabei ist das Cerebellum in ein neuronales Netzwerk
eingebunden (siehe Abb. 6): Die motorischen Instruktionssignale werden von
den corticalen Arealen der Bewegungsplanung und -vorbereitung (Gyrus
cingulus anterior, supplementar-motorisches Areal und pramotorisches Areal)
zu den primér-motorischen und primar-sensorischen Rindengebieten gesendet.
Zeitlich parallel dazu werden sie — wohl im Sinne einer Efferenzkopie — zum
Cerebellum gesandt (Hilsmann et al., 2003); dieses wird durch Fasern des
cortico-ponto-cerebellaren Systems gewahrleistet (Schwarz und Thier, 1999;
Ramnani, 2006). Das Cerebellum gebraucht dieses Signal, um durch ein
internes Vorwarts-Modell die zu erwartende Reafferenz vorherzusagen. Die
tatséachlich ausgefihrten Bewegungen werden durch das sensorische System
registriert und als sensorische Rickmeldung mit der Vorhersage verglichen. Fur
diesen Vergleich scheint die untere Olive ideal geeignet zu sein (Horn et al.,
2004; Ramnani, 2006; fur gegenlaufige Evidenz, welche zumindest fir
motorisches Lernen im Sakkaden-System den superioren Colliculus als Ort des
Vergleichs vorschlagt, siehe Catz et al., 2005), insofern sie zum einen direkte
reafferente sensorische und propriozeptive Signale Uber das Riuckenmark erhalt
(DiBiagio und Grundfest 1955), zum anderen aber auch (inhibitorische) Signale
von den Kleinhirnkernen (Ito, 2001). Uber die Kletterfasern kann sie nun — quasi
als ,Lehrer” — ein ,Fehlersignal” ausstellen, das an den Purkinje-Zellen zu einer
Modifikation der sensorischen und motorischen Information fuihrt, die diese Uber
den Pfad Moosfasern-Kornerzellen-Parallelfasern vom Gro3hirn bekommen
haben. Das Ergebnis der Verrechnung dieses ,Mikrokomplexes® (Ilto 1984,
2005) ist ein nun verandertes Verhaltnis zwischen dem Eingabesignal von den
Moosfaser-Afferenzen zum Ausgabesignal der Kleinhirnkern-Neurone (welche
via Thalamus wieder zuriick zum GroR3hirn-Cortex projizieren).

Die Vorhersage des Kleinhirns kann somit als Art ,interne Ruckmeldung“ (Miall
et al., 2003; Ito, 2005) fur die motorische Kontrolle dienen: Noch bevor die
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sensorischen Resultate der tatsachlich durchgefihrten Bewegung an den
motorischen Cortex zurtickgemeldet worden sind, kann dieser auf die
Simulationen zurickgreifen, die das Cerebellum durch die Einspeisung der
motorischen Kommandos in die internen Modelle generiert hat (Abb. 6). Wenn
die internen Modelle akkurat gearbeitet haben, kann der motorische Cortex nun
allein durch Ruckgriff auf die internen Vorhersagen eine prazise motorische
Kontrolle durchfihren — ohne dabei auf die Konsequenzen der tatsachlichen
Bewegungen zurickgreifen zu mussen, welche als ,externe Rickmeldung®
durch das sensorische System rickgemeldet werden (Abb. N6). Diese
Hypothese kénnte zum Beispiel erklaren, warum wir selbst mit geschlossenen
Augen eine prazise Intentionsbewegung durchfihren kdnnen, oder wie wir auch
solche Bewegungen prazise ausfiuihren kdnnen, deren Ablauf zu schnell gehen

muss, um auf sensorische Rickmeldung angewiesen zu sein.
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Abb. 6: Das Kontrollsystem der Vorwarts-Modelle und seine neuronale
Implementation.

Fur eine umfassende Erlauterung des Systems siehe Text. Das Ausgabesignal des
Vorwarts-Modells (c) wirkt in zwei unterschiedlichen Weisen: Erstens ersetzt es die
externe Rickmeldung (b) und erlaubt es so dem System auch in Abwesenheit oder bei
Rauschen der externen Rickmeldung zu funktionieren. Zweitens kann es die Signale
der externen Rickmeldung aufheben, wenn diese fur das Funktionieren des Systems
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storend sind. (Legende: a: motorisches Instruktionssignal; b: externe Rickmeldung; c:
Ausgabesignal des Vorwarts-Modells; 10: inferiore Olive; SMA: supplementar-
motorisches Areal; PMA: pramotorisches Areal; ACG: anteriorer Gyrus cinguli;
gestrichelte Linie: Generierung des Fehlersignals Uber Abgleich der cerebellar
vorhergesagten und sensorisch zurtickgemeldeten Reafferenz in der unteren Olive)
(nach Ito 2005).

Umgekehrt kdnnte sie auch erklaren, warum Patienten mit Kleinhirnl&sionen bei
all solchen Aufgaben stark beeintrachtigt sind, die auf einer Vorwarts-Kontrolle
beruhen (zur Ubersicht, siehe Bastian 2006). Beispielsweise konnen sie die
Vorwartskomponente ihrer Gehbewegungen schwerer an (extern induzierte)
dynamische Storungen anpassen als gesunde Kontrollen (z.B. auf einem
Laufband, siehe Morton und Bastian, 2006). Dasselbe scheint auch fur
Armbewegungen zu gelten: Patienten mit Kleinhirnlasionen konnen die
Vorwartskomponente ihrer Armbewegung nicht im selbigen Malie an neue
dynamische Kraftgrol3en anpassen wie gesunde Kontrollen (z.B. an neue,
durch einen Roboterarm induzierte dynamische Kraftgré3en, siehe Maschke et
al., 2004; Smith und Shadmehr, 2005). Oder wenn die Patienten einen Ball
fangen mussen, haben sie grof3e Schwierigkeiten die pradiktiven
Muskelaktivierungen zu erlernen, die notig sind, um das zu erwartende Gewicht
des Balles zu kompensieren, sobald er auf die Hand auftreffen wird (Lang und
Bastian, 1999). In einem &hnlichen Sinne fallt es ihnen schwerer, ihre
motorischen Vorhersagen neuen Handlungskonsequenzen anpassen, so z.B.
die pradiktive Anpassung ihrer Griffkraft, wenn sie lernen, ein Gewicht durch
Dricken eines Knopfes aus der eigenen Hand zu entheben (Diedrichsen et al.,
2005).

Doch bildet das Kleinhirn auch die neuronale Basis fur adaptive interne
Modelle, die nicht nur der Motorkontrolle, sondern auch der Wahrnehmung
dienen? Mit dieser Fahigkeit wiirde das traditionelle Bild des Kleinhirns, wonach
dieses vor allem fur motorische Aufgaben (motorische ,Feinabstimmung®,
motorische Koordination und motorisches Lernen) zustandig sei (Glickstein,
1993), einerseits eine qualitativ neue Erweiterung erfahren. Andererseits wirde

das Kleinhirn in diesem Falle eine Funktion fur die Wahrnehmung einnehmen,
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die derjenigen fur die Motorik — namlich die Optimierung interner Modelle —
analog ware. Dieses ware insbesondere insofern attraktiv, als somit eine
einheitliche Erklarung der Funktionsweise des Kleinhirns geliefert werden
wirde, die mit seiner einheitlichen strukturellen Architektur korrespondieren
wirde.

FUr die Bestatigung dieser Hypothese gibt es erste empirische Hinweise: In den
dargestellten eleganten Experimenten von Bell (s. Kapitel 2.1) waren es die
Neurone in dem kleinhirndhnlichen Seitenlinienlobus ELLL der Fische, die die
vorausgesagte Reafferenz des selbst-induzierten elektrischen Feldes
widerspiegeln (Bell 2001). In den ,Kitzelexperimenten“ (s. Kapitel 2.2) fanden
Blakemore und Kollegen eine Korrelation zwischen dem Blutflu® in der
rechtsseitigen Kleinhirnrinde und der zeitlichen Verzogerung zwischen
Handbewegung und selbst-induziertem taktilen Reiz (Blakemore et al., 2001).
Diese konnte ein Hinweis daflr sein, dass das Kleinhirn eine wichtige Rolle bei
der Signalisierung der sensorischen Diskrepanz einnimmt, die aus dem
Abgleich von sensorischer Vorhersage und tatsachlicher sensorischer
Bewegungsriuckmeldung entsteht. Das Kleinhirn konnte diese Diskrepanz
zudem dazu gebrauchen, die sensorischer Vorhersage an sich veréandernde
sensorische Rahmenbedingungen anzupassen und so die Wahrnehmung der
sensorischen Konsequenzen der eigenen Bewegungen fortwahrend zu
optimieren. Dieses wurde von Lindner und Kollegen (2006b) in einem
Experiment untersucht, bei dem die Hintergrundsbewegung wahrend der
Ausfuhrung glatter Augenfolgebewegungen systematisch verandert wurde, d.h.
experimentell durch eine kontinuierlich veranderte Reafferenz die Notwendigkeit
zur Anpassung der sensorischen Vorhersage erzeugt wurde. Hier korrelierte
der BlutfluR in den posteromedialen Kleinhirnhemispharen (Crus I) mit der
Grol3e der sensorischen Vorhersage. Die Rolle des Kleinhirns kdnnte hier also
darin bestehen, die Informationssignale der extra-retinalen Vorhersage uber die
sensorischen Konsequenzen und die retinale Ruckmeldung Uber die
tatsachlichen Konsequenzen zu integrieren und dazu zu gebrauchen, die

Vorhersage, welche in grober Form im supplementar-motorischen Areal geformt
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wird, zu optimieren und corticalen Arealen zur Ausloschung selbst-induzierter

visueller Bewegungssignale zur Verfiigung zu stellen (Lindner et al., 2006b).

2.4. Fragestellungen

Ausgehend von diesem Wissensstand geht die vorliegende Arbeit der Frage
nach, ob (1.) unsere Wahrnehmung der Eigenbewegungen in der Tat auf
adaptierbaren internen Modellen beruht (Studie 1, siehe Kapitel 3.1) und ob (2.)
die Optimierung dieser Modelle eine wesentliche Aufgabe des Kleinhirns ist
(Studie 2, siehe Kapitel 3.2). Im Gegensatz zu den vorstehend genannten
Studien zu der visuellen Wahrnehmung wahrend Augenbewegungen
(Haarmeier et al., 2001, Lindner et al., 2006b) untersucht die vorliegende Arbeit
das theoretische Konzept interner Modelle der Wahrnehmung dabei weniger
hinsichtlich ihrer Filterung sensorischer Signale, sondern vorwiegend
hinsichtlich ihrer Funktionen zur  internen Ruckmeldung, zur
Urheberschaftsdetektion und zur Anpassung motorischer Ablaufe (s. Kapitel
2.2).
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3. Ergebnisse und Diskussion

Die Ergebnisse der vorliegenden Diskussion wurden bereits entweder publiziert
(3.1.) oder zur Veréffentlichung vorbereitet und eingereicht (3.2). Sie werden im
Folgenden kurz zusammengefasst, bevor eine ausfiihrliche Darstellung in Form

der Originalpublikation bzw. des Originalmanuskripts erfolgt.

3.1. Anpassung einer internen Vorhersage fiur die Wahrnehmung von
Handbewegungen

Dieses Kapitel bezieht sich auf folgende Publikation (inklusive der online
erschienenen supplementaren Daten, die hier im Anschlul an die Druckversion
angefugt wurden):

Synofzik M, Thier P, Lindner A (2006) Internalizing Agency of Self-Action:
Perception of One's Own Hand Movements Depends on an Adaptable
Prediction About the Sensory Action Outcome. J Neurophysiol 96:1592-1601

3.1.1. Inhaltlicher Bezug und Zusammenfassung

Das Konzept einer adaptiven, internen Vorhersage der sensorischen
Bewegungskonsequenzen, welche der Wahrnehmung der Eigenbewegungen
unterliegt, mag angesichts der bereits erérterten Grinde (Kapitel 2.2) zwar
theoretisch Uberzeugend und attraktiv sein, empirische Evidenz hierflr gibt es
jedoch bislang nur wenig. Experimente im Rahmen der Untersuchungen zur
Prismenadaptation haben zwar gezeigt, dass sich auch die Wahrnehmung der
Eigenbewegungen im Zuge einer globalen Wahrnehmungsanpassung an die
veranderte visuelle Welt anpassen kann, insbesondere bei aktiver Exploration
und sensomotorischen Adaptationen in dieser veranderten visuellen Welt (Held
1965; Held und Freedman 1963). Das Konzept eines spezifischen
Rekalibrationsprozesses, der sich nur auf die Wahrnehmung der eigenen
Bewegungen bezieht (nur Reafferenzen) und nicht sekundér zu einer globalen
Verdnderung der visuellen Wahrnehmung erfolgt (alle Afferenzen), wurde

bislang jedoch noch nicht untersucht.
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Aus diesem Grunde untersuchten wir in der folgenden Studie die
Wahrnehmung der eigenen Handbewegung bei experimentell verénderter
visueller Ruckmeldung der eigenen Handbewegungen. Hier gelang uns der
psychophysische Nachweis,

(i) dass das perzeptuelle Bewusstsein der eigenen Handbewegungen auf einem
inferentiellen Prozess aus Abgleich zwischen interner sensorischer Vorhersage
und sensorischer Bewegungsrickmeldung beruht;

(i) dass diese interne sensorische Vorhersage sich bei kontinuierlich
veranderten visuellen Bewegungsriickmeldungen anpassen kann, um so dem
Wahrnehmungssystem auch dann eine akkurate Vorhersage zu geben, wenn
dieses nicht auf externe Bewegungsrickmeldung zurickgreifen kann;

(iii.) dass die angepasste interne sensorische Vorhersage von dem Gehirn auch
dazu verwendet wird, die internen motorischen Bewegungsplane anzupassen.
Damit liefert die folgende Studie nicht nur generelle Evidenz dafir, dass die
Wahrnehmung unserer Eigenbewegungen auf internen Modellen beruht,
sondern kennzeichnet auch neue, spezifische Funktionen, die diese internen
Wahrnehmungsmodelle leisten (siehe Kapitel 2.2): Sie passen die
Wahrnehmung neuen sensorischen Konsequenzen an (Adaptationsfunktion);
sie dienen als ,interne Rickmeldung® wenn externes Feedback fehlt bzw. von
Rauschen gepragt ist (Substitutionsfunktion) und sie dienen der Optimierung
interner Motorprogramme (Funktion der Bewegungsoptimierung).

