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1. Introduction 1

1. Introduction

1.1.1s there an explicit link between observation and»ecution of movements?

Imagine the following situation: your sister is ggito marry next week, almost all her
friends who are invited are members of a repeatadigrded dance group — but you are
unable to do even one step. What would you do torne socially acceptable just in time
and without spending money you do not have? Youddceither visit your 90-year-old
neighbour who was an excellent dancer at her tinteagk her to explain the waltz to you
from her rocking chair. Or you could lend out a dag course on videotape. The most
efficient plan would surely be to first visit yoaeighbour for tea-time, gratefully take the
5 Euros she always wanted to give to you during l#s¢ ten years and then get the
videotape.

Both ways of learning to dance involve the exeeuttd movement sequences (i.e.
dance steps) but they differ in how those movemangsinstructed: your neighbour’s
words only circumscribe what you are supposed to However, the advantage of
watching an expert dancer while trying to copy wta¢ does is that your movements are
instructed by observing treamemovements in another person. It is evident noy dyl
everyday life’s experience thamitation is the most efficient way to learn new movement
sequences: e.g. it has been shown already 15 ggarsy Grayet al. (1991) that watching
videos of ballet sequences leads to a better legumerformance than looking at pictorial
instructions or even still pictures of the singlemponents that make up the movement
sequence. A benefit of imitation is already demaidé in a very simple task, i.e. when a
person is asked to lift one of two fingers in resp® to either a videotaped finger
movement or to another non-biological visual stinsu{symbolic or spatial instruction).
People are always faster at imitating the movimgédr (Bertenthakt al, 2006; Brasst

al., 2001a; Brasst al, 2000; Jonast al, 2007; Kessleet al, 2006).
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In everyday language, imitation simply meansctpy a body movement observed in
another individual, while matching (or trying to tola) one’s own movements to that of
the model. However, imitation is not a unitary pbe@non but a generic term under which
different types of phenomena have been subsumiedR(zzolattiet al, 2002; Rizzolattet

al., 2001). These range fromsponse facilitationdefined as a selective enhancement of
motor responses that are already present in thators repertoire (Byrne, 1994), to what
has been calledtrue imitatior’ by ethologists (see Byrne & Tomasello, 1995; c.f.
Rizzolatti et al., 2001): a novel motor patternsequence (e.g. a dance step) has to be
decomposed into a chain of elements which are gfatthe motor repertoire, and where
learning by imitationhas been supposed to take place through a recatidnrof these
elementary movements (Buccieb al, 2004b). There is, moreover, a controversy whether
imitation is an innate capacity. The seminal resolt Meltzoff and Moore (1977), who
reported that newborns can match their buccal dfp@ind manual gestures to those of
others could not be replicated completely, and bejimited to tong protrusions (Kaiet

al., 1988). There is also no complete agreement wheihie-human primates are able to
imitate or not (see Visalberghi & Fragaszy, 200Assuming the latter, it has been
suggested that the ability to learn from other grooembers by imitation is one of the
most important steps in the evolution of mankind.

However, imitation, or even a relatively short-tivienitative act is always a very
special case of motor behaviour where percepti@hraator performance are intimately
linked. This close link becomes evident in the easth which humans imitate, and,
furthermore, in everyday observations of imitathich is not initiated at will but rather
induced automatically by the perception of motondaour in other people: besides that
infants and small children very often spontaneousiyate others during development (c.f.
Rizzolattiet al, 1999), involuntary imitative actions with expti@motional or vegetative

components (e.g. smiling, yawning) are also commoadults. People’s social behaviour
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is full of unconscious imitation: for example, thesnd to whisper or speak louder when
others do, or scratch their head upon seeing soenelse scratch (Dijksterhuis & Bargh,

2001).

1.2. Scope and outline of this dissertation

As set out above, due to the similarity betweerggagion and performance of movements,
imitation lends itself to a subject for investigatithe functional and neural mechanisms
relating observed and executed movements.

The present work focuses on observation and iraitadif biological or precisely
animatemovement, in terms of feasible movements madeitipdical entities or agents
(Brass & Heyes, 2005). Of note, the usage of thmgéiological movemenor biological
motion often also includes artificially constructed stimmoving in the same way as
biological entities. These are for example “poight” stimuli (Johansson, 1976), or
inanimate objects moving on the same trajectorseBueman body parts, e.g. as employed
as control stimuli by Brass et al. (2001a) or Kessst al. (2006) — and also in the present
studies. Furthermore, disregarding possibly existem-human imitative behaviour, and
more complex forms of imitation in humans (e.g.siaavolving learning mechanisms) all
present studies are concerned with copying of \a@mple intransitive human body
movements. Intransitive movements are not diretv@dirds an object, as atensitive
movements. As defined by Rizzolatti et al. (20ahg termaction, which is frequently
used in the dedicated literature, specifically refeo the latter type of object-directed
behaviour (that produces reward for the acting viddial, e.g. grasping an apple).
According to this nomenclature, the present studlesnot deal with motor action,
although, in its widespread use as a generic taotipn includes any type of intentional

behaviour.



4 1. Introduction

The present experiments are furthermore embeddeal ‘ineuro-cognitive” framework
connecting (i) the idea of common sensory and matding for movements, that has been
put forward in a number of cognitive approachespé&wception-action mechanisms in
general and imitation in particular, with (ii) nephysiological research and evidence on
shared or common brain bases for movement perceptamd movement
planning/execution.

Section 1.3. refers to this framework. In sectidd and 1.5., a brief review will
be given on previous findings from behavioural amelirophysiological experiments,
respectively, which are relevant with respect toghesent research questions. In chapter 2,
a series of foureaction time(RT) experiments will be reported, including two sigl
stimulus (sections 2.2. and 2.5.) and two primiangiieg studies (sections 2.3. and 2.4.).
Chapter 3 deals with the event-relateshctional magnetic resonance imagif@vRI)
study. Section 3.2.1. provides a short introductisio the fundamentals of the fMRI
method. In a general discussion (chapter 4), teegmted behavioural and imaging results
will be connected. Concluding, the fundamental essof “how” (section 4.2.1.), “where”
(section 4.2.2.) and “why” (4.3.) observation axeéaution of biological movement might

be linked to each other will be tackled.

1.3. Approaches to the link between observation and exetion of biological

movement

Humans can achieve a very high imitation accuragyedding on the complexity of the
movement and on experience. Nonetheless, the qoestbw an observer actually
transforms the visual input of a motor act into @responding motor output which
matches the peer model, also referred to as theegmondence problem* (c.f. Brass &

Heyes, 2005; Heyes, 2001), is still not fully salve
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There are on principle two classes of cognitivetles on imitation that offer explanations
for the correspondence problem (c.f. Brass & HeyX)5): (a) “specialist” theories
suggest that imitation is mediated by a unique rmem which is dedicated to the special
purpose of imitation, whereas (b) “generalist” the®, on the other hand, assume that
imitation is accomplished by general mechanismsasdociative learning and motor
control.

Behavioural findings (see section 1.4.) and, paldity, new insight from
neurophysiology (see section 1.5.) provide stramgpsert against the notion of a special
purpose mechanism for imitation: (i) first, theseevidence for various behavioural effects
(e.g. response facilitation anterferenceeffects; see below) implying that movement
observation activates motor representations. @gofd, there is the discovery of visuo-
motor mirror neuronsin the macaque monkey in connection with pardifelings of a set
of cortical brain regions in humans - neural sues which all respond to both the
execution and the observation of certain movementgese findings are in favour of
generalist theories assuming that imitation is agashed by an activation of motor codes
through movement observation. Whereas a specigtion mechanism should work only
on instances where imitation is actually intendbdhavioural and neurophysiological

results suggest that motor activation by movembéseovation occurs automatically.

One well-established generalist theory, withinfigsnework related approaches have been
developed, is thadeomotor theory(e.g. Greenwald, 1970; Prinz, 1987, 2002). The
ideomotor theory states that movements are repeseentrally in the form of “response
images” of the sensory feedback they produce. ue¢hé similarity between visual
stimulus and motor response, movement observattivates the corresponding motor

representation, which can be used to imitate (Eid).
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IM
Sensory Motor
Stimulus representation representation  Motor program

Fig. 1.1. Schematic illustration of the ideomotor pnciple. Ideomotor theory (IM) assumes that
observation of a movement (left panel) activates firimes) its motor representation due to the
similarity between the sensory and the motor cougt panel). Adapted from Brass and Heyes
(2005) © 2005 Elsevier Science.

According to the concept afleomotor compatibility(Greenwald, 1970), the ease with
which a stimulus is transformed into an action aeseon their similarity. The more a
stimulus is similar to an action, the more acticeaition is facilitated (i.e. accelerated).
Because in imitation the visual similarity betwesimulus and response is very high,
action observation activates the visual responsgérthat in turn effectively controls the
execution performance. Actually, the idea elabardig Greenwald in his concept of a
ideo-motor mechanism had been already formulatedMiljiam James (1890) almost

hundred years earlier in his descprition of a dteda“ideomotor action: “... every
representation of a movement awakens in some deélgeeactual movement which is its
object ..” (James, 1890, p. 526). The ideomotor compatjbdimension overlaps with the
concept ofstimulus-response compatibility (SR@) experimental psychology, this term
originally refers to the finding that in choice ctian tasks (where participants have at least

two response alternatives), a compatible mappisgament of the spatial position of

stimulus and response leads to faster responsesithacompatible mapping (e.g. Fitts &
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Deininger, 1954). According to Kornblum (1994), SRfiects arise to the extent that the
stimulus and response sets in a certain task slane features.

The common coding approacfe.g. Prinz, 1990) is probably the most prominent
theory of perception and performance of movementgeneral within the ideomotor
framework. This approach explicitly proposes a cammepresentational domain for
perceived events and planned movements (hereofe}i Event codes and action codes
are considered to constitute the functional bakgeoccepts and action plans, respectively.
Both codes share the same representational donmainaee therefore commensurate.
According to the central “action effect principleCpgnitive representations e@ifction
effects(e.g. kinaesthetic feedback of a movement) playitecal role in the planning and
control of these actions. Thus, motor plans of muosets become automatically activated
by visual events that correspond to their effeetg, in imitation. If action and perception
share the same features, stimuli can on the ong (haimduceactions. On the other hand
(i), assuming that the same code cannot be fumakim action and perception at the same
time, they cannterferewith (i.e. impair or delay) each other. A promihénding from an
induction or SRC task is th8imon effec{Simonet al, 1970): a standard Simon task
requires the subject to press one of two keys,gasedi to the left and right hand, in
response to the identity of a stimulus (e.g. thehpof a tone). The stimulus position (e.g.
the tone coming from a loudspeaker on the left-the.right-hand side) is an irrelevant
dimension. However, performance is clearly bettbemvthe stimulus and the response
occur on the same side in extrapersonal space.réiogpto the common coding approach,
this is due to shared spatial properties of stimalod response.

The observation of human movement has been showattoinduce movements in
the perceiver (see section 1.1.), and to interatle prepared movements, even when the
movement constitutes a task-irrelevant dimensiahrasponse selection requirements are

low (see section 1.4.).
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The notion of shared representations for obsermelceaecuted movements is in contrast to
classical (and historical) sensorimotor approathat assume distinct sensory and motor
representations on multiple hierarchical levelsy.(dDescartes, 1664; Massaro, 1990;
Welford, 1968; Wundt, 1903). According to the abaagnitive approaches (e.g. the
common coding approach), however, no “translatiboin one domain to the other is
necessary because perception and performance esesatme “language”. Fig. 1.2.

illustrates the contrary concepts of separate anthwon coding.

central #
peripheral
stimulation pattern excitation pattern
, 4
organism
environment *
event action

Fig. 1.2. Schematic illustration of separate versusommon coding.Lower part (solid lines):
separate sensory and motor coding and the tramslagitween them. Upper part (dashed lines):
common event and action codes and induction betwesn. Adapted from (Prinz, 1997) © 1997
Psychology Press, Taylor & Francis.

The common coding approach leads to the predidi@ movement perception and
performance also share a common structural, i.erahenechanism. So-called “neuro-

cognitive” approaches link the idea of common cgdino the accumulating
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neurophysiological evidence on common brain basesobservation and execution of
biological movement:

Based on studies on motor imagery that demonstragtavioural benefits of
mental practice on motor learning and subsequerforpeance (c.f. Feltz & Landers,
1983) and shared neural structures and physiologmaelates of motor imagery and
preparation (e.g. Decety, 1996; Fadigiaal, 1999; Gerardin, 2000), Jeannerod (1994,
2001) assumed a close functional equivalence betweror imagery and preparation. He
proposed that the motor system is part of a sinmiatetwork that is activated during
motor planning as well as during observation oegthmovements. A “neural simulation”
(or: “internal imitation”) mechanism is assumedderve motor planning and learning,
including the reproduction of movements like in taion, and understanding of
movements.

A more recent, but already very influential accQuhas been proposed by
Rizzolatti and colleagues (Rizzolatti & Craighe2)04; Rizzolatti et al., 2001). The
authors associate neurophysiological findings whih cognitivedirect mapping approach
(Butterworth, 1990; Gray et al., 1991) that alssuases a direct perception-action-transfer
and an activation of the motor system by the peim@epof an action. Rizzolatti and
colleagues proposeddirect matchingor action observation-execution matching (AOEM)
to constitute the primary mechanism in understamainmd imitation of actions in humans
and primates (as far as concerned). Hacgpn understandings defined as the capacity to
achieve the internal description of an action, Whmmprises the recognition of its
meaning, and to use it to organise future behavibuitation furthermore involves an
external manifestation of the internally represdntevement.

As one possible explanation of action understandary imitation), the “visual
hypothesis” states that action understanding iedas the visual analysis of an action’s

elements, mediated by exstrastriate visual ardees,irtferior temporal lobule and the
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superior temporal sulcus (STS), with no motor imeohent required. In contrast,
according to the “direct matching hypothesis”, theual representation of an observed
action is directly mapped onto the motor repredemtaof the same action (i.e. activated).
This means, the motor system of the observer “l@ssi

Rizzolatti et al. connected the assumption of AOEM mechanismwith
neurophysiological findings in macaque monkeys andans (see section 1.5.). They
refer to visuo-motomirror neuronsin the macaque monkey, which discharge both when
the animal executes an action and when it obseheesame action in another individual,
and to motor-related “mirror areas” in the humamteo with conjecturally homologous
capacities (see 1.5.). The essential role of mimeurons or mirror areas in action
understanding and imitation is supposed to be #dwessary transformation of visual into
motor code: in resonating, they instantaneouslyecadseen movement in terms of its
motor representation. Thus, they directly transfowsual information into motor

knowledge.

1.4. Effects of observation on execution of biological ovement

There is a large body of evidence automatic behavioural effects conveyed by
observation of biological or animate movement (friews see Blakemore & Frith, 2005;
Brass & Heyes, 2005). Automatic effects support lbdon of a common sensory and
motor coding, and a direct visuo-motor matching naetsm, respectively: if perception
and performance of movements share the same repatiesaal code (Hommeet al,

2001; Prinz, 1997), then the observation of a hubwdy movement should automatically
facilitate, or prime, its execution in the observer ("visuotam priming”; c.f. Vogtet al,

2003), orinterfere with ongoing motor planning, respectively. Accaoglito the direct
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matching hypotheses, these effects would be mediateaesonance in motor areas of the
brain.

Indeed, studies on stimulus-response compatibifyRC) demonstrated that
biological movement stimuli exert immediate faation as well as
compatibility/congruency effects on the executidnconcurring or overlapping motor
responses: in general, RTs of imitative responsdésitan finger movements are faster as
compared to responses to symbolic or spatial cBegtdnthal et al., 2006; Brass et al.,
2001a; Brass et al., 2000). Furthermore, animateement information, even when
irrelevant with respect to the task, strongly aSemoncurrent execution of finger, hand and
arm movements, i.e. facilitating congruent movement interfering with incongruent
movements (Bertenthal et al., 2006; Brass et 8018; Brass et al., 2000; Kilnet al,
2003; Sturmer, 1997; Sturmet al, 2000).

Brass et al. (2000) and Bertenthal et al. (2008)ructed their participants to lift a
finger in response to one of two simultaneoushsented stimulus dimensions which were
either congruent or incongruent: a videotaped firfifieor a symbolic or spatial cue (the
latter was used only by Brass et al.) which indidahe finger to-be-moved. Responses to
finger movements were faster as responses to syertno$patial cues. Furthermore, even
when task-irrelevant, observed congruent finger enments significantly facilitated
responses to other cues, while incongruent fingewements produced interference
effects.

As has been shown by Stirmer and colleagues (Stur887; Sturmer et al.,
2000), congruency between observed manual gestime€oncurrently executed manual
gestures affected RTs, although participants wastructed by symbolic cues (colour
change). Observed gestures led to RT advantagesmhaurrent execution of congruent as

compared to incongruent manual gestures for SOAgimg between 0 and 400 ms or 500
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and 1000 ms, respectively, depending on the duratiothe S1-movements (1 vs. 2
seconds).

Sturmer and colleagues reported congruency eff@sts for task-irrelevanstill
pictures of hand postures. Similarly, presentirgjaéic hand posture that was congruent to
the final state of an on-going movement led toeia®Ts in other studies. In a simple
response SRC study by Vogt et al. (2003), subjbets to perform already prepared
grasping movements in response to a go-signal. Mews were initiated faster if a
priming stimulus prior to the go-signal showed @afihand position that was congruent
with the final position of the subject’'s responsandh, as compared to trials where the
prime showed an incongruent hand position (althdbghtarget object was not shown). In
Craigheroet al!s (2002) study, participants were required to prepto grasp a bar that
was tilted either clockwise or anticlockwise wittspect to the observer’s vertical midline.
RTs were faster when the go-cue was a picture ptiegethe hand in a position congruent
to the actually required final position of the sedijs hand. However, as Stirmer et al.
(2000) pointed out, it is reasonable to assumedligrent mechanisms mediate priming
effects of observed movements and “snapshots” fiérdnt movement stages (e.g. hand
postures). Whereas the former mechanisms havedulss to dynamic as well as static
stimulus characteristics, the latter can only workthe basis of static attributes (e.g. the
shape of the body part, spatial relations of déffebody parts).

Importantly, Brass et al. (2001a) found congrueeitgcts with respect to the type
of an observed and the type of a pre-instructeccugrd finger movement (lifting or
tapping respectively) even in a simple respons& teish minimal response selection
requirements. Simple response tasks are more iatorenthan choice reaction tasks with
respect to automatic response activation becaughenlatter participants are seeking

information about required response in the stimuBraiss et al. found no compatibility
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effects when responses were triggered by movingaregu In addition, participants
responded significantly faster to finger movemeh#s to square movements.

The higher degree of automaticity regarding effeofs observed biological
movement might lead to the assumption that thefeetsfare qualitatively different from
those induced by other visual, symbolic or spatiags instructing motor responses, even
when “artificial” stimuli provide the same kinemedi information: while observation of a
movement clearly interferes with the execution ofiacongruent movement when the
observed movement is performed by a human modetoitld be shown that the
observation of a robotic model performing the samevement induces either less
interference/congruency effects (Pretsal, 2005) or none at all (Castielkt al, 2002;
Kilner et al., 2003). Kilner et al. (2003) demoastd that an observed human arm
movement which was kinematically incongruent withsienultaneously executed arm
movement led to significantly stronger interferenae compared to an observed

incongruent robotic arm movement.

In addition to the above immediate effects of contygy of concurrent stimuli and
responses, effects of animate movement observatoe also been observed in priming
experiments, where the preparing stimulus (S1 amig@’) and the participant’s response
occur sequentially. Observation of an object-dedcgrasping movement improved the
kinematics of a subsequent grasping movement thatoongruent with respect to the size
of the to-be-grasped object (Castiello et al., 200his held true even when the prime
object’s size predicted the size of the targetahjeonly 20% of the trials (Edwards al,
2003). Importantly, no priming effects occurredhe observed movement was executed
by a robotic arm or by a blindfolded human (Caktiat al., 2002), in the latter case

cancelling out differences in kinematics for gragpiof small or large objects. This
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indicated that priming was only effective provid&eé observed model was human and the

kinematical characteristics of observed and execonevements were also concordant.

The above reported findings are concordant with ribdon that the perception of a
movement automatically activates the corresponditernal motor representation that, in
turn, has an effect on motor performance. Regardistances, however, where at the
moment of movement observation, the preparatiora ehotor response is ongoing or
already completed, an influence might also comenftbe opposite direction, i.e. from
motor preparation to perception. Accordingly, theme on principle two alternative
explanations for the results obtained in the stibieBrass et al. (2001a); Craighetoal.
(2002, 1996) and Vogt et al. (2003): (a) visuo-mgioming, as described above, where
the observation of a movement, or a still pictura smovement, automatically activates the
motor representation; (b) “motor-visual priming’ere, the motor preparation of a pre-
instructed response biases visual processing. Mepexifically, motor preparation is
assumed to evoke the corresponding visual repsemtof the prepared movement
which, in turn, competes with the visual represgoreof the observed stimulus. Due to the
priming effects of the internal representation ba visual processing of the stimuli, this
would lead to a facilitation of responses to matghstimuli. In contrast to a visuo-motor
priming mechanism, a motor-visual priming mechangould be constrained to situations
where the observer has already prepared a resgbunsehaving advance knowledge about
the visual event (expected signal) at his disposagit et al. (2003) tested these alternative
hypotheses, in contrasting pre-instructed simplspoases (object-oriented grasping
movements) primed by stimuli that presented a fireald posture either from the first- or
the third-person perspective (with SOAs of o to @08 from the onset of the priming
picture to the go signal). In conditions wheregafhstruction but before presentation of

the prime, subjects fixated on a dot, a congruegifgct was restricted to the third-person
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perspective. This implied a visuo-motor priming im&eism. When, however, subjects
fixated on a hand picture showing the starting gpmsi the congruency effects was
restricted to the first-person perspective, imgyymotor-visual priming. According to the
authors’ interpretation, the visuo-motor mechanisonstitutes the experience-dependent
pragmatic default mechanism, because in daily $ifelations requiring rapid responses to
unexpected encounters with body parts normally lirevother people’s bodies (e.g. when
one has to make way for a playing child which iswho run into her), but not one’s own
body. Though, this default mechanism can be preblyn@verridden in situations where
perceived body parts can be anticipated from tleefer’'s own motor planning, which is
the case when they are perceived in first-persospeetive. Motor preparation thus drives
a selective enhancement of visual processing oy Ipagts which are associated with the

prepared action, i.e. belonging to the actor himskb is preparing the movements.

1.5.Common brain bases of observation and execution bfological movement

An even more convincing proof of a direct matchingchanism than behavioural effects
are demonstrations of motor activations in the rorduring the mere observation of
biological movements, where the observer does gt lo perform any action at all:
numerous functional brain imaging studies usinfed#nt imaging techniques (e.g. Decety
et al, 1997; Graftoret al, 1996; Grézest al, 1998; lacobonet al, 2001; lacobonet al,
1999; Nishitani & Hari, 2000; Rizzolatit al, 1996b) as well as electrophysiological
experiments (e.g. Aziz-Zadeét al, 2002; e.g. Baldissera, 2001; Coclah al, 1999;
Fadigaet al, 1995; Gangitanet al, 2001; Hariet al, 1998; Patuzzet al, 2003; Strafella
& Paus, 2000) have demonstrated that passive digmrvof a biological movement
activates a set of frontal, parietal and tempoodiical brain regions that is also involved in

the execution, including the imitation, of body reawents (for reviews see Decety &
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Grezes, 1999; Grezes & Decety, 2001; Rizzolatti &ighero, 2004). During both
observation and imitation, visual input seems treas the representation of the respective
biological movement through a fast direct pathwant areas predominantly engaged in
perception to areas involved in motor programming axecution. In line with earlier
findings on imitation of reaching movements andistery lip forms (Nishitani & Hari,
2000, 2002), Nishitani and coworkers (2004, 200002 showed by means of
magnetoencephalograptMEG) the time-course of activations accompanying itrataof

still lip forms. Activations progressed in 30 to &tllliseconds steps from the occipital
cortex to the STS, on to the inferior parietal errtand to the inferior frontal or premotor
cortex, finally reaching primary motor areas 759 ms later. The same sequence of
activations was found during mere observation.

Fig. 1.3 illustrates areas that have consistendgnbfound to be active during
observation and imitation of biological movemerttge inferior frontal gyrus (IFG, pars
opercularis and pars triangularis), the dorsal\aral premotor cortex (PMd and PMv),
the inferior parietal cortex (IPL), the superiorriptal lobule (SPL) and the posterior
superior temporal sulcus (pSTS).

Among these are regions with predominantly motoopprties, i.e. the pars
opercularis of the inferior frontal gyrus (BA 44 agart of Broca’s area, as regarding the
left hemisphere), the ventral premotor cortex feslower part of the precentral gyrus) and
rostral inferior parietal areas. These are supptsednstitute the human homologue of the
mirror neuron systenm the monkey brain:

As was discovered by means of single-unit recoslintyere are visuo-motor
neurons located in the ventral premotor area F5iarntie area 7b, or area PF of Von
Economo (Von Economo, 1929) in the rostral parthef inferior parietal lobule of the
macaque brain which discharge both when the mopkefprms a certain hand or mouth

action and, importantly, when the monkey simplyeastsss another individual executing
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the same movement and, thus, have been namredr neurons(see Fig. 1.4; Fogasst
al., 1998; Galleset al, 1996; Galleset al, 2002; for a review see Rizzolatti & Craighero,

2004; Rizzolattet al, 1996a).

Fig. 1.3. Common activations during observation an@xecution of biological movementsA
schematic lateral view of the human cortex. Aréas have consistently been found to respond
during observation and imitation of biological mowents are marked with coloured ellipses: (1)
the pars opercularis and triangularis of the iofefiontal gyrus (IFG), (2) the ventral premotor
cortex (PMv), (3) the dorsal premotor cortex (PMd),the superior parietal lobule (SPL), (5) the
inferior parietal cortex (IPL), (6) the posteriaperior temporal sulcus (pSTS). Adapted from
Brass and Heyes (2005) © 2005 Elsevier Science.

The above described functional property of mirreunons is called “(type IlI) resonance
behaviour” that, in contrast to “type | resonan@hdwiour”, does not involve an overt
motor response, and is proposed to underlie adioderstanding (see section 1.3.;
Rizzolatti et al., 1999). Of note, area F5 receiveslirect input from visual occipital areas.
Its main cortical input comes from inferior parietbule, in particular anterior
intraparietal area AIP and inferior parietal arda (Gallese et al., 1996). Importantly,
virtually all mirror neurons show (more strict atmer broad) congruence between the
action they code motorically and the action capalbleiggering them visually. Moreover,

F5 mirror neurons can be activated even withouesgdo the visual features of actions:
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some of these neurons were even found to respotigk tepecific sound of an action only

(Kohler et al, 2002). Umiltaet al. (2001) demonstrated, that more than 50% of recbrde
F5 mirror neurons in monkey fired also when onlg theginning of an action was

observed, but the rest was hidden behind a scbhefaréhand, the monkey was shown that
the object had been located behind the screen).eleny mirror neurons in F5 neither

respond to the presentation of an object alonen(eween it is of interest to the monkey,

e.g. food), nor do most of them respond to thetsafjla pantomimed action (Gallese et al.,
1996; Rizzolatti et al., 1996a). Again, these destiated properties of F5 mirror neurons
argue against the “visual hypothesis” of actionamsthnding (1.3.).

Moreover, a large number of visual neurons in tingesior temporal sulcus (STS)
of the monkey respond to the observation of a s apébody movements, including goal-
directed hand actions, but also intransitive movemdike walking, turning the head,
moving the hand or bending the torso (see Jellenad, 2002; Jellemat al, 2000; Perrett
et al, 1989). Paralleling the properties of mirror newgodistinct cell populations in the
anterior part of the STS selectively respond toblimovement in certain directions
(Jellema et al., 2000). Further, the responsefiedet cells are modulated by the actor’s
attention (as indicated by head and body posturéh@fagent). Therefore, it has been
hypothesised that STS neurons play an importa® oldetermining the intention or
purpose of a perceived action by integrating higlrel visual information about the
particular perceived action with information abdbé direction of the attention of the
agent. Although not endowed with motor properttasis not capable of exhibiting motor
resonance behaviour like genuine mirror areasSi® is considered to be strongly related
to the mirror neuron system (Rizzolatti & Craighe?2604). Of note, the inferior parietal
lobule, which sends important output to the venpamotor cortex including area F5

receives input from the STS. Because of their fional properties and connectivity, areas
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F5 and PF and the STS have been proposed to coastitircuit for coding actions in the
monkey (Rizzolatti & Craighero, 2004).

Regarding homologies between the monkey and theahwmain, the firing of STS
neurons in the macaque may correspond to activatiathe human STS region during
observation of body movement (Grafton et al., 1986¢pboni et al., 2001; Pelphrey al,
2003; Puceet al, 1998). Neurophysiological findings stress thestlity of this area for
the dynamics of biological versus non-biologicainsti (Allison et al, 2000; Bondaet al,
1996; Frith, 1995; Grossmaat al, 2000). Though, STS activity does not seem to wepe
on low-level visual features, as this area als@pards to animated point-light figures
(Bonda et al., 1996; Grossman et al., 2000) andotebiological moving objects whose
interactions induce the percept of animacy (Blakened al, 2003; Blakemore & Decety,

2001; Castellet al, 2000; Schultzt al, 2005; Schultzt al, 2004).

Although strictly speaking, only single-unit recorgs could provide final evidence for the
existence of mirror neurons in the human brain, dlogies between the monkey mirror
system and human brain areas commonly activatednbyement observation and
execution have been proposed on the basis of madtand anatomical data (Rizzolatti &
Craighero, 2004): the pars opercularis of the iofdrontal gyrus (BA 44), is assumed to
constitute the homologue of area F5 in the macaquentral premotor cortex. BA 44, in
the left hemisphere more widely known as a parBadca’'s area and associated with
speech representation, is proposed to containnaddor representations of distal hand and
mouth movements (Binkofslat al, 1999; Buccincet al, 2001; lacoboni et al., 1999). The
human ventral premotor cortex (i.e. the lower pathe precentral gyrus) is assumed to be
the homologue of monkey area F4, which is also pfatthe ventral premotor cortex in the
monkey. In contrast to BA 44, human PMyv is hypoitexd to be predominantly activated

by neck and proximal arm movements (Buccino e2801).
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Recently, the notion of a human mirror neuron systeceived some more direct support
by intracranial electroencephalographic (EEG) rdicmys in a patient during surgery
(Tremblay et al, 2004): absolute power in the alpha rhythm bantbnded over the

primary hand motor area and the language motorc@sd area was significantly lower as

compared to a control site during execution anckodagion of finger movements.

Rizzolatti et al. (2002) originally proposed thainan mirror areas, like mirror neurons in
area F5 of the monkey brain, code &mtionsproper, thus resonate only in response to
transitive movements. However, some electrophygiodd and neuroimaging findings on
the observation and imitation of intransitive mowns in humans challenged this view.
These findings led Rizzolatti and Craighero (20@4suggest that human mirror neurons
also code for the (intransitive)ovementshat form an action rather than only for an action
in the strict sense.

Probably as a result of evolution, some functigrabperties of the putative mirror
regions in the human brain, are obviously lackingtdeast poorly developed in monkeys
(c.f. Buccino et al., 2004b): monkey F5 mirror rens, on the one hand, “resonate” only
when the animal perceives an interaction betwebiolagical effector and an object (see
Fig. 1.4), neither to the sight of intransitive neavents or objects alone, nor if an agent is
mimicking an action, or tools are used for an ac(idi Pellegrinoet al, 1992; Gallese et
al., 1996; Rizzolatti et al., 1996a). The fact tR&tmirror neurons in macaques respond to
the inferred goal of an action that is not eversentéed visually (Umilta et al., 2001) would
also lead to the assumption that the frontal minode in the monkey is tuned for goal-

directed action.
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Fig. 1.4. Visual and motor responses of a mirror ngon in area F5. a Uppermost part: a piece
of food placed on a tray is presented to the monkbg experimenter grasps the food, then moves
the tray with the food towards the monkey. Lowengla: strong activation is present in F5 during
observation of the experimenter’s grasping movemeartd while the same action is performed by
the monkey. The neural discharge is absent whefotkis presented and moved towards the
monkey.b. Uppermost part: the experimenter grasps the fadupliers. Lower panels: the neural
response is absent when the observed action isrperdl with a tool. Rasters and histograms
(lower panels) show activity before and after thpegimenter touched the food (vertical bar).
Adapted from Rizzolatti et al. (2001) © 2001 Maclslil Magazines Ltd.

Using single-pulsetranscranial magnetic stimulatiofTMS, Gangitano et al. (2001)
revealed that the corticospinal excitability of theman primary motor cortex, as reflected
by motor evoked potentigMEP) amplitude, depends on the phase/time-coursetfiee.
amount of finger aperture) of an observed graspotpn: MEPSs increased with increasing
finger aperture and decrease during closure. M@&moincreases in motor cortical
excitability have been demonstrated also for irgitare actions (Fadiga et al., 1995;
Maedaet al, 2002). These findings would suggest that, in @@ttto monkey mirror
neurons, the human mirror system codes also foarieitive movements that can form an
action and not only for actions proper.

However, findings from neuroimaging studies divexgncerning the extent to
which frontal and/or parietal mirror regions respaio the passive observation of not
object-directed movements (c.f. Jacksinal, 2006; see Rizzolatti & Craighero, 2004).
Jackson et al. (2006) demonstrated engagemeninoényr and extrastriate visual areas, but

not the premotor cortex, during the observatiomnofnsitive hand and foot movements.
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Similarly, Leslie et al. (Leslieet al, 2004) did not find activation of left BA 44 dugn
observation of intransitive finger or face movenseiiMRI studies employing intransitive
finger movement stimuli reported inferior frontalit did not find inferior parietal lobule
activation during an observation task (lacoboralgt2001; lacoboni et al., 1999; Koski
al., 2003).

In contrast, Buccino et al. (2001) found the irdedirontal gyrus (BA 44), but not
the inferior parietal lobule, to be activated sambgpically during the observation of action
pantomimes performed with hand, mouth and foot. él@w, it is worth to point out that
the distinction between intransitive and transitimevements does not rely on whether a
related object is real or virtual (c.f. Bertentlelal., 2006). Most pantomimes involve
transitive actions even though no real object esent, e.g. those presented by Buccino et
al. (2001). It is therefore highly questionabletttiee pantomimes were really processed as
intransitive movements. Findings of Decetyal. (1997) cast further doubt on this: using
positron emission tomograpii?ET) during an observation task, they did not findendr
frontal activation for meaningless intransitive amovements, but for pantomimes of
object-directed actions. In this respect it is niegting that most of the mirror neurons in
area F5 of the monkey brain dot not respond tcsiijlet of pantomimed actions (Gallese et
al., 1996; Rizzolatti et al., 1996a), indicatinghétional differences between the frontal

mirror areas in the monkey and the human.

Whereas neurophysiological findings are thus ndiredy conclusive concerning the
capacity of intransitive movements to elicit mirme@uron activity, it is a well replicated
finding that humans are faster mhitating an intransitive finger movement than at
performing the same movement in response to a raogical cue (see section 1.4.
Bertenthal et al., 2006; Brass et al., 2001a; Beass., 2000; Jonas et al., 2007; Kessler et

al., 2006). This behavioural benefit has been medoto be due to a direct matching
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mechanism mediated by putative human mirror areg®loni et al., 1999; Rizzolatti &
Craighero, 2004; Rizzolatti et al., 2001).

