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Abstract 

Understanding the actions and intentions of other humans around us is crucial for 
everyday social interactions. How the brain associates visual and motor represen
tations of our own actions and those of others is poorly understood, however. 

The first part of this Thesis is methodological and describes the implementation 
of surface-based informat ion mapping using multi-voxel pattern analysis (MVPA) 
of functional magnetic resonance imaging (£MRI) data. Based on experimental 
data, I argue that surface based information mapping improves sensitivity and 
selectivity compared to traditional volume-based methods. 

The second part is experimental and applies the methods developed in the first 
part to identify and characterize areas that show action-specific representations 
across the visual and motor domains. In other words, where in the brain is per
forming an action represented similarly as observing someone else performing the 
same action? Or are there areas with spatially overlapping but different neural 
populations for observing and executing actions? Unlike typical £MRI analyses, 
MVPA can distinguish between these possibilities while information mapping al
lows for a data-driven approach that does not require specifying brain regions of 
interest a priori. 

In five experimental studies object presence, action goal, effectors, viewpoint, 
and imagery of observed and executed actions were systematically manipulated. 
The analyses suggest that two areas- anterior parietal and occipitotemporal cortex
are engaged in visuo-motor representations involving the observation of actions 
performed by ourselves or others, and that one area- ventral premotor cortex-
is only engaged in representing our own actions. These results provide the first 
evidence of action-specific visuo-motor representations using MVPA. 

I conclude that visuo-motor representations of actions can be understood through 
a general associative mechanism that transcends unimodal visual or motor repre
sentations, and that the application of MVPA and information mapping forms a 
promising approach to characterize such representations in more detail. 
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Chapter 1 

General introduction 

"Imitators are a slavish herd and fools in my opinion." 

Jeane de la Fontaine, C LYMENE V. 54, 1671. 
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CHAPTER 1. GENERAL INTRODUCTION 

1.1 Human action understanding 

Humans are an intelligent social bipedal primate species, and their well-developed 

brains form the neural substrate of complex cognitive phenomena such as lan

guage, introspection, abstract reasoning, mental imagery, problem solving and the 

construction and use of tools, and of complex social phenomena such as law, reli

gion, science, mythology, philosophy, and rituals. As a member of this fascinating 

species, in this Thesis I will describe a series of Experiments that investigate how 

humans understand and represent their our own actions and the actions of other 

humans, and which, more specifically, investigate the neural basis of the relation

ship between visual and motor aspects of executed and perceived actions. 

Social interaction, in which people communicate their ideas and intentions that 

are subsequently interpreted by others , forms an integral part of typical everyday 

human life; Charles Darwin, for example, argued 

ftjhat there exists in man a strong tendency to imitation, independently 

of the conscious will, is certain. (Darwin, 1874) 

Recent empirical work has suggested that most of human behaviour is accom

plished by unconscious means (Bargh & Chartrand, 1999). A famous example 

relevant to social interaction is the 'chameleon effect', the - often unconscious

tendency of humans to change their speech patterns and behavioural mannerisms 

according to those of their interaction partner, and there is substantial evidence 

that such patterns occur in a wide variety of settings (Dijksterhuis & Bargh, 2001). 

A possible mechanism underlying such chameleon effects is via a link between 

perception and action control. This was proposed by Prinz (1997) in a 'common 

coding' framework, which has predecessors in the general ideo-motor idea that ac

tion and its consequences are linked (e.g. James, 1890; Greenwald, 1970; Stock & 

Stock, 2004). According to this framework, perceived events and planned actions 

are represented similarly. In contrast to theories proposing separate modular cod

ing of perception and action, this framework predicts that visual and motor coding 

can directly influence each other within a common representation. This prediction 

has been corroborated by several studies that showed that task-irrelevant temporal 

(Miisseler & Hommel, 1997) , spatial (Simon & Rudell, 1967), symbolic (Miisseler 
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C HAPTER l. GENERAL INTRODUCTION 

& Hommel, 1997), and affordance (Tucker & Ellis , 2001; Tucker, 2004) aspects of 

stimuli can affect subsequent action responses. 