Die Erkenntnis, dass die internen Wahrnehmungsmodelle hochgradig plastisch
sind, fugt aber auch der bereits diskutierten Urheberschaftsfunktion (s. Kapitel
2.2) eine neue Dimension hinzu: Die Grenzen der Selbst-Welt-Unterscheidung
scheinen nicht dichotom zu verlaufen, sondern im Rahmen eines Kontinuums
graduell und veranderbar. Dieses hat Konsequenzen fir klassische Sichtweisen
der Handlungsurheberschaft und des Selbst als solchen. Das Gefuhl der
Handlungsurheberschaft scheint erstens nicht losgeldst von den Handlungen
durch ein unabhangiges Selbstkonstrukt zu entstehen, sondern in enger
Abhangigkeit von handlungsbezogenen Bewegungs- und

Wahrnehmungssignalen. Zweitens ist es nicht statisch von vornherein
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festgelegt, sondern wird immer wieder neu im Rahmen der Interaktion mit der
Welt flexibel definiert (Synofzik et al., 2006; 2007).
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3.1.2. Originalpublikation

Die Reproduktion des folgenden Artikels erfolgte mit freundlicher Genehmigung

der ,American Physiological Society’ (Copyright 23. Mai 2007).
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Synofzik, Matthis, Peter Thier, and Axel Lindner. Internalizing
agency of self-action: perception of one’s own hand movements
depends on an adaptable prediction about the sensory action outcome.
J Neurophysiol 96: 1592—-1601, 2006. First published May 31, 2006;
doi:10.1152/jn.00104.2006. Extensive work on learning in reaching
and pointing tasks has demonstrated high degrees of plasticity in our
ability to optimize goal-directed motor behavior. However, studies
focusing on the perceptual awareness of our own actions during motor
adaptation are still rare. Here we present the first simultaneous
investigation of sensorimotor adaptation on both levels, i.e., action
and action perception. We hypothesized that self-action perception
relies on internal predictions about the sensory action outcome that are
updated in a way similar to that of motor control. Twenty human
subjects performed out-and-back pointing movements that were fed
back visually. Feedback was initially presented in spatiotemporal
correspondence with respect to the actual finger position, but later
rotated by a constant angle. When distorted feedback was applied
repetitively, subjects’ perceived pointing direction shifted in the
direction of the trajectory rotation. A comparable perceptual reinter-
pretation was observed in control trials without visual feedback,
indicating that subjects learned to predict the new visual outcome of
their actions based on nonvisual, internal information. The perception
of the world, however, remained unchanged. The changes in percep-
tion of one’s own movements were accompanied by adaptive changes
in motor performance of the same amount, i.e., a secondary motor
compensation opposite to the direction of the imposed visual rotation.
Our results show that the perception of one’s own actions depends on
adaptable internal predictions about the sensory action outcome,
allowing us to attribute new sensory consequences of our actions to
our own agency. Furthermore, they indicate that the updated sensory
prediction can be used to optimize motor control.

INTRODUCTION

An organism’s behavior critically depends on correctly judg-
ing the origin of afferent information as resulting from either
the outside world (exafference) or from one’s own actions
(reafference). It is suggested that for this distinction the brain
resorts to internal predictions about the expected sensory con-
sequences of one’s own behavior (Holst and Mittelstaedt
1950). If sensory feedback is incongruent with the expected
reafference an external attribution of the causation of the
sensory stimuli occurs and these sensations are accentuated
(Blakemore et al. 1998a; Farrer et al. 2003; Frith 1992). If
sensory events are congruent with this internal prediction,

Address for reprint requests and other correspondence: M. Synofzik, De-
partment of Cognitive Neurology, Hertie Institute of Clinical Brain Research,
University of Tiibingen, Hoppe-Seyler Str. 3, 72076 Tiibingen, Germany
(E-mail: m.synofzik@gmx.de).
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however, they are attributed to one’s own agency. This is
reflected, for example, by the attenuation of self-produced
somatosensory stimulation whenever we touch ourselves (Bays
et al. 2005; Blakemore et al. 1998b, 1999; Shergill et al. 2003).
Another well-known example is the perceptual cancellation of
self-induced optical flow while we perform eye movements
(see, e.g., Haarmeier et al. 2001; von Helmholtz 1867).

One and the same movement, however, can have different
sensory consequences depending on context or changing body
conditions such as fatigue, aging, or disease. How then can the
brain still adequately inform perceptual evaluation? In partic-
ular, how can it predict the altered reafference and attribute it
to its own actions rather than to events occurring from the
outside world? To account for these challenges one has to
postulate a plastic mechanism for the attribution of self-agency
that optimizes the predicted sensory outcome of one’s own
movements. Such a mechanism should align the reafferences
with the respective action by constantly recalibrating sensori-
motor interrelations.

Elegant work in the field of prism adaptation has shown that
the perception of one’s movements can change as part of a
global recalibration of the perception of the world (for review
see Redding et al. 2005), especially under conditions of active
exploration and sensorimotor adaptation (Held 1965; Held and
Freedman 1963). Yet the idea of a separate perceptual recali-
bration process that specifically confines to the perception of
one’s own movements (reafferences only) and that is not
secondary to a global change in visual perception (all affer-
ences) still lacks compelling empirical support, even though it
may be intriguing and conceptually very useful. To provide
evidence for the existence of such a mechanism, we studied the
perception of one’s own hand movements: we propose that the
perceptual awareness of one’s own hand movements is an
inferential process building on a comparison between internal
predictions of the upcoming sensory consequences and the
actual sensory feedback. Moreover, we hypothesize that this is
a highly plastic process. If the reafferent feedback about one’s
hand movements is constantly altered, predictions on one’s
sensory action outcome will be correspondingly updated. This
makes the surprising prediction that sensory consequences of
one’s actions coming with a large, but constant spatial distor-
tion will then be perceived to correspond to the action. Addi-
tionally, we asked whether the internal predictions underlying

The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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ADAPTABLE PREDICTION ABOUT THE ACTION OUTCOME

the perception of one’s own hand movements might accord-
ingly optimize motor performance.

As will be shown in the following, subjects’ perception of
their own hand movements changed in the same way as the
visual feedback on the action that we manipulated experimen-
tally. The change in perception of one’s movements could be
observed even in control trials without visual feedback, which
indicates that the perceptual awareness of one’s movements
relies on an inferential mechanism that integrates various types
of internal and external information related to the action. More
specifically, it supports the hypothesis that internal, nonvisual
predictions about the action outcome are constantly recali-
brated by external, visual feedback. Because the perception of
the world remained unchanged, this recalibration process is
specifically confined to the reafference, i.e., to the perception
of one’s own actions. Furthermore, the optimization of sensory
predictions seems to induce motor learning.

METHODS

Subjects

Twenty right-handed and healthy subjects (eleven females and nine
males between the ages of 20 and 32), who gave their informed
consent before their inclusion, participated in this study.

Experimental apparatus

Subjects were seated in front of a large horizontal board with their
heads being stabilized in a head and chin rest. They looked down onto
a rectangular mirror, placed horizontally halfway between the board
and a computer screen, which was fixed above the mirror. Subjects
always viewed the stimulus screen by the mirror device. For geomet-
rical reasons this screen appeared as lying in the plane of the tabletop
(see Fig. 1). Both hands of the subjects were placed on the board,
below the mirror, and thus were invisible to them. Furthermore,
orientation clues from the surroundings were prevented by carrying
out our experiments in complete darkness. On the top of the subjects’
right index finger an ultrasound emitter was mounted. Its position was
recorded by a three-dimensional real-time motion-analysis system
(Zebris CMS 70 P; Isny, Tiibingen, Germany). Positional information
was transferred to the stimulus computer to feed back the position of

)

3d Hand Tracker

FIG. 1. Experimental apparatus. By watching the feedback monitor by a
mirror (solid orange line) subjects perceived a virtual image of their index
finger, which appeared as lying in the same plane as their actual finger (broken
orange line). Visual feedback (solid gray arrow) was either veridical (i.e., in
spatiotemporal correspondence) or, as in this example, rotated with respect to
the actual movement (dotted black arrow). Subjects were asked to perform
pointing movements onto the top right quarter of a briefly flashed circle (white
circle).
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the index finger visually by the monitor-mirror device. The feedback
stimulus consisted of a 0.4°-diameter gray disc that appeared to be in
spatial correspondence with subjects’ index finger tip as long as we
kept the feedback veridical. The position of the disc was updated
on-line at a frame rate of 60 Hz.

Experimental procedure

The basic task of the subjects was to carry out straight out-and-back
pointing-movements with their arm. Depending on the experimental
phase (see following text) the position of the pointing index finger was
either fed back veridically (i.e., in spatial correspondence with the
actual finger position) or, alternatively, rotated by a certain degree
around the starting point of the movement. The direction of the
pointing movement was not constrained except by our instructions:
Subjects were asked to perform movements to a self-chosen position
on the top right arc (90°) of a briefly flashed circle and afterward to
return immediately to the starting point. After each of these trials
subjects were asked to indicate the perceived pointing direction of the
movement they had actually performed, i.e., the movement for which
they claimed agency. This was done by placing a mouse-guided cursor
in that direction with their left hand.

Visual feedback was always veridical in the beginning of the
experiment—the “preadaptation phase.” This phase constituted a total
of 100 trials and four different experimental conditions (described in
detail below). Different conditions were presented in randomly inter-
leaved trials with an equal share of 25%. Visual feedback of the hand
movement was always presented in only one of the four conditions,
i.e., the “feedback trials.” The “preadaptation phase” was followed by
a “built-up phase” for adaptation. In this phase we gradually increased
the spatial discrepancy (i.e., the rotation) between the actual finger
position and the corresponding position of the visual cursor reflecting
it. Over a sequence of 20 consecutive feedback trials the rotation angle
was increased in fixed steps of 1.5° up to the final rotation of —30°
[negative angles denote rotations in the clockwise direction (cl),
positive angles in the counterclockwise direction (ccl)]. This gradual
adaptation was introduced to limit the possibility of subjects becom-
ing aware of the imposed rotation. Such manipulations are usually
detected for angular differences of about 14 to 24° (Jeannerod 2003;
Slachevsky et al. 2001). Finally, in the “postadaptation phase” feed-
back was constantly rotated by —30°. Feedback trials hold a share of
70%, whereas the other three conditions, identical to those presented
during the preadaptation phase, each contributed to 10% of the
postadaptation trials. The total number of trials during the postadap-
tation phase was always 110 trials.

Experimental conditions

Four experimental conditions were used to induce sensorimotor
adaptation and to test for both perceptual and motor aspects of such
adaptation in the pre- and postadaptation phases, respectively. The
different conditions were indicated to the subjects by the color of a
central spot. This color cue was always visible throughout each
individual trial and meanwhile served as a fixation target (see Eye
movement control below).