As was demonstrated (e.g. Schubotz & von Cramor@2R0non-biological
response cues are also capable of inducing motiragon when subjects recognize
predictable dynamic patterns. However, observatihiological movement is obviously
even more effective: as revealed by functionalrbranaging and TMS, observation and
imitation of human movements cause stronger aaivabf human mirror areas as
compared to spatial cues (Heisgral, 2003; lacoboni et al., 2001; lacoboni et al., 4,99
Koski et al., 2003). Using fMRI, lacoboni et alO@L, 1999) showed that activation in the
operculum of the left IFG, the right anterior/superparietal cortex, the right parietal
operculum as well as the right STS was strongeimitation of an intransitive finger
movement than in control conditions where the etienuof the same finger movement
was instructed by a static spatial cue. The maidirfigs were replicated by Koski et al.
(2003).

Moreover, observing a human movement causes stroingetal motor/mirror
activation than observing a movement executed bybatic or a “virtual” model: using
PET, Taiet al. (2004) showed activation of the premotor cortexb& present during
observation of human grasping, but not if the mosetwas performed by a robotic
model, thus providing evidence that the putativen&n frontal mirror area is tuned for
matching “natural” biological movements exclusivdly a way, this parallels the results of
macaque studies where mirror neurons were foute ®ilent when tools were used for an
action (di Pellegrino et al., 1992; Gallese et 8996; Rizzolatti et al., 1996b). Also, no
motor resonance has been found when human subyatthied point-light figures which
move “biologically” (Grossman et al., 2000; Vaietal, 2001).

Costantiniet al. (2005) reported stronger activation of the postegpiarietal cortex

(BA 40 and 7) during the observation of biomechalhycimpossible as compared to the
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observation of feasible fingers movements. In aRfidtudy by Perangt al. (2001), only
the observation of real object-related hand actiacsvated the right inferior parietal
cortex. Observation of two- or three-dimensionalpdrically reconstructed “virtual” hand
actions only activated occipital areas engagedgher visual processing.

Further results indicate that only actions assediawith internal “personal
knowledge” (see Merleau-Ponty, 1962) excite mos&btated areas in the observer. Actions
for which personal knowledge is lacking, i.e. peried by non-human biological agents,
appear to be recognised essentially on a visuak baghout motor involvement: as
Buccino et al. (Buccincet al, 2004a) found out, inferior frontal and parietalgions
resonate in response to movements which are pdatteohuman motor repertoire, even
when performed by non-conspecifics (i.e. bitingated by a monkey or a dog), but do
not resonate in response to movements that arpanbbf the human response repertoire

(i.e. barking).

On the basis of these findings, inferior frontaldanferior parietal activations during
observation and/or imitation of human movementsehasen supposed to reflect a direct
mapping of observed actions onto their internal anaepresentations via resonance
behaviour of human mirror neurons (lacoboni et 8099; Rizzolatti et al., 2001; see
section 1.3.).

Further fMRI evidence corroborated the assumptinat the frontal mirror node (or
BA44, respectively) is rather the part of the humarror neuron system where the goals
of movements are represented: Koski et al. (200@hd stronger activation of BA 44
during imitation of a finger movement with a vigblgoal object as compared to a
comparable movement that was, however, not diretde@rds an object. Furthermore,

Johnson-Freyet al. (2003) demonstrated that observation of the redligoal of a
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prehensile action is already sufficient to activiaferior frontal gyri, even in the absence
of a dynamic movement (the participants observaticgpictures).

In contrast to the functionality of the inferioofital area, the inferior parietal area
Is assumed to code the precise motor specificatidhe movement (e.g. the amplitude of
the finger lift) (lacoboni, 2005a, 2005b; lacob&Dapretto, 2006; lacoboni et al., 2001;

lacoboni et al., 1999).

Contrary to neural responses of the inferior frbatad parietal cortex, activation of the

superior parietal lobule or anterior intrapariesalcus, which is typically not present when
subjects are instructed to observe movements witheuaim to imitate them (e.g. Buccino

et al., 2001), might not reflect genuine resongreenomena (c.f. Rizzolatti & Craighero,

2004). Activity in this regions, as well as in tparietal operculum and the STS, possibly
present somatosensory and higher-order visual sopie the intended movement,

respectively: the superior temporal region has h@@posed to serve as an ,interface”
linking observed actions and reafferent motor-eglatopies of actions performed by the
imitator (lacoboni, 2005a, 2005b; lacoboni & Dapet2006; lacoboni et al., 2001,

lacoboni et al., 1999).

A similar interpretation of the superior/anteri@rietal activation is that the request
to imitate produces, through backward projecti@&sory, i.e. kinesthetic copies of the
intended actions. Activation of the parietal opdéwou during imitation might represent a
reafferent somatosensory copy of the intended mewénwhich serves a monitoring
purpose as the kinesthetic description providedtHgy anterior parietal region and the

visual description provided by the STS (c.f. Rizzbl& Craighero, 2004).
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2. Reaction time experiments

In the following chapter, four reaction time expeents will be reported. These include
two studies employing a cueing/priming paradigm twa experiments with single visual
stimuli. The first section (2.1.) addresses theeganobjectives and hypotheses, with
reference to section 1.4. Then, each behaviounaérament will be reported separately

(sections 2.3. to 2.5.), concluding with a gendrstussion in section 2.6.

2.1.Main objectives

Behavioural evidence (see section 1.4.) stronglggests the existence of specific
automatic effects of animate movement observationnamediate as well as on delayed
movement execution. However, depending on the ctexratics of the employed stimuli,
genuine effects of human movement may be confoumdedeffects of other unspecific,
i.e. not genuine “biological” stimulus charactadst For example, Berthental et al. (2006)
demonstrated that finger movement stimuli that wesgatially compatible with
participants’ responses to symbolic cues inducgdifstantly larger congruency effects as
compared to spatially incompatible finger movements

What still remains unclear is the specific conttibn of human movement as
opposed to movemerger se irrespective ofwhat is moving. So far, immediate and
delayed behavioural effects due to observation iofogical movement have not been
analysed separately from congruency or correspaedefiects that might also affect non-
biological stimulus categories. Most previous expents either failed to introduce
appropriate control stimuli or involved control citions that were not precisely
controlled: some of the reviewed studies investidgiriming by animate movements (or
stationary stimuli implying movements) without amgn-biological control condition (e.g.

Sturmer, 1997; Sturmer et al.,, 2000; Vogt et al003. Others used stationary
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symbolic/spatial cues for comparisons (Brass et2800; see also lacoboni et al., 2001;
lacoboni et al., 1999; Koski et al., 2003), whiclre, moreover, markedly less salient than
the finger movement stimuli (i.e. a black cross wasd that appeared on one finger). In
some experiments, kinematics of inanimate movememse matched with body
movements (Brass et al., 2001a; Castiello et @D22Edwards et al., 2003; Kilner et al.,
2003), but animate stimuli and objects or roboties; respectively, differed on a number
of important stimulus dimensions (shape of bodyt/phject shape, size, colour,
luminance). Thus, the results of these studies m@ilag reflect unspecific effects of
attention and leave open which of the presentethusiis dimensions (or which
combination) can primarily be taken responsible tfo reported behavioural effects. A
recent study by Press et al. (2005) investigatednaatic effects of observed human and
robotic stimuli, i.e. still pictures of final moveat positions, that were matched with
respect to size, colour and brightness. When paaits performed a prespecified
movement (e.g. opening their hand) on the presentaf a human or robotic hand in the
terminal posture of a compatible movement (operattihor an incompatible movement
(closed hand) both the human and the robotic stiglidited compatibility effects. But,
importantly, even when the human and robotic stimure closely matched the human
hand had a stronger effect on performance, suggetiat effector shape was sufficient
here to allow the AOEM system to distinguish hurfram robotic movement.

The present behavioural studies aimed at furthetribaiting to the question which
factors are responsible for the effects of obserbedogical movement, focusing on
temporarily delayed effects and their dynamicshdligh there is evidence on priming
effects of observed transitive, i.e. object-dirdcéetions, on subsequent motor responses
of participants (Castiello et al., 2002; Edwardslet2003), delayed effects of priming by

intransitive, i.e. not object-directed movementsydinot been investigated yet.
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Furthermore, behavioural studies (Sturmer, 199urnstr et al., 2000; Vogt et al., 2003)
provided some evidence on the temporal dynamicefigicts on instances where the
observation of a human movement (or a still pictiréhis) and the participant’s response
overlap: RT advantages for concurrent executiocoofgruent as compared to incongruent
manual gestures were observed for SOAs rangingdaeet\® and 400 ms or 500 and 1000
ms, respectively, depending on the duration of $Siemovements (1 vs. 2 sec). If still
pictures were presented, effects were observe@Aas®f 0 and 400 ms (with 1 sec prime
duration; Sturmer et al., 2000) and 600 ms, respygt(with presentation of the prime
ending 500 ms after movement initiation; Vogt et, &003). In fact, Stirmer and
colleagues also observed inverted congruency sff@atongruent gestures being faster
than congruent ones) for SOAs of 800 ms (1 secgrior 1500 and 2000 ms (2 sec-
prime), respectively. However, control experimetwsfirmed that this inversion was not
an inhibitory after-effect but due to the turninglee stimulus movement's direction before
instruction - at this time becoming effectively amgruent with the direction of the
response movement. The authors reported congruedfents also for task-irrelevant static
pictures of hand postures.
Thus, as so far evidence on the temporal dynanffeste is available only for

instances where the observation of the priming dtis1 and the participant’s response
overlap, the time-course of effects over differ8QAs between a prime (S1) and a target

stimulus (S2) was explored.

Before this background the basic S1-S2 paradigmdeagned. The main objectives were
to develop a behavioural paradigm that would penmit(i) pre-activate or prime the
execution/imitation of a movement by observation aofcorresponding human body
movement, (ii) depict the behavioural effects resglfrom movement priming, while (iii)

separating genuine effects of observed body movemem those that might be due to
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unspecific characteristics of an animate movementudus, i.e. observed movement per
se, irrespective ofvhat is moving (a biological entity or not) or the mgreesence of a
(static) biological shape or entity. Furthermore) the temporal dynamics of these effects
should be elucidated. Finally, one ore more behawloparadigms were sought to be
established that would be suited for investigatthg neuronal correlates of effects
conveyed by animate movement observation with the af functional brain imaging

techniques (e.g. fMRI).

2.1.1. The basic S1-S2 paradigm

The basic paradigm for testing in healthy adultg.(E2.1A) was basically a supraliminal
visual priming paradigm employing two successivelype sequences (videos) as stimuli
and a two-alternative choice reaction task. Twominditions presented either animate
finger movements oinanimatedynamic-spatial instruction cues, i.e. moving domuli
that were closely matched with respect to kinerahfpcoperties and other characteristics
of the stimulus array (see section 2.2.1. for #®taAs S1/priming stimulus, either (i) a
single intransitive movement of the index or littleger of a left hand was shown or (ii) a
dot moving on top of one of these two fingers wassented while the hand remained
static. After a predefined interval S1 was followmyl a target stimulus (S2) drawn from
the same stimulus pool that was either congrué@1(iand S2 indicated the same finger)
or incongruent with respect to the finger positiois1. Subjects were instructed to respond
to S2 immediately by lifting the indicated fingefr tbeir right hand. Two finger positions
were used only as stimuli and response alternatorethe following reasons: (i) to ensure
low response selection requirements, i.e. redueeisk that demanding response selection
processes might interfere with effects of intetesa minimum; (ii) to avoid an unequal

predictability of congruent versus incongruent &ngy If more than two fingers were used
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there would be multiple incongruent alternative$ banly one congruent, resulting in a
higher conditional probability for the congruentmgared to any incongruent finger.

As subjects were instructed to respond with thgintrhand the visual stimuli were
presented in a mirrored orientation. This orieptativas chosen because there is evidence
that humans, especially young children (c.f. Bekigret al, 2000), have a tendency
towardsspecularimitation, where the model is imitated in a migdifashion, as compared
to anatomic imitation, where model and imitator perform anaimatly corresponding
movements. Moreover, stronger activation of inferfimntal and parietal areas during
specular as compared to anatomically correct irondtas been interpreted as reflecting a
stronger engagement of AOEM mechanisms during tinigle of imitative behaviour

(Koski et al., 2003).

The set-up always included movement stimuli ocogreither lateralised to the left (index
finger) or to the right (little finger) with respeto fixation (the middle of the hand). In Fig.
2.1A, the specific spatial component inherent te #mployed stimuli is illustrated: the
index and little finger constitute distinct parté the same (organic) object occupying
clearly different spatial locations.

Actually, the simple spatial reference frame inhete the presently used stimuli
with two alternative fingers bears similaritiesstandard paradigms used in experiments
on spatial (location) cueing. In their widely citstiidies on this topic, Posner and Cohen
(1984) presented simple boxes left and right oiikatibn box (Fig. 2.1B). In their basic
paradigm, a cue was shown in one peripheral bax the outline of the box was
brightened for 150 ms) followed by a target stinsu(a bright filled square inside one of
the boxes) at stimulus onset asynchronies (SOAsying between 0 and 500 ms.

Participants were instructed to press a single degoon as they could detect the target
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(that was present in 80% of all trials and was tedan the central box in 60% of the trials

or either in the cued or the uncued peripheraltiposin 10% of the trials each).

Rest

Cue (S1) Target (S2)

congruent

dot incongruent
(A) —_— S0A ———
Fixation
Target (S2)
Cue (81)
oo
_ N
OO 0O
1 [ [ cued
— so JOOm
(B) uncued

Fig. 2.1. A: Basic S1-S2 reaction time task used the present studiesin the exemplary trial
displayed, the index finger position is primed/cusdS1. The target (S2) is a finger movement.
Upper rightmost panel: the target movement is pteskein the congruent/cued position of the
index finger. Lower rightmost panel: the targepissented in the incongruent/uncued position of
the little finger.B: Basic spatial cueing paradigm as employed by Boer and Cohen (1984)in

the pictured trial, the cue is presented in the détwo peripheral boxes. Upper rightmost panel:
the target (S2) is presented in the cued positiomer rightmost panel: the target is presented in
the uncued position. Adapted, with permission, fdonas et al. (2007) © 2007 Springer.



32 2. Reaction time experiments

Consequently, in addition to visuo-motor primingogesses specific to biological or
animate movement, spatial cueing processes wemct@to influence the sort of prime-
target effects which would be revealed by the Sleg&riment to a considerable extent.
Therefore, some major findings out of this arearesearch had to be taken into
consideration: using the location cueing paradigescdbed above, Posner and Cohen
(1984) reported a biphasic pattern in RTs dependmthe interval between cue and target.
At SOAs up to 150 mpositive priming(PP) was observed, i.e. responses to targets in the
cued box were faster than responses to targetginricued box. With SOAs longer than
300 ms, however, PP turned into the opposite effextresponses to cued targets were
slower than to uncued targets. As this was thotméflect a tendency to avoid recently
attended locations this effect was calietibition of return(IOR)*. Results of Wright and
Richard (2000), who systematically studied the liative and inhibitory effects of
location cue validity on RTs in a target-detecttask, indicated that facilitation (PP) is a
reflexive consequence of cueing while inhibition pegred to depend on cue
informativeness: whereas in their experiments litattion at short SOAs (66 and 100 ms)
was not influenced by cue validity, IOR at long€@As (400 ms) was found only if the cue
was not predictive with respect to the target lmcafi.e. if the ratio of valid and invalid is
50:50). If cue validity was very high (80% validals), even at longer SOAs facilitation
was observed. According to that, IOR was thoughbeoonly present when previously
attended locations are irrelevant, i.e. when tleeguling cue is not predictive with respect
to the location of the subsequent target (WrighRi&hard, 2000). This is the case in an
exogenous cueingrocedure where cued/congruent and uncued/incengruials occur
with equal probabilities. Corresponding to the mitsal account of IOR in an

endogenous cueingrocedure, where cued and uncued trials are pgesbevith different

! This “attentional” view of IOR presumes that slaiwe-orienting of attention to a previously cuedation
leads to also slowed perceptual processing ofattgeet presented in this location. Alternativelyheat
mechanisms are discussed which may be responeifilei$ phenomenon: IOR might reflect a reluctatoce
respond to targets in cued locations (“motor” vieee Taylor & Klein, 1998).
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probabilities, rendering them informative as wiéispect to the target location, IOR should
not be observed when a target appears in an expleci&tion. Because of expectancy, the
participant’s attention should be oriented to tbastion, thus, no reorienting is necessary.
However, Lupianeet al. (2004) could show facilitation at SOAs of 100 &@D ms and
IOR at SOAs of 1000 ms in a target detection tagk won-informative as well as with
informative cues (80% cued trials) independent dfeter the target appeared in an
expected or unexpected location. These results estigthat IOR may actually be
independent of endogenous orienting and that exageand endogenous processes can
also work in parallel.

IOR was initially assumed to be associated onlyhwa location-based
representation, that is, attention was inhibiteaimfrreturning to a particular location.
However, Tippert al. (1991) conducted studies where, after cueing @ecglthe object
moved to a new location before target presentatiothis case the inhibition moved with
the object. Further experiments have shown thabitidn could in fact be associated
simultaneously with both location- and object-basggresentations (Tippat al, 1994),
and also with the representation of objects pdigoer et al, 1999). Finally, if inhibition
was associated with animate objects that bearladagial significance, i.e., faces, IOR has
been shown to be very robust and may even aff@cesentations in long-term memory
(Kessler & Tipper, 2004; Tippest al, 2003).

Given that IOR can occur with moved objects anceatbparts (although, so far,
only inanimate objects have been employed as s)inmub spatial setting similar to the
one employed here, it was possible that some kihdhand-based” IOR would be
observed at longer SOAs (over 300 ms). That is,woeld expect RTs to be generally
slower rather than faster when stimuli are congrummpared to incongruent S1/S2
conditions. Note, that this IOR effect should bdependent from whether S1 was a finger

movement or a moving dot.
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2.1.2. Main hypotheses

Taken together, one would predict that under theesmental conditions of the basic S1-
S2 paradigm at least two different processes wbaldhitiated: (i) direct matching of an
observed Sl1-finger movement to its internal motoygpam, which would exclusively
modulate priming effects of finger movements amdgishift of spatial attention towards
the location of the S1-finger or dot movement. Dejieg on the S1-S2 interval and the
cueing procedure employed (exogenous vs. endoggtiossan lead to either PP or even
IOR.

PP would lead to faster responses in congruenv@pared to incongruent trials in
both priming conditions, IOR would have the reveedtect. It was hypothesised that,
whereas attentional orienting would be observedh wianimate and animate movement
stimuli (regardless of whether strategic procesgsdisced by informative cues or automatic
processes due to exogenous cueing), direct matgnowesses would only be induced by
biological finger movement stimuli. Therefore, Sleets should be modulated specifically
in the finger movement conditions. Apart from thdirect matching should generally
facilitate responses in the conditions with an aterfinger as compared to an inanimate

dot target (S2).

Behavioural experiments

The following reaction time studies will be repatia the indicated order and sections:
2.2.:  RT Experiment:JFirst single-stimulus RT experiment

2.3.:  RT Experiment:ZFirst priming/cueing (S1-S2) RT experiment

2.4.. RT Experiment:35econd priming/cueing (S1-S2) RT experiment

2.5.:  RT Experiment:4Second single-stimulus RT experiment
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2.2.RT Experiment 1: First single-stimulus RT experimert

2.2.1. Objectives

It has already been shown in previous behaviouradiss on SRC that RTs of choice
responses instructed by presentation of a biolbfjroger movement are shorter than those
instructed by symbolic or static spatial cues (Battial et al., 2006; Brass et al., 2000).
Also, predefined simple responses triggered bymhsen of a finger movement are faster
than responses to moving objects (Brass et al.1&0MHowever, as mentioned in the
previous section, the reviewed behavioural stuttiasinvestigated priming or SRC effects
of biological movements either did not use a narldgical control condition at all or
evaluated responses to biological movements ageespbnses to visual cues which did
not control for all stimulus features that mightspibly be responsible for the observed
behavioural effects. Therefore, finger movement aiject movement stimuli were
matched as closely as possible with respect tor thiematical properties and,
furthermore, with respect to the visual array ofjeots/entities: during the object
movement, the finger was visible but remained resting position which at the same time
served as the start and the end position of tlgefimovement in the biological stimulus.
Vice versa, the object was visible in a staticestdtiring the finger movement. A good
noticeable colour (i.e. red) was chosen for the imgpwot, thus enhancing its perceptual
salience.

First, the stimulus material was sought to be \aéd in a control experiment that
required immediate responses to single stimulprpid conducting a S1-S2 experiment
where priming and cueing-effects of S1 would interaith effects of S2. Therefore, single
finger movement stimuli were compared with movingt dtimuli in a two-alternative

choice reaction task.
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2.2.2. Method

Participants

All participants in this and the subsequently régdrexperiments as well were free of
neurological disorders, had normal or correcteddgomal vision and were assessed as
being right-handed according to a modified versioh the Annett Handedness
Questionnaire(AHQ) (revised; see Annett, 1970, 1985). Only subjsctwing “R pure”,
“R weak L”, or at least “R mod L” were included,ughto obtain comparably distributed
reaction times for all participants. Further, a sietent stimulus-response relation should
be established, as stimuli should always repreaemirrored image of the participant’s
dominant hand (se8timuli section). Subjects gave their informed consentrpgaaach of
the experiments to which purpose they were naideveare paid for their participation. All
studies were in accordance with the DeclaratioHeaisinki (1964).

RT experiment 1 was carried out at the UniversitgdMal Center Hamburg-
Eppendorf UKE). Eight subjects (five female and three male, 243 years, mean 33.1

years) were tested.

Stimuli

Stimuli consisted of animated picture sequences oésting hand, implemented finger
movements and dot movements, respectively (se€Fdor an illustration).

Stimulus construction: first, a repeated 2 Hz fmtgpping was videotaped. The
tapping was performed by a right-handed male matél the index and little finger of his
right hand. During the shooting red coloured pajes were fixed on the nails of the two
fingers. Afterwards finger movement stimuli werenstsucted by exporting 15 picture

frames each from selected video sequences of appaitely 500 ms duration and flipping



2. Reaction time experiments 37

them in the vertical plane (from right to left) kstandard image editing software
(Photoshop, Adobe Systems Inc., San José, CA, U&Agh biological movement
sequence was composed in a way that avoided deteectsual discontinuities within a
rest — movement — rest-sequence. To design thenkithes and amplitude of an object
movement in one of the two positions (index andlelitfinger) very close to its
corresponding finger movement, the videotaped dag wextracted as a layer from each
picture frame of the finger movement sequence. iglei layer was then pasted into a
default picture showing all fingers in the restpsition, as well as with the dot concerned
in the to be constructed movement having been rethdwom the fingernail. Only slight
corrections were made to the location of the dothé horizontal plane, thus to ensure that
the dot was moving on top of the finger rather thamning next to it which would have
appeared rather unnatural. Presenting the resulBngjctures in successive order gives the

impression of the dot moving up and down on toprd finger.

Resting position Moving dot Finger movement

4 &
& &

Fig. 2.2.Visual stimuli presented in RT Experiment 1.Resting position (left column): a picture
of a static left hand with red dots on the tiphaf tittle and index finger was shown at the begigni
and the end of each movement sequence. Movemengsalveays presented at the position of the
index finger (top row) or little finger (bottom rgwa moving dot (middle column) or a finger
movement (right column). Each sequence consistekbgdicture frames showing an upward and
downward movement. Here, only the frames at maxinfimger/dot lift are shown. The dotted
arrows symbolise the upward movement.
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This method conveys similarities to the point ligethnique developed by Johansson
(1976) and a digital version of it applied by Brassal. (2001a). In contrast to Brass and
colleagues, the body part from which the object emsent was constructed was not
removed, but the moving object was superimposed still picture of the hand. This was
done in order to match the visual array presemefie two movement conditions as close
as possible.

Resting hand: subjects observed the left hand wivieh recorded from a slightly
lifted frontal view (Fig. 2.2). The whole hand wasible including the wrist, with a white
background. Red dots of approximately 0.9° diamette mounted on the fingernails of
the index and little finger. Fingertips were pla@eda plain horizontal surface. This resting
hand was shown at the beginning and the end of maglkement sequence.

Movement sequences: movements could either begkedinger tap of the index or
little finger (up-and-down movement including moethtdots) or a corresponding dot
movement alone. One movement sequence lasted amatey 500 ms comprising 15
picture frames of about 33 ms each (correspondintyvo refresh rates of the computer
monitor).

A single trial started with the presentation of tiesting hand lasting 1500 ms on
average (range 1000 — 2000 ms, 200-ms steps). Tthenmovement stimulus was
presented, followed by the static hand lasting B30 Average trial duration was therefore
2 sec. During a fixed inter-trial-interval of 2 sbe screen turned black.

In the ‘finger movement’ condition, the stimulus sva movement of either the
index or little finger. In the ‘moving dot’ conditn, a dot moving on top of one of these

two fingers was presented.
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Task

Subjects were instructed to observe all stimuératvely while fixating the middle of the
hand. They were instructed to either lift the sdimger that was moving or the finger on

top of which a dot was moving. Responses shoulthdde as fast as possible.

Design

Within group factors were ‘type of movement’ (fimgelot) and ‘finger position’ (index,

little). Each combination of factors movement tygel finger position was presented 20
times, resulting in a total of 80 trials. Partiaym performed one block within which the
order of trials was pseudo-randomised. Two bingl@ftrials each were separated by a
break of at least 10 sec. Testing was preceded lpydctice trials that were excluded from

analysis. The whole experiment took approximatéyrinutes.

Data acquisition and processing

Stimulus presentation and acquisition of resporaga oh this and the following studies in
Hamburg and in Dusseldorf were controlled by peasoromputers using the same
software (Presentation, Neurobehavioural Systents, Albany, CA, USA; except for RT
Experiment 4, see section 2.5.). In the RT expenmeectangular pictures were presented
centrally against a black background on a 17 inEff Tomputer monitor (Hamburg) or
back-projected on a projection screen (Disseld&tpjects were seated in front of the
screen as to maintain a visual angle of approxiiypa® 3° diagonally.

During the experiments participants’ right handtedsin a custom made light
barrier device. The device consisted of two lightriers mounted on a panel. The endings
of two optical fibres were positioned laterallyttee tip of the index and little finger with

the fingers resting on a board in a slightly fleymasition (Fig. 2.1A; Fig. 2.2). The light
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barrier was opened as soon as participants liftdrethe index or little finger from the
base plate on which the light barriers were mounfegositive response was registered
each time the subject lifted one finger, enablisgta assess the corresponding response
time. Responses were logged on-line together witsgnted stimuli and stored for
subsequent processing.

For each trial, time of stimulus onset and mot@posse were extracted from the
result file created by Presentation. The subjectsponses were quantified as reaction
times and errors. RT in a single trial was cal@datrom the onset time of a visually
presented movement in S2 (first frame) to the stlsjeresponse. Latencies exceeding
plus/minus 2.5 standard deviations of the mean Riievexcluded from further analysis. If
an RT was shorter than 100 ms, thus implying thatresponse was initiated before the
onset of S2, it also was excluded. Furthermorenexwus trials were excluded from the RT
analysis. A trial was considered invalid in casetli@ wrong finger was lifted, (b) multiple
reactions were made, (c) subjects responded pmiondvement onset in S2 or (d) no
response occurred. Mean RTs of valid responsesand rates were calculated for each

subject and condition.

Statistical evaluation

Mean RTs and error rates were calculated in eagjecifor each stimulus type. Data were
analysed using standard statistics software (SASBdhd 13.0, respectively, SPSS Inc.,
Chicago, USA). A repeated-measurements ANOVA wadsutated, including within-
subject factors ‘type of movement’ (finger, dot)dafinger position’ (index, little). Mean
RT or error rate, respectively, was the dependariable. Degrees of freedom fbrtests
were corrected for potential non-spherical distitou of the error termnon-sphericity in

the data according to the Greenhouse-Geisser method



2. Reaction time experiments 41

2.2.3. Hypotheses

Due to direct matching of observed and executagefimovements, an RT advantage was
expected for responses to a finger movement as a@d@o responses to a moving dot,

irrespective of the finger position.

2.2.4. Results

RTs

Mean reaction times and error percentages in alflitions are presented in Table 2.1.

Table 2.1. RT Experiment 1: Reaction time and erroidata

finger movement moving dot
RT error rate RT error rate
mean SD mean SD mean SD mean SD

index 395 25.07 0.6 1.77 409 20.02 0.6 1.77

little 407 34.75 11.9 458 416 29.81 2.5 2.67

RT (ms) = reaction time in milliseconds, error ré¥) = percentage of errors total; SD =
standard deviation; index = index finger; littlditde finger

Responses revealed a main effect of type of movek€h,7) = 10.9,p < .05; see Fig.
2.3). Responses to animate movements were on a&véagns faster than responses to

moving dots (401 ms, SD = 22.35 vs. 413 ms, SD.6324
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Fig. 2.3. RT Experiment 1. Main effects for ‘type & movement’ (finger, dot) and ‘finger
position’ (index, little). Mean RT % standard error of mean is displayed. iBogmt differences are
marked (*p < .05).

Error rates

Mean percentage of errors was 3.9% (range 2.5-5.8%jngle false response was the
least common error (0.5% of all trials), whereaspanding more than once in a trial was
observed most frequently (3.0%).

The ANOVA revealed significant main effects of typlemovementf(1,7) = 13.2,
p < .01) and finger positior~(1,7) = 49.0p < .001). Participants made more errors when
responding to a finger movement (6.3%) as comptredmoving dot (1.6%). Little finger
trials showed more errors (7.2%) than index fingats (0.6%). There was furthermore a
two-way interaction between type of movement amdydr position (1,7) = 18.1,p <
.01). Post-hoc tests revealed that a significaghdm error rate for the finger compared
with the dot movement condition was confined topaeses with the little finger (mean
difference: 9.4%}(7) = 4.3,p < .01). In turn, significantly more errors in l&tthan in
index finger trials were observed only when sulsje@sponded to finger movements

(mean difference: 11.3%(7) = -6.2,p <.001).
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2.2.5. Discussion

Using a two-alternative choice reaction paradigrthwesponses to single stimuli serving
as both the instructive and the go-cue, the expeativantage for responses to a finger
movement as compared to a moving dot was confirfeedthe employed stimulus
material.

Effects on error rates were complimentary to RTsyédver only when comparing
responses to finger movement and moving dot stifiouliwhich participants (correctly)
used the little finger. Regarding the finger moveteondition, multiple responses with
the little finger were much more frequent than ceses with the wrong finger (9.4% vs.
1.3%), whereas a less marked difference in thersewdirection was found for little-finger-
responses to dot movements (1.9% vs. 0.6%). Thex® mvoreover a higher rate of
multiple responses in finger movement compared witlving dot trials where participants
responded with the little finger (9.4% vs. 1.9%8, well as more multiple responses to
observed finger movements with the little fingercasnpared to responses with the index
finger (9.4% vs. 0.6%). This supports, to my consgthe interpretation that the majority
of errors results from an executive “over-drive”’edto automatic response tendencies
towards the observed finger movement which wereweodéd by the instruction to react as
fast as possible. Probably because normal pamitspare less skilled in performing
tapping movements with their little finger than lwiheir index finger, there was a higher
frequency of involuntary superfluous movementsmlittle finger trials.

These results provide further evidence that theuwian of an elementary finger
movement is facilitated if the movement is visuatigtructed by itself, i.e. by observation
of the very same finger movement, as compared ¢oadlbservation of a moving but
inanimate object. Extending the findings from poesd behavioural studies (Brass et al.,
2001a; Brass et al., 2000), this advantage is pteséhough in the control movement

condition the object is moving along the same trasethe corresponding finger and,
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furthermore, the finger is visible in a resting pios during the object movement. Thus,
the observation of a “natural” finger movement, @oising both biological kinematics and
a biological entity at the same time, is more atlwg@ous than the observation of a salient
stimulus that presents both “biological” kinematarsd a biological entity, but where the
movement is carried out by an inanimate objeceextof a human body part. Concluding,
each of these characteristics of a body movemeghtnby itself lead to behavioural
advantages if compared with even “less biologissithuli (i.e. presenting movement with
different kinematical properties or no movementallj. According to the concept of
ideomotor compatibility (Greenwald, 1970), the marstimulus is similar to an action, the
more the execution of this action is facilitatecbw¢ver, the behavioural effects of action
observation found in the above cited as well athenpresent study seem to rely on the
combination of these characteristics in a biologeavement rather than on any individual

feature alone.

Using the present stimulus material in a S1-S2 digna furthermore aimed at
investigating effects of pre-activation or primify observation of a first biological

movement on the execution of a subsequent secomdment.

2.3.RT Experiment 2: First priming/cueing (S1-S2) expeiment

2.3.1. Objectives

In the first control experiment, the immediate li¢gaiive effect of a single intransitive
finger movement stimulus on the performance of mesponding finger movement had
been confirmed for my stimulus material. Now, thepgmse of RT Experiment 2 was to

investigate delayed priming effects of a first alied intransitive finger movement
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stimulus (S1) on the subject’s execution of a momeinin response to a subsequent second
finger movement stimulus (S2) that is either coegtwr incongruent to S1.

Paralleling the objectives of the control experimmespecific effects of observed
intransitive finger movement were sought to be smpd from unspecific effects of
stimulus characteristics as motion per se or theerpeesence of a (static) human body
part. Again, responses to simple, intransitive dingnovements were contrasted with
responses to object movements which were matchéd nespect to their kinematical
properties.

The paradigm compared (i) the imitation of a fingeovement (S2) which is
primed by a finger movement (S1) as well with lii¢ execution of a corresponding finger
movement in response to a moving dot (S2) whigbriltmed by an object movement (S1)
of the same kind. As a baseline condition, triaésevntroduced where the stimulus in S1
was a colour change of the static dots on bothefiigThis condition was introduced in
order to evaluate a possible unspecific influemzg the mere presence of S1 might exert

on RTs by drawing attention to S2.

As was laid out in the introduction, due to the tgpanature of the present stimulus
arrangement, RTs were expected to be influencedoniyt by (i) processes specific to
observation-execution matching of biological fingaovements but furthermore by (ii)
location cueing/shifts of spatial attention, whigbuld affect processing of both animate
and inanimate movement stimuli.

Depending on the predictiveness of the prime stimwith respect to the location
of the target and the length of the temporal irdebetween prime and target, attentional
control can be exerted more or less automaticallstmategically, i.e. exogenously or
endogenously. Lupianez and colleagues (2004) sepptbat exogenous and endogenous

cueing processes constitute two in parallel butlpamdependently working attentional
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mechanisms which serve also different functions:tlea one hand, processes related to
bottom-up attentional capture which relative weightperformance is determined by the
salience of distracting events, and on the othe&dhanechanisms related to top-down
spatial expectancy which relative contribution &sfprmance is established by the strength
of the strategic set. Whereas exogenous procesges e related to perceptual processing
itself, endogenous processes might serve preparétichese perceptual processing. This
view is also supported by neurophysiological stsidieggesting that endo- and exogenous
orienting are subserved by partially distinct néstdostrates (Corbetta & Shulman, 2002).
The aim of the present study was to investigat@matic effects of observed
biological movement on executed movements, andirttezaction of these effects with
more stimulus-unspecific effects of location cueiAg exogenous cueing procedure was
chosen, thus two processes were investigated winesumably both rely on stimulus-
driven, bottom-up mechanisms. Therefore, trialshweither congruent or incongruent

finger positions in S1 and S2 were presented wjthakprobability (50:50).

Furthermore, the SOAs of S1 and S2 were systenigiticaied to elucidate the temporal
dynamics of priming effects of observed biologicadvement.