These effects are not limited to relatively simple auditory or visual stimuli, 

but can also be induced by- arguably more complex-social aspects involving the 

observation of others. For example, Bach, Peatfield, and Tipper (2006) showed that 

participants observing a foot kicking a ball or a hand typing responded quicker 

with their own feet or hand, respectively (see also Brass, Bekkering, Wohlschlager, 

& Prinz, 2000; Kilner, Paulignan, & Blakemore, 2003). Such compatibility effects 

can also be primed by simply viewing pictures of famous athletes who, according 

to their sport ( soccer or tennis), are more specialized in using their feet or hands 

(Bach & Tipper, 2006) . More subtle action priming effects on the individual finger 

level have also been demonstrated when participants observed and subsequently 

performed finger movements of index and middle fingers (Bertenthal, Longo, & 

Kosobud, 2006). Finally, even reach trajectory can be primed when observing 

another persons actions. For example, after observing a person reach over an 

obstacle the observers subsequent reach is more curved even when t here is no 

obstacle to be avoided (Griffiths & Tipper , 2009). 

1.2 Mirror neurons in macaques 

How can such a common visuo-motor code be represented in the brain? A seminal 

paper by Guiseppe di Pellegrino and colleagues (1992) invest igated the properties 

of neurons in macaque inferior premotor area F5 using neurophysiology (single cell 

recordings) . They reported that certain neurons in this area did not only fire when 

the monkey executed a specific action (such as grasping a pellet of food), but also 

when it observed an experimenter performing the same action. In other words, 

these neurons-later termed 'mirror' neurons (Gallese, Fadiga, Fogassi, & Rizzo

latti, 1996)-show cross-modal visuo-motor representations of specific actions. 

A subsequent study quantified the properties of neurons in F5 in detail (Gallese 

et al., 1996). From the 532 neurons recorded in two macaques, 92 (17%) fired 

more both when the monkey made movements and when it observed "specific 

meaningful actions performed by the experimenter" and were classified as <mirror 

neurons'. There was a wide variety of observed manual actions- grasping, placing, 
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CHAPTER 1. GENERAL INTRODUCTION 

manipulating, holding, and combinations of these--that different mirror neurons 

responded to, but most of them responded to grasping. Comparing the response 

to observed and executed actions, 29 (5%) showed 'strictly congruent' visuo-motor 

properties, meaning that they fired selectively for a specific action executed in a 

specific way. The other mirror neurons showed either 'broadly congruent' (some 

link between observed and executed actions) or no congruent properties. Control 

experiments where either the food was presented without action or where macaques 

performed actions in the dark showed that the visuo-motor properties of these 

neurons cannot be explained by either object presence or shared visual input during 

action observation and execution. Although the number of detected mirror neurons 

is relatively small, these findings suggest a possible neural mechanism for cross

modal coding. 

Several studies have corroborated and extended these findings. First, some 

mirror neurons do not only respond when observing a reach to an object directly 

but also when an object is initially viewed but the subsequent reach-to-grasp is 

obscured by a screen (Umilta et al., 2001). These findings suggest that these re

sponses are at least partially based on contextual knowledge of the action ( object

presence) rather than pure visual input. Second, some mirror neurons respond 

stronger when the experimenter interacts with an object using a tool than when 

interacting with her hands, suggesting that these neurons have the capacity to rep

resent the action goal ( e.g. grasping) independent on the precise implementation 

of motor commands required to obtain that goal (Ferrari, Rozzi, & Fogassi, 2005). 

Such a dissociation of goal (grasp object) and motor commands (specific finger 

movements) was further demonstrated when monkeys were taught to use either 

normal or reverse pliers to grasp for an object, and neurons in F5 fired according 

to a grasping action irrespective of whether this was achieved by closing the hand 