FEEDBACK TRIALS (FTs). These trials were indicated to the subject
by a green fixation point. Subjects’ task was simply to make a fast,
continuous out-and-back pointing movement, while the position of the
pointing index finger was fed back visually (Fig. 2A). In the beginning
of each trial subjects were asked to place their right index finger on the
center point of the board, which was defined by a tactile cue (small
nail head on the board). This center point of the board corresponded
to the position of the fixation target. Pointing distance was cued by
briefly flashing (300 ms) a white circle (9° diameter) centered on the
fixation point. Subjects were free to point on any location on the
(subjective) top right arc of the circle (corresponding to a region
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FIG. 2. Experimental conditions (A—D). A: feedback trials (FTs). Subjects

were asked to perform a center-out pointing movement. Pointing distance of 9°
was indicated by a briefly flashed white circle. There was no specific visual
target that could have served as a goal for the hand movement (exemplary
pointing direction [PD], dotted gray arrow). Only the second half of the
movement was fed back visually (bold white arrow); visual feedback during
the first half was blocked by an invisible occluder (dotted white circle, 4.5°
diameter). Visual feedback was either veridical or, as in this example, rotated
by a certain amount depending on the state of the experiment. Subsequently,
subjects had to estimate their perceived pointing direction (PPD) by placing a
cursor. Note that the PPD is depicted as a gray arrow just for illustrational
purposes. Cursor itself was a gray dot of the same size as the fixation target.
B: perceptual control trials. These trials were identical to the sensorimotor
adaptation condition, except that no visual feedback was given. C: sensory
trials. In these trials subjects did not have to perform any movement. Instead
they had to indicate their subjective visual vertical (SVV, broken red line) or
subjective visual horizontal (SVH, broken blue line) by placing the cursor.
Color of the fixation spot, which could be red or blue, indicated whether to
estimate the SVV or the SVH, respectively. Note that the broken lines are just
for illustration and were not visible to the subject. D: motor control trials.
Subjects had to make a pointing movement (PD, gray arrow) toward a given
flashed target (TF, red circle). Angular difference between PD and TF is
defined as the motor error alpha. No visual feedback was given. E: experi-
mental procedure; in the preadaptation phase (trials 1-100), in which visual
feedback of the movement was veridical, the 4 different conditions were
presented in randomly interleaved trials with an equal share of 25%. During the
following “built-up phase” of adaptation (trials 101-120) the spatial discrep-
ancy between the actual hand movement and the corresponding visual feed-
back was gradually increased up to the final level of —30°. To induce
adaptation, only FTs were presented. In the postadaptation phase (trials
121-230), in which visual feedback was constantly rotated by —30°, the share
of FTs constituted 70% of all trials to further maintain adaptation. Additional
abbreviations: a, anterior; p, posterior; 1, left; r, right.

between the subjective 12 and 3 o’clock positions). Subjects were
instructed to make a fast out-and-back movement, starting from and
returning to the tactile cue. Movements were to be as quick and
straight as possible. To further reduce the possibility of intentional
on-line motor control we used different strategies. First, rapid move-
ments were encouraged by a trial duration limit of 1,500 ms. Second,
visual feedback was partly occluded by a mask of 4.5° diameter,
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covering the first/second half of the outward/inward trajectory, re-
spectively. The latter strategy also served to reduce visual exposure
times and thus to rule out general, nonspecific tilt aftereffects arising
from the rotated feedback (also see following text).

After having completed the pointing movement, subjects had to
report their perceived pointing direction (PPD) of their outward
movement by placing a mouse-controlled cursor with their left hand.
The procedure required to obtain this perceptual estimate can be
compared with placing a watch hand as an indicator of the PPD.
Linear movements of the mouse were transferred to a circular move-
ment path of the cursor pointer around the central fixation spot. The
final position of the pointer, indicating the PPD of their own move-
ment, was confirmed by pressing the left mouse button. Subjects were
instructed not to base their estimates on visual information only
because “it might be erroneous in some of the trials.” They should also
rely on “internal” information about their movement. This instruction
should ensure that subjects give an account of their own actions, i.e.,
the actions for which they claim self-agency, rather than simply give
an account of the external visual manipulation.

The trajectory of each movement was recorded and stored on
computer disc for off-line analysis. Figure 3 shows a typical example
for a single feedback trial (FT). The black dots correspond to indi-
vidual samples of hand position during the outward journey and the
broken gray line represents the best linear fit of the samples. This fit
was used to calculate the manual “pointing direction” (PD). The
perceptual estimation of the pointing direction (PPD), indicated by a
black arrow, deviates only slightly from the actually performed
movement (PD).

PERCEPTUAL CONTROL TRIALS (PCTs). These trials were instructed
in the same way as the feedback trials. Subjects had to carry out a fast
out-and-back pointing movement, starting from the green fixation
point toward any self-chosen position on the top right arc of the briefly
flashed circle. However, no visual feedback was given (Fig. 2B).
Subsequently, as in condition FT, the perceived pointing direction
PPD had to be estimated. Thus in this condition visual feedback was
missing completely and subjects had to rely solely on internal action-
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FIG. 3. Typical outward movement trace (black dots; sampling rate 60 Hz)

and perceptual estimate during a “veridical feedback trial.” Actual pointing
direction was calculated from the slope of the linear regression line (broken
gray line; 32°). Perceptual estimate is shown by the black arrow (26°). For
illustration, the supposed pointing distance, as cued by a briefly flashed white
circle (9° diameter), is indicated by the dotted arc.
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ADAPTABLE PREDICTION ABOUT THE ACTION OUTCOME

related information (efference copy and proprioception) when judging
their own hand movement. Thus these trials specifically tested for
solely internal representations of the expected visual action outcome.

SENSORY TRIALS (STs). By means of these trials we controlled for
putative changes in the visual processing of spatial information, such
as that found in sensory recalibration induced by prism adaptation
(Girardi et al. 2004; Held and Rekosh 1963): We also considered the
possibility that in the present experiments a shift of the subject’s
visual frame of reference, such as a tilt aftereffect (Held and Mikae-
lian 1964; Redding et al. 2005), might have been induced by the
altered—in spite of the fact that the occluder was already greatly
reduced—uvisual feedback in FT. Such a global adaptation of process-
ing afferent information would lead to altered subjective estimates of
the reafference as well (as shown by Held and Freedman 1963). To
control for this possibility, we mapped the cardinal axes of our
subjects’ visual reference frame during both the preadaptation and the
postadaptation phases; subjects did not have to perform any move-
ment in these conditions. When a red fixation point was presented,
subjects simply had to set the mouse-controlled cursor in a vertical
position, thus indicating their subjective visual “vertical” (SVV), i.e.,
the anterior—posterior axis. When the fixation point was blue, sub-
jects were asked to place the cursor in a horizontal position to estimate
their subjective visual “horizontal” (SVH), i.e., the left-right axis (see
Fig. 20).

MOTOR CONTROL TRIALS (MCTs). An orange fixation dot indicated
this specific condition, in which a red pointing target was flashed
simultaneously with the white circle. The target flash could occur in
four different positions on the top right quarter of the circle: at the
twelve, one, two, or three o’clock position (i.e., 90, 60, 30, and 0°,
respectively). Thus subjects were no longer free in choosing a move-
ment direction as in the first two conditions but had to make a
movement toward the red target as precisely as possible. Neither
visual feedback nor any other feedback on movement accuracy was
provided (see Fig. 2D). Because subjects were unable to visually
control their movements, pointing critically depended on a previously
acquired internal motor plan for the given context. To estimate the
precision of this plan we calculated the motor error alpha as the
difference between the actual pointing direction (PD) and the position
of the target flash (TF). In addition, subjects were again asked to give
a perceptual estimate of the direction of their pointing movement.
However, this perceptual estimate was required only to keep unifor-
mity across conditions and not analyzed any further.

Effects of sensorimotor adaptation on each of our behavioral
measures [the perception of self-action /) with and 2) without visual
feedback, 3) motor performance, and the 4) SVH/SVV], obtained in
the four experimental conditions [/) FT, 2) PCT, 3) MCT, and 4) ST,
respectively], were defined as the mean differences between the
preadaptation phase (trials 1-100) and the postadaptation phase (trials
131-230). The first 10 trials of the postadaptation phase had been
discarded to guarantee that adaptation had already been accomplished.
Behavioral measures were analyzed on the group level (for details
refer to RESULTS). To statistically test for adaptation within each
subject we performed additional 7-tests (H,,: no difference for pre- and
postadaptation phases). The resulting P values were corrected for
multiple comparisons within subjects.

Eye movement control

Ocular fixation was controlled on-line using a custom-made IR
video-tracker. Fixation errors >2.5° were fed back acoustically and
the trial was discarded. Thus subjects were not able to track or even
precede the intended hand movement with their eyes. Such oculomo-
tor strategies might have interfered with the control and the perception
of the actual hand movement (Ariff et al. 2002; Scherberger et al.
2003; Vercher et al. 1997). Although we cannot answer this question,
a methodological limitation of our experiment is able to show that
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there was at least no difference in the control or the perception of hand
movements when ocular fixation was controlled compared with un-
controlled, instructed fixation. Because of the need to direct the eyes
downward and the upper lid covering much of the eyes in this
position, vertical eye movements could not be reliably measured in
about half of our subjects. As revealed by an ANOVA, all effects
reported in RESULTs did not differ significantly between subjects in
which fixation was controlled for (n = 9) and those in which it could
not (n = 11; three-way ANOVA with the factors fixation, adaptation,
and experimental condition; P > 0.05 for factor fixation and interac-
tions of fixation with any of the other factors).

RESULTS

In the following we will first provide a brief, exemplary
description of the results of two representative subjects before
we will focus on the group of 20 subjects as a whole. In subject
A the median of the difference between the performed hand
movement and the perceived hand movement was about 0° in
the preadaptation phase of the FT, in which veridical visual
feedback was provided (see Fig. 4A). This means that the
subject was able to give a very accurate perceptual estimate on
his/her movement. During and shortly after the “built-up
phase” of adaptation, in which visually feedback on the hand
movement was gradually increased up to the final value of
—30°, the perceived hand movement deviated increasingly
from the actual hand movement. Already at the end of the
built-up phase of adaptation (trial 120), it deviated by a
difference of about —13°. This difference remained roughly
constant during the whole postadaptation period and was
highly significant when compared with the preadaptation pe-
riod (P < 0.001; r-test). Also in the PCT, where visual
feedback was absent, subject A was well able to perceptually
estimate his hand movement in the preadaptation phase, with a
mean deviation between the percept and the actual motor
performance of only 1° (Fig. 4B; trials 1-100). Similar to his
performance in the FT, subject A attained a significant differ-
ence (P < 0.001; r-test) of about —15° in the postadaptation
phase (Fig. 4B), indicating that an internal prediction about the
action outcome might have been updated. Alternatively, the
latter adaptation could simply arise from a purely sensory
adaptation process, which might nonspecifically affect the
visual estimation of the PPD, rather than from a specific
sensorimotor adaptation of the perception of the own hand
movement. However, subject A showed neither a difference in
the SVV nor in the SVH in a comparison of preadaptation and
postadaptation (P > 0.05; r-test). Both measures remained at
90° (SVV) and 0° (SVH), respectively (Fig. 4C). Thus there is
no evidence for any tilt aftereffect, which could have affected
processing of both exafferent and reafferent information. Fi-
nally, the MCT served to monitor changes in motor perfor-
mance. When plotting the difference between the position of a
visual target (TF) and the direction of a pointing movement
(PD) toward it (motor error alpha) as a function of trial
number, in subject A there was already a bias of —4° in the
preadaptation phase (Fig. 4D). This bias may indicate subject
A’s problem of reaching a small target without visual feed-
back, relying only on nonvisual, internal reference signals. In
subject A, this motor error did not significantly change during
adaptation (P > 0.05; r-test). Thus the subject’s motor perfor-
mance was hardly influenced by the FT, contrary to the
perceptual estimate of his/her own movement in PCT.
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Subject A

FT: -12.7°, P<0.001

B

PCT: -14.9°, P<0.001
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FIG. 4. Results of 2 representative sub-
jects. For each of the 4 conditions the perfor-
mance of 2 subjects (A and B) is plotted as a
function of trial number. In addition, the
median values (bold lines) and the quartiles
(dotted lines) of the preadaptation and the
postadaptation phases are shown. For FT and
PCT the perceived pointing direction (PPD)
is plotted relative to the actual pointing di-
rection (PD; see A, B, and E, F). Negative
angles denote shifts in clockwise direction
(cl). Note the very obvious effect of adapta-
tion (—30° cl) leading to more negative val-
ues during the built-up and adaptation phase.
For ST the SSV and SVH are depicted (see
C, G). Median values for perceived vertical-
ity (90°) and horizontality (0°) remained con-
stant throughout the experiments. For motor
control trials (MCTs) the motor error alpha is
shown as the difference between the direc-
tion of the target flash (TF) and the actual
pointing direction (PD). In Subject A (type:
“perceptual adaptation”) there was no signif-
icant change between the pre- and the post-
adaptation phase in these MCTs (see D). In
Subject B (type: “perceptual and motor ad-
aptation”) postadaptive difference between
PD and TF significantly shifted toward pos-
itive values (see H). Additional abbrevia-
tions: n.s., not significant; P > 0.05.
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Also in subject B the mean postadaptive deviations of the
percept from the actual motor performance were highly signif-
icant (P < 0.001; t-test) in the FT (Fig. 4F) and in the PCT
(Fig. 4F), whereas the SVV and SVH remained unchanged
(P > 0.05; t-test, Fig. 4G). Thus the changes in the perception
of self-action in subject B are comparable to those in subject A.
However, in subject B the motor error alpha changed signifi-
cantly (P < 0.001; ¢-test) from —6° in the preadaptation phase
toward 10° in the postadaptation phase (Fig. 4H). This positive
shift indicates a compensatory motor adjustment of pointing
movements, seemingly taking into account the altered expec-
tation of the action outcome (PCT). Thus whereas subject A
learned to attribute altered feedback only to his own agency,
subject B learned to update the perception of the movement as
well as the movement itself to “successfully” reach the flashed
target in MCT. Interestingly, motor updating occurred even
though we never provided any feedback about a potential
motor error. Adaptation of subject A can be classified as
behavior type “perceptual adaptation,” representing subjects
adapting significantly only in FT and PCT (P < 0.05; -test).
On the other hand, subject B demonstrates the behavior type
“perceptual adaptation and motor adaptation,” representative
for subjects who adapted significantly in FT, PCT, and MCT
(P < 0.05; r-test). Performance in these two representative
subjects implies that internal predictions for perception can
indeed be updated. Moreover, it suggests that the updated
perception of one’s movements can trigger motor learning
(subject B) although not necessarily (subject A).