There is little evidence so far on the time-couo$epre-activation or priming
processes induced by animate movement. Some resigigest a rather short time window
within which these processes are working. Howevke actual boundaries are yet
unknown. With respect to neurophysiology, neuronesign(MEG) recordings suggest a
rapid cortical processing in observation and inmotatof reaching movements and
stationary lip forms (Nishitani et al., 2004; Ni&mi & Hari, 2000, 2002). However, these
findings do not provide information about the tirmpan in which (pre-)activations in

cortical “mirror” areas might affect subsequentqassing of animate movement.
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Previous behavioural studies on execution of hasstyses and gestures (Sturmer, 1997,
Sturmer et al., 2000; Vogt et al., 2003) could siRveffects at SOAs ranging between O
and 1000 ms. However, important parameters as sheolistatic versus dynamic stimuli
and stimulus duration differed between experimevitgt et al. (2003) proposed a lower
limit of approximately 300 ms and an upper limit#0 ms after prime onset (including
mean RT values) for manifestation of (positive)uasnotor priming effects on the
behavioural level. Of note, Vogt and colleagues niod draw their conclusions from a
comparison between responses that were primed dlpgmal movement stimuli as
contrasted with a control condition. They ratheoowbed that the execution of an
acoustically prompted object-directed graspingosctvas facilitated by the presentation of
a congruent as compared to an incongruent statc fpsture (500 ms) which was
uninformative with respect to the actually requiregponse. In contrast to the above
findings, Edwards et al. (2003) found positive png effects of an observed object-
directed grasping movement on the kinematics eftsasquent action that was executed by
the participants 3 sec after presentation of thengr(which had a duration of also
approximately 3 sec). This held true for informatas well as for uninformative primes.

Due to important differences between the paradigsesl in previous studies and
the present S1-S2 paradigm, i.e. static picturesnwsvement stimuli, transitive vs.
intransitive body movements, the validity of theasged time windows with regard to the
present objectives is questionable.

With regard to the time-course of movement-rela#dcts of location cueing, the
stimuli used as primes and targets in previousissuoh location cueing, to my knowledge,
did not involve motion and, furthermore, presentedstly inanimate objects with the
exception of a few studies (e.g. Kessler & Tipg04; Tipper et al., 2003). Another
factor hampering the comparability between thegme§1-S2 paradigm and the literature

on location cueing is that the task employed in$1eS2 paradigm does not simply map
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onto the tasks widely used in studies on locatinairg. For instance, Lupianez al.
(1997) found out that the type of task employedwitstandard exogenous location cueing
procedure affects the time-course of facilitatior anhibition of responses seriously. The
imitation task in the present S1-S2 paradigm mightbest characterised as requiring a
choice localisation response. Although the termation discrimination has occasionally
been used to refer to comparable tasks in studideaation cueing, a discrimination task
strictly speaking requires a perceptual featurdyarsaof the target object (c.f. Taylor &
Donnelly, 2002). This is not met by differentiatingerely between locations of a target.
Thus, it is not clear to what degree pre-infornmatadout the time-course of IOR can be
applied to the present study.

Finally, to raise chances of capturing any emergimgning effects of finger
movement observation on imitation of a subsequéamjef movement in the S1-S2
paradigm, the SOA was scanned in steps of appra&iynd50 ms from rather short SOAs
(i.e. 533 ms) to intervals just below the ones usqatevious S1-S2 experiments (i.e. 1900
ms). As the RT advantage for responses to animegeionanimate movement had already

been confirmed in RT Experiment 1, S2 was alwafysger movement.

2.3.2. Method

Participants

16 male subjects participated in the experimentt(?36 years, mean 31.1 years). Nine
subjects were investigated at the University of §aldorf and seven at the University

Medical Center Hamburg-Eppendorf.
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Stimuli

Stimuli were animated picture sequences showirggefimnd dot movements, respectively,
identical to those used in RT Experiment 1. Furtiee, control stimuli for S1 were
constructed by replacing the red colour of botrsdntthe default picture (fingers resting
on the underlying surface) by green colour. In fhicdure sequence, the on- and offsets of
the colour change were matched to the beginningesmdof the actual finger tap in the
movement stimuli. The green colour was presente®® ms, then the colour of the dots
turned back to red. Fig. 2.4 gives a schematistilition of the stimuli used in this study.
Each trial started with the presentation of theimgshand for 1500 ms on average
(range 1000 to 2000 ms, 200-ms steps). Then, tisé fiovement stimulus (S1) was
presented. With an SOA of 533, 850, 1200, 1550 B@D ms, the second movement
stimulus (S2) was shown. During the interval betw&i and S2, the resting hand was
shown. S2 was followed by the static hand lastig Bs. Therefore, the average trial

duration was 3.7 sec. During a fixed inter-trigenval of 2 sec the screen turned black.

Resting position Moving dot Finger movement Colour change

Fig. 2.4. Visual stimuli presented in RT Experiment2. Resting position (first column): a picture
of a static left hand with red dots on the tipldé# tittle and index finger was shown at the begigni
and the end of each movement sequence. Movemenesalveays presented at the position of the
index finger (top row) or little finger (bottom rQwa moving dot (second column) or a finger
movement (third column). In the control conditiom,static hand was shown with both dots
changing their colour from red to green and baokirth column). Each picture sequence consisted
of 15 frames. The dotted arrows symbolise the ugwasvement.
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S1
S2

)
finger
movement

(a) congruent finger

(2)
moving
dot

(3)
colour
change

500 ms —p |— 500ms —p
------ 533-1900ms -----p

Fig. 2.5. Paradigm used in RT Experiment 2In the exemplary trial displayed, the index finger
position is cued/primed by S1. Left column: Slitker a (1) finger movement, a (2) moving dot,
or a (3) colour change of both dots. Right colu®:is a finger movementhe finger/dot position
presented in S2 is either (a) congruent or (b)ngeooent to the position in S1. From left to right:
S1 and S2 are presented for 500 ms each, withmallss onset asynchrony (SOA) of 533 to 1900
ms. In the inter-stimulus interval (middle columa)static hand in a resting position is presented.

In the movement priming conditions, S1 was a moveroéeither the index or little finger

or a dot moving on top of one of these two fing&&.was always a finger movement.
Trials with movement priming were either congruentncongruent with respect to finger
position. In the control condition, the resting tamas shown in S1, with the two red dots

changing their colour. For an illustration of treradigm see Fig. 2.5.
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Task

Subjects were instructed to observe all stimugratvely while focusing the middle of the
hand. They were told to either lift the same fintfeat was moving or the finger on top of

which a dot was moving in S2, as fast as possible.

Design

The experiment was divided into two blocks of ®idin one block a set of short S1-S2
intervals (short SOA set: 533, 850, 1200 ms) wadiegh, and in another block a set of
long SOAs (long SOA set: 1200, 1550 and 1900 ms) evaployed. An interval of 1200
ms was used in both sets to evaluate the influehcelative as opposed to absolute SOA
length. Blocks of trials were administered in carbtallanced order across subjects to avoid
order effects.

Within-group factors were ‘type of movement in Sfihger, dot), ‘congruency’
(congruent, incongruent) and ‘SOA level’ (shortddie, long, i.e. 533, 850, 1200 ms and
1200, 1550 and 1900 ms in the set of short and #@4\s, respectively). Congruent and
incongruent trials were presented with equal proiyal(50:50). As only two finger
positions (index, little) were used, S2 was notprable from S1. Finger position was not
introduced as a factor but balanced across allitond. The control condition with finger-
unspecific priming was presented with each SOA.calditions were presented 20 times.
Therefore, subjects performed 600 trials altogetB@0 trials in each block. The order of
trials within a block was pseudo-randomised. Toicvatigue, within-block bins of 60
trials each were separated by short breaks ofat ten sec. Between the two blocks there
was a break of approximately two minutes. Partmipatarted with 10 practice trials that
were excluded from analysis. The duration of theleexperiment was approximately one

hour.
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Data acquisition and processing

Stimulus presentation and acquisition of resporaga @as carried out in the same way as
in preceding experiments. The participants’ respsngere registered by means of a light

barrier device and quantified as RTs and errors.

Statistical evaluation

As the two sets of SOAs were administered in twzasge blocks of trials, two set-wise 2
x 2 x 3 ANOVAs were calculated on mean RTs firsigluding factors type ‘type of
movement in S1' (finger, dot), ‘congruency’ (congni, incongruent) and ‘SOA level
(short, middle, long). To get more information abthe time-course of effects, SOA-wise
ANOVAs with factors ‘type of movement in S1' (fingedot) and ‘congruency’
(congruent, incongruent) were also conducted. Ralyaes were complemented by
analyses of mean error rates.

Effects of type of priming in S1, including the ¢a condition, were analysed
separately with ANOVAs on mean RTSs, including fastoype of priming in S1’ (5 levels:
congruent/incongruent finger movement, congruetwgruent moving dot, colour
change) and ‘SOA level’ (3), one for each set oASO

Data obtained for the index and little finger wa®lgd and not distinguished in the
ANOVA models.F-tests were corrected for non-sphericity of dataspecifically test the
hypotheses, planned comparisons (patréests) were performed, whepelevels were

adjusted for multiple comparisons according toBbaferroni method.

2.3.3. Hypotheses
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Under the present experimental conditions, wherevatent finger and object movement
stimuli are used in a spatial stimulus array andsSiot predictive, one would predict that
at least two different processes would be initia(gch shift of spatial attention towards the
location of the S1-finger or dot movement in botbvement priming conditions leading to
either PP or IOR depending on the SOA, and (igatimatching of an observed biological
S1-finger movement to its internal motor progranhick would exclusively modulate
priming effects of finger movements. As a consegaenongruency effects were expected
to be modulated by the type of movement preseme81, reflecting an influence of

AOEM in trials with a biological finger movement 81.

According to the evidence provided by Posner ande@q1984) and Wright and Richard
(2000), both using standard location cueing procesiwith static non-biological stimuli,
one would expect PP to be induced by exogenousigweth SOAs up to approximately
150 ms, turning into IOR with SOAs above 300 msgd&ding studies employing object-
based frames of reference, IOR has been shownrsispéor more than 4 sec (Paul &
Tipper, 2003).Concluding from this tentatively, I@&her than PP effects were expected
to become apparent at all SOAs employed in theeptgsaradigm, at least when effects
independent of type of movement priming were camegr According to the assumption
that effects of (positive) visuo-motor priming biological stimuli are rather short-lived
(Vogt et al., 2003), AOEM-related response fadiltla may even more rapidly turn into
inhibition provided S1 is a biological finger movenm and modulate congruency effects
specifically in this priming condition. That is, leenced activation of a response by an S1-
finger movement which, however, has to be withreddording to the experimental task,
may rapidly turn into even greater inhibition (picied S1 is not predictive). Apart from
that, the type of movement in S2 was expected ®tex main effect on RT data, as a

direct access of motor programs should be pospiioieided a biological finger movement
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is presented in S2. This is strongly suggestechbyabove cited SRC-studies (Brass et al.,
2001a; Brass et al., 2000). Moreover, this advant#gRTs had already been confirmed

for the present stimulus material.

2.3.4. Results

Mean reaction times and error percentages in alllitions are presented in Table 2.2 (A:

short SOA set, B: long SOA set).

RTs

For a clearer arrangement, effects involving thestmmteresting factors (type of
movement, congruency) will be reported first ineparate paragraph, followed by effects
of SOA duration exclusively and results of the &ddial analysis involving the control

condition.

Effects involving factors type of movement and ooy

Although there was a general tendency for congr@dn62 sequences to be slower than
incongruent sequences (mean differences = 20 md.@mds in the short and long SOA
set, respectively, Fig. 2.6), only in the set cbrsHSOAs a main effect of congruency
reached the level of significandg({,15) = 4.7p < .05).

Congruency effects appeared to be modulated by @& in both sets (Fig. 2.6),
with the most pronounced effects in the shortesh SDa set each (533 and 1200 ms,

respectively).
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Table 2.2. RT Experiment 2: Reaction time and errodata

A) congruent incongruent no congruency
RT error rate RT error rate RT error rate
Short SOA set meanSD mean SD mean SD mean SD mean SD mean SD
533ms finger 503 79.767.5 4.47 455 78.96 5.0 6.32 - - - -
dot 484 18.652.2 256 470 86.73 8.1 5.74 - - - -
colour - - - - - - - - 481 78.18 34 831
850 ms finger 461  78.655.6 9.29 441 7892 106 5.74 - - - -
dot 453 93.362.8 515435 80.1094 6.80 - - - -
colour - - - - - - - - 440 75.10
1200 ms finger 456 81.87 3.1 6.80 433 59.76 5.0 6.58 - - - -
dot 455 91.68 3.8 7.19 441 7393 44 4.79 - - - -

colour - - -

- 428 62.103.4 4.73
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B) congruent incongruent no congruency

RT error rate RT error rate RT error rate

Long SOA set meanSD mean SD mean SD mean SD mean SD mean SD

1200 ms finger 481  78.46 6.9 3.10 449 66.89 4.1 455 - - - -

dot 485 87.372.2 446 463 7794 7.8 3.64 - - - -

474  93.773.8 5.00

colour

1550 ms finger 452  72.22 2.2 2.56 441 78.68 8.1 4.03 - - - -

dot 453 83.68 2.5 3.65 451 71.23 7.5 3.65 - - - -

452 86.233.4  4.37

colour

1900 ms finger 440 76.05 2.8 3.15 427 64.32 4.7 3.40 - - - -

dot 449 82.28 2.2 3.15 434 65.75 1.9 443 - - - -

colour - - - - - - - - 445 87.480.9 2.02

RT (ms) = reaction time in milliseconds, error ré¥) = percentage of errors total; SD = standandatien; SOA = stimulus onset asynchrony,
finger = finger movement condition, dot = moving dondition, colour = colour change condition
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Planned SOA-wise ANOVAs revealed that only at therest SOA level of each set
responses in congruent trials were significantbyar than in incongruent trials (533 ms:
main effect congruenci(1,15) = 8.2,p < .05, mean difference: 31 ms; 1200 ms: main
effect congruency(1,15) = 7.4 p < .05, mean difference: 27ms). However, only i@ th
long SOA set there was a significant two-way intéoan between congruency and SOA
level (F(2,30) = 6.1,p < .01). Of note, when presented in the short S@#/ an SOA of
1200 ms duration yielded a numerically smaller caegcy effect (approx. 19 ms) as

compared to the same SOA presented in the lon@gens).

540 -
520 [ *

~ 500 +

O congruent
= 480 - ;
W incongruent

460 -

440 -

420

533 ms| 850 ms| 1200
ms

short SOA set long SOA set

Fig. 2.6. RT Experiment 2: RT as a function of ‘cogruency’ (congruent, incongruent) and
‘SOA level’ (short, middle, long) for both SOA sets(short, long). Significant differences are
marked (*p < .05).

Most importantly, a two-way interaction between dypf movement and congruency
(F(1,15) = 22.4p < .001) was found in the short SOA set only: firegarding differences
between congruent and incongruent trials (Fig. 2.7#anned comparisons revealed
significant IOR for finger (mean difference congntsncongruent = 31 m$(15) = 3.2,p
< .01) but not for dot primes (mean difference coegt-incongruent = 9 ms).

Second, with respect to differences between then&lement types (Fig. 2.7B),

responses to incongruent finger movements werefisigmtly faster (12 ms) than those to
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incongruent dot movement$(15) = -3.9,p < .01). Congruent finger movements were
slower than congruent dot movements, althoughdifisrence (10 ms) did not reach the

level of significance.

520 ~
*
500 1
480 1
[%2)
congruent
E 460 - beong
'E W incongruent
440 -
420 +
400 ‘ ‘
finger moving dot finger moving dot
movement movement
(533-1200 ms) (1200-1900 ms)
short SOA set long SOA set A
520 ~
500 -
*%
480 -
= )
O finger movement
£ 460 - ] 9
E W moving dot
440 +
420 + L
400 ‘
congruent incongruent congruent incongruent
(533-1200 ms) (1200-1900 ms)
short SOA set long SOA set B

Fig. 2.7. RT Experiment 2: The interaction betweerdS1-movement type’ (finger, dot) and
‘congruency of finger positions’ (congruent, inconguent) in both SOA sets (short, long).
Mean RT +/- standard error of mean is displayegni@icant differences between congruendids
and types of movemefB) are marked (P < .05, ** p < .01). An interaction effect was significant
only in the short SOA set.
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Going into more detail concerning the time-courkthe type of movement by congruency
interaction (see Fig. 2.8), SOA-wise analyses sliodviéerent patterns:

at the 533 ms SOA, an interaction effect was sicguit (1,15) = 15.2p < .01).
The interaction was, first, due to responses toga@mt finger movements being
significantly slower (20 ms) than those to congtudwmt movementst(15) = 3.0,p < .05;
Fig. 2.8A). Responses to incongruent finger moveamalso were faster than incongruent
dot movements, although this difference (16 ms) bt reach the level of significance.
Second, significant IOR was confined to trials win S1-finger movement (mean
difference congruent - incongruent = 49 m$5) = 3.6,p < .05).

520 -

500 -
O finger movement

480 - )
W moving dot

RT (ms)

460 -
440 -

420

congruent |incongruent| congruent |incongruent congruent |incongruent

533 ms 850 ms 1200 ms

SOA A

540 - *
520 -
500 -|
480 O congruent

460 -

RT (ms)

W incongruent

440 -

420

finger dot finger dot finger dot

533 ms 850 ms 1200 ms

SOA B

Fig. 2.8. RT Experiment 2, short SOA set: The inteaction between ‘S1l-type of movement
(finger, dot) and ‘congruency of finger positions’(congruent, incongruent) at the different
SOA levels (short, middle, long)Mean RT * standard error of mean is displayed. iSogmt
differences between types of movement (A) and agsmggies (B) are marked (< .05).
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At both the 850 ms and the 1200 ms SOA there wasgmificant interaction. None of the
planned paired comparisons regarding type of mowmeémaed congruency reached the

(corrected) level of significance.

Effects exclusively involving factor SOA

In each SOA set, there was a significant main e&SOA level (short SOA seE(2,30)

= 33.1,p < .001; long SOA sef(2,30) = 38.8p < .001). RTs decreased with increasing
SOA (Fig. 2.9): RTs at short SOAs were significarglower than at middle and long
SOAs of the respective set (short SOA set: medardiice 533-850 ms SOA: 26 nid,5)
=5.7,p <.001; 533-1200 ms SOA: 32 m&l5) = 6.8,p < .001; long SOA set: 1200-1550
ms SOA: 20 mst(15) = 6.8,p <.001; 1200-1900 ms SOA = 32 mi,5) = 6.7,p < .001).
Responses at middle SOA levels were also slower éhdong SOA levels, although this

difference was significant only in the long SOA &dtort set: 6 ms; long set: 12 (@), p

<.01).
520 - ok
*kk
500 1 | | | |
*%
480 | T T
g |
£ 460 | T T l T
|_
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420 J~
400 1 1 ; ; ‘ ‘
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Fig. 2.9. RT Experiment 2: SOA levels (short, midd, long) in both SOA sets (short, long).
Mean RT + standard error of mean is depicted. Towtrol condition (colour change) is not
included. Significant differences are marked ff*¢ .01, *** p < .001).
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Supplementary analysis including the control candi{colour change in S1)

Although a trend was present in the short SOAa&etain effect of factor type of priming
(5 levels: congruent/incongruent finger movememngruent/incongruent moving dot,
colour change) failed to reach significance whemoa-sphericity correction was applied
(F(4,60) = 3.1,p = .053). The same held true for the interactiorwben SOA level and
type of priming F(8,120) = 2.3p = .053). Numerically, mean RT in the colour change
condition (450 ms) ranged between the congruent iandngruent finger movement
priming conditions (incongruent: 443 ms, congruei4 ms) and was shorter than both
moving dot conditions (incongruent: 455 ms, congtué64 ms).

Concerning the long SOA set, neither a main efdé¢actor type of priming nor an
interaction between type of priming and SOA levaelswiound. Mean RT in the colour
change conditions was 457 ms, thus ranging betweeiongruent and incongruent trials
in both movement priming conditions (finger incomgnt: 439 ms, finger congruent: 458
ms; dot incongruent: 449 ms, dot congruent: 462 manerically. For illustration see Fig.
2.10.

When SOAs were considered in SOA-wise ANOVASs, aificant main effect of
type of priming was revealed at the 533 ms SG&60) = 4.5p < .05) and at the 1200
ms SOA in the long SOA sef(4,60) = 3.3p < .05). There were, however, no significant
differences between conditions with and without sraent priming.

Finally, as expected, a main effect of SOA lengthched the level of significance
in both SOA sets (short SOA s€&{2,30) = 47.7p < .001; long SOA seE(2,30) = 47.3p

<.001). RTs decreased from shorter to longer SOAs.
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520 ~
500 -
480 -
> 0O congruent
l\_E/ 460 - W incongruent
x 77 no congruency
440 -
420 -
400
finger moving dot colour finger moving dot colour
mowvement change movement change
(533-1200 ms) (1200-1900 ms)
short SOA set long SOA set

Fig. 2.10. RT Experiment 2: ‘Type of priming in S1' (congruent/incongruent finger
movement, congruent/incongruent moving dot, colouchange) in both SOA sets (short, long).
Mean RT % standard error of mean is depicted. 8agnit differences between conditions with
movement priming are not marked.

Error rates
Mean percentage of errors was 4.6% (range 2.2-1)2.8%ingle false response was the
least common error (0.1% of all trials), whereagpomding more than once in a trial was

observed most frequently (3.5%).

Effects involving factors type of movement and ngogngcy

ANOVASs revealed significant main effects of congrag in both the short and the long
SOA set F(1,15) = 29.4p < .001;F(1,15) = 29.3p < .001) that were directed contrary to
RTs, with fewer errors in congruent than in incaregt trials (short SOA set: 4.2 vs. 7.1
%; long SOA set: 3.2% vs. 5.7%).

There was, moreover, a significant interaction leetw type of movement and

congruency in the shorfF(1,15) = 6.0p < .05) but not in the long SOA set. In the short
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SOA set, participants made significantly less erram congruent as compared to
incongruent moving dot trials (4.4%15) = -6.0,p < .001). Error rates were, furthermore,
higher in congruent finger movement as comparecbt@ruent moving dot trials (2.5%),
but this difference did not reach the correcte@l®¥ significance.

Tracing the time-course of the movement type bygooency interaction in the
short SOA set, error rates, in contrast to RTgjedrto be lower in congruent as compared
to incongruent trials (533 ms SOA: 4.8 vs. 6.6%0) 8s SOA: 4.2 vs. 10.0%; 1200 ms
SOA: 3.4 vs. 4.7%). However, SOA-wise ANOVASs rewehbnly a trend for a congruency
effect at 533 msH(1,15) = 3.2p = .094), a main effect of congruency at the 85090
(F(1,15) = 24p <.001), but no effect at all at the 1200 ms SOA.

An interaction between movement type and congruereached significance
exclusively at the 533 ms SOA((,15) = 31.9p < .001). Subjects made less errors in
congruent as compared to incongruent moving daist.9%t(15) = -4.5,p < .001). In
line with RTs, error rate was higher in congruengér movement trials than in congruent

moving dot trials (5.3%(15) = 5.0,p <.001).

2.3.5. Discussion

Effects involving factors type of movement and nogmacy

The present data suggest that the employed S1-&2ligan with a non-predictive S1
induced an IOR-like reverse effect of congruencyordspecifically, responses were
slower in congruent trials than in incongruentl$rigrespective of the type of movement
priming, i.e. both biological finger movements amdving dots in S1 induced IOR. The
principal finding that with non-predictive cues aB®As over 300 ms IOR-like effects
were induced, is in concordance with well-replidatesults from research on visual

priming with standard search paradigms (Klein, 200@ight & Richard, 2000).
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A main novel finding is that the observation of ramfinger movements can induce such
an effect on choice responses. It seems that thgabmature of the task induced IOR
among spatially distinct parts (fingers) of an @bjéhand), or distinct inanimate objects
(dots) similar to the findings of Tipper and coljg@s who reported IOR in experimental
set-ups using object-centred frames of referendar@wved (biological) objects (Kessler &

Tipper, 2004; Tipper et al., 1991; Tipper et a899).

Although the observed IOR-like effect was numefhjcpresent across all S1-S2 intervals,
it reached statistical significance only at theatigkly shortest SOA levels of a given set
(533 and 1200 ms, respectively). This interacticiwieen relative SOA length and
congruency could be due to the fact that at thetssibinterval of a set there was no
opportunity for subjects to optimise their respanaecording to expectancies regarding the
occurrence of S2 in time, thus leaving some leefeaycongruency effects to become
apparent. At longer relative SOA levels respongéngs could be optimised, possibly
obliterating the more subtle congruency effectsrémaformation about effects of SOA

level is provided below).

Importantly, although generalised spatial cueingadly contributed to the observed
congruency effects, a distinct influence of fingeovement priming was also evident.
Depending on the absolute SOA length, inhibitionl &acilitation differed significantly
between the types of priming in terms of strengtid patterns.

At SOAs ranging between 533 and 1200 ms (short S&A a movement specific
IOR effect was observed. This effect was actuallg tb the very shortest SOA of 533 ms:
here, significant IOR was confined to finger movemeues. Response inhibition in
congruent trials was stronger when responses wexe by a finger movement than by a

moving dot in S1, i.e. responses in congruentstrvaére slower when cued by a finger
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movement as compared to a moving dot. Thus, this\beural effect was specific, i.e.
confined to a real human body movement. It alsangeeto be rather transient, i.e.
confined to short intervals, suggesting that thifsce might be due to direct matching of
observed animate movements and corresponding respon

The pattern of mean error rates turned out to lbeptinentary to RTs, on principle.
Paralleling the interpretation of the error reswdfsRT Experiment 1, this could reflect
occasional failures to inhibit imminent responsedencies to S1. Whereas only in very
few trials participants actually responded with wreng finger (0.8%), multiple responses
in a single trial were much more frequent (20.8%higher rate of multiple responses in
incongruent than in congruent trials (1.1 vs. 0.@U)}her supports the assumption that
these errors result from conflicts between autommegsponse tendencies and responses

initiated according to S2.

Effects involving factor SOA level

RTs were found to decrease from shorter to lon@eksS This effect was relative in nature
in that the differences between the short and 86\ sets were much weaker than the
differences between the relatively short, interraliand long SOAs within each set.
These findings most probably represent a “tempeeahing” or “foreperiod” effect (e.g.
Niemi & Naatanen, 1981), that is well known to agp® RT experiments where subjects
can build up expectations about the time span letveeprecue and the actual response
(i.e. the foreperiod). Expectation about the timofgan event, on the other hand, can be
used to optimise response behaviour (Coull & Noht898; Nobre, 2001). This
optimisation can be attributed to motor preparatwimnich can progress even when a
movement is not yet completely specified (Wild-Wall al, 2003). Thus, response

readiness increases with the probability of thesigmal. In line with that, activation of
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brain areas involved in motor preparation was shtwe present only in long cue-target
intervals in a priming paradigm (Coudt al, 2000). As a consequence, the longer the SOA
between S1 and S2 in the present experiment ther Isetbjects can prepare a response to

S2.

Supplementary analysis including the control cdodi{colour change in S1)

The type of priming in terms of either congruentraongruent finger or dot movements
or a colour change of both static dots did not malsgnificant difference in this S1-S2
paradigm. Apart from that, numerical RT differenazn be tentatively interpreted as
rather supporting the assumption of a hand-bas&dlikg effect. Mean response times in
the control condition where a colour change wagl e a cue ranged between those in
incongruent (faster) and those in congruent (slpwawsvement priming trials. Thus, the
non-lateralised S1-colour cues presumably led torepecific arousal of attention to S2.
This unspecific arousal, however, was not as effe@s the finger(position)-specific shifts
of attention, which were induced by the dynamictighanovement cues (i.e. S1-finger

movement or S1-moving dot), in terms of determimegponses.

At last, it is important to state that S1 and SZemasually identical in congruent finger
(S1) - finger (S2) movement trials but not in caregit dot (S1) - finger (S2) movement
trials (compare Fig. 2.5). Therefore, the questiemains open of whether the movement
specific cueing effect above was actually attribléao direct matching or whether there
might be an alternative explanation in terms olialsconcordance between S1 and S2.
Hence, a better perceptual match between S1 and 82 finger movement condition,
rather than direct action matching, might be respgme for the modulation of congruency

effects by the type of movement in S1.
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2.4.RT Experiment 3: Second priming/cueing (S1-S2) expenent

2.4.1. Objectives

RT Experiment 3 was carried out to exclude peradpbwerlap or concordance between
prime and target stimulus as an alternative expi@mdor the modulation of congruency
effects by S1-movement type that was obtained inBRperiment 2. The design of RT
Experiment 3 paralleled that of RT Experiment Zept that both movement types (finger,
dot) were presented in S1 as well as in S2 (ie@ithbinations). Furthermore, only one set

of SOAs was used, and no S1-control condition wakided.

2.4.2. Method

Participants

16 subjects were investigated at the University islleGenter Hamburg-Eppendorf (19 to

35 years, mean 25.7 years), half of which were feraad half were male.

Stimuli

Visual stimulation was identical to RT Experimen{sge Fig. 2.11), with the exception
that a yellow fixation cross (of approximately Oi6°diameter) was placed in the middle of
the picture frame vertically and in equal Euclidigistance from both fingertips
horizontally to discourage eye movements.

A single trial started with the presentation of tiesting hand lasting 1500 ms on
average (range 1000 to 2000 ms, steps of 200 rheh, The first movement stimulus (S1)
was presented for 500 ms. With an SOA of 533 m801#s, or 1900 ms, the second

movement stimulus (S2) was presented. Finallystagc hand lasting 500 ms was shown.
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The average trial duration was 3.7 sec. Duringxadfiinter-trial-interval of 1 sec the

picture of the static hand turned from colour igteyscale.

S1

S2
@
finger finger
movement
L
)
moving
dot dot
finger
dot

[

(b) incongruent

500 ms — {— 500 ms —
------ 533-1900ms -----»

Fig. 2.11. Paradigm used in RT Experiment 3n the exemplary trial displayed, the index finger
position is cued/primed by Sth the exemplary trial displayed, the index fingesition is cued by
S1. Left column: S1 is either a (1) finger movemana (2) moving dot. Right column: S2 is either
a finger movement or a moving dot. The finger/dagipjon presented in S2 is either (a) congruent
or (b) incongruent to the position in S1. From leftright: S1 and S2 are presented for 500 ms
each, with a stimulus onset asynchrony (SOA) of 883900 ms. In the inter-stimulus interval
(middle column), a static hand in a resting posii®presented.

S1 was a movement of either the index or littlggéinor a dot moving on top of one of

these two fingers. S2 also presented a finger meweor a moving dot. Trials were either
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congruent or incongruent with respect to fingentms. For an illustration of the paradigm

see Fig. 2.11.

Task

Subjects were instructed to observe all stimuératvely while focusing the fixation cross.
They were told to lift the same finger that was mgwor the finger on top of which a dot

was moving in S2, as fast as possible.

Design

The set-up was identical to RT Experiment 2 exdbpt in S2 both biological finger
movements and moving dots were presented. Thréeht SOAs were chosen, 533 ms,
1200 ms, and 1900 ms, covering the range of RT ixpat 2. At the same time, this
allowed for repeating all conditions of interestfuently enough within a reasonable time
period that would not lead to fatigue in the sutgetoreover, to simplify the design no
different SOA sets were presented that would previokeraction effects of absolute und
relative SOA duration as found in RT ExperimenAiso, as the information from a non-
lateralised control cue (colour change of both Jdbtsd already been evaluated in the
preceding experiments, it was not necessary taidieclone in RT Experiment 3. This,
furthermore, reduced the total number of conditione experiment.

Within group factors were ‘S1-movement type’ (fingdot), ‘S2-movement type’
(finger, dot), ‘congruency’ (congruent, incongrueamnd ‘SOA level’ (short, middle, long,
l.e. 533, 1200, 1900 ms). Congruent and incongrtiemis were presented with equal
probability (50:50). Finger position was balancetbas all conditions.

All conditions were presented 20 times. Subjectfopmed 480 trials presented in
one block in a pseudo-randomised order. The bloak separated by short breaks (10 sec

minimum) into 10 bins of 48 trials each to avoitigae. Testing started with 20 practice
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trials that were excluded from analysis. The engxperiment lasted approximately 45

minutes.

Data acquisition and processing

Stimulus presentation and acquisition of resporada das carried out as in the preceding

experiments.

Statistical evaluation

First, a 2 x 2 x 2 repeated-measurements ANOVA egadsulated on mean RT or error
rates, respectively, for each SOA separately, dioly within-subject factors 'S1-type of
movement' (finger, dot), 'S2-type of movement'dén dot), and ‘congruency' (congruent,
incongruent). Data obtained for the index and elitfinger was pooled. Planned
comparisons (pairetitests) and statistical corrections were performeadn the preceding

studies.

2.4.3. Hypotheses

As in RT Experiment 3 an exogenous location cugiracedure was applied, a general
effect of location cueing was expected. Accordiaghe results of the preceding S1-S2
study, congruent trials should lead to slower Riemtincongruent trials (IOR effect) at all
SOAs. Furthermore, due to matching of observedexieduted action a main effect of type
of movement in S2 should be present, with respots@sfinger movement in S2 being
generally faster than to a moving dot in S2.

Regarding the attempt to disentangle priming (Sffgcts mediated by direct

action matching and effects of visual concordanegvben S1 and S2, now, S1 and S2
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were better matched visually in those conditiongemtthey presented the same movement
type (even more in congruent than in incongrueatsly as compared to conditions with
different S1- and S2-movement types. This held truespective of whether S2 was a
finger movement, as in RT Experiment 2, or a mowdng Assuming that biological finger
movement primes would exert a stronger influencexacution of S2 via direct matching
mechanisms than moving dot primes, an SOA-depend&etaction between S1-
movement type and congruency was expected, comdsppto that in RT Experiment 2:
resulting from stronger facilitation or inhibitiopy S1-finger movements, respectively,
subjects should respond faster in trials with acomgruent S1-finger movement as
compared to an incongruent S1-moving dot. Thistimiashould be reversed in congruent
trials (S1-finger movement > S1-moving dot). Furthere, significant IOR was expected
in trials with an S1-finger movement which shoutlrhore pronounced than in trials with
an S1-moving dot. This pattern should most probahlyw up at the shortest SOA of 533
ms, where movement-specific cueing effects had bmamd in RT Experiment 2.

If, however, visual concordance between S1 and &2rasponsible for modulation
of congruency effects, a three-way interaction leetwvS1-movement type, S2-movement
type and congruency would be expected: facilitaod inhibition would be stronger in
trials with more similar stimuli. Thus, for fingenovements in S2 the pattern would be
comparable to that described above. For moving o2, however, participants would
be expected to respond slower in trials with a coagt S1-moving dot as compared to a
congruent S1-finger movement, and perhaps alsoespond faster in trials with an
incongruent moving dot prime as compared to an ngogent S1-finger movement.
Moreover, effects of visual similarity would not bgpected to be qualitatively different at
the different SOAS, thus, this pattern of resultsidd show up with all intervals. Of note,
results might turn out to be less clear as fornedldtere, as interactions of priming by S1

and immediate effects of S2 might not simply add up
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Finally, the use of three different SOAs shouldlléa a temporal warning effect as

in RT Experiment 2, with responses generally speedp with SOAs getting longer.

2.4.4. Results

Mean reaction times and error percentages in alflitions are presented in Table 2.3.

RTs

Effects involving the factors type of movement@mdyruency

As was expected, SOA-wise ANOVAs revealed a mdiecefof type of movement in S2
at each single SOA, with responses to finger movesnieeing faster than those to moving
dots (see Fig. 2.12A; 533 mB(1,15) = 90,p <.001, mean difference: 29 ms; 1200 ms:
F(1,15) = 36,p <.001, mean difference: 18 ms; 1900 gL, 15) = 78,p < .001, mean
difference: 24 ms).

Moreover, there was a congruency or IOR-effectpeesvely, at all SOAs:
subjects responded slower in congruent as comparnadongruent trials (533 mEj(1,15)
=11,p < .01, mean difference: 19 ms; 1200 g, 15) = 22.5p < .001, mean difference:
27 ms; 1900 md=(1,15) = 13.8p < .01, mean difference: 21 ms; Fig. 2.12B).