(normal pliers) or opening the hand (reverse pliers) (Umilta et al., 2008). Third, 

in addition to neurons that show visuo-motor coding, there are also neurons that 

show auditory-motor coding, i.e. they respond similarly to executing and hearing 

the sounds of specific actions (Kohler, 2002). Fourth, mirror neurons respond to 

both the observation of 'life' actions and when actions are viewed on a computer 

screen (Caggiano et al., 2011). Fifth, apart from the body part used to execute 

an action (e.g., Gallese et al. , 1996) , response properties vary according to how an 
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CHAPTER 1. GENERAL INTRODUCTION 

action is perceived. Some neurons only respond if they perceive an action that is 

executed in peripersonal space, others when it is executed in extrapersonal space, 

and yet others in both (Caggiano, Fogassi, Rizzolatti, Thier, & Casile, 2009). Sim

ilar selectivity profiles have been shown for perceiving actions from either a first 

person view or a third person view (Caggiano et al., 2011). Sixth, mirror neurons 

have been found outside area F5, namely in the parietal lobe areas PF and PFG 

(Fogassi, 2005) and these have been claimed to respond selectively based on the 

intention of a goal (e.g., grasp-to-place versus grasp-to-eat) rather t han just the 

type of action (grasping) and the corresponding motor act. 

Altogether, these findings demonstrate that there are neurons in the macaque 

brain with complex visuo-motor (and auditory-motor) cross-modal coding proper

ties of the goals and intentions of specific actions that respond independently of 

the precise motor program used to implement these actions. 

1. 3 Evidence for mirror ne urons in humans 

The discovery and characterization of mirror neurons provides a possible neural 

mechanism underlying visuo-motor action coding and, ostensibly, other complex 

human social phenomena as well. For example, Ramachandran (2008) speculated 

that the 'sudden explosion ( often called the "great leap") in technological so

phistication , widespread cave art, clothes, stereotyped dwellings, etc. around 40 

thousand years ago' could be explained by assuming that mirror neurons acted as 

the catalyst for imitation learning and cultural transmission, and predicted that 

'mirror neurons will do for psychology what DNA did for biology' . 

Indeed, others have argued-based on evidence reviewed later in this Chapter

that a 'human mirror system' (Rizzolatti & Craighero, 2004) implemented in a 

fronto-parietal circuit (Rizzolatti & Sinigaglia, 2010) that contains the ventral 

premotor (PNlv) and inferior pariet al cortex (IPL) and intraparietal sulcus (IPS)

putative homologues of macaque areas F5 and PF /PFG, respectively- might ex

plain human action understanding and imitation (Rizzolatti, Fogassi, & Gallese, 

2002, 2001; Iacoboni, 2005) . This system is assumed to employ a 'direct matching' 

or 'simulation' mechanism where observing an action activates the same motor cir

cuits as when executing that action 'from within' (Gallese, 2009). Furthermore, 
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CHAPTER 1. GENERAL INTRODUCTION 

such an action simulation system has also been proposed to be engaged in un

derstanding the feelings (i.e. empathy; Gallese, 2005) and thoughts (i .e. theory of 

mind) of others automatically without reflective mediation (Gallese & Goldman, 

1998; Rizzolatti & Fabbri-Destro, 2008). Another role for mirror neurons would 

be language acquisition (Rizzolatti & Arbib, 1998) given the close proximity of 

macaque F5 and its putative human homologue of Broca's area which is involved 

in speech production. Finally it has been suggested that mirror neurons dysfunc

tion might be the underlying mechanism of autism (Iacoboni & Dapretto, 2006). 

Speculations on the existence and role of a 'human mirror system' will be 

discussed in Chapter 7, where I will argue that this research program is, in the 

terminology of Lakatos (1978), degenerative; for the purpose of this chapter I will 

focus on empirical evidence. In 2008, at the start of my PhD project, and indeed 

not until 2010, there was no direct evidence for mirror neurons in humans. The 

seminal paper by Mukamel et al. (2010) was the first to provide such evidence 

using extracellular recordings in human epilepsy patients who had been subjected 

to surgical electrode implantation in frontal and temporal cortex to localize the 

source of epileptic seizures. In their study, patients observed and performed grasp

ing actions and facial gestures. Action observation/execution matching cells were 

defined as modulating the firing rate when executing and observing actions but 

not during control tasks such as when an action was cued but the patients were in

structed to ignore the cue. In different areas- amygdala, pre-supplementary motor 

area, and dorsal and rostral cingulate cortex- t hey found evidence for such obser

vation/ execution matching cells. In other words, their results suggest that certain 

cells in humans show visuo-motor coding similar to that observed in macaque mir

ror neurons, and although the authors do not claim they found mirror neurons

possibly because t hey were not found in canonical frontal and parietal areas- the 

properties of the neurons they measured do meet the criterium of action-specific 

cross-modal action-specific coding, and therefore I will refer to them as human 

mirror neurons. 