Updating perception of one’s own movements

Performance across subjects was analyzed by means of a
three-way ANOVA with the factors condition, adaptation, and
perceived pointing direction. Significant main effects were
obtained for the factors condition, adaptation, and perceived
pointing direction (P < 0.001). Furthermore, the interaction
between adaptation and condition (P < 0.001), the interaction
between adaptation and pointing direction (P < 0.001), and the
interaction between all three factors (P < 0.01) also reached
the statistical threshold criteria (P < 0.05). In other words, the
group of subjects showed significant adaptation. Adaptation
thereby significantly differed for different experimental condi-
tions and for different perceived pointing directions (30° bins).
Furthermore, this directional tuning of adaptation differed
between conditions. In the following we will focus on the
differences between the behavioral measures obtained in these
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conditions. For further characterization of the interaction be-
tween adaptation and perceived pointing direction refer to Fig.
S1 in the supplementary material (the online version of this
article contains supplemental data).

FEEDBACK TRIALS. The group mean of the perceptual estimate
of one’s movement showed a highly significant adaptation
(P < 0.001; t-test) of about 14° in a comparison of postadap-
tation with preadaptation (see Fig. 5). This effect clearly
demonstrates that the relation between a given movement and
its perceptual consequence can be altered: The perceptual
awareness of one’s movement is not strictly linked to the
movement itself (i.e., to fixed efference copies and/or pro-
prioception), but obviously also integrates action-related visual
information.

PERCEPTUAL CONTROL TRIALS. Also in the PCTs without any
visual feedback subjects showed significant adaptation of their
PPD relative to their PD toward the direction of prior FT
feedback rotation (P < 0.001, #-test). Similar to the FT, the
relative difference of perceived pointing (PPD) with respect to
the actual movement (PD) shifted to —10° because of adapta-
tion (see Fig. 5). This result suggests that the altered perceptual
estimate is not merely an immediate result of visual feedback,
which might have governed subjects’ responses in FT, but a
stable (also see Fig. S3) representation that relies on internal
predictions on the action outcome as informed by propriocep-
tion and/or efference copy.

SENSORY TRIALS. Neither in the SVV nor in the SVH could
significant changes between the preadaptation and postadapta-
tion phases be observed (P > 0.05; r-test) (see Fig. 5). Thus
any additional influence of general afferent adaptation on the
reafferent movement estimates can be ruled out: Perceptual and
motor learning in FT, PCT, and MCT were not secondary to an
altered reinterpretation of sensory signals independent from the
action performed (afferent perceptual adaptation). Instead, sen-
sorimotor learning exclusively referred to sensory signals that
were linked to one’s own actions (reafferent perceptual
learning).

MOTOR CONTROL TRIALS. To test for the possibility that the
perceptual adaptation generalizes to motor adaptation, “‘motor
control trials” were presented randomly interleaved. Because
no visual feedback was provided, subjects were dependent on
exploiting their internal motor repertoire for generating goal-
directed movements. If these internal motor plans were mod-
ified by the “optimized” percept, a compensatory motor adjust-

FIG. 5. Group data. Plot shows the mean difference between

the preadaptative and postadaptative behavioral measures
(+=95% confidence intervals) calculated across all individual
subjects and separately for each condition (***P < 0.001; n.s.,
not significant, P > 0.05).
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ment opposite to the direction of the imposed visual rotation
should be expected. Indeed, the motor error alpha showed a
significant (P < 0.001; t-test) adaptation-induced increase
(+9°), which had a comparable absolute amount as the
changes in perceptual judgments in PCT (—10°; see Fig. 5).

A further analysis of the distribution of pointing directions
obtained in the conditions FT and PCT showed that subjects
modified their motor behavior in a direction opposite to the
imposed visual feedback rotation, also in these two conditions.
Updating occurred even though the pointing direction was not
externally guided by a visual target but had to be chosen purely
“mentally” (for further details refer to Fig. S2 in the supple-
mental material).

Taken together, these results show that it is indeed possible
to update an internal representation of the expected visual
outcome of one’s own hand movements and, furthermore, that
this updated internal representation is associated with compen-
satory motor learning.

Specificity of perceptual and motor updating?

As a next step, we asked whether motor control and sensory
predictions are congruently updated. The mean effects (see Fig.
5), calculated across all subjects, might simply average out
interindividual differences in subjects’ adaptation strategies
(e.g., compare Fig. 4). To test for intraindividual congruence of
both types of sensorimotor adaptation (i.e., perceptual and
motor updating) we performed a correlation analysis between
the individual behavioral measures obtained in FT, PCT, and
MCT (see Fig. 6, A—C). Adaptation in FT correlated signifi-
cantly with adaptation in PCT (P < 0.05; Fig. 6A). This
correlation suggests that during trials with altered visual feed-
back subjects not only altered the perception of their move-
ments, but also used the visual feedback to update an internal
prediction of the sensory consequences of their movement, on
which they had to rely in trials without visual feedback.
However, perceptual adaptation in FT did not correlate (P >
0.05) with motor adaptation in MCT (Fig. 6B). This means that
the motor behavior cannot be directly explained by visual
feedback learning. Finally, adaptation in PCT also did not
correlate with adaptation in MCT (P > 0.05; Fig. 6C). Thus it
seems that, although all subjects updated their internal predic-
tions about the sensory action outcome, they did not strictly use
the acquired knowledge to update their internal representations
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for motor control. This was to be expected, however, if both
internal representations would rely on one and the same sen-
sorimotor underpinning and/or the same error signal.

DISCUSSION

Extensive work on learning in reaching and pointing tasks
has demonstrated that humans are able to adapt motor control
to kinematic transformations, that is, spatial visuomotor trans-
formations (Ghahramani and Wolpert 1997; Imamizu et al.
2000), to dynamic transformations (Flanagan and Wing 1997),
or to both simultaneously (Flanagan et al. 1999). However,
none of these studies focused on the perceptual awareness of
our actions during motor adaptation and, more specifically, if
such perceptual awareness relies on internal predictions about
the sensory action outcome that might be updated in a similar
way. To investigate this hypothesis, we here present the first
simultaneous investigation of sensorimotor adaptation on both
levels, i.e., action and action perception, respectively.

Recalibration of internal predictions for perception by
visual feedback

It has been suggested that our brain anticipates the sensory
consequences resulting from our hand movements by use of
internal predictions (Blakemore et al. 1999; Shergill et al.
2003). Perceptual awareness might be critically linked to this
predictive mode of operation of the brain (Buracas 2005;
Slachevsky et al. 2001). If this idea would hold true, the
question remains, if and in what way the brain manages the fact
that sensory consequences of one’s own movement might
change as a result of changing body and context conditions
(such as tiredness, growth, illness, etc.). How can it attribute
the altered reafference to its own actions rather than to events
occurring from the outside world (exafference)? In fact, the
present study provides evidence that the brain updates predic-
tions about the visual action outcome in conditions of altered
visual reafferent input by constantly recalibrating the interre-
lation between actions and their sensory consequences. This
conclusion is drawn from the observation of a new interpreta-
tion of perceived hand motion that resulted from manipulated
visual feedback on hand movements: When applying distorted
visual feedback (in FT) the perceived pointing direction shifted
significantly in the direction of the imposed trajectory rotation.
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FIG. 6. Regressions between all individual adaptation measures obtained in FT, PCT, and MCT. Whereas the adaptation in the FT correlated with adaptation
in the PCT (A), it did not correlate with adaptation in the MCT (B). Furthermore, adaptation in the PCT was not related to adaptation in MCT (C). Any significant
correlation is indicated by plotting the respective regression line (P < 0.05, corrected for multiple comparisons).
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This supports the important role of visual input for the brain
when there is need to reconcile conflicting information from
diverse external and internal sources and thus to confer stabil-
ity on behavior (cf. Fink et al. 1999; Ramachandran and
Rogers-Ramachandran 1996). However, although this visual
input is used to update perception, we could show that the
altered percept of one’s movements itself is partly nonvisual in
origin. The change in the perceived direction of hand motion
could even be observed in trials in which no external, visual
feedback was provided (PCT). Thus any modification of action
perception had been caused by changes in an internal repre-
sentation of the predicted sensory outcome. The correlation
between the perceived pointing direction in trials with visual
feedback (FT) and control trials without visual feedback (PCT)
furthermore shows that the modulation of perceived hand
motion direction in the FT was not merely the result of a
visually guided response bias or to a short-term, immediate
weight shift between visual and proprioceptive inputs within a
multimodal integration process of action-related sensory infor-
mation. Subjects rather develop a more general and stable (but
nevertheless adjustable) representation of the sensory conse-
quences of their actions by altering their internal predictions—
they update an internal model (Ito 2000; Wolpert et al. 1995,
1998) for self-action perception. That this recalibration process
does indeed reflect a genuine adaptation process concerning
only the perception of one’s movements (the reafference), but
not the result of a more general afferent recalibration concern-
ing the perception of the world, is shown by the stable axes
(SVH/SVYV) of the “low-level” visual reference frame.

Such an afferent recalibration for instance occurs during
prism adaptation, which would affect ex- and reafferent visual
information processing as well as visually guided motor be-
havior (Gibson and Radner 1937; Girardi et al. 2004; Held and
Mikaelian 1964). Effects of prism adaptation are even larger
(i.e., more complete) in case of /) active exploration of the
altered visual environment (Held and Freedman 1963; Held
and Mikaelian 1964) or 2) when awareness of the visual
displacement is being prevented (Redding et al. 2005). Al-
though our study engaged both active movements and methods
to prevent awareness of visual displacement, we observed no
change in the cardinal axes of the visual reference frame, that
is, the subjective visual vertical and horizontal (SVV and
SVH). This is probably explained by the fact that feedback
manipulations were confined to reafferent visual information
only, whereas in the case of prism adaptation the global visual
world is usually being manipulated.

In summary our results confirm a highly specific recalibra-
tion of the perception of one’s own movements that does not
require and/or accompany changes in the perception of the
world. Furthermore, we provide evidence that the perception of
self-motion does not sufficiently rely on direct sensory infor-
mation, such as on visual cues as stated by the direct theory of
perception (Gibson 1950), but in addition builds on internal
reference signals of the movement, as postulated by the infer-
ential theory of perception (von Helmholtz 1867; von Holst
and Mittelstaedt 1950; Wertheim 1994). As previously shown
for smooth pursuit eye movements (Haarmeier et al. 2001) and
electroreception in weakly electric fish (Bell 1981, 2001), we
demonstrate with regard to hand movements that this theory
has to be extended by the assumption that the internal reference
signal is not a statically fixed replica, but a highly plastic
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“corollary discharge” (cf. Sperry 1950) of motor commands
and/or proprioception. Because both the proprioceptive inputs
and the motor commands are the same in the pre- and the
postadaptation phases, it is not a change in proprioception or in
the efference copy per se that accounts for the updated percep-
tion, but it must be a change in an internal representation that
relates these internal sources of self-motion information with
the expected visual action outcome.

We thus provide the first experimental evidence for a two-
fold theoretical assumption of internal models, recently stated
by Ito (2000): /) An internal model for perception provides a
prediction about a sensory action outcome, thus being inde-
pendent from (delayed and sometimes missing) afferent feed-
back information (as shown by the PCT). 2) Nevertheless the
internal model for perception can be recalibrated by reafferent
information (as shown by the FT). Thus recent criticism
against the “internal model approach,” claiming that it would
presuppose a rigid interdependence between perceptual predic-
tions and corresponding motor commands (Mechsner et al.
2001), is not only conceptually misleading but also empirically
invalid.

Perceptual reinterpretations of self-action trigger
motor learning

Our results do not only show that the perception of our
hand-movements builds on adaptable sensory predictions.
They furthermore demonstrate that optimizing these predic-
tions can be associated with an updating of internal represen-
tations for motor control. This is surprising because our exper-
imental paradigm required subjects to update their perceptual
evaluation of their actions but not necessarily to update motor
control. Whereas internal error signals (i.e., errors between the
actual sensory feedback of the movement and the intended
sensory action outcome and/or the predicted sensory outcome)
were conveyed by the distorted visual feedback in FT, a visual
motor error (i.e., an error between the sensory action outcome
and the visual target) could not be detected because any visual
feedback about the movement was absent in MCT. Thus there
was obvious need to correct for erroneous perceptual evalua-
tion because the sensory prediction seemed to be wrong.
However, there was no need to correct for motor control. These
different task requirements are resembled by our results: All
subjects changed the perceptual evaluation of their actions
when visual feedback was present and used this information to
update their internal prediction of the sensory outcome (as can
be traced from the correlated changes in PCT; see Fig. 6A).
Although motor adaptation also occurred, it did not strictly
correspond to a simultaneous perceptual reinterpretation of
self-motion in FT and PCT, but rather represented a coarse-
grained, nonspecific counteradaptation as can be concluded
from the uncorrelated changes in MCT (see Fig. 6, B and C).
The lack of correlation implies that motor adaptation does not
build on the same error signal as perceptual adaptation. How-
ever, it leaves open the possibilities that the observed changes
in motor behavior might be the direct consequence of the
perceptual recalibration or, alternatively, reflect the outcome of
a pure “visual motor strategy,” which compensates discrepan-
cies between the intended sensory action outcome (by imag-
ining a visual target goal) and the perceived visual outcome (in
FT). The latter interpretation can be ruled out for the following
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reasons. First, it is hard to see why such an optimization
strategy should be confined to motor control but not percep-
tion; otherwise, all behavioral estimates should be correlated
with each other, which was clearly not the case (see above).
Second, the error signal of a “’visual motor strategy” would be
constant for all different (perceived) pointing directions. De-
spite that fact, we saw significant directional effects in both
motor and perceptual adaptation (compare supplementary Fig.
S1). Thus it seems rather likely that perceptual adaptation
might have triggered motor learning, a notion consistent with
the idea that a sensory predictor can be used to train a motor
controller (Flanagan et al. 2003; Haruno et al.,2001; Wolpert
and Kawato 1998). Whether the sensory predictor and the
motor controller are updated sequentially and whether updating
depends on the conscious awareness of sensorimotor discrep-
ancies must be clarified by further work, e.g., by lesion studies
showing a dissociation in updating of both mechanisms.