A significant main effect of S1-movement type waseaaled only at the shortest
SOA (F(1,15) = 11.9p < .01; Fig. 2.12C). Here, subjects responded sogmitly slower in
trials which were primed by a finger movement aspared to those primed by a moving

dot in S1 (9 ms).

SOA-wise ANOVAs and planned comparisons revealdférént patterns regarding the

interaction between S1-movement type and congru@figy 2.13).
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Table 2.3. RT Experiment 3: Reaction time and errodata

S2 finger S2 dot
RT (ms) error rate (%)RT (ms) error rate (%)
SOA S1 congruency mean SD mean SD  meanSD mean SD
533 ms finger con 477 97.01 0.8 164 518 9205 05 1.01
incon 456 87.05 3.1 1.12 486 87.10 0.7 1.02
dot con 473 9395 0.5 1.02 488 10.68 1.8 1.37
incon 454 8722 1.0 1.72 485 90.25 05 0.79
1200 ms finger con 462 9741 0.7 137 488 9326 0.6 0.79
incon 433 91.00 1.0 1.31 445 8845 2.0 1.
dot  con 459 90.83 2.3 200 477 100.@5 077 RI (ms) = reaction time |
milliseconds, error rate (%)
incon 443 90.17 0.7 1.02 458 96.06 2.1 1.2 percentage of errors ted; sd =
, standard deviation; SOA
1900 ms finger con 443 103.270.8 1.11 472 89.71 20 1.02 gtimulus onset asynchrony, fing
incon 420 8807 0.7 079 443 9931 09 1. - finger movement condition, d
= moving dot condition; S1
dot con 436 93.05 1.0 0.82 460 101.G00 1.11 priming stimulus, S2 = targ
incon 223 8477 09 088 442 8121 26 1. oumulus; con = congruent tria

incon = incongruent trials

Adapted from Jonas et al. (2007) © Springer.
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Fig. 2.12. RT Experiment 3: Main effects at the dierent SOA levels (short, middle, long). A:
‘type of movement in S2’ (finger, dot). B: ‘congruecy’ (congruent, incongruent). C: ‘type of
movement in S1'.Mean RT z standard error of mean is displayed. iogmt differences are
marked (**p < .01, ** p <.001).Modified, with perm., after Jonas et al. (2007) @2 Springer.
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At the 533 ms SOA, there was a significant intecaceffect involving type of movement
in S1 and congruency(1,15) = 11.6p < .01): responses in congruent trials were slower
when S1 was a finger movement as compared to angalot (mean difference: 17 ms,
t(15) = 5 msp < .001; Fig. 2.13A). Further, an IOR effect wagngicant in trials with a
finger movement prime (mean difference congrueotmgruent = 27 mg(15) = 5.3,p <
.001; Fig.2.12B) but not in those with a moving g@oime (mean difference congruent-
incongruent = 11 ms).

At the 1200 ms SOA, type of movement in S1 and oogncy also interacted
significantly F(1,15) = 8.6,p < .05): responses in incongruent trials were S§icamtly
faster when S1 was a finger movement as comparaahtoving dot (12 mg(15) = -3.6,p
< .01; Fig. 2.13A). Significant IOR effects wereepent in trials with both a finger and a
dot movement primet(@5) = 5.2,p < .001;t(15) = 2.9,p <.05; Fig. 2.13B), although the
effect was numerically larger with a finger movemg6 ms) than with a dot movement
(18 ms).

At the 1900 ms interval, there was no significameéiaction between S1-movement
type and congruency. Planned comparisons showaeslRTs in congruent trials with a
finger movement as compared to a moving dot prithen§, t(15) = 3.5,p <.01; Fig.
2.13A). An IOR effect was significant with both &ievement types (finger: 26 m§l15)

=4,p <.01; dot: 16 mg(15) = 2.5p <.05; Fig. 2.13B).

There was no three-way interaction between typa@fement in S1, type of movement in

S2 and congruency.
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Fig. 2.13. RT Experiment 3: The interaction betweerS1-type of movement’ (finger, dot) and
‘congruency of finger positions’ (congruent, inconguent) at all SOAs (short, middle, long).
Mean RT + standard error of mean is displayed. iBogmt differences between types of
movemen{A) and congruencig®) are marked (p < .05, ** p < .01).Modified, with permission,
after Jonas et al. (2007) © 2007 Springer.
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Fig. 2.14. RT Experiment 3, 1200 ms SOA: The intecdion between type of movement in S1
(finger, dot) and congruency (congruent, incongruet) for both types of movement in S2
(finger, dot). Mean RT + standard error of mean is displayedhiognt differences between S1-
movement typefA) and congruencig®) are marked (*p < .01, *** p < .001).

1200 ms SOA: analysis by types of movement in S2

Results of RT Experiment 2 and the present studgrded in that a significant interaction
between type of movement and congruency was cahfim¢he short 533 ms SOA in RT

Experiment 2, but showed up also in the middle 12@0SOA in the present experiment.
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As in RT Experiment 2 only finger movements hadropeesented as S2, we explored the
relative contributions of the different types of-@®vement employed in the present
experiment by means of two follow-up ANOVAs confih® the 1200 ms interval:
interestingly, an interaction between S1-movemgpe tand congruency reached
the level of significanceH(1,15) = 9.8,p < .01) only when S2 was a moving dot: in
incongruent trials, S1-finger movements led todastsponses (13 ms) as compared to S1-
moving dots {(15) = -3.4,p < .01; Fig. 2.14A). Significant IOR was confineal trials
where responses were primed by an Sl-finger moveifmeean difference congruent-
incongruent: 43 mst(15) = 6,p < .001; Fig. 2.14B). There was no main effect of S1

movement type.

Effects exclusively involving factor SOA level

Planned comparisons revealed that subjects resgaigeificantly slower (22 ms) at the
short 533 ms SOA as compared to the intermedidd® s SOA(15) = 6.3,p <.001) as
well as compared to the long 1900 ms SOA (meaemdiffce: 37 mg(15) = 9.9p < .001).
Moreover, RTs at the 1200 ms SOA were also slod@m(s) than at the long SOKX5)

= 5.7,p < .001).

Error rates
Mean percentage of errors was 1.6% (range 0.6%)3.Responding too early in a trial

was the least common error type in both experimgnh29o of all trials), while responding

more than once in a trial was observed most freityén2%).

In contrast to RTs, planned comparisons betweeis@®& levels did not yield differences

in error rates.
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A main effect of S2-movement type was found at388 ms SOAK(1,15) = 6,p < .05)
and at 1900 msH(1,15) = 47.8p < .001), but not at 1200 ms. Whereas this effeat w
directed contrary to RTs at 533 ms, i.e. error @et@ge was higher with an S2-finger
movement, it was similar to RTs at the 1900 ms SOA.

Main effects of congruency were significant at btttk 533 ms and the 1200 ms
SOA, but not at the 1900 ms SOA. These effects digeeted contrary to RTs, with fewer
errors in congruent trials.

An interaction between S1-movement type and compyieeached significance at
all SOAs (533 msF(1,15) = 68.1p < .001; 1200 msF(1,15) = 11.4p < .01; 1900 ms:
F(1,15) = 7.1p < .05). At the 533 ms and the 1200 ms SOA, thergrattern was again
complimentary to RTs: in congruent trials, subjectade fewer errors when S1 was a
finger movement. Only with an S1-finger movemehgre were fewer errors in congruent
than incongruent trials.

At the 1900 ms SOA, however, the error patternesponded to RTs: fewer errors

were made in incongruent trials with an S1-fing@vement compared to a dot.

2.4.5. Discussion

Effects involving factors type of movement and nogmaey

As expected on the basis of RT Experiment 2 andiqus studies on location cueing using
object-centred frames of reference (Tipper et #99) and moved (biological) objects
(e.g. Kessler & Tipper, 2004), the present data alsggested that the employed S1-S2
paradigm induced IOR, or an IOR-like effect, amodgtinct fingers and dots,
respectively.

Also in line with the previous S1-S2 experimentieefs of spatial cueing were

modified by the type of movement priming employedtually at all SOAs, RTs were
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longest with congruent finger movement primes. ©bsly, finger movement primes
induced more pronounced effects on reaction tihas moving objects which are closely
matched to the biological movements.

Furthermore, the relationship between congruencyg #re type of movement
priming in S1 was affected by SOA length: at th& & SOA, the inhibition of responses
in congruent trials was significantly stronger .(tesponses were slower) with S1-finger
movements as compared to S1-moving dots. At th@ 120 SOA, however, facilitation of
responses in incongruent trials was stronger (resg® were faster) with Sl-finger
movements. Third, a significant IOR effect at tI83 5ns SOA was confined to S1-finger
movements. Thus, priming by a human finger as coethto an object movement led to
stronger inhibition of congruent response tendemcend to stronger facilitation of
incongruent responses, respectively.

Results paralleled those of the preceding S1-S2rempnt at the 533 SOA (i.e. the
shortest SOA of the set) and the 1900 SOA (the dsh@OA, where no significant
interaction between S1-movement type and congruamasyfound). However, apparently
contradicting RT Experiment 2, S1-movement type amhgruency interacted also
significantly at the 1200 ms SOA (the middle SORgsponse inhibition or facilitation,
respectively, was modulated by type of movemen$in the facilitation of responses in
incongruent trials was significantly stronger (imesponses were faster) with finger
movements as compared to moving dots in S1. Asatedeby separate analyses for the
two different types of movement in S2, the movenrspdcific congruency effect at the
1200 ms SOA was actually due to the S2-moving dettéch, of note, had not been used

in the preceding S1-S2 experiment.

Taken together, results are in correspondencetiitse obtained RT Experiment 2, in that

(i) a movement-unspecific IOR-like effect on RTawobserved at SOAs of 533 ms and
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more, and (ii) depending on SOA, cueing effectuugsd by finger movements differed
significantly from effects produced by moving oligecTherefore, as in RT Experiment 2,
the finger movement-induced cueing effects here2vgpecific, i.e. they differed from the
effects produced by moving objects in their sizé patterns of inhibition and facilitation.

Importantly, the modulation of congruency effectsswot affected significantly by
type of movement in S2, indicating that visual samiy between the prime and the target
stimulus was not responsible for the effects obehere.

Well in line with the hypotheses, there was funthere a main effect of type of
movement in S2 at all SOAs, with participants’ @sfing consistently faster when a
finger movement was used as target stimulus as amdpo a moving dot. This result
confirms findings of previous RT experiments (Bethal et al., 2006; Brass et al., 200143,
Brass et al., 2000), a recent MEG study where nikaloarators at Dusseldorf University
employed the stimuli developed for the present bel@al experiments in a choice
reaction task (Kessler et al., 2006), and the tesof RT Experiment 1 with single
movement stimuli. Moreover, these findings were mxtended to an S1-S2 paradigm.

Effects on error rates were complimentary to RTisisTcould be interpreted as
occasional failures to inhibit imminent responsedencies to S1. Whereas only in very
few trials participants actually responded with wreng finger (0.2%), multiple responses
in a single trial were much more frequent (3.2%)higher rate of multiple responses in
incongruent than in congruent trials (2.7% vs. %)6supports the interpretation that these
errors result from conflicts between automatic oese tendencies and responses initiated

according to S2.

These findings suggest that, while the over-allgtaancy effects in the present study
represent generalised object- and/or location-baffedts of visual cueing, the movement-

specific modulation of congruency effects is mestiaby AOEM, i.e. direct matching of
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observed biological finger movements and corresjmgncesponses. Accordingly, the RT
benefit for responses to S2-finger movements canatheébuted to direct matching

processes.

Finally, in line with RT Experiment 2, the use bfde different SOAs obviously lead to
expectancies regarding the timing of S2, as wakeatefd in an acceleration, i.e. an

optimisation, of responses with SOAs getting longer

2.5.RT Experiment 4: Second single-stimulus experiment

2.5.1. Objectives

Recurring to the RT advantages for immediate resgonto a finger movement as
compared to a moving dot obtained in RT Experinieanhd 2 (in the latter: main effect of
type of movement in S2), there were still altenvmtexplanations to be excluded: in the
stimulus array used in the preceding experiment®tavas always attached to the moving
finger. Furthermore, according to the task instamgtparticipants responded in the same
way (i.e. according to the same spatial stimulspoese mapping rule) to finger
movements as to moving dots in RT Experiment 1 Zngdhere both types of movement
were presented as target stimuli.

To re-iterate, both finger movements and moving depresented targets with an
identical (spatial) stimulus-response mapping. THRIE advantages in the moving finger
condition might simply represent an effect of redamt targets or a ‘redundancy gain’,
which describes the observation that in behavioexpkeriments participants’ responses are
faster in the presence of multiple targets at #raestime (here, finger plus moving dot). In
the classical redundant-targets effect paradigmjests respond to stimuli that are

lateralised either to the left or to the right ofation or presented bilaterally. However,
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response facilitation has also been observed fporeses to unilateral multiple targets
(Pollmann & Zaidel, 1999).

Secondly, the finger movement was probably rendectideably more salient than
the moving dot, as a dot was virtually moving tbgetwith the finger. Therefore, a higher
perceptual salience of the finger movement as cosop® the moving dot, resulting in a
higher capacity of the finger movement to draw gispatial attention, might have affected
RTs. To exclude these alternative interpretatiangtie observed RT advantage, a second
control experiment was carried out. Responsesnglesmovement stimuli were compared
in a choice reaction task. In addition to the fingeovement and moving dot stimuli used
so far, a third stimulus condition was introduceldeve only a finger moved while the red

dots remained still at their resting position.

2.5.2. Method

Of note, this study was conducted after my colleagum Disseldorf had done an MEG
study (Kessler et al., 2006) employing a simpleiahoeaction task and single finger- and
dot movements as stimuli which paralleled my fMROdy on observation and imitation of
finger movements (see chapter 3). In order to lbe tabdraw conclusions also with respect
to the MEG study, certain aspects of the stimutatioRT Experiment 4 were adapted to
the paradigm used with MEG, and therefore diffefemn the previous behavioural

experiments.

Participants

10 subjects participated in the experiment (hatidke and male, 26 to 45 years, mean age

34 years). All were investigated at the Universitypusseldorf.
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Stimuli

As in RT Experiment 1, stimuli consisted of sinfleger and dot movements. Moreover,
new control stimuli were constructed: these wemniital to the finger movement stimuli
used in the preceding studies regarding the stpgimd final position. During the finger
movement, however, the red dot in the positionhef moved finger (index, little finger)
was not attached to the nail of the finger. Insteideing moved together with the finger,
it remained in its initial place just above thefane on which the hand rested.

Thus, movement stimuli could be either (i) a sinighger tap of the index or little
finger where the mounted dot was being moved tagetith the finger, (i) a finger
movement alone with the dot remaining static irretsting position or (iii) a corresponding
dot movement alone (see Fig. 2.15 for an illustratof the stimuli). One movement
sequence lasted approximately 400 ms comprisingctdre frames of about 33 ms each.

Moreover, paralleling RT Experiment 3, a white fisa cross was placed in the
middle of the picture frame vertically and in eqéaiclidian distance from both fingertips

horizontally to discourage eye movements.

Resting position Moving dot Finger movement only Finger movement

Fig. 2.15. Visual stimuli presented in RT Experimen4. Resting position of the left hand which
was shown at the beginning and the end of each mewesequence (first column). Movements
were presented at the position of the index firfg®y row) or little finger (bottom row): a moving
dot (second column), a finger movement with therdotaining static (third column) or a finger

movement with the dot attached (fourth column).tegicture sequence consisted of 12 frames.
The dotted arrows symbolise the upward movement.
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Prior to each trial, the word “start” was superira@d on the picture of the resting hand for
1 sec. In the context of the above mentioned ME&erent, subjects would be asked to
make unavoidable eye-blinks during this period,ee movements and blinks cause
serious artefacts in the magnetic signals. As enpiteceding experiments, each trial started
with the resting hand being presented for 2000 mawerage (range 1500 — 2500 ms, 200-
ms steps). Then, the movement stimulus was prekeiolowed by the static hand lasting
1500 ms. The average trial duration was therefodeséc (including the “start” period).
During a fixed inter-trial-interval of 2 sec thersen turned black.

In the finger movement’ condition, the stimulus sva movement of either the
index or little finger, with a dot attached. In tHexger movement only’ condition, a
movement of an index or little finger was presentgtthout a dot attached. In the ‘moving
dot’ condition a dot moving on top of one of thése fingers was presented.

Visual stimuli were backward-projected on a scredh a diagonal extension of
48.5 cm. Subjects were seated at a viewing-distahtan in front of the screen. Thus, the

stimuli comprised a visual angle of approximately3® diagonally.

Task

Subjects were instructed to observe all stimuérgtvely while focusing the fixation cross

and lift the finger indicated as fast as possible.

Design

Within-group factors were ‘type of movement’ (fimg@movement, finger movement only,
moving dot) and ‘finger position’ (index, little)}rach combination of factors type of
movement and finger position was presented 12 time=silting in a total of 72 trials.

Participants performed one block within which thides of trials was pseudo-randomised.
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Two bins of 36 trials each were separated by akbodaat least 10 sec. Testing was
preceded by 12 practice trials that were excludedhfanalysis. The whole experiment

took approximately 8 minutes.

Data acquisition and processing

Stimulus presentation and acquisition of resporasa were carried out as described above,
except that different software was used for stimutlelivery (E-Prime, Psychology

Software Tools Inc., Pittsburgh, USA).

Statistical evaluation

A repeated measurements ANOVA was calculated onnmids or error rates,
respectively, including within-subject factors ‘gypf movement’ (finger movement, finger
movement only, moving dot) and ‘finger positionhdex finger, little finger). Planned
comparisons (paired samplegests) and statistical corrections were perforrasdn the

preceding studies.

2.5.3. Hypotheses

Confirming results of RT Experiment 1 and RT Expent 3, an RT advantage for
responses to a finger movement as compared to amghdet was expected. If mediated by
direct matching of observed and executed fingeramants this RT difference should be
present regardless of whether a dot was being mtagether with the finger or not.
However, if the RT advantage for responses to gefirmnovement over responses to a
moving dot was due to redundant targets and/orehigierceptual salience speeding up

responses, it should appear only when a dot wagdtmgether with the finger.
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2.5.4. Results

Mean reaction times and error percentages in alilitions are presented in Table 2.4.

Table 2.4. RT Experiment 4: Reaction time and errordata

index little
RT (ms) error rate (%) RT (ms) error rate (%)
mean SD mean SD mean  SD mean  SD

finger &dot 349 47.81 0.0 0.00 364 52.14 0.8 2.64

movingdot 382 65.20 0.0 0.00 374 67.35 2.5 7.91

finger 363 66.17 1.7 3.51 352 37.29 3.3 5.83

RT (ms) = reaction time in milliseconds, error r§#&) = percentage of errors total; sd =
standard deviation; finger & dot = combined fingedot movement condition, finger =
finger movement without dot, index = index fingittle = little finger

RTs

There was a significant main effect of type of muoeat £(2,18) = 6.3p < .05). Post hoc
tests (paired-tests) revealed significant faster responses tb (ip a finger movement
where a dot was being moved together with, and talgo) a finger movement where the
dot remained static as compared to responses tovanghndot (mean differences: 22 ms
and 21 ms, respectively(9) = -2.9/-2.4,p < .05). Comparing responses to finger
movements showed, however, that it actually didmake a difference whether a dot was

being moved together with the finger or not (boteam RT: 357 ms). See Fig. 2.16 for

illustration.

There was no significant main effect of finger piosi.
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Fig. 2.16. RT Experiment 4: Main effects of ‘type bmovement’ (finger, dot, finger only) and
‘finger position’ (index, little). Mean RT * standard error of mean is displayedi8tant
differences are marked < .05).

Error rates

Mean error rate was 1.4% (range 0.0 — 4.2%). Meltipsponses in one trial constituted
the only type of error that occurred.

The ANOVA on error rates revealed no significarfeets of the factors type of
movement and finger position. Although mean err@rcpntages were numerically
different for the three types of movement (fingesv@ment: 0.4%, finger movement only:
2.5%, moving dot: 1.3%), these differences did resch the level of significance in

planned comparisons.

2.5.5. Discussion

Results clearly showed that the RT advantage fepameses to a finger movement over
responses to a moving dot was also present whediothwas not moved together with the
finger, i.e. when only a single target was preserhe stimulus array. Error rates did not

indicate any speed-accuracy-tradeoff. Thus, themwks RT-advantages for responses to
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animate as compared to inanimate movement couldbaoattributed to an effect of

redundant targets and/or attentional salience sggpect to the present stimulus material.

2.6. General discussion: Reaction time experiments

The main objectives of the S1-S2 studies had beemdasure automatic behavioural
effects, i.e. pre-activation/priming effects, ofsebved human body movement on the
execution/imitation of a similar movement in a lieglsubject. More precisely, (i) specific
effects which can be attributed to the biologicatune of an observed human movement
should be separated from unspecific effects thaghiibe due to those stimulus
characteristics which can also be present in ostienulus types, i.e. motion per se,
irrespective ofvhatis moving (a biological entity or not), or the ragresence of a (static)
biological shape or entity. An additional objectiveas to explore (ii) the temporal
dynamics of the above priming effects.

To this aim, an S1-S2 reaction time paradigm wasgded, by means of which the
execution of a simple intransitive finger movemwats depicted that is (a) primed either
by a finger movement itself or by a dot moving op of a static finger (S1) and which is,
furthermore, (b) instructed and prompted by a sdgonvement stimulus (S2) drawn from
the same stimulus pool as S1. In contrast to pusviRC or priming studies on effects of
biological movement observation, the inanimate @rgtimulus (moving dot) was closely
matched to the finger movement with respect to rkisitics as well as to the presence of
distinct objects in the visual array (i.e. shapéady part, dot).

Another relevant feature of both types of movemstitnuli was the spatial
arrangement of the two finger/dot positions useel novements were lateralised to the
left and right of the array corresponding to regssnwith the left and rightmost finger of

the subject’s right hand) which rendered the paradio serve also as a kind of location



90 2. Reaction time experiments

cueing procedure. Thus, effects of action obsewmatiere investigated here in interaction

with effects of location cueing.

Before investigating priming effects, however, datdained in a single-stimulus choice
reaction paradigm showed that the employed fingevament stimuli were actually

capable of inducing automatic effects: a finger wegs performed faster when executed
immediately in response to a corresponding fingevement stimulus as compared to an
observed object movement. In a second control @xpet, this effect was present both
when (i) a dot was attached to the finger durisgnbvement, thus moved together with it,
and when (ii) only the finger moved while the detmained in a static position. Thus, the
RT advantage was not attributable to the presehcedundant targets (a moving finger
and a dot being moved) in the original finger moeeamcondition or a mere higher
perceptual and attentional salience of the fingevement, but actually to observation of

the biological movement itself.

Further, employing finger movements and contrahasti in the S1-S2 paradigm resulted
in priming effects which were specific for the lmglcal movement: with an exogenous
cueing procedure employed, (i) both biological @&ngnovements and inanimate objects
movements, respectively, induced an IOR(-like) cargcy effect on RTs at SOAs of 533
ms and longer. Most importantly, (i) depending thie SOA, congruency effects were
significantly modulated by the type of movementsgrgged as a prime stimulus in terms of
their size and temporal patterns of inhibition &dlitation.
Thus, both biological finger movement stimuli asliwas moving objects were

obviously capable of inducing location cueing effedresumably by means of motion,
fingers were processed as (spatially) distinctspaftthe hand, as were the dots. This

finding of a kind of “movement-based” IOR extend toriginal findings on location-
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based cueing effects and evidence on IOR in expetiah set-ups using object-centred
frames of reference (Tipper et al., 1999) and lgiclal objects (Kessler & Tipper, 2004;
Tipper et al., 1991).

However, these I0R(-like) congruency effects whietre evident for animate as
well as inanimate movement stimuli, showed a moverspecific modulation of at SOAs
ranging between 533 and 1200 ms. At these interbadéogical finger movements in S1
led to stronger inhibition of congruent responsed&ncies, or stronger facilitation of
incongruent responses, respectively, as companewuing dots.

As could be shown in RT Experiment 3, the aboverattion between congruency
and S1-type of movement was found regardless otheiné¢he target stimulus represented
a biological movement or an inanimate movement.sTthese effects are indeed specific
for biological movement in S1 and cannot be attedusimply to different degrees of
visual similarity between the prime and the tagjghulus.

Moreover, the finding of a general RT advantageifumediate responses to single
finger movement stimuli was confirmed and extendedRT Experiment 3, as subjects
responded faster in trials where S2 was a fingevem@nt, irrespective of whether the

preceding prime stimulus was a finger or a dot moat.

Taken altogether, the movement-specific modulatimnthe congruency effects observed
in the present S1-S2 experiments can be interpeetddteractions between (i) effects of
selective attention, i.e. object- and/or locati@sdd effects of attentional orienting in
space, induced by animate finger movement primesedisas by inanimate moving dots,
and (ii) automatic priming effects of observed bgtal finger movements on
corresponding responses.

These behavioural results are readily compatibte tine assumption that both the

RT benefit for responses to S2-finger movementsthadnovement-specific modulation
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of congruency effects are mediated by a direct hiiagcof the visual representation of a
finger movement to its corresponding motor codeusltan automatic response tendency

towards imitation of the corresponding finger (miotor contagion) is elicited.

However, the direct matching mechanism elicitedobgervation of biological movement
is involuntary and automatic, and thus does notraipeonly when overt imitation is
actually intended. This is implied by behaviouraidence (see section 1.4.) and also by
electrophysiological studies (see section 1.5milar to the period immediately preceding
internally triggered movements (Chehal, 1998) net corticospinal excitability increases
during passive action observation. Moreover, theldutde of motor-evoked potentials
(MEPSs) increases specifically in those muscles wwatld be involved in the execution of
the observed actions (e.g. Fadiga et al., 1995a humber of functional brain imaging
studies movement observation activated motor-relatrtical areas (see section 1.5.),
even in a somatotopic fashion (Buccino et al., 2@xkreidaet al, 2005; Wheatort al,
2004). Importantly, although non-biological resporaies are also capable of inducing
motor activation (e.g. Schubotz & von Cramon, 20@®ken stronger activation has been
found during the observation of human biologicalveroent (lacoboni et al., 1999; Tai et
al., 2004).

While observation of a biological movement seemsrimediately pre-activate the
corresponding motor code and, thus, prepare theiduadl for its imitation, the expression
of imitative behaviour is not appropriate in mastations. In the special case of the S1-S2
paradigm participants actually were explicitly msted not to imitate S1 but to react only
to S2. If, however, the response tendency is natediately processed further but held in
store and/or the go signal (S2) is not predictabléerms of the required response then
inhibition follows. This activation followed by aimhibitory process seems to be highly

specific as it is confined to (i) “real” finger mements and (ii) one effector (a single
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finger). Such an interpretation would explain whybrehavioural advantage was observed
for congruent biological finger movements (as feample reported by Brass et al., 2000).
Different time courses of inhibition and facilitati led to an inhibition of congruent finger
movements at the 533 ms SOA but a facilitationnebngruent responses at the 1200 ms
SOA. The facilitatory effect at the 1200 ms SOA hably reflected a “secondary”
facilitation following initial inhibition of the cogruent finger. One may speculate that the
533 ms SOA was too short to allow for this latelfetion effect to occur. Also, temporal
expectancies regarding S2 might have led to a skcgriacilitation at the 1200 ms SOA

(see below).

To sum up: firstly, observation of human biologiocavement is obviously more effective
than any other kind of visual instruction stimulasactivating motor representations and,
moreover, preparing an individual to perform thesatwed movement. This holds true for
copying of simple intransitive finger movements w=ed in the studies by Brass and
Bertenthal and colleagues (Bertenthal et al., 2@06&ss et al., 2001a; Brass et al., 2000)
and the present behavioural studies, but alsoaiomiore complex forms of imitation, as
implicated by in the study on imitational learnibg Gray et al. (1991): learning of a ballet
sequence was significantly enhanced in quality Mpgeovation of a human model
performing the to-be-learned movements as comptoedbservation of still pictures.
Findings suggest that in healthy humans an inméhtive response tendency is elicited by
observation of biological movement via direct maigh mechanisms. This motor
activation leads to a facilitation of immediatepesses to a finger movement stimulus.
Secondly, the automatic activation of motor repnéstons has also costs, as they
may interfere with the observer’s ongoing voluntbghaviour. Consequently, there have
to be dedicated inhibitory mechanisms for the ainbf arising imitative response

tendencies, which presumably were also effectivéhen case of the S1-S2 task. Above
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cited studies suggest that motor activation by olad®n of biological movement is
effector-specific or somatotopic, respectively (Buao et al., 2001; Sakreida et al., 2005;
Wheaton et al., 2004). Therefore, the present tesumé consistent with the interpretation
that suppression of a finger-specific activatiorcitdd by S1 led to slowed responses to
congruent or speeded responses to incongruent nemdsnm S2, respectively.

Third, as inferred from the above evidence andpilesent behavioural results, it
seems to be an interplay of several specific chamatics of biological movement which
makes up its special capacities: i.e. a movemenghbexecuted by a human model or at
least a human body part, which is part of the nbimianan motor repertoire and which,
furthermore, is biomechanically feasible. Thesetuess altogether, although each by
themselves capable to some degree to generate actigation, seem to make up the
entity of a biological movement which is the mosbtwerful in activating motor
representations, as only here direct action magcphmcesses can take place. In any case,
as was demonstrated by contrasting intransitivgefimnovements with a “biologically”
moving salient object (i.e. a red dot), the “movetheomponent per se is not sufficient to

exert the same effects on motor behaviour as doebl movement.

A further question relates to the results concegrihre temporal dynamics of the above
proposed priming effects: when regarding the externwhich specific priming effects of

biological movement depended on SOA length in SEg&riments 1 and 2, results were
partly divergent. Whereas a significant interactibatween type of movement and
congruency was confined to the 533 ms SOA in RTefrpent 2, it showed up in the 533
ms and also in the 1200 ms SOA in RT Experimeit $he two studies the 1200 ms SOA
was presented in different relative positions setof SOAs - i.e. while in RT Experiment
3 the 1200 ms SOA was the middle interval, in Rpé&mxment 2 it represented the longest

interval of the short SOA set and the shortestrvadeof the long SOA set. Thus, findings
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point in the direction that the presence of direatching effects was affected by the
relative rather than by the absolute length ofphene-target interval.

Inferring from their study where (static) pictured hand postures led to
congruency effects in RTs of pre-instructed handentents at SOAs between 0 and 600
ms, Vogt et al. (2003) presumed that the obsernmrciency effects were short-lived
(with a tentative time window of 300 to 700 ms SO#cause they were influences by
temporal expectancies in the subjects: with inéngglékelihood of the go-signal to appear,
l.e. with SOA getting longer, motor preparation htignave changed its focus from the
hand’s target orientation to its concurrent st@fenote, movement preparation can operate
even although the parameters of a movement argatatompletely specified (c.f. Wild-
Wall et al., 2003). Consequently, congruency effeatere reduced with increasing
temporal proximity of the movement onset. In thesgnt S1-S2 studies, responses were
not pre-defined but, as was proposed, effectorispethere: finger-specific) motor
preparation was induced involuntarily by the mdvsayvation of a finger movement in S1,
then turning into inhibition of the prepared resp@nThus, in conditions with the longest
SOA of a given set, a mechanism similar to thappsed above might have operated: after
a period of response inhibition motor preparatioghthhave come into play again, but
now focused on the hand’s concurrent, restinge stather than on the effector-specific
motor response (particular finger movement) thet pr@-activated by S1.

These processes are further more assumed to béicsfmctrials with a biological
movement prime. Thus, the absence of a movementfgpemodulation of congruency
effects at the 1900 ms SOA (RT Experiment 3) amd1tP00 ms SOA (RT Experiment 2)
which were presented as the longest intervals sktacould be explained by such a
mechanism.

This might explain why the movement-specific motiola of the congruency

effect at the 1200 ms SOA was confined to RT Expent 3, where this SOA was the
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middle, rather than the longest, interval. It wouidwever, not explain why there also was
no movement-specific congruency effect when theD1B8 SOAs was the shortest interval
of the long SOA set in RT Experiment 2. Presumablysecond factor affecting the

interaction between SOA level and the movementiBpecongruency effects was the

choice of movement types present in S2. In RT Hrpamt 3, RTs were generally

prolonged when S2 was a moving dot. Moreover, aljhothere was no significant

interaction between type of movement in S1, conggyend type of movement in S2, the
additional analysis concerning the 1200 ms SOA ake¢k that the movement-specific
congruency effect was actually attributable to 8#moving dots which had not been
employed in RT Experiment 2.

Taken altogether, the time-course of direct matgheiated priming effects in the
S1-S2 experiments seemed to be influenced by sff#ctemporal expectancy as well as
stimulus characteristics of the go-/instructiomstius. Future research will have to clarify
in detail how the relative and absolute tempordatien between observation of a
biological movement and movement execution modsilaféects of direct matching, for
example when contrasting pseudo-randomised prdsentat different SOAs (as in the
present experiments) with blocked testing (i.eyame SOA length administered in one
block of trials) where participant’s temporal exiaies can not differentially affect RTs
at different SOAs. Moreover, as visual S1-S2 payadi do not permit simultaneous or
overlapping presentation of two (supraliminal) mmeat stimuli, exploration of AOEM
dynamics, including a comparison of simultaneous serial processing of an instructive

stimulus, will have to be continued with other mhgans.

It is worth mentioning that factors “biologicity’rdanimacy” and attentional salience are
to a certain degree still confounded in the presardies: except for RT Experiment 4, the

moving dot was always contrasted with a finger thaved virtually simultaneously with a
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dot, as a dot was attached to the fingernail. Thiws, moving finger (plus dot) was
probably a more salient visual stimulus than theimgpdot alone. Although the results of
RT Experiment 4 indicate that the difference immstius salience was not crucial for
response facilitation, further attempts have tonbede to disentangle the behavioural
effects of the “biological” from the mere visuo@attional component in observation of

human body movement.

Finally, recurring to the main objectives of thegent series of studies on the link between
observation and execution of biological movemem, hypotheses concerning the neural
network underlying the observed behavioural efféxage to be proven using functional

brain imaging techniques. This will be the issu¢hef following chapter.
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3. fMRI experiment

The following section deals with the event-relatstR| study. First, the main objectives
and hypotheses of the study will be addressedi¢se8tl). The section on methods (3.2.)
starts with an introduction into the fundamentdighe employed fMRI method (3.2.1.),
including the analysis of fMRI data. Then, the prasfMRI experiment will be reported

(sections 3.3. 10 3.6.).

3.1.Objectives

As was laid out in the first chapter, there is cenging evidence for the existence of a
“mirror” or “mirror neuron” system in the human braparalleling the mirror neuron
system discovered in the macaque monkey with résfpe@natomical and functional
properties (see section 1.5.; Rizzolatti & CraigheR004). However, phylogenetic
evolution may have led to certain changes in thedm mirror system’s functionality:
some neuroimaging studies suggest that, in contoastirror neurons in area F5 of the
monkey brain, the inferior frontal mirror area imrhans also responds totransitive
movements (lacoboni et al., 1999; Koski et al., 30W@sing fMRI, the authors showed
that observation and specular imitation (i.e. i@ in a mirrored mode) of simple non-
object directed finger movements activated thetabopercular cortex in human subjects.
Moreover, lacoboni et al. (2001, 1999) reportedrsier activation of the left
frontal operculum, the right anterior intrapariesallcus, opercular parietal areas and the
right pSTS during imitation as compared with theaxion of the same movements in
response to static spatial cues. Activation in filoatal operculum, the anterior parietal
sulcus and the superior temporal area was alsemreésiring mere observation, however,
to a lesser degree than during imitation. Authorsktthe stronger premotor and parietal

activations during imitation compared to controltoraasks as “mirror activity” that was
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due to a direct matching or AOEM mechanism (Rizizoéa Craighero, 2004; Rizzolatti et
al., 2001) linking observed and executed movemarinhgd imitation.