Such neurophysiological studies cannot be performed legally in healthy human 

participants, because without medical need the methods employed are considered 

as too invasive by ethical committees whose permission for conducting experimen

tal studies is required. For this reason the majority of studies investigating the neu-
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CHAPTER 1. GENERAL INTRODUCTION 

ral correlates of a 'human mirror system' (Rizzolatti & Craighero, 2004) have em

ployed less invasive methods. Using electro-encephelogram (EEG) measurements 

it has been shown that the observation of human actions, compared to moving 

objects, result in a modulation of sensori-motor cortex (Cochin, Barthelemy, Leje

une, Roux, & Martineau, 1998). More detailed studies have found similar response 

patterns during observation and imitation of hand reaching movements (Nishitani, 

2000) and during observation and execution of finger movements (Calmels et al. , 

2006), suggesting a shared visuo-motor representation in the human brain. Sim

ilar conclusions have been drawn by applying 'Il·anscranial Magnetic Stimulation 

(TMS) over the motor cortex in conjunction with the measurement of motor

evoked potentials (MEPs). Motor excitability of the hand area, as measured by 

MEPs, was similarly increased when participants either executed or observed man

ual actions (Fadiga, Fogassi, Pavesi, & Rizzolatti, 1995), or when they observed 

self-generated actions, non-self generated actions , or imagined performing manual 

actions (Patuzzo, Fiaschi, & Manganotti, 2003). 

Because the spatial resolution of these EEG and TMS studies is limited

which makes it difficult to make precise inferences on the brain areas involved 

in visuo-motor coding- the majority of studies investigating evidence for human 

mirror neurons have employed functional magnetic resonance imaging (fNIRI; see 

also Chapter 2) because it provides a relatively good spatial resolution and is non

invasive. A recent meta-analysis found 190 fMRI studies that used fMRI matching 

the keyword 'mirror system' (Molenberghs, Cunnington, & Mattingley, 2011) and 

a full description and discussion of all of these studies is outside the scope of this 

dissertation. To give a brief summary, early studies have found that areas including 

the human mirror neuron circuit-the ventral premotor and inferior parietal lobule 

(Rizzolatti & Sinigaglia, 2010)- show an increased response ( compared to a certain 

implicit baseline) during imitation of actions (Iacoboni et al. , 1999) , during the 

observation of actions, in a somatotopic manner (Buccino et al., 2001), during 

the observation of actions performed by non-human animals (Buccino, Lui, et al. , 

2004), both when participants perform and observe actions (Gazzola & Keysers, 

2008), during imitation of actions (Iacoboni et al., 1999) , and during understanding 

the intentions of others (Iacoboni et al., 2005). These findings have generally been 

interpreted as evidence for the existence of a human mirror neuron system that 
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CHAPTER 1. GENERAL INTRODUCTION 

underlies cross-modal visuo-motor coding. Recent meta-analyses have shown a 

similar involvement of areas in this mirror circuit during action observation and 

execution (Grezes & Decety, 2001; Van Overwalle & Baetens, 2009; Caspers, Zilles, 

Laird, & Eickhoff, 2010). 

1.4 Challenges for human mirror neuron accounts 

Despite the popularity of £MRI, considering the evidence and logic just summarised 

in more detail reveals several interpretational challenges (Dinstein, Thomas, Behr

mann, & Reeger, 2008). 

First, many £MRI studies did not include conditions with both the execution 

of actions and observation of actions, which is-by definition- a first requirement 

to infer visuo-motor coding. Inferring that an area is part of a mirror system only 

based on anatomical criteria is invalid because an area may be involved in different 

neural processes ( cf. Poldrack, 2006). 