Internalizing agency of the perceptual consequences of one’s
own movement

The need for precise and continuously optimized sensory
predictions becomes evident when considering the inferential
character of our perception while acting within the world (cf.
Haarmeier et al. 2001; von Helmholtz 1867; von Holst und
Mittelstaedt 1950; Wertheim 1994). Because there is no intrin-
sic difference between sensory signals arising as consequences
of our actions (reafference) or as results from events in the
outside world (exafference), we can differentiate only between
externally produced and self-produced events on the basis of
the predicted sensory consequences of our own action (Blake-
more et al. 1998b; Frith et al., 2000). If—within a comparative
process—the actual sensory afference matches the predicted
reafference, we perceive the sensory event as self-produced; if
they do not match, we attribute the causation of this sensory
discrepancy to the environment. Elaborating on this idea, a
comparison between the predicted and the actual sensory input
was recently discussed as a subpersonal cognitive mechanism
that underlies the subject’s experience of self-agency (Camp-
bell 2004; Farrer et al. 2003; Gallagher 2000; Georgieff and
Jeannerod 1998; Haggard 2003; Lindner et al. 2005; Pacherie
2001). Thus in contrast to many classical philosophical con-
ceptions, self-agency is not assumed to be represented as
separate from the action, but as an intrinsic property of the
action itself. Because the sense of self-agency displays the
implicit grasp of the causal relations between the subject and
the world, it can even be seen as a constitutive part of basic
self-consciousness (Campbell 2004; Churchland 2002; Gal-
lagher 2000).

Unlike many other studies exploring the sense of agency
(Daprati et al. 1997; Farrer et al. 2003; Franck et al. 2001), our
experiment did not test for qualitative, dichotomic agency
judgments (“Was the movement you have seen caused by
yourself or not?”), but for the gradual amount of afferent
information for which self-agency is claimed (“Please indicate
the movement you have performed.”). If the comparator thesis
for the attribution of self-agency would hold true, changes in
the sense of agency of one’s actions would become manifest
not only on the level of conceptual, explicit agency judgments
(a level influenced—and possibly confounded— by many more
factors than just the comparator output; cf. Wegner et al. 2004),
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but already on the level of directly perceiving one’s actions.
Here we show that when altered visual feedback of one’s own
movement was given, subjects did not completely self-attribute
the new visual consequences (feedback rotation —30°), yet
they gradually changed the perception of their movements
(adaptation of —13 to 14° in FT), i.e., their attribution of
self-agency. This partial adaptation might reflect the solution to
a fundamental dilemma when interacting with the world. On
the one hand, we cannot rely too much on external reafferent
information for informing our sense of agency because we
would become dependent on the availability and veridicality of
this information. Furthermore this sense would fail when
reafferent information is temporarily not available or ambigu-
ous (as might be the cause for delusions of control in schizo-
phrenia; Lindner et al. 2005; Synofzik et al. 2005). On the
other hand, we need to rely on external reafferent information
for recalibrating our sense of agency whenever the sensory
consequences of our own actions change.

Because subjects also showed an altered perception of the
visual consequences of their own movements when having to
rely on internal predictions of the action only (adaptation of
—13 to 14° in PCT), they indeed partially “internalized” the
new action consequences. Thus the internalization of an altered
reafference is not a pathophysiological process, reflecting a
disorder of agency such as described for schizophrenia
(Daprati et al. 1997; Fourneret et al. 2002; Franck et al. 2001;
Frith et al. 2000; Haggard et al. 2003), but rather a daily
physiological process that enables us to optimize our percep-
tion under changing context and body conditions and to make
continuously accurate judgments about causation of sensory
events. It also follows that the concept of agency should not be
seen in the sense of a static dichotomy between self-produced
and not self-produced, but as the result of a gradual (Farrer et
al. 2003; Leube et al. 2003) and—as shown here—highly
plastic process that allows the subject to constantly redefine the
causal relations to its surroundings.
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Supplemental figure S1: Direction selectivity of adaptation behavior

To further explore the character of the updating processes we asked whether
the observed perceptual and motor adaptation differed for certain pointing
directions within the range of pointing movements that subjects intended to
perform in our experiments. As already mentioned in the results section of the
manuscript, adaptation interacted significantly with perceived pointing direction
(p<0.001) and in addition with the kind of condition (p<0.01). Direction-
specificity of adaptation was analyzed by classifying trials according to the
direction of perceived pointing movements (PPD) in order to guarantee a stable
number of trials in each condition: note that in contrast to the PPD, the
distribution of PD shifts as a consequence of motor adaptation (also refer to
figure S2), leading to a relative shift of the number of samples between pre- and
post-adaptation for a given spatial bin. Spatial bins were 30° wide and were
centered at 0°, 30°, 60°, 90°. For each bin we tested for perceptual (FT and
PCT) and motor adaptation (MCT) separately in a post-hoc analysis. Perceptual
estimates in PCT and in FT adapted significantly for perceived pointing
directions ranging from 0° to 60° (p< 0.001; t-test, Bonferroni-corrected for

multiple comparisons). Motor performance in MCT adapted significantly within
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the range from 30° to 90° (p<0.001; t-test, Bonferroni-corrected for multiple
comparisons). Two main conclusions can be drawn from these findings: First,
visual discrepancies induced stronger adaptation in azimuth (0Odeg) than in
depth (90deg), where no adaptation takes place. This suggests that
proprioception dominates vision in the perception of one’s hand-movements in
depth. These findings are in line with the optimal integration model by van
Beers and colleagues (2002) which states that hand position estimation relies
more on proprioception when performing movements in depth and more on
vision when performing movements in azimuth. Second, perceptual and motor
adaptation occur also in those directions, where no sensory adaptation takes
place (at 0Odeg and 90deg, cf. condition ST in Fig. 5). Thus, purely sensory
adaptation cannot account for the former findings. (Abbreviations: n.s. = not
significant, p>0.05; *** = p<0.001)
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Supplemental figure S2: Perceptual adaptation is accompanied by
changes in motor performance

To further characterize adaptation behavior, we asked whether there is any
evidence for motor adaptation also in those conditions where no explicit motor
goal was presented while only perceptual adaptation was measured, i.e. in FT
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and PCT, and whether this motor adaptation would be comparable to the one
observed in MCT.

The histograms of pointing directions in FT and PCT during the pre- and post-
adaptation phase show that subjects — as instructed — performed accurate
pointing movements towards the upper right quarter of the flashed circle, only.
This accuracy was surprising, because in these conditions pointing direction
was not externally guided by a visual target but had to be chosen purely
“mentally”. However, subjects obviously preferred movements towards the
middle part of the instructed pointing area (45deg). These bell-shaped
distributions of all subjects’ pointing directions were significantly shifted between
pre- and post-adaptation by +8° in the FT (a) and by +15° in the PCT (b),
respectively (p<0.001; compare respective median values indicated by the grey
dotted lines; bin size 7.5 deg). Thus subjects modified their motor behavior in
both conditions in a direction opposite to the imposed visual feedback rotation,
i.e. in the same way as assessed by the motor control trials (MCT). This
suggests the following: First, perceptual adaptation was accompanied by a
compensatory change in motor performance. Second, MCT seem to be a valid
measure of motor performance, even for movements which are purely internally
guided (FT and PCT).

51



1% =0.00000; F=0.00; p=0.98498 17 =0.00043; F=0.06; p=0.80343
40 400
30F 30F
200 200y
g lo o g
= 10 o] e
£ 990 000 8
z o :
& g 8% g © © 5
s g 855 s
« o
E E]
2 o..%, £ Quum
S -10 l EEEEEEmEEEEEE® o SEEESEsEEERBRRREER
Ml °Ebé S : oS
Z 5 g
8 00 o o
220 e 09
o o
O O o o
o
30 8 o
o
B )
-40 - » ] .
5 10 15 20 10 15 20
# trials since last FT in same direction (30deg bins) # trials since last FT in same direction (90deg bins)
C r2 =0.00069; F=0.13; p=0.71976 d r:" =(.00029; F=0.06; p=0.30644
8 o
& 0 0
o e go o
. o) 8@ 8 0
- — zf-1ele] -] o 5
%cjn <] %}‘ “3= s 80 g fo]:) o] =]
-, - - ...---llll--lc — 0 - Esssmesn@en EEEEEEm
5 68 o 5 3o B3768 0T
g o) g H0s 0 9 (e} ol
& & Sh ©
K = 6 ° o
2 Z ©
E £ o
S20F
0F o
-40 2 . : : : 2 2 .
5 10 15 20 5 10 15 20
# trials since last FT in same direction (30deg bins) # trials since last FT in same direction (90deg bins)

Supplemental figure S3: Perceptual and motor adaptation represent a
stable internal recalibration

This analysis explores in more detail the temporal relationship between
presentation of visual feedback and the perceptual and motor adaptation
observed in our study. In particular, we were interested whether both types of
adaptation indeed represent a stable internal recalibration rather than an
externally-induced short-term ‘visual bias’ that decays over time (e.g. due to
proprioceptive drift). To distinguish between these two possibilities, we did a

regression-analysis which tested for dependencies between perceptual
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adaptation or motor adaptation and the number of trials passed since the last
visual feedback during pointing in one and the same direction was provided (Fig
S3). Neither perceptual adaptation (a, b) nor motor adaptation (c,d) showed a
decay over time but remained constant. This is indicated by the r* values
obtained by the regression analysis which are all almost zero and thus not
significant (p>0.05). In addition, the best linear fit to the data (black dotted line)
is always horizontal, indicating a stable level of adaptation. This pattern of
results can be observed irrespective of grouping the *“trials of the same
direction” in small, 30 deg bins (a, c) or in large, 90 deg bins (b, d). This rules
out the possibility that the effect observed was just due to an inappropriate bin
size. Since there is no obvious decay of adaptation despite the lack of visual
feedback for a given pointing direction, we come to the following conclusions:
our results reflect a stable sensorimotor recalibration of perception and action.
In particular, they rule out that a short-term visual bias might explain the

adaptation observed in our study.
Supplemental References

van Beers RJ, Wolpert DM, and Haggard P. When feeling is more important
than seeing in sensorimotor adaptation. Curr Biol 12: 834-837, 2002.
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3.2. Die Rolle des Kleinhirns bei der Wahrnehmung der eigenen
Handbewegungen

Dieses Kapitel bezieht sich auf folgende Publikation:
Synofzik M, Lindner A, Thier P (eingereicht) Linking perception with action: The
cerebellum updates expectancies about the sensory consequences of our

behaviour.

3.2.1. Inhaltlicher Bezug und Zusammenfassung

Diese Studie untersucht, ob die in 3.1. dargestellten Mechanismen der
Adaptation interner Wahrnehmungsmodelle moglicherweise bei Patienten mit
Kleinhirnlasionen funktionell beeintréachtigt sind. Dieses wirde im
Umkehrschluf3 einen Hinweis dafur liefern, dass das Kleinhirn nicht nur bei der
motorischen Kontrolle — oder spezifischer: bei der Adaptation interner
motorischer Modelle (inverse Modelle und motorische Vorwarts-Modelle) — eine
wichtige Rolle spielt (so wie traditioneller Weise oft angenommen, cf. Glickstein,
1993), sondern auch bei der Wahrnehmung der eigenen Bewegungen.

Wie oben bereits ausfuhrlicher erortert (Kapitel 2.3), knupft diese Hypothese an
erste experimentelle Arbeiten zu dieser Fragestellung an. Elektrophysiologische
Experimente mit elektrischen Fischen (Bell 2001) sowie funktionell-bildgebende
Humanexperimente zu visueller Wahrnehmung wahrend Augenbewegungen
(Lindner et al. 2006b) bzw. zur taktilen Wahrnehmung wéhrend
Handbertuhrungen (Blakemore et al.,, 1998, 2001) haben zumindest durch
Korrelationen gezeigt, dass das Kleinhirn die sensorische Diskrepanz zwischen
vorhergesagter und tatsachlicher Reafferenz detektiert und zwar u.a. um die
sensorische  Vorhersage  kontinuierlich an  neue  Umwelt- oder
Kdrperbedingungen anzupassen. In der folgenden Studie wird nun erstmals ein
kausaler Nachweis erbracht.