Accordingly, a stronger activation of the bilateirgerior frontal and right posterior
parietal cortex during specular as compared tooamatimitation of finger movements
demonstrated in a companion fMRI study by Koskiakt (2003), was interpreted as
reflecting a stronger engagement of AOEM mechanidomring the naturally preferred
mode of imitative behaviour (see section 2.1.1.).

However, regarding fMRI results on imitation ofder movements, two features of
the observed activation pattern are not readily gatible with the predicted activity for
brain regions that might subserve a direct matchmeghanism, i.e. the inferior frontal and
parietal areas: first, the mere observation ofaimditive movements activated the left
frontal operculum and the right STS only, but fdil® increase the activity in the left
inferior parietal lobule (lacoboni et al., 1999) iatn is regarded the second important
“node” of the human mirror neuron system. Secoaenof the above studies (lacoboni et
al., 2001; lacoboni et al., 1999; Koski et al., 2D@eported increased activation of the
frontal operculum for plain observation of fingepwements compared to control stimuli,
indicating that the observation of finger movemdatked to elicit “mirror activity” in the
absence of a motor response. Preferential activatiothe premotor cortex has been
demonstrated, however, for the observation of abgated human as compared to robotic
action (Tai et al., 2004).

Furthermore, Williamst al. (2006), using virtually the same protocol as lasob
and colleagues (1999), were unable to replicatetdtqdand temporal) increases in BOLD
signal during imitation as compared to the executiontrol condition.

Moreover, the control stimuli employed in the sasliby lacoboni et al. (2001,
1999) and Koski et al. (2003) were non-moving digeg. a black cross appearing either on

the index or middle finger of a static hand, or argrey rectangle). Thus, it was not
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possible to dissociate specific effectshmfmanmovement from effects of movement
generalin their results.

Finally, though authors suggested a mediation ef blehavioural benefit for
imitation by human mirror areas, none of the abiddR| studies reported any RT data. In
a companion MEG study (Kessler et al., 2006), mieagues in Dusseldorf used the same
stimuli and task and part of the stimuli as in gresent fMRI experiment. Participants
imitated a combined finger-dot movement or respdniiea moving dot. An analysis of
long-range synchronisation during imitation revdatbat finger movement imitation as
compared to responses to the moving dot was as$sdciwith an increase in
synchronisation at a frequency around 10 Hz in ¢sbinct time windows (100-250 and
400-500 ms after the onset of cue presentationjessed synchronisation was observed in
a widespread network involving the left ventralmogor cortex, bilateral posterior parietal
cortex, right basal ganglia, right occipito-tempacartex, right temporal pole, and right
primary sensorimotor cortex. Importantly, the R vaatages for imitation correlated with
a relative increase in synchronisation of the lefhtral premotor cortex with the right
posterior parietal cortex and the right tempordéd®8-240 ms after stimulus onset. These
findings are compatible with the interpretationtthize observed behavioural advantage
was due to a direct matching process which neurcoraélate were premotor and parietal
mirror neuron areas, in interaction with the tengpaortex, the basal ganglia and other
motor areas (cerebellum, sensorimotor cortex). Hewestronger cortical synchronisation
during finger movement imitation was not confineccbnnections between putative mirror
neuron areas. Furthermore, connections in this or&tyweaked in narrow time windows
after stimulus onset. As there were, moreover, ualigtive differences between finger
and dot movements in terms of the involved corteaaks, it cannot be excluded that other
processes of visuo-motor transformation workedarallel or even alternatively to AOEM

during the observation-execution task. The tigimégr-regional coupling during the RT
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period might indicate a functional interaction beém the visuospatial network (i.e. the
right PPC) and the AOEM system (i.e. left vPMC) g¥hiwas crucial to produce the
response facilitation for imitative cues. Finallyhile MEG is capable of detecting also
early and transient imitation-specific changesonreectivity between mirror neuron areas
and other brain regions, it remained open whether BOLD-fMRI method would be

sensitive to these.

Following-up on previous fMRI studies by lacoboniat (2001, 1999) and Koski et al.
(2003), the present event-related fMRI study wasghed to investigate the role of human
mirror neuron areas in observation and imitatiorsiafple intransitive finger movements.
The experiment specifically focused at examining phoposed role of the core regions of
the mirror system, i.e. the posterior inferior fr@ngyrus (pIFG) and the anterior inferior
parietal lobule (alPL), in the mediation of the &eloural advantage for imitative
responses as compared to non-imitative visual §tifhiao evaluate task-related neuronal
activity that is specific to human body movemefiservation and imitation of intransitive
finger movements were contrasted with dynamic apatontrol stimuli which were
matched to the finger movements in terms of kinesabproperties.

The fMRI study was disposed to investigate the owalr correlates of immediate
motor responses to imitative versus non-imitatiiensli rather than delayed priming
effects and effects of temporal expectancy as th&EB RT experiments. Thus, a simple
RT task was chosen to measure effects of observelbglral finger movements
unaffected by inhibitory mechanisms and tempofakation of attention. The behavioural
paradigm paralleled RT experiments 1 and 4, emptpgingle visuospatial stimuli in the
context of a two-alternative choice reaction task.

The same “finger movement” and “moving dot” stima$i used in the behavioural

experiments (see chapter 2) were presented. Fortiney paralleling the static control cues
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used in previous fMRI studies (lacoboni et al., ZOxcoboni et al., 1999; Koski et al.,
2003), a non-moving spatial cue was presented.

The finger movement stimuli presented in previoM&f studies (lacoboni et al.,
2001; lacoboni et al., 1999; Koski et al., 2003)avperceptually more salient than the
spatial control stimuli (i.e. a static black cr@ggpearing on a finger) they were contrasted
with. As salient stimuli automatically attract vegpatial and motor attention, this may
have had a substantial influence on the magnitidepattern of neuronal activity in the
inferior frontal and parietal ROIs due to top-dopmocesses. Although the imitative and
control cues were matched as closely as possieéedisapter 2 for stimulus construction),
the original finger movement stimulus, where a d@is attached to the fingernail and
moved together with the finger, also was presumatye salient than the dot. However,
by introducing the less salient “finger movemenltybistimulus, where the dot remained
static while the finger was moving, it could be whoin RT Experiment 4 (section 2.5.)
that the RT advantage for imitative responses wasemt with both types of finger
movement stimuli which differed in terms of theierpeptual salience. The finger
movement and the finger movement only conditiontheei differed with respect to
absolute mean RTs nor effect sizes of the behaadidagnefit. Despite that behavioural
effects were not affected by stimulus salienceh ltgpes of finger movement stimuli were
employed in the fMRI study to estimate the influerd imitation-specific as compared to
unspecific effects of top-down modulation by atiemal salience on regional BOLD
responses.

In previous fMRI studies (lacoboni et al., 2001¢dhoni et al., 1999; Koski et al.,
2003), only one type of cue was presented durisggle block, and consecutive blocks
were separated in time by a period of rest witlamyt stimulus presentatiobl¢ck desigh
The blocked stimulus presentation may have fatgitaan “imitative set” during imitation

of finger movements, and the use of different respostrategies for the different cues. An
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event-relatedstudy design with intermingled presentation ofat#nt stimulus conditions
in single trials was employed in the present stiadgninimise activity related to cognitive
sets and strategies, including task switching c&@#g section 3.2.

Maintenance of attention during the course of tkgeement, particularly during

mere observation, was ensured by an oddball conditi

3.2.Methods
3.2.1. Fundamentals of functional magnetic resonance imagg

3.2.1.1. Physiological background

The phenomenon calledlclear magnetic resonanegises from the interaction of nuclei
having a magnetic momentum with an applied magniéltl. Magnetic resonance
imaging (MRI) as a tool for picturing the anatomy as well as finction of the brain,
exploits the magnetic properties of organic tissnest commonly the sensitivity of the
hydrogenH* atoms in water molecules to magnetic forces. A aucleus consists of only
one proton (and only one electron), its nucleusotpr and neutron) has a nuclear
momentum known aspin theH* proton constantlprecessesbout its principal axis, i.e.
it moves in a gyrating fashion like a child’s spimgn top. The spin of the electrically
charged proton creates a magnetic dipole field ivisrientated randomly as long as it is
unaffected by strong magnetic forces. When, howevsubject is placed within the static
magnetic field produced by the MRI machine (withedd intensity ranging between 1.5 to
3.0 Tesla for standard clinical or research purgpsiee spins of thél* nuclei in her/his
body will tend to align either parallel or anti-pHel with the direction of the magnetic
field (Bo) defined as the-direction. As slightly more spins will align palllto the field,

this results in a net magnetisation of the comataple parallel t&o.
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Now, in order toexcitea measurable signal, the spins are perturbedfaedguolibrium by
applying aradiofrequency(HF) pulse, i.e. a magnetic fiel®4) in thex,y-plane which is
oscillating at the same frequency of precessionthas spins, the so-calledarmor
frequency By absorbing the energy of the radio waves thiesspndergo a transition from
a low-energy state to a high-energy state (for nu@tails see Schoell, 2005). Depending
on the magnitude and duration of the HF pulse fliessare to a certain degree knocked
out of alignment witlBy. The net magnetisation is flipped from the londital (z-) axis to
the transversex(y-) plane. The stronger the energy of the HF puteefurther the net
magnetisation tips from theaxis, up to a maximuriip angleof 90° where all spins are in
phase.

As soon as the HF waves are turned off, the processlaxationwill start: the
spins return to their equilibrium state by realignpithemselves withBy again. The
exponential process of relaxation is describedhpget time constantd; is related to the
longitudinal magnetisation, whereds and T,* are both related to the transverse
magnetisation.T; relaxation is the time required for the longitudimaagnetisation to
return to thermal equilibrium due to the spins igigng the energy back into their
environment. Consequently, the intrinsic propertéshe tissue (i.e. fat, muscles, white
and grey matter, cerebrospinal fluid) determin€l, relaxation is the time required for the
transverse magnetisation to return to zero. It yeas spin-spin interactions between
neighbouring nuclei inevitably make the spins i throbe dephase. The transverse
magnetisation begins to precess aligyat the Larmor (resonant) frequency, producing an
alternating voltage in the receiving coil whichdstectable as electromagnetic radiation
within the range of HF waves. The time-course «f #iternating voltage is the MR signal.
T, is also specific for different matters, i.e. isisorter in solid bodies than in fluids.

However, due to magnetic field inhomogeneity andcroscopic spin-spin

interactions the transverse magnetisation in fadags faster tham,, namely with the
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effective relaxation timé&,*, leading to a loss of MR-signal. In order to bédb estimate
T,, the spins are re-phased again by an additiongbudse: at a time (Tau) after the 90°
HF pulse the probe is excited by a 180° pulseftlps the transverse magnetisation about
thex-axis. After another time the spins will be in phase again for a short tiave] after a
time of Z, thetime of echdTE), the refocusedpin echasignal will reach its maximum. In
a spin echo sequence the pulse sequence 90°-18ffeiated with éime of repetition TR
The relation of TE and TR in a pulse sequence oeters the weighting of an image with
respect tar; or T, relaxation: A tissue-distindf; weighted contrast which is often used for
anatomical scans, is achieved by using a shortritRasshort TE. AT, weighted contrast,
which is used for standard functional imaging (nueiag BOLD contrast, see below), is
accomplished by using a long TR and a long TE.

Finally, to get full spatial information about tsample slice selectionphase-and
frequency encodingre used. Three orthogonal pulsed magredid gradientsare added
to the main homogenous static magnetic field. Thgrselients produce a small linear
variation in thez-, y- andx-component of the main field, i.e. the precessi@gudency of
the spins in the probe varies with their positianspace. Consequently, there is a phase
change that is proportional to the position coatkrparallel to the gradient direction. By
means of Fourier transforms, the rows and colunires D matrix can be reconstructed
from the measured MR signal, assigning a greyscdies to eaclvoxel (volume pixel)

First, to selectively excite only a specific slmiethe probe, the main magnetic field
is made inhomogenous by adding the field gradiettshe time of excitation, and,
furthermore, applying a HF pulse of a certain fesgey bandwidth. Second, the main
magnetic field is made inhomogenous during the aligreadout. Thus, different
frequencies in the MR signal can be separated plyiag a Fourier transform. Third, by
repeatedly adding the field gradients of differigénsities for short periods (ms) between

excitation and readout, differences in phase betvike spins which are related to their
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spatial position can be calculated by Fourier-tiamsing the signal with respect to field

strength.

When a characterisation of (cognitive, sensory otam) information processing in the
human brain is addressed, the most widely used fmBithod makes use of thdood
oxygenation level dependent (BOLD)-contragte BOLD-contrast exploits the fact that
during increased focal neural activation the degfdglood oxygenation is actually higher
than in a comparable “resting” condition: increaseelral activation also causes an
increase in the metabolic consumption of oxygercivhin turn, is compensated for by the
vascular system through an augmentation ofréiggonal cerebral blood flow (rCBF)As
this response of the vascular system is overshp@tinxury perfusion”), it makes BOLD-
imaging possible. Whereas oxyhemoglobin (hemogldhat is oxygenated, i.e. bound to
oxygen) is diamagnetic, thus repels the local magrieeld applied, desoxyhemoglobin
(hemoglobin that is desoxygenated, i.e. not bownolxiygen) is paramagnetic, i.e. attracts
the magnetic field and distorts its homogeinity.u$hthe BOLD-contrast reflects the
distortions of the magnetic field (in the order005-3% at a magnetic field strength of 1.5
Tesla) caused by the different magnetic suscejyiluif desoxy- versus oxyhemoglobin in
the blood (Matthews, 2001). Of note, the magnetsreptibility is not homogenous across
the brain. At tissue boundaries (e.g. the sinugtyat the frontal pole) and close to large
blood vessels (i.e. in the medial temporal lobe¥ceptibility artifactscan arise. In the
time-course of the measured MR signal, the BOLDtras is reflected in differences in
theT,* relaxation time.

An advantage of BOLD-fMRI over other functional ioramaging methods (e.g.
positron emission tomography, PET, or electro-/meigancephalography, EEG/MBE®

the possibility to achieve a high spatial resolutioe. in the order of voxel sizes below
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1mn? (Menon, 2001). For economic reasons, thoughtd.shorten scanning time (the TR,
for whole brain measures is usually 2-4 s), mdstlyer resolution are used.

The method has, furthermore, some limitations:t,fitke BOLD-contrast is an
indirect measure of neural activation. Its ampktudnd extension are most closely
correlated with local field potentials (with a dglaf 4-5 s), as results of simultaneous
fMRI and intra-cortical electrode measurements bygdthetiset al. (2001) showed. Thus,
the BOLD-contrast predominantly reflects the entcgly expensive regional synaptic
input at local dendrites rather than multi-unit kipg activity of neurons which
corresponds to the output of a region. Secondieimporal resolution of BOLD-fMRI is
limited by the dynamics of the hemodynamic respdisg 3.1A): the neural activity sets
in milliseconds after onset of stimulus presentgtiacreasing theerebral metabolic rate
of oxygen (CMRg) that reflects the metabolic demand of the locdue (Ugurbilet al,
1999). The BOLD-signal, in contrast, actually deses during the first seconmphifial
dip), because the oxygen consumption increases fstar the compensatory vascular
response. Due to luxury perfusion, the BOLD-sigmaleases from approx. 2 sec after
stimulus onset, peaks at 5 sec, again decreasew belseline goststimulus undershqgot
and is recovered at 12-18 sec (Matthews, 2001).l8dggh of the whole individual BOLD

response is approximately 30 sec.

3.2.1.2. Processing of fMRI data

Prior to the statistical analysis, imaging dataeh&y undergo temporal and spatial pre-
processing. In the present work, images were psecesind analysed usirffatistical
Parametric Mapping ZSPM2 (Wellcome Department of Cognitive Neurology, Lond
UK) implemented in Matlab 6.5 (Mathworks, Sherbavid). The following two sections

describe the processing procedures provided by Sz ustomised toolboxes which are
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available and commonly employed in our laboratarg, the Department of Systems
Neuroscience at the University Medial Center Hargdtppendorf (see also Glascher,

2005; Wolbers, 2005).
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Fig. 3.1. A. Physiology of a stimulus-evoked hemodgmic response.The different metabolic
influences (CMR@ = cerebral metabolic rate of oxygen, rCBF = regloterebral blood flow,
desoxy-Hb = desoxyhemoglobin) affecting the homeggrof the applied magnetic field, i.e. the
measured MR (= magnetic resonance) signal (redl tn@OLD (blood oxygen level dependent)
effect (indicated by a double-headed vertical ajroMne schematic display comprises approx. 5 s
after stimulus onsetB. Mathematical model of the hemodynamic responseA canonical
hemodynamic response function as used to modéighmdynamic response in SPM. The display
comprises an entire BOLD response. Subfigure A fremtiafter Ugurbil et al. (1999) © 1999 10S
Press. Subfigure B adapted, with permission, frdéas€her (2005).

Slice time correctioradjusts for the sequential acquisition of slicathiw a scan. While
the measurement of an entire brain volume takeallysR-4 sec (employing a standard
T,*-weighted echo-planar imaging (EPIlsequence), the BOLD response is triggered
simultaneously in the whole brain, leading tphease offsetfor all slices following the first
one. By use of a Fourier transform the phase isected as if all slices had been acquired
at the same time as the particular reference ¢tto® middle slice is often selected to
minimise the inevitably resulting interpolation @ny.

Image realignmentdjusts for a subject's head motion during an fMBh or
session, basically faranslations(i.e. head position shifts in the direction of cofethe

three image-dimensions, i.e. tRe y- or z-axis) androtations (shifts around one of the
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three axes) between different images of a seriestiod correction is necessary as a
shifting of voxels in space induces movement aitai.e. signal changes (1-8%) that can
be even larger than the experimentally induced ghsuimaximally 5%). Whereas random
movements that are independent of the experimemaaipulation decrease tisggnal-to-
noise ratio (SNR)stimulus-correlated movement often leads to sjigriactivations at the
edges of the brain. Images are re-aligned by agtpic of so-called “rigid-body
transformations” (affine transformations allowing fany linear transformation of a three-
dimensional image). The realignment is an itergpirecedure within which transformation
parameters corresponding to the (translational estdtional) head movements are
estimated with the aim of minimising the sum ofa@ual differences between two images.

During spatial normalisation the individual brain of a subject is matched to a
standardised brain template. This is done in otdgyermit comparisons across different
subjects and experiments and to admit the useaoidatd brain atlases (Frista al,
1995a). The employed template is defined eithethkyTalairach (Talairach & Tournoux,
1988) or the Montreal Neurological InstitutdNI) space (Evanst al, 1993). Both affine
and nonlinear deformation parameters are compigdaffine transformations, first, an
initial gross anatomical matching of the whole indual head to the template is carried
out and, second, the brain is matched to the temla minimising the sum of squared
differences between them. During nonlinear tramsédion, the precise fitting of regional
differences is accomplished.

Spatial smoothings applied to the image data for several reasphso enhance
the SNR, (ii) to improve the error-term-distributjowhich is a requirement for applying
parametrical statistical tests subsequently. (Bihoothing corrects for remaining
anatomical differences between subjects, thougtheaexpense of decreasing the spatial

resolution. During smoothing, images are spatiéltgred by means of a 3-D-Gaussian
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filter of a specific width (the Gaussian kernel mafly has 2-3 timesull-width-at-half-

maximum (FWHMbf the voxel size (Fristoat al, 2000).

3.2.1.3. Statistical analysis of fMRI data

Functional imaging data are analysed in a two-ptegedure, in which the effects of the
experimental manipulations are estimated indepehdér each voxel ihass univariate

approach).

At the 1*' level of analysis, the effects of the experimental maaifian on brain activation
are estimated for each subject independently. Heraultiple linear regression within the
framework of thegeneral linear model (GLMis used to explain the measured time series
at each single voxel. In this regression functibie, datay are modelled by the weighted
sum of a set of predictor variables r@gressors(P) and a residual error termwhich
represents the differences between the data andprbdicted response, i.e. noise:
Y=Xf+e

The regressors that represent the experimentaltcmmland the onsets of stimuli
during the course of the experiment are speciiied design matriX (see Fig. 3.2 for an
example). This design matrix can contain also #mlthl explanatory variables, as for
example the transformation parameters resultingn filoe previous realignment procedure

of images, or covariates like participants’ behavad test scores, reaction times or age.
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Fig. 3.2. Graphic display of a single-subject desigmatrix. The exemplary first-level design
matrix contains four sessions. Acquired imagesn&care displayed on the ordinate, predictor
variables (parameters/regressors) are depicteldecattscissa. Four blocks of columns: four
sessions with 12 regressors each (five regresspregenting the experimental conditions, one
regressor modelling errorneous events, six regresamtaining the realignment parameters).
Rightmost columns: session-specific constant terms.

The stimulus onsets usually are modelled as trafngdelta functions convolved with a
standard canonicdlemodynamic response function (HRBg¢e Fig. 3.1B; Fristoet al,
1998a). An HRF is a mathematical model of the hgmathic response (constructed of
two Gamma functions) that describes an individtialgus-evoked BOLD response in the
brain. As fMRI time-series have a particular autoglative structure, not simply their
mean may be used for predicting the data. Instaduypothetical response function for
each experimental condition is constructed, basethe onset of this condition during the
experiment convolved with the canonical HRF. Itoidly sensible to model all stimuli
presented in an fMRI experiment separately if S@#es not less than 2 sec (ieent-
related study desigrsee section 3.2.1.4.).
The goal of the GLM estimation is to determine tiegression coefficients

(parameter estimateg:... S, which usually represent the response amplitude, the

magnitude of activation or its effect size) thattfie model to the data. The criterion for
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this fit is the minimisation of the sum of the sopah residuals by standard statistical
criteria (ordinary or weighted least squares, maxinlikelihood). The model estimation
on the first level yieldg -images for each regressor containing the pararastenates, i.e.
the estimated effect size of this variable at alteis.

In order to draw a statistical inference aboutriegnitude of these effect sizes, a
linear contrast vector has to be applied to tharpater estimates (e.g.[-11 000 ....] for a
one-sided-test comparing the first two of a number of coioti$). The contrast vectaris
multiplied with theg-images, rendering eortrast]-image (effect size image). Statistical
inference is done by thresholding the resulting $PMnaps with a pre-defined (see2™

levelinference).

At the 2" level of analysis, theeonimages of all subjects from*level estimation are
tested in anixed-effectgroup analysis. Here, standard statistical te&tSANOVA, one-
samplet-test, linear regression/correlation etc. are aopli

Mixed-effectanalyses on multi-session/subject fMRI data triest session or
subject-specific effect asrandomvariable, such that the observed activation isxdure
of fixed andrandomeffect$. Inference is carried out at the second/groupl lene pertains
to significant effects that are large in relatian detween-session/subject variability. In
contrast to thatfixed-effectanalyses use models in which the interaction betviiee effect
(e.g., activation) and session/subject is treatedaafixed variable and the effect is

compared against within-session/subject errorr(@sT' level analysis).

2 Whereas the levels ofrandomfactor/variable are assumed to be random samplesdrlarger population,
the values of éixedvariable are assumed to be always the same, éasumed without error (independent
variables in an ANOVA or regression are mostly assth to be fixed). Aixed-effects ANOV£efers to
assumptions about the fixed variable and the elistribution for the variable, thus, results can be
generalised only to the experimental values usedarstudy. Arandom-effects ANOV#akes inferences
beyond the particular values of the independenakibe used in the study, i.e. on the populationreltibe
values were drawn from. Thus, results can be gésedato other studies using other values of théabte,
however, at the expense of less power (becausemaedfects analyses produce larger standard eftiars
fixed-effects models).
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As on the 1 level of analysis, statistical inference is donetbresholding the
SPMs resulting from linear contrasts. Basicallgréhare two types of inferences about a
null hypothesis in neuroimaging (Friston, 2003):

(a) hypotheses concerning a pre-specified anatbmecpon. If the tested brain
volume is restricted taegions/volumes of interest (ROIs/VOIsgcording to a priori
hypotheses about the involvement of brain regionthé process under investigation, the
uncorrecte@-value associated with the spatial extent of therews activated cluster in that
region can be used for inference (Friston, 19%T)ister-level inferencesee below).
However, it is also common practice to report atedp-values (i.e., adjusted for multiple
comparisons, see below) associated with the maxight of the activation and constrain
the search volume to the pre-specified region,tagerform asmall volume correction,
(SVC)(Worsleyet al, 1996).

(b) hypotheses without anatomical constraints. Heree has to account for the
multiple testing problenm any case: as effects in neighbouring voxelsl tenbe highly
correlated, multiple spatial comparisons (one fache voxel) cannot be regarded as
independent and statistical thresholds have to dyeected for false positivesType |
error). The standard measure of Type | error is the givdity of any Type | error, the
familywise error rate (FWE)As the standard Bonferroni-method controls fa BWE of
activated voxels by correcting for thousands otstd (which are, moreover, not
independent in adjacent voxels) it severely dee®athe sensitivity. Alternative
approaches have been developed specifically forctimumal neuroimaging, e.g. the
Gaussian random field (GRRheory (Worsleyet al, 1992) which controls for the FWE
based on spatially extended regions (clustersgifations in the data regardless of voxel
number. The more recently develogalse discovery rate (FDRarror metric describes the
expected proportion of rejected hypotheses whielfase positives, adaptive to the actual

number of suprathreshold voxels in the data (Gesmeteal, 2002).
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There are, moreover, different levels of inferemc@euroimaging: (1yet-levelinference
decides whether the global pattern of activatetbrexg(clusters) emerged by chance, based
on how many clusters exceed a certain height ofatain andspatial extent threshol(k).

(2) cluster-levelinference decides whether the extent of a clustemerged by chance. (3)
voxel-levelinference decides whether the height of activabbma single voxel arose by
chance. Whereas the statistical sensitivity deee&r®m set- to voxel-level inference, the

specificity of activation localisation increases.

3.2.1.4. Experimental design of fMRI studies

Setting up an appropriate experimental design ffMRI study aims at isolating task-
related changes in BOLD signal, i.e. experimentiance induced by the experimental
manipulation, from signal changes that occur reldte other non-interesting processes.
The majority of study designs employed with fMRI ma@r less relies on theognitive
subtractionapproach. Here, regional changes in BOLD signited to one or several
experimental conditionare compared with activity measured during onenooeecontrol
conditions and one ore morbaseline conditionsrespectively. Information processing
required by tasks and/or stimuli in the experimeobadition(s) as compared to the control
condition(s) is supposed to differ in the intenegtaspect(s). During a baseline condition
there are normally no specific task requirememtstiempt to induce a “resting” phase as a
reference for any task-related signal changeseasas as well as decreases.

The simplest application of the subtraction loggcai categorical study design.
Regional brain activity associated with a specifarm of information processing
(cognitive, sensory or motor) is sought to be ideat by simply (or serially) contrasting
regional activation changes related to an experiai@ondition with a control condition.

On the level of statistical inference, comparisbasveen conditions are accomplished by
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voxel-wiset-tests (see section 3.2.1.3.). However, the logithe subtraction approach
rests on the psychophysiological principle of “punsertion”, stating that cognitive
processes can be added to an experimental situadiblout changing other processes
required. This assumption, however, disregardsdbghitive processes interact with each
other. Thus, the neuronal activity induced by aatercognitive process depends on the
whole experimental context. Baseline activationirgiavhich task-related signal changes
are evaluated is affected by every additional abgnprocess as well.

Factorial designsalso rest on the subtraction idea, however theywadc for
interaction effects between different task-relatsttivity changes. A factorial design
comprises more than one independent variable/faetod factor levels are completely
crossed, i.e. each level of each factor is pairikd @very other level of every other factor.
An example of a factorial design is the one employe the present fMRI study (see
section 3.3.)Parametric designsfurthermore, rely to a lesser degree on the aatim
logic, assuming that altering the load on one @eadoes not change other component
processes in the task. Parametric designs implewagidtion over several levels (at least
three) over a process of interest, e.g. represdiyadsk difficulty. The possibility to look
for systematic linear or non-linear variations efjional activity across all levels of a
variable renders control conditions obsolete, tteakices the probability of false positives
and activations due to confounding variables.

As fMRI generally is a contrastive method wherekisdated activation is
evaluated in comparison to a baseline, it is gdiyemraportant to set up an appropriate
baseline conditionin fact, there is frequently substantial actioatduring those phases of
an experiment where no explicit task has to beoperéd. These activations which can be
due to mental imagery, rehearsal, eye movementreght severely reduce the sensitivity

of a paradigm. Depending on the experimental hygswh, the use of a high-level baseline
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condition that is preferably similar to the expegimal condition or even multiple baseline

conditions which control for different possibly doanding factors may be advisable.

It is furthermore, desirable to enhance the sefitsitof a given design for the experimental
effects and reduce error variance, i.e. raise xperamental variance. Higher experimental
variance, on the one hand, can be achieved by isntign the parameters of an
experimental design: (i) theampling rate or the resulting temporal resolution of fMRI,
respectively can be virtually enhancedjitering of SOAs, that is randomly shifting the
phase onset of consecutive stimuli, and at the sanmgeavoiding to synchronise onsets of
stimuli with volume acquisition or using SOAs tlairrespond to a multiple of the TR.
Jittered SOAs provide that hemodynamic responsasirtauli of different conditions will
not sum up to a grand peak (as they overlap irdhapollowing trials), but will rather lead
to condition-specific temporal patterns and, innfuhigher experimental variance. (ii)
stimulus ordermoreover, has an impact on the magnitude of @xgetal effects.

In a conventional fMRblock designsimilar stimulus events are presented to the
subject with a fixed inter-stimulus interval of $ethan 2 sec, for e.g. a period of 15-60 sec.
The different BOLD responses to the stimuli witlarblock do not add up linearly, but
BOLD amplitude is attenuated after the first stiosuin a block, leading to a slight signal
decrease over the course of a blocked preseni@rmtonet al, 1998b). After each block,

a resting period of the same duration (or at leasfl2-18 sec) has to be inserted, allowing
the hemodynamic response to return to baselineB@kD responses elicited by single

stimuli can not be separated from each other, blbesigns do only permit to analyse

activation related to single stimuli.

Experimental effects obtained by block designsrmaagkedly higher in magnitude
than those obtained l®wvent-relatedstudy designs. Here, stimuli of different concisaare

normally presented in a randomised or pseudo-rarsdminorder. To avoid overlapping



3. fMRI experiment 117

effects of adjacent events, fixed inter-stimuluseimals should not be below 2 sec.
However, even shorter stimulus presentation raiae {rial per 2 s or less) have recently
been proven feasible: napid event-relatedMRI, jittered inter-stimulus/-trial intervals are

used (see above). Event-related approaches peymoibtain correlates of neural activity
that is related to single or averaged stimuli (bglog to one experimental condition).

They are, however, not sensitive to tonic changesiivation.

Finally, several psycho(physio)logical factors hawebe considered when opting
for a block or an event-related design: whereaa block design the stimuli within one
block have to belong to the same stimulus typexpeemental condition, stimulus order
can be more flexibly chosen in an event-relatedgded his can help to reduce expectancy
effects (cognitive sets), but on the other handl l&a undesirable learning of possible
regularities within a pseudo-randomised stimuludear Habituation due to repeated
presentation of similar stimuli within a block mighttenuate activation. Attention or
vigilance might decline over the course of a lofark of stimuli as well as over the course
of a slow event-related stimulus presentation. \Wagran orienting reaction is potentially
induced only by the first stimulus in a block, iaynbe elicited by each single stimulus in
an event-related presentation. A critical advantaigeapid event-related designs is their
comparability with approved paradigms from expentaépsychology.

In general, block designs are most efficient itTmerof induced experimental
variance. There are, however, ways to benefit ftbe above described advantages of
event-related designs, while at the same time warigesufficient design effiency (Friston
et al, 1999; Josephs & Henson, 1999): if one is predantly interested in detectingain
effects i.e. common averaged activation related to siimegresenting one experimental
condition, longer SOAs (of 9 sec and longer) shdagddused. Idifferential effectsare of
highest interest, i.e. the difference in activatimiween different types of stimuli, shorter

SOAs (even below 2 sec) should be employed. A todfdeetween the sensitivity for main
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and differential effects can be avoided by introdgoull events i.e. by occasionally
omitting stimulus events in a sequence. This mdykaproves the sensitivity of a rapid
event-related design for main effects (and to seledegree also for differential effects; see

the present fMRI study, section 3.3.).

3.3. Method of the present fMRI study

Participants

19 healthy individuals (10 females) aged 21 to &ary (mean age: 25.2 years) were
measured at the University Medical Center Hambysgehdorf. All had no history of
neurological disorder or head injury, normal orreoted-to-normal vision and were
assessed as being right- handed according to #eedeAHQ (see Annett, 1970, 1985).
Subjects gave their informed written consent piaothe experiment to which purpose they
were naive. They were paid for their participatidhe study was in accordance with the

Declaration of Helsinki (1964) and approved bylteal ethics committee.

Stimuli

The stimulus material employed during fMRI corresgped to that used in the behavioural
studies (chapter 2). Participants continuously tedca left hand resting on a white
horizontal plane. To minimise eye movements, subjaere required to fixate a yellow
cross that was placed on the stimulus’ verticallimédand in equal Euclidian distance
from both fingertips horizontally. The stimulus ldarwas presented in a mirrored
orientation with respect to the subject’'s respogdiight hand. See Fig. 3.4 for an

illustration of the stimuli.



3. fMRI experiment 119

A static picture of the left hand with the fingestghtly flexed served as a high-level visual
baseline (Fig. 3.4). Stimulus conditions differetihwespect to the presence or absence of
(i) movementper se(i.e. movement of an object or a finger) or &énimatemovement (i.e.
movement of a finger). Four different types of pret sequences were presented as
stimulus events, three of them presenting moveng&htn a “finger movement” condition
inanimate as well as animate movement was showhaina finger moved up and down
with a dot attached to the moving finger. (2) ager movement only” condition presented
an animate up-and-down movement of a finger (witttics dots visible). (3) a “moving
dot” condition showed inanimate movement, i.e. & @ygect moving up and down on a
static finger. (4) in a “colour change” conditionete was no movement present, but a
static dot superimposed on a static finger chartgezblour abruptly from red to green and
back. Each event concerned either the index de fiihger. Of note, this stimulus was
different from the control stimulus presented asrSRT Experiment 2 (see section 2.3.).

To ensure that participants paid attention to theawi, a non-spatial oddball
stimulus was presented that consisted of thredlglayallow lines superimposed on the
static hand in the centre of the screen (see Figdie The use of an oddball condition was
motivated by an fMRI pilot study in seven subjeatsere no oddball was introduced.
Here, the first-level analysis revealed no or onigak activation of the pIFG and alPL
during the observation sessions. Subjects repsdedre difficulties to maintain attention.
The PET study by Elsner et al. (2002) is a posiixample of an experiment where the use
of a sensorimotor oddball condition did not advisrsefect activation of the SMA by
auditory presentation of learned “action effects”.

Each picture sequence consisted of twelve framédaamted approximately 400 ms

(each single frame was presented for 33 ms).
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Task

During the execution task, participants were irged to lift the right index or little finger
as fast as possible in response to the stimulusin@uhe observation task, subjects
watched the same stimuli but responded only tamtitball stimulus. On appearance of the
oddball, participants were required to lift the exg middle, ring and little finger of the
right hand simultaneously. To ensure a constanhitiog set, participants performed the
same task (execution, observation) throughout glesitMRI session. The task instruction
was presented as a text (“Ausfihrung” or “Beobaocgtyat the beginning of each fMRI
session. Task instructions and training trials () task) were provided outside the

scanner prior to the fMRI measurements.