Second, in studies that did include both observation and execution conditions, 

inferences of visuo-motor coding are usually based on spatial overlap between 

regions (a 'conjunction analysis') that show an increased £MRI response (compared 

to a certain 'baseline condition') for both observation and execution. It is common 

practice to spatially smoothen the data- to increase overlap across participants, to 

reduce noise, and to make spatial correlations more homogeneous- but this may 

cause neurons in neighbouring but non-overlapping voxels to appear commonly 

activated (Morrison & Downing, 2007). Indeed, as noted by Gazzola and Keysers 

(2008) et al, this would constitute an "alarming possibility that would undermine 

the credibility of most £MRI studies on the MNS [Mirror Neuron System]". 

Third, increased responses both during observation and execution, even when 

data is not spatially smoothed, are not confined to the canonical 'human fronto

parietal circuit ' (Rizzolatti & Sinigaglia, 2010). Indeed, Gazzola and Keysers 

(2008) reported that a large set of brain areas showed such a response: 93% of 

voxels where such a response was found was outside the putative homologue areas 

in macaques where mirror neurons were found. Although the possibility cannot be 

excluded that the other homologue areas in macaques also contain mirror neurons, 

it raises the question of whether these processes are specific to action representation 
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CHAPTER 1. GENERAL I NTRODUCT ION 

or understanding or are more generally involved in processes such as attention, 

decision making or planning (Stark & Squire, 2001) . 

Fourth, most studies do not show action-specificity across observation and ex

ecution modalities which means that common responses do not rule out the ex

istence of two distinct yet spatially overlapping neural populations involved in 

observation and execution (Welberg, 2008; Dinstein, Thomas, et al. , 2008). Al

though it has been argued that 'the logic of the two-population story is flawed 

[and] hard to reconcile with what is known about the organisation of the cere

bral cortex' (Rizzolatti & Sinigaglia, 2010) such a critique is not consistent with 

neurophysiological evidence of separate motor, visual, and visuo-motor neurons in 

the macaque F5 (Gallese et al., 1996) or fMRI evidence for spatially overlapping 

but distinct neural populations selective for bodies and faces and motion (Peelen, 

Wiggett, & Downing, 2006). 

To address this concern, a few studies have used repetition suppression (RS) 

paradigms where one of two different actions is either observed or executed, fol

lowed by the execution or observation (respectively) of either the same (repeat) 

or the other action (non-repeat ). The logic of RS is that neural populations that 

respond to a specific action in a common visuo-motor code show a decreased re

sponse if the same action is repeated compared to when it is followed by another 

action irrespective of whether these actions are executed or performed. However, 

evidence for mirror neurons using RS paradigms is mixed: one study found no 

repetition suppression effects from either visual to motor modality or vice verse 

(Dinstein, Hasson, Rubin, & Reeger, 2007), one study from visual to motor only 

in frontal and parietal areas (Chong, Cunnington, Williams, Kanwisher, & Mat

tingley, 2008), another from motor to visual only in parietal cortex (Lingnau, 

Gesierich, & Caramazza, 2009), and one a bidirectional effects from visual to mo

tor and vice versa in the frontal cortex (Kilner, Neal, Weiskopf, Friston, & Frith, 

2009). Confusingly, similar results (RS effects from one modality to the other, but 

not vice versa) have been interpreted as evidence supporting (Chong et al. , 2008) 

and not supporting the existence of mirror neurons (Lingnau et al., 2009). 

Another approach to address action specificity is the use of multi-voxel pat

tern analysis (MVPA; reviewed in more detail in Chapter 2), which considers 

distributed patterns of neural activations in groups of voxels. In vision studies, 
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CHAPTER l. GENERAL INTRODUCTION 

MVPA has been used to investigate the similarity structure of different experi

mental conditions (Kriegeskorte, Mur, & Bandettini, 2008) and to dissociate dif

ferent neural populations (Peelen & Downing, 2007b) which makes it an attractive 

approach to study action representations. Indeed, both Dinstein, Gardner, Jaza

yeri, and Reeger (2008) and colleagues and Ogawa and Inui (2011) found, using 

MVPA, that the observation of images depicting different actions yielded differ

ent distributed representations of different actions in IPL and IFG, respectively. 