Zudem geht die im folgenden getestete mehrteilige Hypothese noch einen
Schritt weiter. Basierend auf den Erkenntnissen des Experiments 3.1., dass
adaptive interne Vorhersagen als Art ,interne Rickmeldung” die Wahrnehmung
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informieren kdnnen (Substitutions-Funktion), und dass sie zudem eine
Anpassung der internen Motorplanung induzieren koénnen (Funktion der
Bewegungsoptimierung), zeigt das folgende Experiment, dass Patienten mit
Kleinhirnlasionen bei fehlender visueller Riuckmeldung weder auf eine
optimierte interne Vorhersage zurlickgreifen kénnen noch sie zu einer
Anpassung der internen motorischen Planung gebrauchen kénnen. Es wird also
erstens nachgewiesen, dass neuere Theorien zur Funktionsweise des
Kleinhirns, die bislang vorwiegend auf interne Modelle der motorischen
Kontrolle bezogen wurden (Ito 2005), auch auf die Wahrnehmung angewandt
werden kénnen. Zweitens werden erste Hinweise dafir gegeben, dass einige
der motorischen Defizite bei Patienten mit Kleinhirnlasionen zumindest partiell
auf Defizite im perzeptuellen Lernen zuriickgehen kdnnten. Die gegenwartige
Denkweise, dass experimentelle nachgewiesene motorischen Defizite bei
Kleinhirnpatienten Folge eines primaren Defizits in der motorischen Kontrolle
sind, kdnnte sich also als zu einfach erweisen (Paulin 1993).

Damit verandert sich aber auch insgesamt die Sichtweise des Kleinhirns:
Moglicherweise dient es nicht vorrangig der Planung und Koordination
motorischer Funktionen per se, sondern primar der Erstellung und Optimierung
interner Vorhersagen, welche sekundar fur Wahrnehmung und Kontrolle von

Eigenbewegungen gebraucht werden kénnen.
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Abstract

Our brain updates predictions about the outcome of our actions as the
consequences of our actions change. This is required to optimize motor
behaviour, but also to assess the causation of sensory events: by comparing
sensory predictions with the sensory afference we can distinguish self- from
externally-produced events. Here we show that patients with cerebellar lesions

are impaired in making such a distinction.

Patients and controls were able to detect rotated visual feedback about their
movements and attributed altered feedback to their own agency. However,
patients failed to update their sensory predictions accordingly: patients could
not provide accurate estimates of the new action consequence without visual
feedback. Moreover, patients were unable to exploit sensory predictions for
optimizing motor control.

Thus, the cerebellum links motor and sensory information to predict the
consequences of actions not only to fine-tune movements but also to improve

the attribution of self-agency to sensory events.

Main article

The traditional view of the cerebellum is as a neural machine that optimizes
motor behaviour (Marr, 1969; Albus, 1971; Glickstein, 1992). This has been
supported by studies showing its role in motor learning, such as the adaptation
of the vestibulo-ocular reflex (Blazquez et al., 2003) or of saccades (Barash et
al., 1999). In both cases an error signal derived in part from the visual system
results in the alteration of a motor behaviour. Its role in implementing such
changes can be conceptualized as evidence that the cerebellum is involved in
the construction of internal models of movements (Miall et al., 1993; Wolpert et
al., 1998a; Ito, 2005). Currently, internal models are primarily discussed within
the context of motor control and motor impairments in case of cerebellar
disease. Recent evidence has demonstrated, however, that internal models
may also contribute to a specific perceptual faculty, namely the perceptual
assessment of the sensory consequences of actions (Synofzik et al., 2006). In

fact, recent imaging experiments in humans and single cell recordings from the

57



cerebellum-like structure of electric fish have lent support to this notion by
identifiying neural activity that correlated with predictions of the sensory
consequences of motor acts (Blakemore et al., 2001; Liu et al., 2003) and,
moreover, that the cerebellar correlate of these internal model predictions
seems to be adaptable (Bell, 2001; Lindner et al., 2006). However, it remains an
open question, (1.) whether the cerebellum just exhibits correlated activity or is
causally involved in the processing of sensory predictions and (2.) whether it
generates or optimizes sensory predictions (i.e. internal models for perception).
Finally, if the cerebellum would optimize sensory predictions, would there be a
transfer of learning from the perceptual to the motor level?

To address these questions we compared a group of cerebellar patients and a
group of matched controls using a novel experimental approach to
simultaneously probe for causal influences of sensory predictions on action,
action perception and their placticity. Our results demonstrate that cerebellar
patients have adequately perserved sensory predictions for well-trained
behaviour, learned on the long run. However, patients are impaired in forming
new sensory predictions about new visual consequences of their motor
behaviour and in recruiting these updated predictions for the optimization of

motor performance.

Results

We studied a group of patients with lesions in the cerebellum and a group of
age-matched controls in a series of two experiments: The first experiment
tested whether the two groups (controls: n=14; patients: n=14) could predict the
visual consequences of their own behaviour equally well. The second
experiment tested whether under conditions of altered visual feedback they
(controls: n=12; patients: n=12) were equally able to update their sensory
predictions about their actions and to optimize their motor behaviour. In both
experiments subjects were required to perform pointing movements in a virtual
reality setup in complete darkness. This setup allowed us to provide visual
feedback about the position of the index finger in real-time that was either
accurate, altered or lacking (Fig. 1a).
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Experiment 1: accuracy of internal predictions about self-action

Subjects carried out straight centre-out pointing-movements in the table plane
with their right index finger (Fig. 1b). Pointing distance was indicated by a briefly
flashed circle (300ms), which was centred on the starting position of the hand
(9° radius). There was no visual target or goal for the hand movement. Rather,
subjects were free to choose any position on the upper right segment of the
circle as a goal for their reaches. The position of the index finger was fed back
throughout each trial. It was rotated by varying degrees around the starting
direction of the movement in either a clockwise or a counter-clockwise direction.
After having completed their pointing movement, subjects had to report the
direction of the perceived rotation of the visual feedback (clockwise vs.
counterclockwise rotation) with respect to their actual movement in a two-
alternative forced choice manner. They reported their respective decision by
pressing one of two buttons with the left index finger (=clockwise) or the left
middle finger (=counterclockwise). The amount of rotation of the visual
feedback in individual trials was determined by 3 randomly interleaved staircase
procedures (PEST; (Lieberman and Pentland, 1982)). Two of these procedures
estimated the detection thresholds (75% hits) for perceived clockwise and
counterclockwise feedback manipulations, respectively. These detection
thresholds reflected by how much the visual feedback must differ from the
actual pointing movement to be detected as “deviant” with a likelihood of 75%.
The “just noticeable difference” (JND) of feedback deviation was calculated by
the difference between these two detection thresholds divided by two. The third
staircase procedure was used to titrate the point of subjective equivalence
between the perceived movement and the visual feedback. At the point of
subjective equivalence subjects responded at chance level when asked to
decide between clockwise and counterclockwise deviations (Supplementary
Fig. S2). Since any decision in this first experiment critically depended on a
comparison of the actual visual feedback with the predicted visual outcome of

our actions, both — the point of subjective equivalence and the just noticeable
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difference — can be considered an indirect measure of the accuracy of these
sensory predictions.

Both groups showed a slightly negative point of subjective equivalence
indicating a systematic bias in the perception of one’s actions towards the side
of the effector. More importantly, between both groups there was no difference
in the point of subjective equivalence (see Fig. 1c; controls: -16.5°, patients: -
12°; n.s. [not significant], t-test) or in the just noticeable difference (see Fig. 1d;
controls: 11.8°; patients: 13.3°; n.s.). This demonstrates that (i.) both groups
could match external (i.e. visual cues) and internal action-related information
(i.e. predictions based on efference copy and/or proprioception), and that (ii.)
both groups were able to detect angular distortions of visual feedback rotations
of their hand movements equally well. Finally, also, the variability of the two
perceptual estimates was identical in the two groups (point of subjective
equivalence: n.s., F=0.74; just noticeable difference: n.s., F-test). In summary,
the observations from experiment 1 indicate that the patients were neither
impaired in generating sensory predictions in the first place nor incapacitated by
other perceptual deficiencies (e.g. secondary to potentially prevailing

oculomotor deficits (Haarmeier and Thier, 1999)).

60



Visual
Feedback

P
C D
Patients Controls 25
0 - n.s.
5 R —
g |
a 15
=i = [ T
w
-15 10
¢ l
-20 §
.25 T
n.s. o~ 0
-30 Patients Controls

Figure 1: Accuracy of sensory predictions.

a, Experimental setup. Subjects viewed the virtual image of their finger on the
feedback monitor via a mirror (solid orange line). The virtual image appeared as
lying in the same plane as their actual finger (red solid arrow: actual movement
vector; white solid arrow: rotated visual feedback). b, Paradigm of experiment
1. Visual feedback (white disc) about pointing (red circle) was either rotated in a
counter-clockwise (ccw) or — as in this example — in a clockwise direction (cw).
Dotted lines indicate the movement trajectory and the respective feedback. PD
denotes the actual pointing direction. ¢ & d, Group results. There was no
significant difference between groups with respect to the point of subjective
equvialence (PSE) (c) and the just noticable difference (JND) (d), indicating a
preserved ability of patients to use already established sensory predictions.
Bars depict means calculated across subjects (+/- 95% confidence intervals,
uncorrected). For further explanation please refer to the main text.

Experiment 2: plasticity of internal predictions

In experiment 2 we asked whether subjects were able to perceptually adapt to
altered sensory consequences of their own pointing movements by recalibrating
sensory predictions. Moreover, we tested whether they exploit the new sensory

consequences in order to optimize motor performance. As in experiment 1 the
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basic task of the subjects was to carry out centre-out pointing-movements with
their right hand. After each movement they had to give a perceptual estimate
about their perceived pointing direction by placing a mouse-guided cursor with
their left hand. Trials of three different experimental conditions were presented
in a randomly interleaved manner. (i) During ‘feedback trials’ (FTs) subjects
received visual feedback of their hand movements, which induced and
maintained perceptual adaptation. It allowed us to compare subjects perception
of self-action — indicated by their perceived pointing direction (PPD) - with their
actual motor behavior — indicated by their actual pointing direction (PD) - while
both external visual cues (i.e. visual feedback) and predictions (mediated by
efference copy and/or proprioception) about the visual action consequences
were present (see Fig 2a). However, in contrast to experiment 1, visual
feedback was partially blocked by an invisible black mask of 4.5° diameter
which obscured the first half of the trajectory (indicated by the white dotted
circle in Fig. 2a). Since this strategy diminished subjects’ exposure to visual
feedback, it reduced the possibility of on-line corrections of the movement and
pure sensory adaptation effects arising from rotated feedback as e.g. in the
case of prism adaptation (for a detailed discussion refer to (Synofzik et al.,
2006)). During the pre-adaptation phase (trials 1-100) this “terminal” feedback
was veridical in order to get a baseline estimate of the PPD. In the ‘adaptation
built-up phase’ (trials 101-105), we gradually increased the feedback rotation
angle in steps of -6° (cw) over a sequence of 5 consecutive trials. Following this
build-up, rotation was kept constant at -30° (cw) in the post-adaptation phase
(trials 106-230), allowing us to induce and maintain modifications of the PPD
due to the altered visual feedback. Two types of probe trials (each 33% in the
‘pre-adaptation phase’ and 20% in the ‘post-adaptation phase’) were randomly
interleaved with the Feedback Trials in order to test for recalibration of the
internal sensory prediction (‘perceptual probe trials’, PPT) and to test for
changes in motor control (‘motor probe trials’, MPT). (ii) The ‘perceptual probe
trials’ (PPTs) were like the adaptation feedback trials (FT) except that no visual
feedback was provided at all, i.e. any visual information about the performed
action was missing (see Fig. 2b). This condition allowed us to detect whether
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the new visual feedback in the Feedback Trials was indeed used to update
internal sensory predictions about hand movement direction, since, in the
absence of visual feedback, the perceived pointing direction depended only on
these internal predictions. (iii) During ‘motor probe trials’ (MPT) subjects were
asked to make a centre-out pointing movement towards an actual visual target
that was briefly flashed randomly at one of four positions in the upper right
guadrant of the flashed circle (at 90deg, 60deg, 30deg or Odeg). Since again no
visual feedback was given, motor performance depended completely on internal
guidance (see Fig. 2c). Thus, this condition allowed us to test whether subjects
would internally adjust motor control to the new sensory action consequences
(presented in the Feedback Trials).

When visual feedback was constantly altered in the post-adaptation phase of
the Feedback Trials, both groups (for results of two exemplary individual
subjects see Supplementary Fig. S3) showed a significant shift of their PPD as
compared to the pre-adaptation phase (see Fig. 2d, condition FT; controls: -
15.3°; patients: -14.9°; each p<0.001, t-test; no group difference, n.s., t-test).
This demonstrates that the perceptual awareness of one’s own movement is not
a pure reflection of the movement, but a highly plastic construction reconciling
internal and external action-related information, which is strongly influenced by
action-related visual information (Synofzik et al., 2006). Because there was no
statistically significant difference in the perceptual shift between both groups,
these results show that both groups were equally able to draw on visual
feedback to adjust the perception of self-action.