Design

A 4 x 2 factorial design was employed. Within-grdaptors were ‘stimulus type’ (finger
movement only, moving dot, finger movement, colochange) and ‘task’ (observation,
execution). Each participant underwent four fMREsens (two sessions per task) of
approximately six minutes, separated by short lwedlkapproximately two minutes. The
tasks alternated between consecutive fMRI sessims,the order was counterbalanced
across participants (execution-observation-exeotailoservation or reversed order; see
Fig. 3.3B). All stimulus types were presented ipsg2udo-randomised order during each
fMRI session (see Fig. 3.3A), employing a rapid rewvelated design with a jittered
stimulus-onset asynchrony of 3.4 — 4.4 sec. Eadheofour spatial stimulus types (colour
change, moving dot, finger movement, finger movenweny) was presented 12 times in
each session. Six stimuli were presented at theigo®f the index finger or little finger,

respectively. Four oddball trials were added tohefMRI session. Furthermore, 12 null
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events (400 ms-sequences showing the resting aerd)presented per session to improve

the design’s sensitivity for the main effect ohstilus type.

(A) Triall SOA = 3.4 - 4.4 sec
Stimulus Static hand
400 ms ISI 3.0 — 4.0 sec

(B) | Execution session: 12 events/type + 12 null events + 4 oddball events
h_ Null Odd

Observation session

4 sessions of 4 min = approx. 16 min
Exec Obs Exec Obs

Fig. 3.3. Experimental design of the fMRI study. ATiming of a single trial. B: Arrangement
of stimulus events and sessionElpper two beams: succession of stimulus everitsiexecution
and observation sessions. For illustrative purpdbesdifferent trial types within the fMRI
sessions are not shown in the pseudo-randomised ioravhich they were actually presented.
Lower beam: order of task-sessions in the experin@mly one of two possible orders within the
experiment is depicted.

Data acquisition

Stimulus delivery, recording and on-line processignotor responses were controlled by
a personal computer using Presentation softwaraiaVistimuli were back-projected by an
LCD-beamer onto a screen inside the scanner thdd dme seen by the subjects via a
mirror attached to the head coil. The screen wastipped at a distance of approximately
90 cm from the subjects’ eyes. Thus, rectangulanuit occupied a visual angle of ca.

10.7° diagonally.

Data acquisition

fMRI measurements
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MRI data were acquired on a 3 Tesla whole body MBanner (Magnetom TRIO,
Siemens, Erlangen, Germany) using a standard reb(Bcuker, Ettlingen, Germany). A
T1-weighted FLASH 3 D sequence was used for structRA of the whole brain (TR 15
ms, TE 4.92 ms, flip angle 25°, 192 slices, 1 mioesthickness, 20% gap, 256 x 256
matrix) to exclude neurological abnormalities. Teasure task-related changes in BOLD
signal as an index of regional synaptic activityydtional images were acquired employing
a To*-weighted single-shot gradient echo-planar imagiB&l) sequence covering the
whole brain (TR 2030 ms, TE 25ms, flip angle 908, tBansversal slices, 3 mm slice
thickness, 33% gap, 64 x 64 matrix, 210 x 210 netdfof view, resulting in a 3.3 x 3.3 x
3.3 mm voxel size). The subjects’ head positiothi coil was stabilised with foam pads
to minimise head movements. A total of 144 EPI auds were acquired for each session
along the transversal plane, including five dummgns at the beginning of each to ensure

steady-state magnetisation.

Behavioural responses

Participant’s motor responses were registered bgnsief the custom-made light barrier
device that was also used in the behavioural sfufibapter 2). The MR-compatible
device was placed on the subjects’s abdomen thouigthe fMRI measurement. The
participants’ responses were quantified as RTs amdrs as in the behavioural

experiments.

Data processing and analysis

fMRI data
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Image analysis was carried out using SPM2 (Wellcobepartment of Cognitive
Neurology, London, UK; www.fil.ion.ucl.ac.uk/spm)mplemented in Matlab 6.5
(Mathworks, Sherborn, MA). The first five scanseafch series were discarded to alleviate
the scan equilibration effect. Images were sliogetl and realigned to the first image of
the first session to correct for the effect of h@aotion across scanning time. Realigned
images were spatially normalised using a repretieathrain (MNI series) as a template
and 3 degree B-spline interpolation and were finally sthed using an isotropic
Gaussian kernel of 12 mm FWHM to account for imeéividual anatomical differences
and to admit valid statistical inference at theugréevel (see section 3.2.1.2.).

All four sessions were entered into & l&vel single-subject analysis (see section
3.2.1.3.) within the context of the general lineaodel (Fristonet al, 1995b). The four
fMRI sessions were modelled separately in eachestibEvent-related BOLD responses
were estimated voxelwise by modelling the onsetseath event as delta functions
convolved with a synthetic HRF (Friston et al., 88P Separate regressors were entered
into the design matrix for each of the four stinsulypes (pooling stimuli indicating a
movement of the index finger or little finger), fibre oddball stimuli, for invalid events and
for the six realignment parameters. A single ewsas considered invalid if there was
either no response during the execution task arbgest responded to a stimulus (except
for an oddball stimulus) during the observatiorktdegression coefficients (parameter
estimates) for all regressors were estimated Usang squares within SPM2 (Friston et al.,
1995b). To estimate relative BOLD signal increasesesponse to the different stimulus
types and tasks, condition-specific effects werstetd in each participant using the
appropriate linear contrasts of the parameter eséisnfor the HRF regressors, resulting in
a statistical parametric map (SPM) containirtgstatistic for each voxel.

Individual contrast images from the' level were raised to the"2level group

analysis. They entered into a 2 x 4 factorial withubjects ANOVA, including factors
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‘task’ (2: observation, execution) and ‘stimulupey (4: finger movement only, moving
dot, finger movement, colour change). The randofecef analysis was corrected for
potential non-sphericity of data.

Areas showing significant change in BOLD signal evedentified using a voxel-
level threshold op < .05 corrected for multiple spatial comparisonsoading to the FDR
method implemented in SPM2 (Genovese et al., 2002).

Functional activations were localised anatomicallyith reference to the
cytoarchitectonic probability maps implemented ime tanatomy toolbox in SPM2
(Eickhoff et al, 2005) and the cytoarchitectonic and neuroanatdialairach Daemon
(TD) database as incorporated in WWEU Pickatlas(v. 2.0; Maldjianet al, 2003), also in
SPM2.

On the basis of previous fMRI studies (lacoboralet2001; lacoboni et al., 1999;
Koski et al., 2003), a preferential neuronal regegoto finger movements was expected in
the pIFG and alPL. Given this a priori hypotheswg, applied small volume correction
(SVC) for the left and right pIFG and alPL to inase the sensitivity of the statistical
analysis for these pre-defined regions. SVC watpeed by centring up a sphere with a
radius of 20 mm on the stereotactic coordinateshvBhowed peak activation during the
imitation of finger movements relative to the extemu the same movements in response to
static spatial cues as reported by lacoboni €201, 1999) and Koski et al. (Koski et al.,
2003). If a region was found to be activated inhbfiIRI studies, coordinates of peak
activations in corresponding areas were averagedenGthe fundamentally bilateral
organisation of the putative human mirror systenzifAZadehet al, 2006), the left
inferior parietal peak was also used to defineddatre for SVC in the right hemisphere.
The following coordinates were used as centre d¢oatels for SVC: x =-51,y=11,z =
17 for left pIFG, x = 55, y = 11, z = 22 for rightFG, x = -56, y = -29, z = 31 for left

alPL, and x = 56, y = -29, z = 31 for right alPLgam coordinate mirrored to the left
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hemisphere). For all other brain regions, wholanocarrection for multiple comparisons

was performed.

Behavioural data

A one-way repeated-measurements ANOVA was calallatemean RT and error rates
from the execution sessions, with ‘stimulus typd: finger movement only, finger
movement, moving dot, colour change) as within-scibjactor. Data obtained for the
index and little finger was pooled in the ANOVA nebdF-tests were corrected for non-
sphericity. Planned comparisons (paitadsts) were performed wightlevels adjusted for

multiple comparisons.

Two participants had to be excluded from analyseshair over-all rate of behavioural
errors exceeded the criterion of 10% for any stustby-task condition or in total,

respectively. Thus, 17 subjects (nine femalespZ36tyears, mean age 25) were included.

3.4. Hypotheses

Assuming that simple finger movements specificalbtivate the human mirror neuron
system, BOLD signal was expected to increase inrtfegior frontal and inferior parietal
cortex, and in the related superior temporal cortédring both the imitation and
observation of human finger movements. Increasesildhbe present compared to the
baseline as well as relative to the static and ngpeontrol stimuli.

As observation of animate movement is supposed neoke the motor
representation of the corresponding movement an&emt available for execution

instantaneously, we predicted that imitative resgsrto finger movements (irrespective of
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whether combined with a moving dot or not) wouldfaster than responses to the other
stimulus types.

We furthermore expected the stimuli involving mows#ihas compared to static
cues to lead to increased BOLD signal in higheepkdsual areas in the lateral temporo-
occipital cortex: the V5/hMT-complex (Dumoulet al, 2000) that is known to process
visual motion, and the extrastriate body area (E®Aich was found to selectively process
human bodies and body parts, with even strong@oree to moving stimuli (Downingt
al.,, 2001). As motor performance (i.e. limb movements)s found to modulate EBA
activity (Astafiev et al, 2004; Jackson et al., 2006), BOLD response shbeldnore

pronounced during imitation/execution compared wibservation.

3.5.Results

Behavioural data

Errors

Over-all mean percentage of errors was 1.7 % (r@rige 3.1 %). Only 0.5 £ 0.56 % of all
trials (range 0.0 — 1.8%) were invalid (i.e. misgesxecution trials or false alarms in
observation trials) on average. This suggesteddiajects did not experience difficulties
in performing the task and kept attention to itlite with that, the ANOVA revealed only
a trend towards a main effect of stimulus typ€3(48) = 2.5p = 0.078). Error rates for the
non-moving stimuli were numerically higher thangbador the moving stimuli (mean error
rate for colour change: 4.2 %, moving dot: 2.0 %yimg finger: 2.2%, moving finger &

dot: 2.0 %). However, post hoc tests between stimtiypes did not reveal significant

differences.
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Fig. 3.4. fMRI experiment: Reaction times and pictue stimuli. Upper part: Reaction time
(mean zstandard error of mean) as a function ofudtis type during the observation-execution
condition. Significant differencep & .001) are indicated by brackets. Lower partudisstimuli
presented during fMRI. Resting position (leftmosstyre): a picture of a static left hand with red
dots on the tip of the little and index finger v&d®wn as a baseline condition. Four types of
visuospatial stimuli (middle columns) were presdraethe position of the index finger (top row)
or little finger (bottom row): a colour change fraad to green, a moving dot, a finger movement
only with the dot remaining static, or a finger raeavent (from left to right). Each sequence
consisted of 12 picture frames. The dotted arrow#slise the upward movement. Occasionally,
three horizontal lines were presented in the casfttbe static hand as an oddball (rightmost
picture).

Reaction times

In line with our hypotheses, there was a main ¢ftéstimulus type(3,48) = 21.2p <
.001). As expected on the basis of previous studesss et al., 2001a; Brass et al., 2000;
Kessler et al., 2006), planned comparisons (Figl) 3evealed that subjects were
significantly faster at imitating animate movemefrtsving finger: 517 + 65 ms.; moving
finger & dot: 516 ms, £ 69.98) versus executingegponse to a non-moving spatial cue
(colour change: 554 ms, £ 70.01 ms). Imitative oeses were faster to both a finger

movement alone (mean difference: 37 t{i5) = -5.7,p < .001) and to a finger movement
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with a dot attached (mean difference: 38 tE5) = -6.4,p < .001). Moreover, imitation
was faster than execution of responses to inanimatgng objects (moving dot: 547 +
76.16 ms), whether participants imitated a movimgédr only (mean difference: 30 ms,
t(16) = -4.7,p < .001) or a combined finger & dot movement (meéference: 31 ms,
t(16) = -5.4,p < .001). There was no significant difference b&mwessponses to a moving
dot and a static spatial cue (colour change). Res®to both types of finger movement

stimuli were also matched in terms of mean RT.

fMRI data

Main effects of observation conditions

When the observation task was contrasted with #selme (observation of a static hand),
considering all stimulus types (except for the ajpBOLD signal increase was found
predominantly in occipital and temporo-occipitaleas of both hemispheres. These
comprised lower (BA 17/18) as well as higher ordisual areas. Peak activations were
located at the temporo-occipital junction (Fig.;3[&ble 3.1), corresponding to coordinates
reported for V5 (Dumoulin et al., 2000) and the EB#owning et al., 2001). Significant
activations were also found bilaterally in the nide parietal cortex, including the anterior
intraparietal sulcus, in the inferior frontal cott@nd in the right superior temporal cortex
(Fig. 3.5; Table 3.1). There was furthermore signatease in the superior parietal cortex

and the lateral part of the upper cerebellum hitdite
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Table 3.1. fMRI experiment: Main effects of observidon conditions. Local maxima within
inferior fronto-parietal, superior temporal and paro-occipital regions of interest showing
significantly increased activation during the obséion conditions versus the baseline. Small
volume correction was applied for the bilateraltpasr inferior frontal gyrus (pIFG) and the
anterior inferior parietal lobule (alPL). See téxt centre coordinates. Whole brain correction was
performed for all areas outside the pIFG and afPthreshold ofp < .05 was adopted, FDR-
corrected for multiple spatial comparisons (clustaent threshold 10 voxels), unless

significance at an uncorrectpdc .001 is indicated by an asterisk. In the tatolntal and parietal
peaks are listed above the dashed line (SVC apptedporal and occipital peaks are listed below
(whole brain correction). Within each region, leémisphere peaks are listed first. Peak
coordinates for which effect size of changes in BGiignal are illustrated in Fig. 3.6 are
underlined.

Region Side MNI-coordinates (mm) Z-value

X y z

Main effect of observation across all stimulus type

Posterior inferior frontal gyrus  Left -51 15 9 3.02

Posterior inferior frontal gyrus  Right 48 15 6 3.11*

Anterior inferior parietal lobule Left -54 -36 48 )

Anterior inferior parietal lobule Right 60 -24 45 451
“Posterior superior temporal gyrus  Right 69 33 15 534

Inferior occipital gyrus Left -48 -72 -3 >10.00

Inferior occipital gyrus Right 57 -69 -3 >10.00

Main effect of observation of a colour change

Posterior inferior frontal gyrus - - - - -
Anterior inferior parietal lobule - - - - -

Posterior superior temporal gyrus - - - - -

Inferior/middle occipital/temporal gyrus - - - -

Main effect of observation of a moving dot

Posterior inferior frontal gyrus  Left -57 18 0 3.06*
Posterior inferior frontal gyrus  Right 51 12 3 2.48*
Anterior inferior parietal lobule Left -54 -33 48 S
Anterior inferior parietal lobule Right 60 -27 42 53

“Posterior superior temporal gyrus  Right 69 33 15 313
Inferior occipital gyrus Left -51 -72 -9 6.78

Inferior temporal gyrus Right 57 -69 -3 6.68
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Region Side MNI-coordinates (mm) Z-value

X y z

Main effect of observation of a moving finger only
Posterior inferior frontal gyrus - - - - -

Anterior inferior parietal lobule Left -42 -39 39 3B
Anterior inferior parietal lobule Left -51 -33 48 05*

Posterior superior temporal gyrus - - - - -

Inferior temporal gyrus Left 57 -69 -3 6.76
Middle occipital gyrus Right -42 -69 0 6.11

Main effect of observation of a moving finger

Posterior inferior frontal gyrus Left _ -60 15 3 .26
Posterior inferior frontal gyrus Right 48 18 6 3.85
4

Anterior inferior parietal lobule Left -57 -33 36 5.3
Anterior inferior parietal lobule Right 57 -33 9

Posterior superior temporal gyrus Right__ 66 -42 12 4.08

Middle occipital gyrus Left -45 -69
Middle temporal gyrus Right _51  -66

Main effect (observation-execution) of responses the oddball stimulus

Posterior inferior frontal gyrus  Left -39 3 12 > 10.00
Posterior inferior frontal gyrus  Right 51 12 3 >10.00
Anterior inferior parietal lobule Left -45 -30 45 19.00
Anterior inferior parietal lobule Right 63 -21 27 18.00

Posterior superior temporal gyrus - - - -

Middle temporal gyrus Left -51 -63 3 6.65
Middle temporal gyrus Right 57 -51 3 7.30

A more detailed examination of the stimulus-specdctivation patterns in the inferior

fronto-parietal ROIs showed that a significant eage in BOLD signal in the pIFG was
present only in one stimulus condition: when pgtints observed a finger movement the
left and right pIFG (pars opercularis) were ac(vgg. 3.5 and 3.6; Table 3.1). Observing a
moving dot led to a trend activation of the samferior frontal clusters (@.c < 0.001,

uncorrected; Fig. 3.5; Table 3.1). However, neitiher observation of a colour change nor



3. fMRI experiment 131

a moving finger alone increased regional activitpiFG (even at an uncorrected threshold
of psvc< 0.01).

Likewise, the alPL was only activated by two stimsitypes: both the observation
of a finger movement and the observation of a ngpwot led to a bilateral increase in
BOLD signal in the supramarginal gyrus (Fig. 3.8ple 3.1). When participants observed
a finger movement only a trend activation was datde (gvc < 0.001). Observing a
colour change did not activate the supramarginadgyeven at a liberal threshold @, c

< 0.01, uncorrected).

Observation Execution

Elcolour change -Moving dot -Finger movement only -Finger movement

Fig. 3.5. fMRI experiment: Main effects of observabn and execution conditionsStatistical
parametric maps (SPMs) showing increases in BOpgbDadiat the group level during the different
observation (two left columns) and execution (tightr columns) conditions. For illustrative
purposes, SPMs are superimposed on single subjéats renderings (SPM standard) and
thresholded gb < .001, uncorrected for multiple comparisons. Baweh of SPMs represents
activations for one single stimulus type. The colocoding of the SPMs is identical to the coding of
the columns in Fig. 4.4 (reaction times) and Fi§. (éffect size of BOLD signal change). From top
to bottom: green = colour change; red = moving diote = finger movement only, pink = moving
finger.
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An increase in BOLD signal in the right posteriapsrior temporal cortex was confined to
the observation of a moving dot and a moving fingerg. 3.5; Table 3.1). When
participants observed a colour change or a fingerament alone, there was, however, no
increased superior temporal activity. Significamimporo-occipital activation in the

V5/EBA region was present in all observation condis (Fig. 3.5; Table 3.1).

Observation Execution Observation Execution
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beta at -60, 15, 3 (a.u.)
beta at 57, -33, 39 (a.u.)

beta at 66, -42, 12 (a.u.)

beta at -56, -30, 35 (a.u.)

beta at -45, -69, 3 (a.u.)
beta at 51, -66, 0 (a.u.)

.45, -69, 3 51, -66, 0

Fig. 3.6. fMRI experiment: Effect size of changeiBOLD signal during the observation and
execution conditions.The columns depict the beta weight values/paranestenates (group mean
+/- standard error of mean) for the eight experitaleronditions. The colour coding of the columns
is identical to the coding of the columns in Figl @eaction times) and Fig. 3.5 (surface rendering
of main effects). Left graphs: parameter estimatdsft hemisphere peaks. Right graphs:
parameter estimates of right hemisphere peaks.|Mijuithel: activations in regions of interest in
the main effect of observing a finger movement (05, FDR-corrected for multiple spatial
comparisons; the corresponding peak activationsiaderlined in Table 3.1). Suprathreshold
voxels are superimposed on sagittal or coronaisec{SPM standard), respectively. Left
hemisphere peaks are shown in the left middle paigbk hemisphere peaks are shown in the right
middle panel. Peak voxels in regions of interestraarked by white arrows. Activity profiles are
given for a single voxel of peak activation eadft frontal operculum (top left), left inferior
parietal lobule (middle left), left temporo-occidijunction (area V5/EBA; bottom left), right
parietal operculum (top right), right superior teargd gyrus (middle right), and right temporo-
occipital junction (area V5/EBA).
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Main effects of execution/imitation conditions

When compared with the baseline condition, the ett@a/imitation conditions (Fig. 3.5;
Table 3.2) elicited increased activity in occipiaad temporo-occipital areas corresponding
to those activated during observation. Peaks waatéd at the lateral temporo-occipital
junction in V5 and the EBA. There was also wideagdréilateral parietal activation,
including the parietal opercula, the supramargiggius, the intraparietal sulcus, the
posterior superior parietal lobule and the precandctivity in the frontal cortex was
observed in the supplementary motor area (SMA)htred area of the left primary motor
cortex (frontal clusters clearly comprised the Mgion, although local activation maxima
were mostly located more rostrally in the prematmntex), the dorsal and ventral premotor
cortex, and the prefrontal cortex of both hemispieMoreover, BOLD signal increased in
the bilateral anterior insular cortex and, subcaily, in both hemispheres of the upper
cerebellum, the caudal putamen and the thalamus.

Examining the stimulus-specific activation patternsthe inferior fronto-parietal
ROIs revealed a stimulus-independent bilateralvattin of the frontal opercular cortex,
the ventral premotor cortex, the supramarginal g)ymd the parietal operculum (including
the pIFG and alPL, Fig. 3.5 and 3.6; Table 3.2)tivation in the inferior fronto-parietal
cortex was comparable in magnitude for responsésetdifferent stimulus types (Fig. 3.5;
Table 3.2), regardless of whether participants fesea biological finger movement or
not.

There was also activation of the posterior supdagorporal cortex in all execution
conditions. However, due to very extensive cohectugters of suprathreshold activation

(see Fig. 3.5), discrete peaks could not be idedtifithin the superior temporal ROI.
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Table 3.2. fMRI experiment: Main effects of executin conditions.Local maxima within

inferior fronto-parietal, and temporo-occipital i@gs of interest showing significantly increased
activation during the execution conditions versweshiaseline. Small volume correction was
applied for the bilateral posterior inferior froh¢grus (pIFG) and the anterior inferior parietal
lobule (alPL). Whole brain correction was perforniedall areas outside the pIFG, alPL. A
threshold ob < .05 was adopted, corrected for multiple spatahparisons (FDR) (cluster extent
threshold> 10 voxels) unless significance at an uncorrepted001 is indicated by an asterisk. In
the table, frontal and parietal peaks are listexalthe dashed line (SVC applied), temporal and
occipital peaks are listed below (whole brain cctios). Within each region, left hemisphere peaks
are listed first.

Region Side MNI-coordinates (mm) Z-value

X y z

Main effect of observation-execution across all stiulus types

Posterior inferior frontal gyrus  Left -39 0 12 > 10.00

Posterior inferior frontal gyrus  Right 57 15 3 >10.00

Anterior inferior parietal lobule Left -57 -21 21 >10.00

Anterior inferior parietal lobule Right 60 -33 39 >10.00
“Middle temporal gyrus | Left -48 66 3  >10

Middle temporal gyrus Right 54 -63 -6 >10

Main effect (observation-execution) for response®ta colour change

Posterior inferior frontal gyrus  Left -39 0 12 > 10.00

Posterior inferior frontal gyrus  Right 48 15 3 6.37

Anterior inferior parietal lobule Left -57 -21 21 19.00

Anterior inferior parietal lobule Right 66 -33 27 18.00
“Middle temporal gyrus | Left -48 63 3  >10

Inferior temporal gyrus Right 57 -54 6 7.55

Main effect (observation-execution) for response®ta moving dot

Posterior inferior frontal gyrus  Left -48 6 3 >10.00

Posterior inferior frontal gyrus  Right 63 15 12 5.60

Anterior inferior parietal lobule Left -57 -21 21 19.00

Anterior inferior parietal lobule Right 66 -18 30 18.00
“Middle temporal gyrus | Left -45 63 3  >10.00

Inferior temporal gyrus Right 54 -63 -6 >10.00

Main effect (observation-execution) for response®ta moving finger only

Posterior inferior frontal gyrus  Left -39 0 9 >10.00

Posterior inferior frontal gyrus  Right 60 15 3 5.86

Anterior inferior parietal lobule Left -57 -24 21 19.00

Anterior inferior parietal lobule Right 69 -30 27 18.00
“Middle temporal gyrus | Left -48 66 3  >10.00

Inferior temporal gyrus Right 54 -66 -3 >10.00
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Region Side MNI-coordinates (mm) Z-value

X y z

Main effect (observation-execution) for response®ta moving finger

Posterior inferior frontal gyrus  Left -39 3 9 7.61
Posterior inferior frontal gyrus  Right 60 15 3 4.33
Anterior inferior parietal lobule Left -57 -24 21 16.00
Anterior inferior parietal lobule Right 66 -30 24 .28
Middle occipital gyrus Left 51 - 72 0o >10.00
Inferior temporal gyrus Right 57 -69 -3 >10.00
Main effect (observation-execution) for response®tthe oddball stimulus
Posterior inferior frontal gyrus  Left -51 6 3 >10.00
Posterior inferior frontal gyrus  Right 57 15 3 >10.00
Anterior inferior parietal lobule Left -57 -27 36 >10.00
Anterior inferior parietal lobule Right 63 -21 27 18.00
‘Middle temporal gyrus | Left -54 66 -3 >10.00
Inferior temporal gyrus Right 57 -57 -6 >10.00

In general, observation-execution led to a more@uaced activation of temporo-occipital

and fronto-parietal regions than mere observatiog. 3.5 and 3.6)

Differential effects of stimulus types

According to the main objectives of the study, &ngnovement-specific increases in
BOLD signal in inferior fronto-parietal human mirrmeuron areas were assessed. In
contrast to the hypotheses, no brain area showedger BOLD signal increase for a
finger movement (finger movement or finger movementy) relative to the moving
control cue (moving dot). Even the application &CSto maximise the sensitivity the
analysis for activation of the pIFG and alPL yielde preferential regional signal increase
during the observation or the execution task.

Moreover, the observation or imitation of a fingeovement (finger movement or

finger movement only) did also not elicit a strongignal increase in the pIFG or the right
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alPL relative to the non-moving control cue (colehange). Application of SVC revealed
a left hemisphere peak in the alPL only when catitng the observation of a finger
movement with the observation of a colour changakpdifference at x = -66, y =-33, z =
-27;Z = 3.61). Contrasting the observation or executiba finger movement only with a
colour change yielded a bilateral increase in BGdignal in the lateral temporo-occipital
cortex, covering the EBA and the area V5.

To obtain the neuronal correlate of the observedeRécts, regional changes in
BOLD signal during imitative responses to both t/péfinger movements (moving finger
and moving finger & dot) were contrasted with thake&ing motor responses to both
control cues (moving dot and colour change). Intiemt to our hypotheses, there was no
preferential activation of inferior fronto-parietatirror neuron areas with the imitation
conditions. Application of SVC for the pIFG and hI&so yielded no regional differences.
Lowering the threshold to an uncorrected threshafidp < .001 yielded only trend
activation outside of the ROIs, located at the triggmporo-occipital junction (covering
area V5 and the EBA).

The reverse contrast (control cues — finger movésyesee Fig. 3.7), however,
yielded trend increases in BOLD signal (significahtain uncorrectep-level of .001) with
the control cues relative to the finger movementshie anterior insular cortex in both
hemispheres (peak difference at x =-36,y = 189272 =4.24, and x =36,y =27,z =0;
Z = 3.58), bilateral clusters in the posterior ipagetal sulcus (peak difference at x = -27,
y =-57,z =487 = 3.55, and x = 30, y = -60, z = 42= 3.32), activation of the anterior
cingulate cortex (peak difference at x =12, y 2% 36;Z = 3.28), as well as activation
of the right ventral premotor cortex (peak diffezerat x = 45, y = 6, z = 3% = 3.89)
(Fig. 3.7). The left insular and the right venfpaémotor peak were located within the pre-

defined frontal ROIs, however they actually did hetong to the pIFG.
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Execution task:
control cues > finger movements

y = -57 x =12

Fig. 3.7. fMRI experiment: Responses to both contiestimuli (a colour change or a moving
dot) compared with imitative responses to finger meements (finger movement or finger
movement alone) Statistical parametric maps (SPMs) showing increaseegional BOLD-signal
with the control stimuli relative to the finger mements. Voxels activated during the execution
task are superimposed on transversal, sagittalcarhal and sections, respectively (p < 0.001,
uncorrected for multiple comparison8dapted from Jonas et al. (2007) © 2007 Elsevieer®e.
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Fig. 3.8. fMRI experiment: Parameter estimates (grop mean * standard error of mean) of

the activation maximum in the left frontal operculum. Left part: bar plots showing beta weight
values (group average) for the inferior frontallpamall eight experimental conditions
(visuospatial stimuli) plus the oddball conditiofiie peak voxel is taken from the main effect of
observing a finger movemern € .05, FDR-corrected for multiple spatial companis; the
corresponding peak activation is underlined in €dll Parameter estimates for the observation
and the execution task which correspond to the stimeilus type are filled with the same pattern.
Right part: Main effect of the oddball. Resultsaodne-sample t-test for both oddball conditions
observation and execution are shown. Activated lgoxee superimposed on a sagittal secton (
.001, uncorrected for multiple comparisons).
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None of the differential linear contrasts yieldegraferential activation of the pSTS for the

observation or imitation of finger movements relatio the control cues (or vice versa).

After including the oddball trials in the seconadde ANOVA, we found that the oddball
condition produced a prominent bilateral activatadrthe pIFG and alPL during the OBS
and EXE task (Table 3.1 and 3.2). Parameter estsna@vealed that the generation of a
motor response to the oddball resulted in a stroimgeease in BOLD signal in the inferior

fronto-parietal cortex than any other experimeantaddition (Fig. 3.8).

3.6.Discussion

Behavioural results

In agreement with previous studies on imitatiorsofple intransitive finger movements
that used static spatial control stimuli (e.g. Bras al., 2000), participants were faster at
imitating a finger movement than at responding tnoa-imitative static control cue (a
colour change). Moreover, imitative responses wals® faster than responses to a
dynamic-spatial control stimulus, i.e. a dot thatved “biologically” along the same trace
as the moving finger. This confirmed the result$kadf Experiment 1 and 2 (chapter 2), as
well as the behavioural findings from a recent M&Gdy conducted by my colleagues in
Dusseldorf (Kessler et al., 2006) where two of finesently used picture stimuli were
employed in a two-alternative choice reaction tégkmbined finger-dot movement and
moving dot). To re-iterate, these findings altogettlemonstrate that the RT advantage for
imitative responses is actually not due to the aofic movement component per se that is
present in imitative cues (finger movements) ad a®lin non-imitative dynamic stimuli

(moving dot). Furthermore, in line with RT Experimel (chapter 2) the present study



3. fMRI experiment 139

again demonstrates that the behavioural effect as attributable to differences in
perceptual salience between the imitative and trgral stimuli: a combined finger-dot
movement and a less salient isolated finger moveryietded the same RT advantage in
comparison to control cues, while RTs to the twaative stimuli were virtually identical.
Likewise, a “redundancy gain”-like effect, due teetpresence of multiple simultaneous
targets (here: finger plus moving dot) was ruled es an explanation for the RT
advantage. Moreover, statistical comparisons betwetal error rates in the different
stimulus conditions showed that speed-accuracgtodidwas not a problem.
The facilitation of responses following the obseéiva of biological finger

movements is compatible with the concept of a dlineatching or AOEM mechanism for

simple intransitive finger movements in humansdhbami et al., 1999).

fMRI results

Imitation

Contrary to expectations, the faster responsemiiative cues were not paralleled by an
increased activity in fronto-parietal mirror neurareas, or in the related superior temporal
cortex. Although spatially compatible (specular)itation of simple intransitive finger
movements consistently activated the pIFG, the aRd the pSTS, imitative movements
elicited no extra-activity in these areas relativenon-imitative movements cued by the
control stimuli. Thus, results are at variance witbvious fMRI results that demonstrated
specific “mirror activity” in putative mirror neuroareas of the inferior fronto-parietal
cortex, and related activation of the pSTS, durmgative finger movements (lacoboni et
al., 2001; lacoboni et al., 1999; Koski et al., 2P0

The preferential activation of the inferior frontatd parietal areas was interpreted

as reflecting a direct matching of observed anaeteel movements during imitation, with
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respect to motor or somatosensory information, eetsgely. Related superior temporal
activation, on the other hand, was attributed tonéeraction between higher-order visual
descriptions of the to-be-imitated movement andfeéeant copies of motor plans sent back
from the inferior frontal mirror or direct matchiragea (lacoboni, 2005a, 2005b; lacoboni
& Dapretto, 2006). However, taking into account taek of a corresponding “mirror
activity” in the present study and the recent béhaal findings of Bertenthal et al. (2006)
raises the question to what extent AOEM processemlly contributed to imitation in the
present study: using basically the same simpleamsitive finger movement stimuli as
Brass and colleagues (2001a, 2000) the authoredteébe priming effects of common
spatial coding and automatic imitation in combioafiin opposition, and independently of
each other (see section 4.2.1 for more detailsg Saries of experiments provided
converging evidence that automatic imitative resgotendencies in fact contribute to
facilitation of motor responses relative to a basel However, the facilitative effect of
imitation was in fact smaller than the effect ofasgl compatibility of stimuli and
responses.

The contribution of stimulus-response mapping basedommon spatial coding to
specular imitation of finger movements might haeer even enhanced relative to direct
matching by the presently employed stimuli and glesthe intermingled presentation of
two spatially compatible imitative stimuli with twaiso spatially compatible non-imitative
cues during continuous task performance, the useef closely matched imitative and
non-imitative cues, and the presentation of fingewements and control cues at relatively
more lateralised positions than in previous stydies index — little finger as opposed to
index-middle finger (see lacoboni et al., 2001;olzani et al., 1999; Koski et al., 2003).
Although the imitative and non-imitative stimuli reematched for spatial SRC to control
for its effects on RTs, a positive interaction betw the priming effects related to direct

matching and common spatial coding in trials raggirimitative responses cannot be
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excluded: the priming effect of spatial compattiilinight have been stronger for imitative
than for non-imitative cues. Starting from the li¢gaiion of imitative responses, it is
reasonable to assume that the finger movementls@myployed in the present fMRI study
were processed differently from non-imitative cuesect matching processes (automatic
imitation) or an interaction between direct matghend common spatial coding might
have made the internal motor program more readibjilable than in the motor control
conditions. Due to the specific processing of hurnady movement, imitative cues might
have been also less ambiguous with respect to mesmelection than non-imitative cues.
Acknowledging that direct matching and spatial catiiplity are confounded in

specular imitation, associated neuronal activitysemuently can reflect both mechanisms.
This interpretation applies to previous imagingdgta (lacoboni et al., 2001; lacoboni et
al., 1999; Kessler et al., 2006; Koski et al., 20RBski et al., 2002) as well as to the
present experiment employing a two-alternative ohoreaction task that required
visuospatial processing, spatial-to-motor mappiagvell as shifts in spatial attention to
lateralised cues. Since participants responded théwr right hand while a left-hand
stimulus was presented, the observed finger movenveere always spatially compatible
with the required motor response. In fact, the fM&udy by Koski et. al (2003)
demonstrated a preferential neuronal responseeifrdinto-parietal mirror neuron areas for
specular imitation compared with anatomical imdati though both types of imitation
involve direct matching of the observed and exetutevement. Koski et al. attributed the
differential increases in BOLD signal in inferioiohtal and posterior parietal areas to a
stronger engagement of the human mirror neuroresyst direct matching of observed
and executed movements during specular as opposathtomic imitation. However, the
findings of Bertenthal et al. (2006) clearly favotlre interpretation that the stronger
activation of the inferior frontal motor area wispecular relative to anatomic imitation

was an effect of spatial compatibility between &ngmovement stimuli and motor
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responses, or an effect of an imitation-specifienaction between spatial compatibility
and direct matching of observed and executed montsm®ne has to keep in mind that
the inferior frontal and parietal ROIs are firstdaforemost motor-related cortical areas,
and secondly supposed to contain mirror neuroas,ta. form core regions of a human

mirror neuron system.