However, neither study found evidence for cross-modal visuo-mot or coding where 

observing and executing the same action resulted in more similar neural patterns 

than observing and executing different actions. 

The limited and conflicting neuroimaging evidence on visuo-motor coding of 

specific actions, combined with the extensive evidence from behavioural and neu

rophysiological studies, gives rise to the topic of this Thesis. Using more sophisti

cated analyses and paradigms, is there evidence for cross-modal visuo-motor coding 

of actions? Which areas in the brain show such cross-modal coding? Can we char

acterize the properties of these areas? Which aspects of actions are represented in 

these areas? 

1. 5 Overview of the Thesis 

In the remainder of this Thesis I will attempt to answer the above questions as 

follows. 

Chapter 2 describes Functional Magnetic Resonance Imaging (fMRI), the neu

roimaging method employed in this Thesis. This Chapter discusses the neural basis 

of fMRI and gives an overview of typical analyses and their interpretation. Special 

attention is given to multi-voxel pattern analysis (MVPA), a type of analysis that 

is more sensitive than traditional univariate approaches and that is employed in 

all empirical Chapters of this Thesis. 

Chapter 3 describes and develops the technique of surface-based information 

mapping, which combines whole-brain MVPA with reconstructed wire-frame mod

els of the cortical surface. It is shown that this method is more sensitive than 
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CHAPTER 1. GENERAL INTRODUCTION 

traditional volume-based approaches and argued that the resulting maps are spa

tially more precise. Because the neuroimaging evidence for visuo-motor coding is 

weak and mixed, the data-driven nature of surface-based information mapping is 

especially suitable to investigate such coding since no a priori assumptions are 

made on the spatial location of involved brain areas. 

Chapter 4 applies the methods described and developed in Chapters 2 and 3 

to visuo-motor coding of actions. In two experiments, participants executed and 

observed intransitive (first experiment) and transitive (second experiment) actions 

from a third-person perspective while they were scanned with flvIRI. Surface-based 

information mapping showed similar representations for specific actions across ex

ecuted and observed actions in and around the anterior parietal and occipito

temporal cortex. 

Chapter 5 investigates the role of viewpoint on visuo-motor coding of actions. 

In two experiments, participants observed actions from either a first-person or a 

third-person perspective. These experiments replicated the results from Chapter 

4, and additionally found evidence for visuo-motor coding in the ventral premotor 

cortex- a key area implicated in the 'human mirror system'- for actions observed 

from the first- but not for the third-person perspective. 

Chapter 6 considers the role of imagery in action representation. Participants 

either performed actions or imagined performing actions. Information mapping 

and region-of-interest analyses showed that the anterior parietal cortex represents 

specific actions similarly, irrespective of whether they are performed or imagined. 

Chapter 7 summarizes and discusses the results from the preceding chapters 

in relation to the canonical 'human mirror theory', argues that t his is- using 

Lakatos's (1978) terminology-a degenerating research program, proposes an as

sociative account for visuo-motor coding and describes possible future directions 

to increase our understanding of visuo-motor coding of actions. 
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Chapter 2 

Functional magnetic resonance 
• • 1mag1ng 

"Prediction is very difficult, especially about the future." 

Niels Bohr (1885- 1962) 
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CHAPTER 2. FUNCTIONAL MAGNETIC RESONANCE IMAGING 

2.1 Introduction 

The neuroimaging technique employed in this thesis is blood oxygenation level de

pendent (BOLD) functional magnetic resonance imaging ( fMRI), a variant of mag

netic resonance imaging (MRI; also known as nuclear magnetic resonance (NMR) 

imaging) that can be used to characterise brain function. This technique is based 

on t he phenomenon that blood flow in the brain is associated with brain activ

ity (Roy & Sherrington, 1890) and that blood oxygen levels are associated with 

changes in magnetic susceptibilities (Pauling & Coryell, 1936). The first success