However, when visual information was absent (Perceptual Probe Trials) both
groups still adapted (see Fig. 2d; condition PPT, patients:-5.8°; p<0.01, t-test;
controls: -12.5°; p<0.001, t-test), but the change of the perceived pointing
direction was significantly smaller in patients as compared to controls (p<0.01, t-
test). In the control group the perceptual changes in Feedback Trials and in
Perceptual Probe Trials were statistically indistinguishable (n.s., paired t-test),
thus demonstrating that the altered perceptual estimate of their hand
movements built on an internal representation of the expected visual action

consequences, which got recalibrated by the new visual feedback (Synofzik et
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al., 2006). In contrast, patients adapted their perception significantly less in
Perceptual Probe Trials as compared to Feedback Trials (p<0.001, paired t-
test) — a perceptual deficit which reveals the insufficiency of their sensory
predictions, here required in their function as “internal feedback signals” (lto,
2005) to capture the new sensory consequences of their actions. Note that this
deficit is functionally dictinct from the ones previously reported in prism-
adaptation studies (Martin et al., 1996; Pisella et al., 2005): in these tasks the
perception of the whole visual world changes while our paradigm specifically
alteres subjects’ perception of self-action within an otherwise subjectively stable
environment (see (Synofzik et al., 2006) for more extensive discussion).

The Feedback Trials required subjects to develop a coherent percept of self-
action despite conflicting internal and external information about the movement,
but did not require subjects to also adapt their motor performance. However,
subjects exhibited a compensatory motor-adjustment in Motor Probe Trials
despite the lack of visual feedback, showing that they had modified motor
control based on the altered internal expectancies about the action-outcome.
Specifically, in the control group the difference between actual pointing direction
and the position of the target flash (movement-target difference, i.e. the motor
error “alpha”) showed a significant (p<0.001, t-test), adaptation-induced
increase (+8.9°), comparable in size but opposite in direction to the changes in
perceptual judgments in the Perceptual Probe Trials (-12.5°; see Fig. 2d). The
patient group, however, did not show a significant motor adjustment (n.s., t-test)
and the amount of change was significantly smaller than in controls (3.5° vs.
8.9°; p<0.05, t-test). These findings reveal the failure of patients to modify motor

control by using altered internal expectancies about the action-outcome.
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Figure 2: Re-calibration of sensory predictions.

a, b & c, Paradigms of experiment 2. Subjects performed centre-out pointing
movements (exemplary pointing direction PD, dotted red line) and afterwards
indicated their perceived pointing direction (PPD, solid grey arrow). (a) In
‘feedback trials’ (FT) subjects received first veridical, then spatially rotated
visual feedback (white dotted line) of the second half of their hand movement.
(b) In ‘perceptual probe trials’ (PPT) they received no visual feedback at all. (c)
In ‘motor probe trials’ (MPT) an explicit target (red circle) was flashed and
subjects had to make a pointing movement towards the remembered flash
location (PD, grey arrow) while no visual feedback was present. d, Group
results. Both groups, patients and controls showed a comparable, highly
significant adaptation of their perceived pointing direction as long as visual
feedback was present (FT). However, in the absence of visual feedback this
adaptation of the perceived pointing direction was significantly smaller in
patients than in controls (PPT) and, moreover, patients showed a significantly
reduced compensatory motor-adjustment (MPT; conventions as in Fig. 1).

Lateralization of the learning processes
The perceptual learning process observed in this study is a function of
cerebellar domains ipsilateral to the effector. In two patients with unilateral

cerebellar lesions, when performing movements with their contralesional hand,
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both patients adapted significantly in Feedback Trials and in Perceptual Probe
Trials (see Fig. 3 A & B, FT and PPT; each p<0.001, t- test), and one patient
(patient #14) also adapted in Motor Probe Trials (see Fig. 3B, MPT; p<0.001).
With their ipsilesional hand, however, both patients adapted only in Feedback
Trials (see Fig. 3 A&B, PPT; p<0.001 and p<0.01, respectively), but not in
Perceptual Probe Trials or in Motor Probe Trials (n.s.). Note that this ipsilesional
deficit could not be an artefact of using the non-preferred hand as both patients
were right-handed, whereas the lesions were on opposite sides in the two
patients. These performance differences between ipsi- and contra- lesional side
in patients with unilateral brain damage resemble the group differences found
between patients and healthy controls: whereas for the contralesional hand,
sensory predictions were recalibrated (Perceptual Probe Trials) and motor
control was optimized by the new visual action-consequences (Motor Probe
Trials), neither was adjusted for the ipsilesional side - despite changes in the
perception of their hand movement when external feedback was available
(Feedback Trials). Because these patients, when tested with their contralesional
hand, resembled the control subjects, these results also rule out that any
unspecific effects of cerebellar disease (e.g. perceptual impairments,

oculomotor deficits, hospitalization, etc.) might explain our findings.
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Figure 3: Perceptual and motor learning in the ipsilateral cerebellum.

Two patients with unilateral lesions (A & B) were tested with their contralesional
(grey bars) as well as their ipsilesional hand (white bars). When performing
hand movements with their contralesional hand, both patients adapted
significantly in FT and PPT and one patient also in MPT. With their ipsilesional
hand, both patients adapted only in FT, but not in PPT or MPT. Each bar
depicts the mean difference (+/- 95% confidence interval, uncorrected) between
the respective preadaptative and postadaptative behavioral measure - PPD
relative to PD for conditions FT and PPT, PD relative to TF for condition MPT.

Discussion

Our results extend the classical view of the cerebellum as a site of motor
learning by showing that it likewise is a major site of perceptual learning. More
specifically, they suggest that the cerebellum is responsible for rapidly
recalibrating internal predictions about visual action consequences in order to
inform the perception of self-action: while patients have adequately preserved
internal sensory predictions for familiar actions that do not need to be updated
(exp. 1), they fail to recalibrate internal sensory predictions in order to account
for altered visual action-consequences (exp. 2, Perceptual Probe Trials). Thus,
in contrast to the control group, patients were not able to internalize the new
visual consequences of their own pointing movements and to attribute these

altered consequences to their own agency.
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Cerebellar short-term learning processes for both action and perception

The finding that cerebellar patients are able to predict the familiar visual
consequences of well-learned tasks (exp. 1) rules out the possibility that
unspecific sensory deficits or motor deficits could account for our results. More
importantly, this result resembles similar findings in the motor domain: it was
shown that patients (and lesioned monkeys) exhibit adequate motor behaviour
in well-trained tasks (Diedrichsen et al., 2005) while showing specific deficits in
tasks requiring the adaptation of a motor behaviour on a short time scale
(Barash et al., 1999; Diedrichsen et al., 2005; Tseng et al., 2007). Based on
these observations it was postulated that the cerebellum specifically contributes
to fast motor learning processes (Barash et al., 1999; Tseng et al., 2007) and —
as shown here - the same principle might apply for sensory predictions

subserving the perception of one’s own actions.

A uniform contribution of the cerebellum to perception and action

Our findings may not only help to specify the ideas about cerebellar
contributions to perceptual and cognitive functions (Gao et al., 1996; Bower and
Parsons, 2003; Schmahmann, 2004), but also support an uniform theory of
cerebellar contribution to both perception and action: the cerebellum integrates
motor and sensory information in order to predict the consequences of one’s
own behaviour - not only to fine-tune movement (e.g. (Barash et al., 1999;
Imamizu et al., 2000; Diedrichsen et al., 2005)), but also to inform the
perception of self-action (Miall et al., 1993; Wolpert et al., 1998a; Ito, 2005).
This is achieved by exploiting the difference between a predicted state and an
actual state estimate, which results in a prediction error. The cerebellum acts to
reduce this error signal by recalibrating the internal prediction on a short time
scale, thereby forming a “new” or “updated” internal model of the consequences
of our behaviour (Wolpert et al., 1998a; Imamizu et al., 2000; Ito, 2005) while
the long term representation of internal models is most likely realized elsewhere
(Wolpert et al., 1998Db; Lindner et al., 2006).
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Internal model predictions may serve as “feedback signals” for action (Ito, 2005)
and action perception. Hence, they allow precise perceptual estimates and
behavioural performance even in situations with delayed or missing sensory
feedback. If internal model predictions were not optimized accordingly, both
perception and action would no longer be accurate in such situations. In fact,
our patients were only able to provide accurate perceptual estimates as long as
visual feedback was available (see exp. 2, Feedback Trials), but failed to do so
whenever sensory feedback was missing and they thus had to rely on on
updated internal predictions about the expected sensory consequences of their

actions (see exp.2, Perceptual Probe Trials).

Deficits in updating sensory predictions could be responsible for deficits
in updating motor control

The ability of controls to recalibrate motor control in the absence of any “visual
motor error” has been reported by us before and seems to be dependent on the
recalibration of sensory predictions (see (Synofzik et al., 2006) for further
details). The fact that patients with cerebellar lesions were not able to update
motor control in the absence of such corrective visual feedback (see experiment
2, Motor Probe Trials) implies a deficit of the same principle mechanism:
patients are impaired in optimizing motor control because of the lack of updated
internal sensory predictions. This hypothesis is in good agreement with recent
studies demonstrating that a sensory predictor can be used to train a motor
controller (Haruno et al., 2001; Flanagan et al., 2003) and that, accordingly, a
cerebellar prediction of the visual consequences of one’s arm movement might
be used to guide motor planning (Liu et al., 2003). (Supplementary Fig. S3).
However, since our experiment could not address this hypothesis directly, it will
remain a challenge for future studies to further clarify putative interactions of
cerebellar short-term learning for action and self-action perception.

Methods
1. Subjects
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The patient group consisted of fourteen patients (10 men, 4 women, average
age 52 yrs). They either suffered from global cerebellar degeneration with no
clinical, MRT- or electrophysiological evidence for extra-cerebellar
manifestations of the disease (two individuals with SCA 6; six individuals with
isolated cerebellar degeneration of unknown origin, all of them genetically
negative for SCA 1, 2, 3, 6, 7 or 17) or from circumscribed cerebellar lesions
due to stroke or tumours (six stroke patients studied 2-5 days after stroke
manifestation). None of the patients was suffering from a variant of multiple
system atrophy or from SCA other than SCA 6. All subjects were right-handed.
In case of unilateral damage, we considered only patients with lesions ipsilateral
to their preferred hand for the group comparisons. Two patients (HELO and
EDBR) did not participate in the second experiment. To test for lateralization of
the observed effects within subjects, one patient with a lesion of the right
cerebellum (# 14, ANNO, right handed, female, 44 years) was additionally
tested with her contralesional left hand. Furthermore, another patient (#15,
SILO; right-handed, female, 33 years) with a unilateral cerebellar lesion on the
opposite, left side was specifically recruited for this within-subject comparison of
lateralization. Table 1 of the supplementary information summarizes the
relevant information about all patients (gender, age, etiology of the disease,
location of the lesion, ataxia severity) and it also indicates the experiments in
which each patient had participated.

Fourteen control subjects, matched for age and handedness, participated in the
first experiment (6 men, 8 women, average age = 52 yrs). Two control subjects,
matched with the two patients that did not participate in the second experiment,
were studied in experiment 1, only. The large majority of control subjects (N=12)
were in-patients and suffering from lumbar radiculopathies without any affection
of supra-lumbar structures and without medication affecting the CNS. By using
lumbar radiculopathy patients as controls we tried to account for unspecific
effects (e.g. hospitalization, general disease experience) that might have
affected the required perceptual evaluations. The remaining two control

subjects were two healthy individuals. All subjects had normal or corrected-to-
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normal visual acuity and gave their informed consent according to the

declaration of Helsinki.

2. Experimental setup

Subjects were seated in front of a large horizontal board with their heads
stabilized in a head and chin rest. They looked down onto a rectangular mirror,
placed horizontally halfway between the board and a computer screen, which
was fixed above the mirror. Subjects always viewed the stimulus screen via the
mirror. For geometrical reasons this screen appeared as lying in the plane of
the tabletop (see Fig. 1a). Both hands of the subjects were placed on the board,
below the mirror, and thus were invisible to them. Furthermore, orientation clues
from the surrounding were prevented by carrying out our experiments in
complete darkness. On the top of the subjects’ right index finger an ultrasound
emitter was mounted. Its position was recorded by a 3D real time motion
tracking system (Zebris CMS 70 P; Isny, Tubingen; Germany). Positional
information was transferred to the stimulus computer in order to feed back the
position of the index finger visually via the monitor-mirror-device. The feedback
stimulus consisted of a 0.4°-diameter grey disc which appeared to be in spatial
correspondence with subjects’ index finger tip as long as we kept the feedback
veridical. The position of the disc was updated on-line at a frame rate of 60 Hz.
In all experiments subjects had to perform centre-out-and-back pointing
movements with their right index finger. Rapid movements were encouraged by
a short trial duration limit of 1500 ms. Subjects were instructed to perform the
movements as quickly and straight as possible. In the beginning of each trial
subjects had to place their right index finger on the centre of the board, which
was defined by a tactile cue, namely a small nail head. This centre location
always corresponded to the position of the fixation target.

All experiments were approved by the ethics committee of the University of

Tlbingen.