Regarding the task-related pattern of regional gharin BOLD signal, our findings are
compatible with the assumption that response mgppbased on common spatial coding
and direct matching processes contributed to respdacilitation: whereas there was no
preferential response of inferior fronto-parietatnor areas or the pSTS when contrasting
regional BOLD responses to finger movements withLBQesponses to control cues, a
cluster in the right lateral temporo-occipital extshowed a trend towards a stronger
activation with imitative responses. The activattmmprised a compound cluster covering
both area V5 and the EBA, which is in line with\poeis reports of a partial overlap of the
EBA with area V5 in individual subjects (Downingat, 2001). However, the maximum
was nearer to localisations reported in studieshenEBA region (Astafiev et al., 2004,
Downing et al., 2001) as compared to average coatels published for the V5 region
(Dumoulin et al., 2000). Although strict functionalidation of the EBA is usually done
by an initial localizer session comparing resporteethe perception of body parts with
responses to object perception, the pattern ofatatin observed in our study is in good
agreement with the functional properties attributedthe EBA area: firstly, consistent
activity throughout all conditions reflects the @seessential capability of recognising the
presented hand as a human body part. Secondlypn&gsp to moving fingers and also
moving dots were much stronger than responsesetatdtic hand, which is also in line
with previous findings on enhanced responses in E&#d V5 as well) for moving as

compared to static human bodies and objects (Dayvatral., 2001). Thirdly, we found
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larger signal increase in the EBA during executitan during observation, corresponding
to previous results which suggest modulation ofvagtin this region by movement
planning and execution (Astafiev et al., 2004; 3acket al., 2006).

Given its differential response to moving versuatisthuman bodies and the
influence of observers’ actions, it has been disedsf the EBA might also be connected
to a human mirror neuron or a direct-matching systeespectively. As suggested by
Astafiev et al. (2004) and Jackson et al. (2006¢, role of the EBA might be extended
from visual processing of body parts to planning axecution of limb movements. By
creating an ‘“interpersonal registration”, i.e. amé&dically mapping the visual
representation of another’s body to the body ofglrceiver, which can then be used for
motor planning, the EBA could provide initial inpiar a larger mirror system. Therefore,
the increased activation of the right lateral tenapaccipital cortex with imitative cues in
the present study might represent a neuronal eteref direct matching.

On the other hand, the weaker response of thepanietal sulcus, the anterior
insula, anterior cingulate cortex, and right velnpreemotor cortex to imitative cues as
compared to non-imitative stimuli may be a neuraimalelate of common spatial coding.
It is possible that the spatially compatible fing@movements were more efficiently
processed with respect to their spatial propettias the control stimuli, leading to a lower

metabolic demand in the above areas.

Likewise, an interpretation in terms of a substrgontribution of common spatial coding
in specular imitation of intransitive finger movemt® might also apply to the results of a
recent companion MEG study (Kessler et al., 20B8@)e, basically the same task and part
of the stimuli as in the present fMRI experimentavased, having participants imitating a
combined finger-dot movement or responding to aingpwot. Though an analysis of

long-range synchronisation revealed no qualitatiferences between finger and dot
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movements in terms of the involved cortical arghsre was increased synchronisation
during imitation of finger movements in a widesptegtwork of brain regions, including
the left ventral premotor and bilateral posteriarigtal cortex. Observed RT advantages
for imitation correlated with a relative increasesiynchronisation of left ventral premotor
cortex with right posterior parietal cortex andhtigemporal pole. Referring to previous
fMRI studies on imitation (lacoboni et al., 200&gbboni et al., 1999; Koski et al., 2003)
we considered direct matching processes mediatedremotor and parietal mirror neuron
areas, in interaction with the temporal cortex, basal ganglia and other motor areas
(cerebellum, sensorimotor cortex) as a reasonableonal correlate of the observed
behavioural advantage. However, re-considering ltizations of the identified power
sources, findings also are indeed compatible widlbrainance of spatial stimulus-response
mapping during imitation of finger movements: masfythe sources were located in the
right hemisphere and have been traditionally linteedisuospatial processing and attention
(Behrmannet al, 2004), rather than to processing of imitativensti exclusively. The
temporal pole, the posterior cingulate cortex, #msl medial portion of the right dorsal
premotor cortex, showed no imitation-specific aafion in previous studies and are not
considered to be directly related to the human anirmeuron system. According to the
given centre coordinate, the posterior parietaksunight be best characterised as being
located in the right intraparietal sulcus. The vanpremotor region, is the only of the
identified sources which clearly constitutes a hanmairror neuron region. Thus, the
stronger synchronisation of the ventral premotat #re intraparietal area with imitative
responses might indicate a functional interacti@een the visuospatial network (as
represented by the right intraparietal sulcus) thedAOEM system (as represented by the

left ventral premotor region).



3. fMRI experiment 145

Observation

The mere observation of a simultaneous finger-dotement activated the left pIFG, the

alPL bilaterally as well as the right superior temg gyrus. However, the observation of
the same intransitive finger movement without a attdched was not sufficient to induce
resonance activity in the inferior fronto-parietaldes of the human mirror neuron system.
These fronto-parietal regions also showed no seoBgLD response during observation
of finger movements relative to the moving constimuli. When the observation of finger

movements was contrasted with a static control caky, the left alPL was activated.

It is worth to point out that previous neuroimagstgdies diverge concerning the
extent to which the inferior frontal and parietagjions respond to the mere observation of
intransitive movements. As mentioned above, theatsion of simple intransitive finger
movements activated inferior frontal mirror regiobst failed to activate the alPL
(lacoboni et al., 1999; Koski et al., 2003). Moregvneuronal activation in the pIFG
during the observation of simple intransitive fingmovements did not exceed the
activation produced by the observation of statsugspatial cues (lacoboni et al., 1999).

In accordance with our results, two fMRI studiearfd no consistent activation in
left pIFG during the observation of intransitivendaand foot movements (Jackson et al.,
2006) or finger and face movements (Leslie et24lQ4). Positron emission tomography
(PET) revealed inferior frontal activation when mdbs observed pantomimes of object-
directed actions but not during observation of maglass intransitive hand movements
(Decety et al., 1997).

Other neuroimaging studies underscore the impaoetarican action goal for the
activation of the frontal mirror node. Johnson-Frety al. (2003) demonstrated that
observation of the achieved goal of a prehensit®mads already sufficient to activate
inferior frontal gyri, even in the absence of a alync movement. Koski et al. (2002) found

a bilateral activation of the pIFG during imitatioha finger movement pointing towards a
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visible goal (i.e. red dots presented on the serfaelow the fingers) as compared to a
movement without an explicit goal. These findinge & agreement with the firing
behaviour of mirror neurons in area F5 of the mae&jbrain which are not activated
unless an action is directed toward a visible arlumted object that was previously seen
(Umilta et al., 2001). However, the inconsistensp@nse of the human mirror neuron
system to intransitive movements cannot be intégdras evidence that the mirror neuron
system in humans is also exclusively tuned to dlgjeected actions.

Indeed, resonance activity in the inferior frontald parietal ROIs could be
detected in the present study during the mere wasen of a moving finger. However,
mirror activity was present only with the most eati type of finger movement stimulus,
i.e. when a dot was attached to the moving finget,not when the finger movement was
presented in isolation (with the dot remainingisjalt is commonly accepted that stimuli
that are perceptually more salient automaticallyaat more visuospatial and motor
attention. In turn, this may have a substantialaotn the magnitude and pattern of task-
related activation in inferior frontal and parietabtor areas due to top-down processes.
This issue has been ignored in previous studigh@mirror neuron system so far and has

to be addressed systematically in future research.

Methodological considerations

First, it is worth to note that the present studyswbviously sufficiently powered. Despite
the lack of motor resonance in putative mirror neuareas during the observation of an
intransitive finger movement in isolation, activati of the plFG and alPL during the
observation of combined finger-dot movement shdves the experimental procedure was
sensitive enough to detect performance-unrelatetbmresonance phenomena in these

ROls. Signal increase was detectable although #@iseline condition, i.e. the observation
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of a static hand (with static dots), against whioh main effects of the different stimulus
types were evaluated was rather strict in compariedhe one-coloured background used
by lacoboni et al. (2001, 1999) and Koski et al02).

Regarding these studies, several modificationshef éxperimental design were
introduced to minimise the influence of non-specéifects on mirror activity in the pIFG
and alPL. In previous fMRI studies, only one tydecoe was presented during a single
block, and consecutive blocks were separated ie toym a period of rest without any
stimulus presentation. The blocked imitation ofBn movements might have produced an
“imitative set” resulting in a condition-specificnarease in BOLD signal during
observation-execution of finger movements. Howexeaction times in the present fMRI
study revealed that the pseudorandom presentatiocu® types did not corrupt the
behavioural advantage for imitative cues. Thus, dheence of “mirror activity” in the
pIFG and alPL cannot be explained by a failure roitative cues to prime the motor
response.

The introduction of an oddball in our study is dmstdeviation from previous
studies. The oddball was associated with a motepamese which differed from the
responses required in all other conditions, in tihaBas more complex (lifting of all fingers
vs. a single finger) and far less frequent. AltHoulge oddball stimuli were quite rare as
compared to the experimental conditions (ratio df),3it is possible that the motor
significance of stimuli might have been affectedhia observation runs. In contrast to that,
the imitation conditions should not have been ificed by the oddball conditions, as
subjects were always prepared to respond in alstrMost important, it is not reasonable
to assume that the oddball affected motor prepassidifferentially in different stimulus
conditions during observation, thus levelling oateht mirror effects in inferior fronto-
parietal areas. Furthermore, the markedly stromgsponse of the pIFG to oddball as

compared to other stimuli, even in the executi@k,t@an be regarded as a proof that the
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activation of this motor related ROI did not showailing effect due to tonic activation
which would have rendered it impossible to deté@e@ntial “mirror” effects.

In order to match the stimuli as closely as possiband- and dot-objects were
present in all stimulus types. When participanspoaded to the stimuli, they responded to
a dot in most of the cases during the executiok, tegardless of whether the dot was
moving or not or whether it was attached to thgdmmail of a moving finger: (i) a moving
dot, (i) a finger movement with a dot attachedi) @ colour change of a dot, i.e. in
virtually 75% of the experimental trials. Thus, anay argue that participants might have
focused their attention always on the dot, as diciefit strategy to optimise their
responses. As a consequence, the finger movensetit would have been attended less
than the dot. This might explain the lack of diffietial activations in the inferior frontal
and parietal regions showing a signature of “mframtivity. However, behavioural results
clearly argue against this assumption, as respotsdbe isolated moving dot were

significantly slower than responses to the isolabeding finger.

Finally, it remains open to what extent our syncisation analyses on imitation on the
basis of MEG measurements and the present analfy$MRI-measured BOLD contrast
are directly comparable. Comparative studies indicdhat hemodynamic and
electrophysiological measures rather complemenh edber: whereas fMRI measures
hemodynamic changes that reflect the metabolic ddngenerated by neural activity,
electric and magnetic evoked responses are affdntetie synchrony of neural activity
(see Hariet al, 1997). Thus, hemodynamic signals might refleainprily late event-

related responses that can be modulated by feedbaakections, while early MEG
response may even be generated by a small setuobnsethat fire in synchrony but
generate a minimal metabolic demand. For examplegyret al. (2006) in their study on

attentional modulation of perception of faces anddes, revealed that cortical responses
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as measured with fMRI versus MEG were divergentairtime window from O to
approximately 200 ms after stimulus onset, butesponded afterwards: attention (to faces
versus houses) strongly modulated the face-seéedMRI hemodynamic responses in
fusiform cortex, inferior occipital and superiomtporal sulcal cortex as well as later
category-related MEG responses. However, attentiath no effect on an early face-
selective cortical MEG response. This suggested tttea category-related hemodynamic
responses in fusiform cortex were due primarilyhie late responses measured with MEG,
with little contribution of the early MEG responiseessentially the same locations.

In our MEG analysis (Kessler et al., 2006), anyeayinchronisation network with
connections peaking prior to 300 ms after stimalnset was supposed to mediate the RT
advantage for imitative response. Furthermore, dbeelation between the amount of
synchronisation between the left premotor regibe, ight intraparietal sulcus and right
temporal pole with the RT advantages for the inatatof biological movements was
observed also in an early time window (100-250 tter sstimulus onset). Thus, event-
related differences in BOLD signal change mightehtailed to capture early and transient
differences in inter-regional synchronisation whmtuld be detected by MEG. Finally,
one has to keep in mind that the MEG method hasuehnhower spatial resolution as
compared to fMRI. Thus, the localisation of the povsources cannot be considered

equivalent to peak activations detected with fMRI.

In conclusion: adopting the view that both obseoratind imitation of human movement
are strongly influenced by context factors whictoiar specific bottom-up processes and
top-down strategies, different experimental procesunight lead to different processing
of the perceived movement (c.f. Williams et al. 080 Consequently, factors beyond
“animacy/biologicity” affected our results, espéigisspatial compatibility of stimuli and

responses and stimulus salience. In contrast tolikervation of transitive action, the mere



150 3. fMRI experiment

observation of simple intransitive may not be “falilt” sufficient to elicit task-related
changes in BOLD signal in fronto-parietal human rotirneuron areas. Likewise, the
imitation of intransitive finger movements does netessarily lead to “mirror activity” in
these areas when compared to observation-execofiomatched visuospatial control
stimuli. It can be proposed, instead, that the @semg of finger movement stimuli is
strongly influenced by experimental context factassthe adopted design (even-related vs.
blocked stimulus presentation) and the exact cpamdences versus differences between
significant features of experimental and contraimsati (e.g. corresponding spatial
characteristics vs. different “biologicity/animag¢yBehavioural and imaging data suggest
a more tenuous and variable involvement of AOEMtha behavioural advantage for

imitation of simple intransitive finger movemenksh previously assumed.
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4. General discussion

After providing a summary of the behavioural andineenaging results presented in this
dissertation (section 4.1.), | will make the attértgpdraw some general conclusions on
observation-execution of biological movement stgrtfrom these and related findings.
Hypotheses concerning the cognitive processes whephunderlie behavioural effects of
observed on executed biological movement will becassed in section 4.2.1. Section
4.2.2. deals with the role of the human mirror foa) system in the neural network
underlying observation-execution of biological moent. Finally, proposals concerning
possible functions of a link between movement olzteyn and execution will be

considered (section 4.3.).

4.1.Results of the present studies

The results of the present series of four behagleexperiments (chapter 2), demonstrating
automatic effects of observed biological finger mioents, are well in line with a number
of previous findings on response priming by humadybmovements (for reviews see
Blakemore & Frith, 2005; Brass & Heyes, 2005). TUse of simple intransitive human
finger movements as stimuli allowed for assessifiigces of observed biological
movement independent from influences of real otuairobjects, as in transitive actions
(Bekkering et al., 2000; Buccino et al., 2001; Washlager & Bekkering, 2002).
Furthermore, the specificity of effects for animabeovements was evaluated in
comparison with strictly matched control cues, ooliihg for spatial and kinematical
stimulus characteristics. Two-alternative choice éXperiments, using single-stimuli (RT
Experiments 1 and 4) and priming/cueing paradigRiB Experiments 2 and 3), revealed
effects of observed on executed finger movemendspcising immediate as well as

delayed effects and their temporal dynamics.
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Summed up, the observation of an intransitive fing@vement automatically elicits an
imitative response tendency in the perceiver. Tésponse tendency leads to a facilitation
of a corresponding (i.e. the same) response ifasel@ immediately (as observed in the
single-stimulus RT experiments, and in the fMRIdsju However, if the response has to
be withheld by the participant due to the requiretsef the situation or task (i.e. in the
present S1-S2 experiments) facilitation turns moinhibition of the congruent response.
Paralleling effects of non-biological priming stiluhe time course of facilitation and
inhibition induced by biological movement is alsdluenced by expectancies regarding
the occurrence of the go-/instructive stimulusth@ present priming studies, no facilitation
of congruent responses (PP) was observed. Inmbdfocongruent finger responses was
consistently present with a short SOA of 533 mstdntrast, a facilitation of incongruent
responses was obtained with an SOA of 1200 ms iontile second but not in the first
priming study. Re-focused motor preparation afterinitial period of response inhibition
might be responsible for the lack of this “secontifacilitation phenomenon in the second
priming study. Motor preparation might have beeawdr away from the fingers’ target
orientation with increased likelihood of S2 to appea.e. at the 1200 ms interval when it

constituted the longest SOA in the first primingdst.

A two-alternative choice reaction task parallelthg single-stimulus RT experiments also
was used in combination with event-related fMRIsK-aelated regional changes in BOLD
signal during observation and execution of simplgansitive finger movements were
contrasted with perceptual and motor control coows presenting spatially and
kinematically matched control cues.

Contrary to previous fMRI studies, the behaviousalvantage for immediate
responses to single finger movement stimuli wasacobmpanied by a preferential “mirror

activity” in inferior frontal and parietal human mor neuron areas in the present fMRI
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experiment. A trend activation observed in the trigkeral temporo-occipital cortex might

be interpreted as a correlate of direct matchingwéier, increased activation of the
posterior intraparietal sulcus, the anterior ins@aterior cingulate cortex, and the right
ventral premotor cortex with non-imitative motospenses relative to imitative responses
also indicates a more efficient (thus less ene@suming) spatial processing of imitative

as compared to non-imitative stimuli.

4.2.General conclusions

4.2.1. Processes underlying behavioural effects of obse®iological movements

The present studies permit conclusions with respgecthe effects of very simple,
intransitive movements. Of note, some authors egoa distinction between the
processes underlying visuomotor transformationifbéient types of biological movement:
Rizzolatti et al. (2002) distinguished between “lbow and “high-level resonance
mechanisms”, according to which type of sensoryecelitits resonance activity in those
motor-related areas where eithepovemenforms or action goalsare coded. Low-level
resonance, on the one hand, was supposed to b&eah & the form of an observed
biological movement (i.e. its kinematical aspect®esponse facilitation”, defined as a
selective enhancement of motor responses thatire@dg in the imitator’s repertoire (c.f.
Byrne, 1994), was assumed to be a behavioural estatfon of such low-level resonance.
High-level resonance, on the other hand, was swaptusrely on the representation of the
goal of an action (e.g. grasping an apple). Observéidresc which differ in kinematical
characteristics but accomplish the same goal wallldctivate the same action/goal code.
High-level resonance was assumed to underlie teagrhenon of “true imitation”, in the
sense of learning a new behaviour and preciselsodeiging the movements that lead to

the perceived behavioural goal (c.f. Byrne & Tonlasd995). In contrast to the low-level



154 4. General discussion

resonance mechanism, the purpose of high-levehasm® during imitation was assumed
to be action understanding (see section 1.3.). &llneg to how Rizzolatti et al. (2002)
defined the term “goal”, i.e. to indicate the aifmradransitive action in which the effectors
interact with the external world, the RT effectselved in the present experiments would
be interpreted as response facilitation due to |lkwel resonance mechanisms.
Accordingly, they would not imply that participardshieved the internal description of an
action goal (i.e. recognised it as such) and uskddrganise their behaviour.

Based on behavioural interference effects thatspeeific to observed biological
movement (e.g. Brass et al., 2001a; Craighero .et2@D2; Kilner et al., 2003) and on
neurophysiological studies on the human mirror eayst Blakemore and Frith (2005)
proposed at least three levels of “mirroring” presses: at the lowest level (i) automatic
“motor contagion” arises from the observation of @mimate movement, irrespective of
whether it is object-related or not. Motor contagis supposed to lead to imitative
response tendencies. The resulting effects arereskto be responsible for facilitation and
interference effects. At the next higher level afroring processes (ii), transitive actions
are processed. Finally, at the highest level ofranimg processes (iii), the intentions of
movements are mirrored.

Blakemore and Frith used the distinction betweetramsitive and transitive
movements to explain systematic errors that wergeided in behavioural studies on
imitation in children (Bekkering et al., 2000; Webhlageret al, 2003). On the one hand,
children show a preference for mirror (specularitation. If a model in front of a child
moves its right hand to the left across the midlthe child will imitate the movement with
its left hand, also crossing the midline. Howevethe model's movement has an obvious
goal, e.g. to pick up an object on its left witke thght hand (crossing the midline), the
child in front of the model will pick up the objeat its right with the right hand (avoiding

to cross the midline). Blakemore and Frith regarthezbe imitation errors in children as
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resulting from the combination of two processesmtor contagion that primes the motor
system to reproduce the observed movement, an@ffoydance that primes the motor
system of the observer to interact efficiently witte object. As adapted from Gibson
(Gibson, 1966), the concept of object affordancedicates parameters for motor
interaction that are signalled by sensory cuesawitlihe invocation of high-level object
recognition processes.

According to Blakemore and Frith’s view, the beloaval effects observed in the
present experiments would be regarded as effeatsotdr contagion. Like the concept of
AOEM, motor contagion comprises an automatic atitwaof the motor representation of
an observed movement.

In contrast, automatic effects of observed objeaisld be interpreted as resulting
from object affordances. There is behavioural ewigethat visual properties of objects
related to actions have an influence on differearameters of movement execution, i.e.
RTs and kinematical properties (Craighetaal, 1999; Craighero et al., 1996; Edwards et
al., 2003). Visuomotor priming of grasping actiomas shown even for observed drawings
of hand action irrelevant objects (Craighero et #096). In an object interference task
conducted by Wohlschlager and Bekkering (2002),jestib were required to imitate
downward movements of the left or right index fingkh one condition, the observed
finger touched one of two dots on a table eithesi-ipr contralaterally. In a second
condition, the same movements had to be imitateélddrabsence of target objects. It turned
out that the presence of dots significantly reduttesdonset of required ipsilateral finger
movements and increased the use of the wrong fimgen contralateral movements were
required. Wohlschlager and Bekkering inferred fridmir results that human imitation
behaviour is driven by objects. Relating their betwaral findings to neurophysiological

evidence, they further hypothesised that the mimeauron systems in monkeys and humans
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are functionally and anatomically equivalent, ahdtthuman imitation is based on a
human mirror neuron system.

Furthermore, associating these findings with thevabdescribed “contra-/ipsi-*
errors in children’s imitative behaviour, Wohlsa#i and Bekkering concluded that the
recognition of a movement or action is stronglyeeféd by its effects. They proposed that
imitation entails representing an observed act®a aet of goals (@ction effectssee also
section 1.3.). However, according to their viewalgoare not confined to objects, but can
also be positions in space, agents, movement pathsther salient features (such as an
open versus closed hand). One feature (i.e. tha gaal) always wins over other features
as far as accuracy is concerned. This main goal #wtomatically activates the motor
program that is most strongly associated with ithievement. Consequently, mirror
neuron-based imitation in humans would not be ictett to transitive movements.

Therefore, contrary to the view adopted by Rizzol®izzolatti et al., 2002) and
Blakemore and Frith (Blakemore & Frith, 2005), thatative behaviour required by the
subjects in the present studies might have implegher level” mirroring or resonance
processes as well. Although the to-be-imitated margs were intransitive, participants
might have represented the selection of the coetfettor (i.e. finger) and the accurate

reproduction of the movement path as goals of ih@tative responses.

Apart from the question which level or type of roning process was elicited by the
presently employed intransitive finger movementss bbserved automatic effects of
intransitive movements can be attributed to a masha which automatically (pre-)
activated or primed the motor representation cpoeding to the observed movement.
Using different spatially and/or kinematically mia¢cl control stimuli (i.e.

lateralised colour change vs. moving dot) allowed éxcluding potentially confounding
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factors which are not specific for a biological mawent but may also be present in
inanimate visual stimuli:

importantly, the behavioural data altogether intidathat the general movement
component is not the crucial factor to which effecan be attributed. This is even more
evident in the behavioural results of the fMRI stushowing that the animation of the dot
object does not lead to response facilitation nedato motor responses to a static object
(that changes its colour).

Furthermore, according to the behavioural resuftfR® Experiment 4 and the
fMRI study, it is unlikely that the mere differende stimulus salience between the
(original) finger movement (where a dot is attackedhe fingernail) and the moving dot
or the colour change caused the RT advantage. Hawawonfound of stimulus salience
and factors “biologicity” or “animacy” may actuallye present in every behavioural and
neurophysiological experiment that contrasts olekivuman body movement with other
visual stimuli. Obviously, the human brain procesb@logical movement as a special
category of motion (see Blakemore & Decety, 200lies& & Poggio, 2003).
Consequently, a higher capacity of animate movenemraw attention might well be
responsible for a more efficient processing of tiyfse of stimulus as compared to any
other type. The putative evolutionary backgroundtled human brain’s sensitivity to

biological movement is discussed further in sectich

Behavioural effects of finger movements were evaldiaagainst effects of visual control
stimuli that were also spatially compatible withspenses. Thus, differential effects
relative to spatially compatible control stimulincaot be attributed to spatial stimulus-
response compatibility per se. Nonetheless, thervidence that response facilitation by
observation of intransitive finger movements, asleated to a baseline, can be to a

considerable part a function of spatial compatipiliof movement stimuli and
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corresponding responses. Adapting the SRC set-Brasfs et al. (2000; see section 1.4.),
Bertenthal et al. (2006) systematically assessedctntribution of automatic imitative
response tendencies and spatial compatibility ¢diti@ion and inhibition of responses. In
a first experiment with spatially compatible stimgleft-hand finger movements and
symbolic cues) and responses (right-hand finger em@nts instructed either by the
imitative or the symbolic stimulus) they were alite replicate automatic effects of
observed finger lifts on reaction times of execufedjer movements. There was a
facilitation of congruent and an inhibition of imggruent finger movements, even when
responses were instructed by the symbolic cue. Meryevhen opposing effects of spatial
compatibility and imitation in substituting the tidfand stimulus by a right-hand stimulus,
the overall automatic effect of the spatially inquatble imitative stimulus (as evaluated
with respect to a baseline) was reduced to ond tifithe effect induced by the original
spatially compatible imitative stimulus. Moreovehe spatially incompatible imitative
stimulus induced only facilitation of congruentpesses, whereas the spatially compatible
finger movement led to both facilitative and intaoy effects. To assess the influence of
the intention to imitate, the authors conductetiialtexperiment where participants were
instructed to either imitate only, i.e. respondfie observed finger movement either with
the identical finger, or match the observed anccetesl finger movement spatially. This
rendered either the spatial or the imitative chiarstics of the finger movement stimulus
the irrelevant stimulus dimension. Both irrelevatinulus dimensions exerted an effect on
RTs, however, the overall effect was significardlyger when the spatial dimension was
irrelevant as compared to when the imitative dinm@msvas irrelevant.

As already considered in section 3.6., these fgglimay lead to the conclusion that
in previous studies (e.g. Brass et al., 2000) dbagein the present experiments not only
direct matching/AOEM, but also spatial stimulusp@sse mapping operated during visuo-

motor transformation of observed finger movements imitative responses. Actually, the
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results of Bertenthal et al. (2006) suggest a stryng effect of the spatial component on
imitative responses. Moreover, these findings adfeeasonable explanation for the human
tendency towards imitation in a mirrored ratherntha an anatomically correct mode,
which is especially marked in early childhood (Bekig et al., 2000): whereas specular
imitation includes both direct matching of obsensw executed movements as well as
spatial compatibility, anatomical imitation doeg mwolve spatial compatibility.

Based on the results of a series of simple RT éxgearts, Brass et al. (2001a)
hypothesised that the singular properties of bickigmovement and its concurrently
existing unspecific spatial properties induce datlliely different processes: in the first
study, participants executed pre-instructed firgewements (either a finger lift or a finger
tap) in response to finger movement stimuli (shgweither a finger lift or tap). In a
second experiment, a square moving up or down amexcolour background with
identical kinematics and amplitude as the fingkroli tap was introduced as a second type
of go-stimulus. The main results of the first twadies were (i) a general RT benefit for
responses to finger movements as compared to meguares, (ii)) a compatibility effect
I.e. shorter RTs for finger movements which wereceed in response to compatible as
compared to incompatible stimuli, (i) an interacti between the type of go-stimulus
(finger vs. square movement) and compatibility: yotile observation of a compatible
finger movement led to an RT advantage relativantancompatible movement. Moreover,
(iif) as revealed by analyses of RT-quintiles, caitifplity effects for responses to finger
movements increased with increasing RT. In expartrBeparticipants responded either to
the original finger movement stimuli or to stimwhich had been flipped upside down.
The results confirmed that the reduction of the patibility effect for responses to moving
squares was not just due to the perceptual difteeibetween square and finger stimuli:
the movement type (lift vs. tap) contributed marelte observed compatibility effect than

the movement direction in space (up vs. down). l@nldasis of the ideomotor theory (see
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section 1.3.) and the above results, the authapoged two ideomotor components or
mechanisms which control action execution and ntediae influence of observed onto
executed action: (a) a fast working movement diosectcomponent related to the spatial-
dynamic action properties, i.e. classical SRC, #&)slow working movement type
component related to more complex properties oiolagcti.e. ideomotor compatibility.
Whereas the direction component is activated by @tmoving finger and a moving
square, only human body movement is capable o¥acig the ideomotor component.
This is because only with a finger movement thera match between the perceived event
and the representation of what the subject intémdi® (i.e. the anticipation of the sensory
consequences of the planned action).

Generalising Brass et al.’'s assumptions to theeptekehavioural findings, both
finger movements and moving dots might have aavdhe spatial-dynamic component,
whereas only finger movements were capable of adadily inducing the ideomotor
mechanism. In other words, common spatial codidigge&SRC) and AOEM (alias the
ideomotor mechanism) might have positively intezdctn observation and specular
imitation of intransitive finger movements in theepent studies. The intermingled
presentation of spatially compatible imitative stlmwith also spatially compatible non-
imitative cues during continuous task performanites use of very closely matched
imitative and non-imitative cues, and the presémaof finger movements and control
cues at lateralised positions might have even adththe relative contribution of spatial
SRC, especially in the fMRI study where a numbercoitrol stimuli were used. It is
conceivable that, due to the additional impacticdad matching, the spatial characteristics
of the finger movement stimuli were processed naffieiently than those of non-imitative
stimuli. As a result, motor programs of responséghirhave been more readily available
with imitative stimuli, or, alternatively, imitatevcues were less ambiguous with respect to

response selection than non-imitative cues. Suchsaomption would be in line with a
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facilitation of responses to spatially compatibieldgical finger movements as compared
to other spatially compatible cues, as observdbarpresent experiments. Furthermore, the
assumption of a more efficient, less energy-consgrprocessing of biological movement
would be in line with the observed decrease in BO&iDnal with non-imitative as
compared to imitative stimuli in areas engagedisnaespatial processing.

Moreover, an interaction of direct matching and omn spatial coding in the
processing of finger movement stimuli would be fgacbmpatible with the results of the
present priming/cueing experiments: the S1-S2 studievealed general effects of
attentional orienting in space that were inducedlbserved finger movements and control
stimuli as well, and modulations of priming effettsat were specific to finger movement

stimuli.

Trying to draw general conclusions with respecthte processes underlying effects of
observed biological movements, spatial compatbbietween stimuli and response seems
to be a very influential factor in observation-exéen of intransitive movements.
According to Wohlschlager and Bekkering (2002), rdqgroduction of the exact movement
path is represented as the (highest) goal in imitabf movements that do not involve
interaction with an object. If an individual attetego correctly reproduce kinematical
characteristics of a movement, visuo-motor proogssof spatial characteristics is
consequently one of the most crucial aspects. laxgerimental set-up with intermingled
presentation of several visual stimuli with simiguatial properties, the influence of spatial
processing might be even enhanced. Extending osetideas, visual concordance or
similarity between observed and executed movemaight be far more important in the
case of intransitive as compared to transitive moms. The latter are possibly rather (by
default) represented in terms of an efficient iatéion with the external world than in

terms of their exact spatial-dynamic movement patars. Consequently, the similarity



162 4. General discussion

between human body movements and control conditpyesented in an experimental
situation would potentially have a higher impactvisuo-motor processing of intransitive
as compared to transitive movements. These comsioles lead to the hypothesis that
direct matching/AOEM processes are qualitativelyfedent with different types of

biological movement, and might thus be sensitiveh® influence of different context

factors, e.g. spatial stimulus characteristicsugebject affordances.

4.2.2. The role of the human mirror neuron system in obseration-execution of

biological movements

Starting from results of neuroimaging studies ortdation of intransitive and transitive

movements (see section 1.5.), Rizzolatti and cgllea (Rizzolatti & Craighero, 2004;

Rizzolatti et al., 2001) proposed that imitationastions which are already present in the
imitator's motor repertoire is mediated by a direwtching mechanism in human mirror
neuron areas, especially in the plFG. The mirrouroie system is considered to be
involved in all stages of imitation, i.e. (i) thetrieval of an elementary movement (i.e. its
internal sensory and motor representation) whiclalieady achieved by observation
(initially a link is made to the internal sensontiaipation, then the motor representation is
re-activated), (ii) the construction of a sequentelementary movements, and (iii) the
fine tuning/modification of the movement or sequemd movements (Rizzolatti et al.,

2001).

On the basis of single-cell recordings in macaquakays and functional brain imaging
studies in humans, lacoboni (2005a, 2005b; lacol#rDapretto, 2006) furthermore
proposed that the inferior frontal, inferior pasileand superior temporal cortex form a

“core circuit” for imitation in the human brain. ¥in this network, the STS is supposed to
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provide inferior parietal mirror neurons with a hitgvel visual description of the to-be-
imitated movement. Visual information and somatsseyn and motor information
provided by the inferior parietal area reachesitferior frontal mirror neurons, where the
goal of the action is coded. Reafferent copiesh& motor commands providing the
predicted sensory consequences of the plannedtiveitmovement are sent back to the
STS. Here, a matching between the motor commandishenactual visual description of
the observed action occurs. In an iterative momigpprocess, the motor plan for imitation
is adjusted until a sufficient congruence betwden gerceived movement and the motor
plan is achieved. In other words, the STS creatam\eerse modefor the imitative action
which input is the visual description of the dedisensory state (i.e. the percept of a self-
produced action that is identical to the observatna), and which output or prediction is
the motor command. The STS furthermore creatésveard modelfor imitation which
input is the reafferent copy of the motor commarmanf fronto-parietal mirror areas, and
which predicts the sensory consequences of thengthmmitative action. If the inverse-
forward model pair predicts the selection of ancefht motor output, then a low error

signal will be generated in the forward model, #memodel pair will be reinforced.

While lacoboni and colleagues (lacoboni, 2005a5BQ0acoboni et al., 1999; Koski et al.,
2003), in line with Rizzolatti and Craighero (2004uggested that a direct matching
mechanism in frontal and parietal human mirror areeediates imitation of even very
simple intransitive movements, other authors hawgphasised that the human mirror
system distinguishes between different types dblgioal movements:

Blakemore and Frith (2005) proposed a mirror sydieah is extending beyond the
commonly accepted cortical mirror neuron systemthiithis enlarged mirror system,
hierarchically organised “mirroring” processes (sés0 section 4.2.1.) are assumed to be

mediated by different neural substrates: the astlsoiggested that only object-directed



164 4. General discussion

actions have the property to induce “mirroring”“c&sonance” phenomena in the mirror
neuron system, because this system is hard-wirg@dnsitive action as are mirror neurons
in the monkey's area F5. On the other hand, theamali system underlying low-level
effects of motor contagion, i.e. response facibtatand interference induced by the
observation of any animate movement, is assumdthve different functions than these
mirror neurons.