ful reports of measuring BOLD signals in humans in vivo appeared in the early 

1990s (Kwong et al., 1992; Bandettini, Wong, Hinks, Tikofsky, & Hyde, 1992) , 

and although the precise mechanisms underlying the BOLD signal are not fully 

understood, there is strong evidence for a link between brain activity at the neural 

level and the BOLD signal (Logothetis, Pauls, Augath, 'frinath , & Oeltermann, 

2001). The spatial unit of measurement consists of voxels (volumetric picture ele

ments) that typically have sides in the range of .5- 4 mm; each voxel may contain 

thousands of neurons which means that individual neurons cannot be be measured 

directly with fMRI. Despite this limitation, the combination of a relatively high 

spatial resolution, a reasonable t emporal resolution, and non-invasiveness have 

made fMRI a popular method in cognitive neuroscience to assess neural responses 

in the human brain (Logothetis & Wandell, 2004; Logothetis, 2008). 

2.2 Analysis of the BOLD signal 

Early investigations on the BOLD signal in visual cortex have established that its 

response to the presentation of visual stimuli is approximately linear and t ime

invariant (Boynton, Engel, Glover, & Reeger, 1996; Dale & Buckner, 1997). This 

allows for characterizing the BOLD response by an impulse response function called 

the hemodynamic response function (HRF) which is typically assumed- but see 

Friston, Josephs, Rees, & Turner, 1998; Handwerker, Ollinger, & D'Esposito, 2004; 

Aguirre, Zarahn, & D'Esposito, 1998; Menon & Kim, 1999- to be homogeneous 

across participants, brain areas and types of experimental manipulations. The ex

pected BOLD response in a voxel responding to a stimulus can then be predicted by 
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convolving the HRF with a function that describes stimulation over time (Friston, 

Jezzard, & Turner, 1994) . By reversal, the response of a given voxel to an exper

imental condition of interest (referred to as 'condition' in t he remainder of this 

chapter) can be inferred by considering how well the predicted response fits the 

measured BOLD response. Multiple conditions can be combined during a scanning 

session, and using the properties of linearity and time-invariance the response to 

each condition , as well as response differences across conditions ('contrasts '), can 

be estimated and quantified st atistically using the General Linear Model (GLM) 

(Friston, Fletcher , et al., 1998) with optionally a correction for temporally au

tocorrelated noise (Woolrich, Ripley, Brady, & Smith, 2001). It must be noted, 

however, that such inferences are correlational by construction and that causality 

from stimulus t o BOLD response cannot be inferred. 

Mathematically, the BOLD response can be considered as a low-frequency fil ter 

and it can be shown that its characteristics prescribe that, for a two-condit ion 

experiment , the optimal timing- in the sense of power to detect signal changes- is 

a on-off design with a phase of around 32s. Indeed, such 'blocked' designs were and 

still are popular (e.g., Bandet t ini et al. , 1992; Price, Veltman , Ashburner, Josephs, 

& Friston, 1999, yet have the disadvantage that stimuli for each condit ion must 

be repeated over longer periods and are therefore predictable for part icipants with 

possible attention effects. More recently 'event-related' designs, where trials are 

shorter and conditions presented in pseudo-random, non-predictable order, have 

gained significant popularity (Josephs, Turner, & Friston , 1997; Friston, Fletcher, 

et al. , 1998; Liu, Frank, Wong, & Buxton, 2001). Such event-related designs are 

used in all experiments described in this Thesis except t he experiment in Chapter 

3 and the first experiment in Chapter 4. 

2.3 Univariate fMRI analysis 

Traditional fMRI analyses t ake a mass-univariate approach, where voxels are an

alyzed one-by-one separately. Typical univariate analyses assess the estimated 

BOLD difference across condit ions of interest and have been applied successfully to 

delineate, for example, retinotopy in early visual cortex (Engel, Glover, & Wandell, 

1997), category selectivity in high-level visual cortex (Kanwisher, McDermott, & 
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Chun, 1997) , and somatotopy in primary motor and somatosensory cortex (Meier, 

Aflalo, Kastner, & Graziano, 2008). The spatial resolution of this approach is (at 

best) limited to the size of individual voxels but typically lower because typical 

£MRI scanning sequences are affected by physical and vascular effects that may 

spread spatially up to several millimeters (e.g., Engel et al., 1997; but see Yacoub, 

Harel, & Ugurbil, 2008). The effective resolution is further reduced when the data 

is spatially smoothed, a common practice because it improves signal to noise and 

improves spatial alignment across participants. 