3. Data analysis Experiment 1
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“Point of subjective equivalence” and “just noticeable difference” were
compared on the group-level. We tested for differences in these measures
between patients and controls by employing multiple t-tests (Ho: No difference
between groups; two-tailed tests). Resulting p-values were always corrected for

multiple comparisons according to the Bonferroni procedure.

4. Data Analysis Experiment 2

The trajectory of each movement was recorded and stored on computer disc for
off-line analysis. The manual pointing direction (PD) was defined as the slope of
a linear regression calculated across the 2D x- and y- finger position samples
that were acquired during the outward journey of the hand (see [16] for details).
To estimate the precision of pointing we also calculated the motor error “alpha”
as the difference between the angle of the actual pointing direction (PD) and the
angle at which the target flash in Motor Probe Trials had occurred.

A subjective visual estimate of subjects’ centre-out movement direction — the
perceived pointing direction (PPD) - was acquired after each trial. This was
accomplished by moving a mouse-guided cursor relative to the fixation spot with
the left hand into a position that corresponded to their PPD. This procedure can
be compared with placing an imaginary watch hand as an indicator of the PPD:
Linear movements of the mouse were transferred to a circular movement path
of the cursor pointer around the fixation spot on a white circle (3° diameter). The
final position of the pointer - indicating the PPD - was confirmed by pressing the
left mouse button.

Effects of adaptation on the motor error alpha (in Motor Probe Trials) and on the
PPD (in Feedback Trials and Perceptual Probe Trials) were studied by
comparing the mean differences between the pre- (trial 1 — trial 100) and the
post-adaptation phase (trial 106 — trial 230). The first 25 trials of the post-
adaptation phase were discarded in order to guarantee that adaptation had
already been accomplished. As in experiment 1, behavioural measures were
compared on the group-level. In order to statistically test for adaptation within

each subject we performed additional t-tests (Ho: no difference for pre- and
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post-adaptation phase; two-tailed tests). All resulting p-values were Bonferroni-

corrected for multiple comparisons within subjects.
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Supplementary Information

Demographics Lesion description Ataxia rating Experimental
involvement
Patient Sex | Age | Etiology Location PO | LL |LR SP | OM | Total | Hand | Exp. | Exp.
Identification (34) | (24) | (24)* [ (8) | (6) | (96)* | tested | 1 2
1 UTBU F 38 | EOCA Global &) 6 7 1 6 23 R + +
2 WOFI M 60 | AT Global 9 5 5 3 [4 26 R + +
3 GEFO M 56 | ADCA Global 8 7 6 2 |2 25 R + +
4 HELO M 68 | ADCA Global 10 [10 |8 2 |6 36 R + -
5 GEHO M 63 | SCA6 Global 12 |7 7 4 |6 36 R + +
6 KAFU F 74 | SCA6 global 14 |6 7 2 |5 34 R + +
7 BEWI M 43 | AT almost 8 6 6 1 1 22 R + +
exclusively
vermis
8 EDBR F 59 | AT Global 15 [ 11 9 4 |2 41 R +
9 BELU M 38 | Right Right 5 2 2 4 |2 15 + +

superior cerebellar
cerebellar | hemisphere

artery +  cranial
infarction | vermis
10 NOWE M 48 | PICA Inferior 3 2 2 3 |2 12 R + +
right right
hemisphere
11 EBHE M 40 | PICA Right 5 3 3 1 2 14 R + +
right hemisphere
12 JELO M 66 | PICA Lesion right | 10 | 4 5 1 2 22 R + +
both >> left
sides hemisphere
13 TOWO M 37 | Ependy- | Right 12 |4 7 1 1 25 R + +
moma hemisphere
right + median
cerebellum
14 ANNO F 44 | PICA Right 4 2 5 0 1 12 L/R + +
right hemisphere
15 SILO F 33 | Ganglio- | Left 9 7 3 1 1 21 L/R +*
cytoma hemisphere
left + median
cerebellum

Table 1: Etiology of disease, lesion description and ataxia severity

EOCA= early onset cerebellar atrophy; AT= cerebellar atrophy of unknown
origin; ADCA= autosominal dominant cerebellar atrophy; SCA= spinocerebellar
atrophy; PICA= infarction of the posterior inferior cerebellar artery; M= male; F=
female; R= right hand; L=left hand; Patient SILO was not included in the group
analysis of experiment 2 since her lesion was contralateral to her preferred right
hand. Ataxia rating was performed according to the International Cooperative
Ataxia Rating Scale (Trouillas et al., 1997). PO, posture; LL and LR, limb ataxia
left and right (including lower and upper limb); SP, speech disorders; OM,
oculomotor disorders. The score that would indicate maximal impairment on
each subtest is given in parenthesis. *For the sake of a symmetric assessment
of limb ataxia, the subtest 14 (drawing) was dropped from the evaluation.
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Supplementary Figure S1: Experiment 1: exemplary results of a patient.

a, Course of experiment 1. Subjects task was to detect the direction of rotation
of visual feedback (cw or ccw) with respect to their actual hand movement:
Each triangle represents a single trial during exp. 1 while the PEST-level
(Parameter Estimation by Sequential Testing (Lieberman and Pentland, 1982))
of each triangle indicates the amount and direction of the visual feedback
rotation imposed in particular trials. The orientation of the triangles represents
the individual perceptual decision made by the subject using the button box
(upward triangles = perceived ccw-rotation; downward triangles= perceived cw-
rotations). The amount of visual feedback rotation was determined by 3
randomly interleaved staircase procedures according to the PEST algorithm
(red, blue and green triangles). Two staircase procedures were employed to
estimate the detection thresholds (75% hits) for perceived clockwise (green
triangles) and counter-clockwise (red triangles) feedback manipulations. The
third staircase procedure was used to estimate the point of subjective
equivalence between hand-movement and visual feedback (PSE, 50%
clockwise decisions, i.e. chance level; blue triangles). b, Probit analysis.

Precise perceptual threshold estimates were obtained for each subject by
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running a Probit analysis (McKee et al., 1985) This analysis was calculated
across all individual data points that were obtained by the staircase procedures
around the thresholds of interest. The number of samples is depicted next to
each data point and is also reflected by its size. The Probit function fitted to the
data represents the frequency of perceived ccw-rotations for different PEST
levels. The absence of perceived feedback rotation is indicated by 50% cw and
50% ccw decisions. The point of subjective equivalence (PSE) in this example
was 2.8° (see blue dotted lines). Detection thresholds were calculated as the
average amount of cw- and ccw- rotation needed in order to be perceived with a
likelihood of 75% (green and red dotted lines, respectively). In this particular
example we yielded an average detection threshold of 12.5°. We refer to this

estimate as the “just noticeable difference” (JND) of feedback rotations.
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Supplementary Figure S2: Experiment 2: exemplary results of a patient
suffering from a lesion of the right cerebellum and results of a healthy
control.

To illustrate the course of experiment 2 we provide a brief exemplary depiction
of the results for two subjects that are representative for the overall
performance of their group: a patient suffering from an ependymoma of the right
cerebellar hemisphere (patient #13, male, 37 years) and a control subject
(male, 52 years).

Both subjects exhibited a significant change in the relation between perceived
hand movement (PPD) and the actual hand movement (PD) before (trials 1-
100) and after (trials 106-230) visual feedback was rotated in FTs. This change
is also clearly evident when comparing the median values (blue lines) and the
non-overlapping quartiles (green lines) of the perceptual estimates for the pre-
and post- adaptation phases in the patient (a) and the control (d). In the
absence of visual feedback, i.e. in Perceptual Probe Trials, only the control
subject changed his PPD according to the new sensory action consequences
(e), whereas the patient did not show a significant perceptual adaptation (b).
Moreover, only the control subject was able to exploit the feedback discrepancy
provided in Feedback Trials in order to optimize motor performance in Motor
Probe Trials: He pointed in a direction that was rotated in a direction, opposite
to the visual feedback manipulation, demonstrating that his motor system had
learned to account for the updated predictions about the visual action-
consequences (see f as compared to the patient example c). The fact that the
absolute amount of motor adaptation was similar to the shift of the PPD in

Perceptual Probe Trials (compare f with e) further supports this notion.
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Controls

Patients

Supplementary Figure S3: Summary figure

a, Feedback trials. If subjects were constantly provided rotated visual feedback
(coloured arm) with respect to their actual pointing movements (grey arm), both
controls and patients tended to believe that what they saw is what they did. b,
Perceptual probe trials. Even without visual feedback, controls continued to
think that the visual consequences of their action would be the same as in (a).
Thus, they had internalized the new visual consequences associated with this
particular action. However, patients did not update such internal sensory
predictions about the visual action-outcome since they did not change their
perceived pointing direction, i.e. the spatial relation between actual pointing and
patients’ perceived pointing direction remained unchanged. c, Motor probe
trials. If asked to reach for a specific visual target (apple) without visual
feedback, controls reached in a direction opposite to the feedback rotation.
Given that their internal estimates about the visual consequences of their
movements were correct, this would be the optimal strategy to acquire the
target. In contrast, patients did not change their pointing behaviour appropriately
(i.,e. reach to the left), indicating that they were unable to optimize their

movements using sensory predictions — as was to be expected.
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4. Zusammenfassung

Neuere Studien haben gezeigt, dass unser Gehirn bei der motorischen
Kontrolle der eigenen Bewegungen auf sog. ,interne Modelle* (= ZNS-interne
Reprasentationssysteme, die die kausale Beziehung zwischen Handlungen und
ihren Konsequenzen simulieren) zurtckgreift und insbesondere das Cerebellum
ihrer Reprasentation und Optimierung unterliegt. Andererseits gibt es nur
wenige Erkenntnisse dariber, wie wir die Wahrnehmung unserer eigenen
Bewegungen verarbeiten. Die vorliegende Arbeit untersucht, (i.) ob wir auch
hierbei auf interne Modelle der sensorischen Konsequenzen unserer eigenen
Bewegungen zurlckgreifen und (ii.) ob die Optimierung dieser perzeptuellen
Modelle ebenfalls eine wesentliche Aufgabe des Cerebellums ist. Als
exemplarisches Untersuchungsmodell fir die psychophysischen Messungen
diente dabei die simultane Untersuchung von Wahrnehmung und Durchftihrung
der eigenen Handbewegungen.

Hier gelang uns der psychophysische Nachweis, dass das perzeptuelle
Bewusstsein der eigenen Handbewegungen auf einem inferentiellen Prozess
aus Abgleich zwischen interner sensorischer Vorhersage und sensorischer
Bewegungsrickmeldung beruht. Diese interne sensorische Vorhersage kann
sich bei kontinuierlich veranderten visuellen Bewegungsrickmeldungen
anpassen, um so dem Wahrnehmungssystem auch dann eine akkurate
Vorhersage zu liefern, wenn dieses nicht auf externe Bewegungsrickmeldung
zuruckgreifen kann. Zudem wird die angepasste interne sensorische
Vorhersage vom Gehirn auch dazu verwendet, interne motorische
Bewegungsplane anzupassen.

Diese Funktionen interner Modelle der Wahrnehmung sind bei Patienten mit
Kleinhirnschadigungen gestort: Bei fehlender visueller Rickmeldung kénnen sie
weder auf eine optimierte interne Vorhersage fur die Wahrnehmung
zuruckgreifen noch eine solche zur Anpassung der internen motorische
Planung gebrauchen. Die gegenwartige Denkweise, dass experimentelle
nachgewiesene motorischen Defizite bei Kleinhirnpatienten Folge eines

primaren Defizits in der motorischen Kontrolle sind, konnte sich also als zu
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einfach erweisen, insofern diese zumindest teilweise auf Defiziten im
perzeptuellen Lernen beruhen kénnten. Damit verandert sich die Sichtweise
des Kleinhirns: Mdglicherweise dient es nicht vorrangig der Planung und
Koordination motorischer Funktionen per se, sondern primér der Erstellung und
Optimierung interner Vorhersagen, welche sekundar fur Wahrnehmung und

Kontrolle von Eigenbewegungen gebraucht werden kénnen.
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5. Eigenanteil

5.1. Publikation 3.1.2.

Die Durchfihrung der Experimente und die Rekrutierung der Probanden
wurden von mir allein vorgenommen. Die Planung des experimentellen
Paradigmas, die Etablierung des experimentellen Aufbaus, die Auswertung der
Ergebnisse und die Verfassung des Manuskripts nahm ich in Zusammenarbeit
mit Dr. Axel Lindner vor. Professor Dr. Peter Thier stellte die theoretischen
Grundkonzepte und die initialen Grundideen der Experimente zur Verfiigung,
betreute die Arbeit im Hintergrund und half durch kritische Durchsicht des

Manuskripts.

5.2. Publikation 3.2.2.

Die Planung, Durchfihrung und Auswertung des Experiments, die Rekrutierung
der Patienten und der Kontrollen wurde von mir allein vorgenommen. Dr. Axel
Lindner half durch Beratung wahrend dieser Ablaufe und dann insbesondere
durch griindliche Uberarbeitung des Manuskripts. Wie schon bei der Arbeit
3.1.2 stellte Professor Dr. Peter Thier auch hier die Grundkonzepte und die
experimentellen Grundideen der Arbeit zur Verfigung, betreute die Arbeit im

Hintergrund und half durch kritische Durchsicht des Manuskripts.
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