Blakemore and Frith’s suggestions are in line vathearlier proposal by Rizzolatti
and colleagues (Rizzolatti et al., 2002; but seezdlatti & Craighero, 2004). Till then, the
authors assumed that parietal and frontal mirrorore areas become active only if a task
requires action understanding, which enclosesdhegnition of action intentions and the
inference of action goals. If a task, however, doeisrequire action understanding, then
non-mirror regions are activated, including areathe inferior and superior parietal lobule
and other motor centres such as the precentrasgymd the cerebellum (Decety et al.,
1997; Grézes et al., 1998; c.f. Rizzolatti et 2002). According to Rizzolatti et al. (2002),
only transitive actions have a goal, are meaninfgulthis reason and sufficient to drive
the high-level resonance mechanism mediated bytarcend parietal mirror neurons.
Because every transitive action consists of indialdnmovements, the observation of a
transitive action should also activate the low-lenesonance mechanism located outside
the mirror system. Intransitive movements, howewdrich were classified as meaningless
by Rizzolatti et al. (2002), would not be sufficigo elicit high-level resonance in mirror
neurons. Assuming this, the lack of a prefereracivation of inferior frontal and parietal
areas during the observation and imitation of sarptransitive finger movements in the
present fMRI study would be due to the fact thatéimployed movements did not have an
explicit goal, i.e. there was no interaction withtaeiget object. On the other hand, one
might adopt a more abstract definition of an actioal as proposed by Wohlschlager and

Bekkering (2002). According to the task instructitime responses made by the subjects
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had to accomplish a defined goal, i.e. to respaduackly as possible, select the correct
finger and make a movement that is identical todhserved movement. Assuming this,
one would have expected mirror areas that are ttongdal-directed action to respond also

during observation-execution of the presently us@dnsitive finger movements.

The previous neurophysiological literature seemsb® quite consistent regarding
activation of the putative human mirror neuron ardaring observation and imitation of
transitive actions (see Rizzolatti & Craighero, 2P0However, regarding simple
intransitive finger movements, behavioural and ognaging data suggest a more tenuous
and variable involvement of the human mirror sysienobservation and imitation (see
section 3.6.). Imitation-specific activation of tiFG during observation-execution of
intransitive finger movements varied across previ@dRI studies that used intransitive
finger movements. On the one hand, two studiepedd by the same group (lacoboni et
al., 1999; Koski et al., 2003) reported a relativerease in BOLD signal with imitative
responses in left pIFG, alPL, and the anteriorapdrietal region. MEG (Kessler et al.,
2006) showed that the imitation of intransitivei@aes was associated with time-dependent
increases in inter-regional synchronisation withilarge-scale functional network that,
with the exception of a left ventral premotor regiconsisted of cortical and subcortical
areas that were not clearly located within humamanareas. Finally, the present study as
well as a recent fMRI study by Williams et al. (B)0found comparable neuronal
activation with responses to imitative and non-atnte cues, but did not show a
preferential response of the pIFG or alPL to finggevement imitation.

Moreover, previous results are not conclusive mdigarthe extent to which the
inferior frontal and parietal putative mirror regs respond to the mere observation of
intransitive movements (see section 1.5.). In ataoce with the results of the present

fMRI experiment, two fMRI studies found no actiati in left pIFG during the
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observation of intransitive hand and foot movemdasskson et al., 2006) or finger and
face movements (Leslie et al., 2004). A seriesxpleements performed by one research
group found that the observation of simple intrawmsifinger movements activated inferior
frontal mirror regions but failed to activate thi®la (lacoboni et al., 1999; Koski et al.,
2003). Furthermore, the magnitude of neuronal attwm in the pIFG during finger
movement observation did not exceed the activgirmduced by the observation of static
control cues (lacoboni et al., 1999), as opposethtexecution task.

One can conclude that observation and imitatiomt&nsitive movement does not
inevitably elicit a pattern of cortical “mirror aeity” in premotor or parietal regions.
However, simple intransitive movememts that arey etasexecute constitute the first
movements that newborns are able to imitate (M#lt&oMoore, 1977). Therefore, if
resonance of mirror neurons or regiongssentialfor imitative behaviour, as implied in
the model of a core circuit for imitation propodag lacoboni (2005a, 2005b), then these
circuits should be also recruited in imitation asfeservation of intransitive movements.
Neurophysiological findings rather point out thairnar neuronscan be involved in

observation-execution of intransitive movements.

It is conceivable, as already acknowledged in avapt that evolutionary processes might
have led to a less specialised mirror system indngmas compared to monkeys. To
account for the more complex demands on human bmhavt is reasonable to assume
that the processing of observed human movemeraisassubstantially influenced by the
specific context or situation in which it is embedd Moreover, one can imagine that
phylogenetic evolution from monkey to man did nolycaffect functional properties of the
inferior frontal and parietal areas that are prepo® be homologue to areas F5 and PF in
the monkey. According to the more complex demanaisthe human brain, a greater

influence of inter-regional connections to othaibrareas is reasonable.
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Within such a mirror system, responses to simpiemsitive movements might be even
more capable of being influenced by experimentalsitmational context factors than
resonance phenomena in response to object-diractéths (see also 4.2.1.). This might
explain why findings concerning the responsivenetdronto-parietal human mirror
neuron areas to observation and imitation of irgittre movements seem to be less
consistent than findings regarding transitive actione might speculate that in a hierarchy
of action goals as proposed in the goal-directedrth of imitation (Wohlschlager et al.,
2003), the efficient interaction with an objectplpably coded as an action goal in human
mirror neuron areas (Rizzolatti et al., 2002), nhigh more robust against the influence of
task instruction etc. than the reproduction of atransitive movement. However, this
hypothesis has not been tested systematicallyrso fa

Recent research brought forward hypotheses abeutdlle of mirror neurons in
human imitative behaviour (see section also 4.Biclwemphasise the interplay of motor
resonance in mirror neurons and cognitive and visotor processes that are mediated by
areas outside the putative mirror regions. Meltaoil Decety (2003) suggested that mirror
neurons indeed serve imitation, but imitation reggiimore than resonance between neural
codes for action observation and execution. Theyraed that the intention to imitate
requires the individual to attribute goals and mttns to the observed movements.
Consequently, biological movement is observed dffdy, according to the specific top-
down strategies employed in an imitation situatibhese cognitive strategies, which are
influenced by factors as task instructions and r@mrbnditions in an experimental setting,
are associated with frontal lobe function.

Williams et al. (2006) drew parallel conclusion®nfr studies on imitation in
autistic spectrum disorder patients and healthyjestd they proposed that the mirror
neuron system serves imitation function as a reduieing embedded in a broader system

of neural components. In more complex imitatiomations (i.e. more complex than the
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simple intransitive finger lifts employed in thexdy by Williams et al.), this system could

contribute to the analysis of perceived movement aven to higher, social cognitive

functions (see also section 4.3.). Visuomotor le@rprocesses, associating previously
learned motor actions with different visual stimutight rely on dorsal premotor and

dorsolateral prefrontal cortex (Toni & Passinghd®99). Temporo-occipital regions and

the lingual gyrus might serve processing of vismalvement: Astafiev et al. (2004) and

Jackson et al. (2006) suggested that the roleedEBA might be to provide an automatic
“interpersonal registration” as an initial input fa larger mirror system, i.e. to match the
visual representation of another’'s and the percasimdy (see section 3.6.). The present
fMRI results support this hypothesis only in pas, activation of the temporo-occipital

cortex was indeed stronger with the execution twith the observation task. Though,

differential contrast did not reveal higher signatreases with finger movements as
compared to control stimuli, i.e. no specific “noirt pattern.

Furthermore, an important role of other motor-mdlaireas in imitation has been
discussed by Miall (2003) and Kessler et al. (200®eir considerations extended on the
account by lacoboni (2005a, 2005b) who proposecdctingcal core circuit to implement
inverse as well as forward models. Miall (2003) gmeed that the cerebellum might
actually play a crucial role by providing the nexay motor parameters for the selection
of an inverse model (during movement observatiow) af a forward model (during later
imitation/execution). Moreover, Miall assumed tha posterior parietal cortex rather than
the ventral premotor region would actually be thi¢ical interface between inverse and
forward models due to its functional multimodaliflye. visuo-spatial, sensori-motor).
Although the temporal resolution of BOLD-fMRI is meufficient to draw conclusions
about the role of brain areas in inverse versuwdot models, nonetheless, the present
fMRI results support the assumption that the cdlaéimemight be important in movement

observation and imitation: during the observatiod ¢he execution task, there was signal
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increase in the upper cerebellum bilaterally. Hosvevthe cerebellum was not
differentially active with observation/imitation dinger movements as compared to
control stimuli. Kessler et al. (2006) performedyachronisation analysis on MEG data
recorded during imitation of simple intransitivexder movements. Taken together, their
data implied (i) an early synchronising subnetwsplecialised on observation-execution
matching for biological movements, and (ii) a laggnchronizing subnetwork that is most
likely related to the control of imitation performae. The ventrolateral premotor cortex as
well as the basal ganglia participated in the eardpnetwork, the diencephalic areas
possibly by selecting suitable motor programs thatch the stimulus. The ventrolateral
premotor cortex was found to be also involved ia ldter subnetwork, together with the
right temporal pole and the posterior parietal earfThe latter two regions were supposed
to constitute important junctions for the integoatiof information from different sources
in imitation tasks that are controlled for the manamt component (i.e. as used by Kessler
et al. and in the present studies) and involve réaice amount of spatial orienting of
attention. Contrary to Miall's proposal, the ceriloa only seemed to play a role for the
instantiation of the appropriate forward modelhrstimitation task. The data suggested a
stronger involvement of diencephalic areas (i.e.lihsal ganglia) at an early stage, which
would encompass the selection of an appropriatergg&zmodel. However, the authors also
pointed out that the importance of the cerebellumghmincrease with more complex
movements. Both the cerebellum and the caudal prtamere active during the execution
task in the present fMRI study. This finding, thbugloes not allow to differentiate
between the above hypotheses. Kessler et al.’'s5j2@éta furthermore indicated that the
PPC indeed plays a crucial role during the eatiggration of perceptual and motor-related
information, yet the vPMC seems to be more impartm the transition between

perception and action.
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Taken together, especially experiments on obsemvaxecution of simple intransitive
finger movements indicate that imitation does nptdefault” coincide with resonance in
putative human mirror neuron areas. Although onbibleavioural level, an RT advantage
for imitative responses to finger movements is =iastly reported across studies using
different designs and control stimuli (see chapf®r measures of correlated regional
increases in BOLD signal are obviously influenceg the employed experimental
protocol: a blocked (e.g. lacoboni et al., 1999)ampared to an even-related stimulus
presentation (as in the present fMRI study) migicilitate a cognitive set that enhances an
imitation-specific increase in BOLD signal in fropparietal mirror neuron areas.

In contrast, reducing unspecific effects of peraapsalience on neuronal activity
in fronto-parietal mirror areas by using equallyliesg and spatially as well as
kinematically matched control stimuli (i.e. biologlly moving objects) might also
attenuate condition-specific differences in BOLDr=ll increase in these regions.

If observed and executed movements are spatialijpatible as in specular
imitation common spatial coding contributes to tesllated changes in BOLD signal.
Favouring spatial stimulus-response mapping thrabghuse of similar spatial compatible
control stimuli in an event-related experimentabtpcol, as in the present fMRI study,
may further reduce imitation-specific activationfianto-parietal mirror neurons areas.

This higher context-specificity of inferior fronfmarietal mirror activity during
observation-execution of intransitive as comparedbvements might be due to the fact
that these two types of biological movement inddi¢eerent kinds of mirroring processes.
Whereas in intransitive movements primarily spatlighamic properties might lead to
resonance of motor-related brain areas, effectiveraction with objects might be
predominantly effective in transitive actions. Aatiog to Rizzolatti et al. (2002) and
Blakemore and Frith (2005), AOEM in intransitive wements would not comprise

resonance of human mirror neurons (as in monkéys)yvever, assuming that even the
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reproduction of kinematical movement charactessttan form a goal in imitation of
movements (Wohlschlager & Bekkering, 2002), obd#wmeexecution of intransitive
movements might involve activation of human mireseas. In this respect, one might
hypothesise that the goals implied in intransitmevements are represented in inferior
parietal rather than in inferior frontal mirror as2e However, as laid out above, there is no
conclusive evidence so far concerning an interactietween types of biological
movement (transitive, intransitive) and mirror gityi in frontal versus parietal areas. Here,
mirroring or direct matching of the goals impliedintransitive movements might be more
sensitive to specific characteristics of the obsédmovement and the situational context as
well, leading to a more variable activation of mde frontal and parietal mirror areas. As
implied by the results of the present fMRI study, enhancement of spatial visuo-motor
transformation processes through the choice ancerabgresentation of control conditions

might attenuate imitation-specific resonance ofroniareas.

4.2.3. The role of the learning in observation-execution fobiological movements

Finally, there is no evidence that the human minmeuron system might keedicatedto
imitation, i.e. that imitation was the function whifavoured its evolution. In line with this,
Rizzolatti et al. (2001) proposed that the purpotdghe mirror neuron system is not
imitation but actionunderstanding The fact that macague monkeys do not show the
capacity to imitate (Visalberghi & Fragaszy, 20@¥gn though they have mirror neurons
might be regarded as another argument supportisgntition. However, the possibility of
important functional changes during phylogenetioletion from monkey to human
remains. A human mirror system might even have veblindependently. Moreover,

during the ontogeny of a human individual, its earment might make demands on its
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brain that enforce the development of mirror nearamith more imitation-relevant

functional properties than in a monkey.

In line with these considerations, generalist the=oof imitation (e.g. the ideomotor theory
and the common coding approach; see section A8&yming that imitation depends on
general mechanisms of associative learning and maaotrol rather than on a special
purpose mechanism, imply that the properties ofanimeurons are not innate. They rather
suggest that mirror neurons acquire their propettieough general learning mechanisms
in the course of an individual’'s development (Bfass & Heyes, 2005).

In line with that, a crucial role of learning mealsans has been proposed for the
mirror neuron system of the monkey: an initial wsuotor link between the motor
representation of an action as coded by premotarons and the corresponding visual
action description as represented by temporal amgktal neurons might be established
through an association between the motor commdmedexecution of the movement and
the sight of an the monkey's own effector. This eslaation-execution match that is
originally acquired in the first-person perspectifien becomes progressively generalised
to other’s actions by experience (Rizzolatti & Lupp 2001). Oztop and Arbib (2002)
suggested a more elaborate model of how the nmmearon system might learn the right
associations between the classification of a moskewn transitive movements and the
movements of others: according to the “hand-stgfthesis”, the basic functionality of
monkey F5 mirror neurons is to elaborate appropfi@edback for opposition-space-based
control of manual grasping of an object. The awghmmopose that mirror neurons first
evolved to augmentanonicat F5 neurons by providing visual feedback on thedkstate,

i.e. on the relation between the shape of handtlaadhape of the to-be-grasped object.

! Canonical neurons are another class of visuo-nreorons coexisting with mirror neurons in the meynk
area F5. They are active during execution of ga@leted actions and, unlike mirror neurons, respiorithe
mere sight of a manipulable object (see Rizzoddtél., 1999).
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The hand state encompasses data to determine witbéhenotion and preshaping of a
moving hand conform to the grasp that is approgriat the object’s affordances. This
code will work for how well another monkey’s harsdmoving to grasp an object, and it
will work also for observing how the monkey’s owand is moving to grasp, allowing
self-observation to train the system.

The finding that mirror neurons for tool use carvelep during ontogeny in the
monkey’s ventral premotor cortex can be regardedsiggporting the notion that the

mirroring properties of mirror neurons are ratheguared than innate (Ferraat al, 2005).

Of course, the hand-state hypothesis can not explaiv visuo-motor neurons might be
trained to respond to intransitive movements thatiman individual observes in another.
However, corresponding associative mechanisms safovmotor learning might work in
the human brain.

Results of behavioural studies that investigatesl rihle of learning in human
imitation have been broadly supportive of the agstion that the cortical connections
mediating motor activation by action observatios &rmed through experience, rather
than being innate.

Heyes et al. (2005) showed that automatic imitation (e.g. feadion of hand
opening or closing by observation of the correspandesture) can be abolished by a brief
period of training. The training consisted of 72ampatible trials, i.e. performing hand
opening while observing hand closing and vice ve2dahours before testing. In contrast
to participants who had received compatible tragnithe participants who had received
incompatible training did not show a significant Kifference between compatible and
incompatible trials in the test procedure. Thisdiing suggests that the incompatible
training, on the one hand, established inhibitomykd between visual and motor

representations of corresponding hand actions (ogeapening, closing—closing),
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slowing responses on compatible trials by countergahe effects of already existing
excitatory links.

Recent behavioural findings by Press et al. (2@@5)oborate the assumption that
visuomotor priming of hand movements depends oticabrlinks established through
associative learning, rather than on innate commext As stimulus generalisation is a
ubiquitous feature of associative learning, one ld/@xpect non-biological movements to
elicit priming effects to the extent that they mafde the human movements observed
during acquisition of the cortical connections whimediate priming. In line with this
prediction, behavioural responses to compatibletiolstimuli were faster than responses
to incompatible robotic stimuli. However, the cortipiéity effect was smaller as compared
to that elicited by human stimuli. The behaviouesults obtained in the present priming
studies, comparing effects of real finger movememd “biologically” moving objects,
might as well be interpreted in this way.

Furthermore, functional imaging studies demonstraa@ influence of learned
expertise in performing specific movements on tasgendent changes in BOLD signal
during observation and imitation of these movementsan fMRI study by Calvo-Merino
et al. (2005), experienced capoeira dancers showed straagivation in the premotor,
parietal and pSTS regions when observing capoeimzgements than when observing ballet
movements, whereas ballet experts showed strongetaton in the same areas when
observing ballet movements than when observing @eganovements. Haslinget al.
(2005) tested professional pianist and musicallyenaontrols during observation of piano
playing and control movements (serial finger-thumyposition). The pianist showed
stronger motor activation than the control subj@dtien observing piano playing, however,
the two groups did not differ when observing thatoal stimuli.

Moreover, physiological findings support the notidimat imitation originally

depends on experience of owns ones, rather thamsgtlactions, which would be also in
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line with the associative learning mechanism pregd®r mirror neurons in the macaque
monkey (Rizzolatti & Luppino, 2001). Using TMS, Mimeet al. (2002) showed greater
facilitation of MEP size during observation of imisitive finger movements when the
movements were presented in “self” or “first persperspective (facing out from the
observer) as contrasted with movements presertter‘dther/third person” perspective.
There is, so far, no evidence that priming effemftobserved on executed movements
differ depending on the whether priming stimuli @aresented in the first- or third-person
perspective (c.f. Vogt et al., 2003). However, gitlke massive exposure to other people’s
movements in everyday life, the experience withybpalts in both perspectives is likely to
result into strong visuo-motor associations fohboerspectives.

Finally, there is a controversy regarding the goastvhether newborns are actually
able to imitate facial gestures or not (c.f. Hey&301). If it was true that newborns can
imitate facial gestures prior to having seen tlosun faces, this would not fit easily the
assumption that observation-execution links are inoate but rather learned through
experience with ones’ own actions is. Based onassumption of an inborn imitation
capacity, Meltzoff and Moore (1997) proposed a spguurpose mechanism for infant
facial imitation @ctive intermodal mappingAIM). According to this model, the visual
representation of the movement that is observet thi¢ intention to imitate is actively
converted in to a supramodal representation whah lee directly compared with the

proprioceptive feedback of the infants’ self-proedenovements.

4.3.Why are observation and execution of biological m@ament linked to each other?

Apart from the issues ohow (section 4.2.1. and 4.2.3.) amhere (section 4.2.2.)
observation and execution of biological movemeatlanked to each other, it is also worth

askingwhy the human brain employs this way of informationgassing. In other words,
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what advantages convey automatic effects of obdem@vements in others on the motor
system of an individual?

From an evolutionary perspective, it might be vienportant to optimally perceive
actions of biological agents (Premack & Woodruf§78) to generate the appropriate
reaction to potential prey, enemy or mate as fasp@ssible. As the movement of an
animate entity is one of the most important visuads to identify it as animate (Schultz et
al., 2005), phylogenetic evolutionary processes maye favoured the development of
neuronal structures in the brain designed to sipadif identify and react to characteristics
of biological agents. However, evidence for basycalnconscious mechanisms as
discussed above, i.e. behavioural priming by oleskriological movement or shared
brain activations for movement observation and eten, does not exclude the possibility
that processes which require more intentional obrtr the young individual become

increasingly “automatised” during ontogeny.

Behavioural and neurophysiological studies suggbst the observation of human
biological agents is more effective in generatington activation than compared with any
other type of stimulus. The perception of a spediiblogical movement interferes more
with the execution of an incongruent movement whes performed by a person than
when it is performed by a robotic agent (Castieli@l., 2002; Kilner et al., 2003; Press et
al., 2005; see section 2.1.). Similarly, neuroimggistudies indicate stronger motor
activation or resonance while observing human m@res than while observing
movements of a robotic or “virtual” agent, or evieilomechanically impossible human
movements (Costantini et al., 2005; Perani eR80]1; Tai et al., 2004; see section 1.5.).

It seems that observing biological movement optiynatepares the human motor
system to act out the perceived movement. In fiadtative response tendencies have been

noted in studies of normal and pathological behaviduring development, infants and
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small children very often spontaneously imitateeogh Involuntary imitative actions with
explicit emotional or vegetative components (sdechl“hot” actions as smiling or
yawning) are also common in adults. These autont@tidencies may be socially relevant
by contributing to the coordination of people’s &eiours, cooperation, and the
development of affiliative tendencies (Dijksterh& ®8argh, 2001).

Inappropriate overt manifestations of imitative passe tendencies have been
observed asmitation behaviourin patients with lesions to the fronto-medial poetal
cortex or lateral prefrontal cortex (De Rerial, 1996; Lhermitteet al, 1986) or as
echopraxiain patients suffering from the Gilles de la Toteetyndrome (Leckmaet al,
2001).

However, in everyday life adult and healthy peogte not constantly tend to
confuse observed movements with their own intestiand spontaneously imitate every
movement they observe in a conspecific. There slsan important difference between
infant behaviour and so-calleélease behaviouthat can be observed in birds (Thorpe,
1963): typically, if one bird in a flock starts vgrlapping, then the other birds repeat the
observed movement. In contrast, imitative behaviouinfants is not simply due to
response release, as it can be delayed by usiagifeep and is emitted subsequently when
the response becomes possible (Meltzoff & Moor&,7)9Consequently, healthy humans
are able to store the evoked response and to tatgr@mission. There have to be
dedicated mechanisms which prevent us from actungpaotative response tendencies.
These mechanisms, on the other hand, may be defectipatients showing imitation
behaviour or echopraxia.

Using fMRI, suppression of imitative response temaikes automatically elicited by
movement observation (i.e. an instructed movemadtth be executed during observation
of an incongruent movement) has previously beemwslto activate anterior fronto-median

cortex and right temporo-parieto-occipital areasaBet al, 2005; Brasst al, 2001b).



178 4. General discussion

These are similar to those which have shown tonbelved in distinguishing self- from
etero-generated imitative action (Decetyal, 2002), determining self-agency (Faredr
al., 2003; Farrer & Frith, 2002) and perspective tgkim action (Ruby & Decety, 2001).
Thus, there seems to be a dissociation between t#gions responsible for the inhibition
of imitative response tendencies and prefrontabregknown to be engaged in inhibition
of proponent response tendencies per se, as ave acigo/no go-tasks for example (e.g.
de Zubicarayet al, 2000).

Moreover, spinal mechanisms might also play airolahibiting overt repetition of
observed behaviour: Baldissera (2001) demonstitatedH-Reflexes recorded from hand
flexors increased in size during observation oféinextension (hand opening) and were
depressed during observation of finger flexion (halosing). The reverse was found for

recordings from extensors.

Obviously, the existence of a very close link betw@bserved and executed movement
has costs, i.e. it can interfere with the executibnbserver’s current motor plans and also
lead to socially inappropriate behaviour if not chedt bay by dedicated inhibitory
mechanisms. What advantages, however, might an A@Ekhanism have?

One proposal has been based on the assumptiorththdtuman mirror neuron
system, in contrast to that of the monkey, codss #&ir intransitive movements that can
form an action, rather than only for actions prodérhas been hypothesised that the
evolution of such properties might account for fluenan capacity to learn by imitation, in
contrast to nonhuman primates and apes (c.f. \@sglh & Fragaszy, 2001). If a single
elementary movement that is already present innth@idual’s motor repertoire has to be
copied, then the activated representation can d&dilyeused for reproduction. In imitation
of a novel, complete action, however, i.e. “truatatmon” (see Byrne & Tomasello, 1995),

mirror neurons would decompose the movement ist@ohstituting motor elements (see
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Rizzolatti et al., 2001). The original sequence ldahen have to be re-constructed first
before the motor output could be fine-tuned forroepction. This recombination process
has been proposed to essentially constitute leqimynimitation and to be also a function
of the mirror neuron system (Buccino et al., 2004k note, the core circuit for imitation
would not be sufficient to implement imitation Iearg. This form of imitative behaviour
would rather require large-scale interaction betweere mirror areas and other neural
networks (lacoboni & Dapretto, 2006). In line withs, the results of an fMRI study on
observation, imitation and non-imitative executafrguitar chords (Buccino et al., 2004b)
were interpreted as evidence that inferior parietal ventral premotor mirror regions also
subserve core processes in imitatiearning The authors concluded from their data, that
the rostral inferior parietal lobule and the vehfma@motor cortex represent the circuit that
translates the observed action into their motoresgntations by motor resonance of
contained mirror neurons. Additional activationtbé anterior mesial cortices during the
delay period between the observation and the exgcphase in an imitation condition
(where subjects observed a model performing a mgaitard and imitated the chord later)
relative to a non-imitative execution condition @vl the subjects observed a moving
guitar neck and freely chose the chord they exedatier) was interpreted as reflecting the
selection of appropriate motor acts for subsequexecution. This activation was
considered to represent an organising mechanism gogdes the selection and

recombination of motor elements in the frontal aadetal mirror regions.

Furthermore, it has been proposed that the “mimgdriof observed movements might

facilitate communication (Rizolatti & Arbib, 1998mpathy (Caret al, 2003) and also

so-called “theory of mind” functions (Gallese & @olan, 1998; Jeannerod, 2001).
Theory of mind function would involve, on a lowesvel, the understanding of

other people’s intentions from their actions. Omigher level, it would even comprise
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understanding other people’s minds. According ®“timulation theory of mind reading”
(c.f. Gallese & Goldman, 1998) the attribution oémtal states to other people is achieved
by adopting their perspective and simulating tis¢ates (i.e. predicting/retrodicting their
intentions by pretend states, respectively) by ®r@vn mechanisms. As proposed by
Gallese and Goldman, the capacity to simulate ople@ple’s mental states might have
evolved from an AOEM system whose neural corredagepremotor mirror neurons. The
internal imitation of other people’s actions wouttyger an action representation from
which the underlying goals and intentions couldriderred on the basis of what our own
goals and intentions would be for the same aclibus, the mirror system would allow the
observer to “get into the mental shoes of the ta@zallese & Goldman, 1998).

However, the suggestion that imitation constit@e®re cognitive process required
for the development of social cognitive ability (KMeff & Decety, 2003), including a
theory of mind function, also implies that imitatiactually requires more than resonance
between neural codings for action observation ametuwion in a human mirror neuron
system. Macague monkeys have mirror neurons, btitemeshow a theory of mind ability
nor evidence of imitation (Visalberghi & Fragas2®01). Therefore, for a human mirror
neuron system to serve an imitation function, eitbeher cognitive abilities are required,
or the system itself must have undergone evolutiomendification in some way. As stated
above, Meltzoff and Decety (2003) proposed thattatiun is also influenced by the

attribution of goals and intentions, and a meansdpresenting self—other relations.

Impaired imitative skills in infancy, on the othleand, may reflect a neurological deficit
that could account for autistic syndromes. It hasrbproposed that in autistic spectrum
disorder both social cognition and imitation midie affected by a dysfunction of the
mirror neuron system (lacoboni & Dapretto, 2006]IMMms et al., 2006; Williamet al,

2001). As concluded from their recent fMRI findings imitation of finger movements in
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autistic spectrum disorder patients and healthytrots) however, Williams et al. (2006)
proposed that the mirror neuron system serves tionitdunction embedded in a broader
system of neural component. Within such a largéesoatwork, the right temporo-parietal
junction might be specifically associated with theof mind function (e.g. Castelli et al.,

2000).
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5. Summary

Behavioural as well as neurophysiological data stpthe notion that the execution of
human body movements and the perception of the samwements in other individuals
are closely linked.

Automatic effects of observed movements on moverperibrmance have been
attributed to a common coding of movements in @rEgptual and motor domain,
enabling an action observation-execution matchk@EM) mechanism that directly maps
a perceived movement onto its internal motor regregion. Common activation of a set
of motor-related brain areas during both the olzgtey and execution of biological
movements is supposed to constitute the neuratlederof the AOEM mechanism.
Specifically, inferior frontal and inferior pariéteortical areas are reported to constitute

core regions of a human “mirror (neuron) systendit terves AOEM.

In a series of four two-alternative choice reactiome (RT) experiments, the present
dissertation provides evidence for imitative resgmtendencies following observed simple
intransitive finger movements. Using single-stinpdradigms in RT Experiments 1 and 2
aimed at investigating immediate effects of obs&omaon execution of corresponding
finger movements. Priming/cueing (S1-S2) paradigrease employed in RT Experiments

2 and 3 to reveal delayed effects of an observegefimovement (S1) on the execution of
a subsequent imitative movement (that is instruatetiprompted by a second finger
movement stimulus S2). Defined stimulus onset daymes (SOAs) of S1 and S2 were
introduced to explore the time-course of effectacy matched salient control stimuli
were used in all behavioural studies, i.e. “biotadliy” moving objects that controlled for

spatial and also kinematical stimulus charactessirhis permitted demonstration of



5. Summary 183

priming effects which were specific to the obseiabf real human body movement, and
not attributable to the unspecific inherent mowamponent.

It was hypothesised that AOEM should generallylifate responses to an animate
finger as compared to an inanimate dot in all expents. In the context of the S1-S2
paradigm, attentional orienting was expected wiinimate and animate movements, as
both occurred spatially lateralised. AOEM proceskesvever, should only be induced by
biological finger movement stimuli, leading to asfic modulation of effects of S1-finger
movements.

Accordingly, results of single-stimuli experimengtelded immediate facilitatory
effects of observed on executed finger movememisify/cueing experiments revealed
delayed facilitatory and inhibitory effects of obsad biological finger movements on
subsequently executed finger movements. Patterefexfts depended on SOAs of S1 and
S2.

Findings suggest that the observation of a bioklgimovement leads to a transient
activation of its internal motor representationfagilitation of the corresponding response
becomes manifest provided the resulting respomsketey can be released immediately.
Otherwise, facilitation rapidly turns into an inhdry effect. Both movement-specific and
unspecific facilitatory and inhibitory effects ainilarly affected by temporal

expectancies regarding the occurrence of the ictstrigo-stimulus.

An event-related functional magnetic resonance intpfMRI) study was conducted in
order to investigate the neuronal correlates ofrtireediate facilitatory priming effects of
biological movement obtained in the present sirsgieulus RT experiments. This
experiment followed-up on previous fMRI studies @¥hreported a preferential activation
of putative human “mirror areas” in the inferiootal and parietal cortex during imitation

of intransitive finger movements as compared toamoontrol tasks. Task-related changes
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in regional BOLD signal during the mere observatma imitation of simple intransitive
finger movements were contrasted with the obseymaif control stimuli and the

execution of finger movements in response to tieesé&rol cues, respectively. The
employed two-alternative choice reaction task paled the task required in the single-
stimulus RT studies. To control for unspecific ette different salient control stimuli were
matched to finger movements with respect to epatial or both spatial and kinematical
properties (paralleling the behavioural studieskeri-related, intermingled presentation of
different stimulus conditions in single trials wased to minimise neuronal activity related
to cognitive sets.

Assuming that finger movements specifically aceviite human “mirror system?”,
BOLD signal was expected to increase in the infdrantal and inferior parietal cortex
during both the imitation and observation of hurfinger movements. Increases should be
present compared to the baseline as well as relaithe static and moving control
stimuli. Due to AOEM, imitative responses to fingeovements were expected to be faster
than responses to other stimulus types.

In accord with previous and present behaviouralltgsparticipants were faster at
imitating a finger movement than at performing saene movement in response to a static
or a moving control stimulus. However, contrarytevious fMRI findings, the
behavioural advantage was not paralleled by aréifiee in regional activity of inferior
fronto-parietal “mirror areas” during the imitatiexecution task. Moreover, during pure
observation, BOLD signal in putative mirror areaasvincreased only when the finger
movement was made more salient by attaching arciofgjet.

Thus, the present results lacked a functional sigaaof inferior fronto-parietal
“mirror activity”. It was hypothesised that the sgiie experimental situation enhanced the
relative contribution of common spatial coding tifraili and responses to the observation-

execution of intransitive finger movements, as cared to expected AOEM processes.
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This might have been favoured by the interminglexsentation of closely matched finger
movement and control stimuli which were all spdiabmpatible with required responses,
and which occurred in lateralised locations. I Mith that, the finding of an increased
activation of the posterior intraparietal sulcig anterior insula, the anterior cingulate
cortex, and the right ventral premotor cortex witbtor responses to control stimuli
relative to finger movements might indicate a meffecient spatial processing of

biological finger movements as compared to cortuels.

Taken together, the present behavioural and neysogdbgical results suggest that AOEM
or “mirroring” processes might differ qualitativelhetween intransitive and transitive
movements. Whereas mirroring processes in motataelbrain areas induced by
intransitive movements might rely primarily on spatlynamic properties of the
movement, mirroring of transitive movements migither be based on representations of
the interaction between effectors and (objectdd) external world. Consequently, visuo-
spatial and dynamic stimulus characteristics s@ehave a higher impact on visuo-motor
transformation processes during observation-exacuti intransitive as compared to
transitive movements. Moreover, a potentially higherference between specific context
factors of an observation/imitation situation andraning/AOEM processes which are
elicited by intransitive movements might lead tmare variable engagement of inferior
frontal and parietal “mirror (neuron) areas” inwasmotor transformation of intransitive as

opposed to transitive movements.
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7.1. Abbreviations

AIP anterior intraparietal area

ANOVA analysis of variance

AOEM action observation-execution matching
S vector of parameter estimates

Bo direction of the main magnetic field-4xis) in MRI
B; direction of the radiofrequency pulseyplane) in MRI
C vector of contrast weights

CMRO, cerebral metabolic rate of oxygen
(nCBF (regional) cerebral blood flow

e vector of residuals

EEG electroencephalography

EPI echo-planar imaging

EXE execution

fMRI functional magnetic resonance imaging
FDR false discovery rate

FWE familywise error rate

FWHM full-width-at-half-maximum

GLM general linear model

GRF Gaussian random field

H* hydrogen

HF radiofrequency

HRF hemodynamic response function

IFG inferior frontal gyrus
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IM
IOR
IPL
M1
MEG
MEP
MNI
MRI
hMT

OBS

PET
PMd
PMv
PP
PPC
ROI
RT
S1
S2
Sl
SMA
SNR
SOA
SPM

SPM{T}-map

ideomotor theory

inhibition of return

inferior parietal lobule

primary motor cortex
magnetoencephalography
motor evoked potential
Montreal Neurological Institute
magnetic resonance imaging
human (visual) motion area
observation

predictor variables/regressors
positron emission tomography
dorsal premotor cortex
ventral premotor cortex
positive priming

posterior parietal cortex
region of interest

reaction time

first/priming stimulus
second/target stimulus
somatosensory cortex
supplementary motor area
signal-to-noise ratio

stimulus onset asynchrony
Statistical Parametric Mapping

image ot-values
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SRC stimulus-response compatibility

(p)STS (posterior) superior temporal sulcus

SvC small volume correction

T1 relaxation time of longitudinal magnetisation

T, relaxation time of transversal magnetisatioedited)
To* relaxation time of transversal magnetisatiofie(ive)
TE echo time, between excitation and signal reagloMRI
TR repetition time, between two excitations in MR
T™MS transcranial magnetic stimulation

V5 visual (motion) area 5

VOl volume of interest

X design matrix

vector of measured data
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