A specific class of univariate £MRI analyses, adaptation analyses, has been 

claimed to allow for inferences on neural populations at a sub-voxel resolution 

(Krekelberg, Boynton, & Wezel, 2006). This class of analyses aims to exploit the 

phenomenon that preceding stimuli can modulate the firing rate of neurons of sub

sequent stimuli. The most common type of £MRI adaptation analyses, short-time 

repetition suppression, attempts to exploit such neural fatigue effects by presenting 

two stimuli that share a characteristic of interest (e.g., motion or action identify) in 

rapid succession. Presumably, this results in a non-linear and non-time invariant 

response in the neural population that responds to the characteristic of interest to 

fire during the presentation of the first stimulus, which reduces its response upon 

presentation of the second stimulus ( compared to presenting two stimuli that do 

not share that characteristic). In other words, repetition suppression effects might 

reflect responses of specific neural populations within a single voxel. Several studies 

have suggested, however, that such adaptation effects are modulated by stimulus 

predictability (Summerfield, Trittschuh, Monti, Mesulam, & Egner, 2008), atten

tion (Larsson & Smith, 2011), neural tuning (Weiner, Sayres, Vinberg, & Grill

Spector, 2010), and the time scale of stimulus presentation (Epstein, Parker, & 

Feiler, 2008). Moreover, other studies have shown that stimulus repetition may en

hance (rather than suppress) the BOLD response (Vuilleumier, Schwartz, Duhoux, 

Dolan, & Driver, 2005), an effect that is inconsistent with a neural fatigue inter

pretation. These various modulatory factors involved in neural adaptation make 

the results of such adaptation studies difficult to interpret. Another considera

tion is that repetition-suppression studies require a fully first-order counterbal

anced design- where each condition is preceded by each condition equally often; 

cf. Aguirre (2007)-and thus have n2 trial types for n conditions, which limits the 
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number of conditions in typical experiments- including all studies to date that 

investigate action representations (Figure 5.1, Table 5.1)-to n = 4 conditions. 

2.4 Multi-voxel pattern analysis 

Unlike the univariate approaches described in the previous section, Multi-voxel 

pattern analysis (MVPA) considers data across a spatially extended group of voxels 

(Edelman, Grill-Spector, Kushnir, & Malach, 1998; Haxby et al., 2001; D. D. Cox 

& Savoy, 2003; Haynes & Rees, 2006; Norman, Polyn, Detre, & Haxby, 2006; 

Raizada & Kriegeskorte, 2010). Such an approach reflects the belief that many 

processes involve neural populations with a spatial extent spanning many voxels 

and that clusters of voxels, rather than individual voxels, should be treated as the 

unit of interest in fMRI analysis (Penny & Friston, 2003) . 

There are many approaches to conducting MVPA (e.g., Mur, Bandettini, & 

Kriegeskorte, 2009). In conceptually the most simple approach the data is split in 

half- in odd and even scanning runs, as in Haxby et al. (2001), for example-and 

the response is estimated for each voxel, condition and half of the dataset. Each 

'pattern' ( consisting of the estimates across voxels in half of the data for a single 

condition) in one half is correlated with each pattern in the other half. If patterns 

differ across conditions but are consistent across halves, then correlations across 

patterns with matching conditions are expected to be higher than correlations 

across non-matching patterns; this difference can be quantified for subsequent sta

tistical analysis. More sophisticated approaches apply machine learning classifiers 

(such as linear discriminants or support vector machines) with cross-validation 

(e.g., Duda, Hart, & Stork, 2000). Such analyses can be more sensitive because 

they consider the covariance across voxels. In a typical analysis, patterns of re

sponses to each condition are estimated separately for each scanning run ( or parts 

thereof). A classifier is trained on all but one scanning run (the 'training data'), 

and then predicts the conditions on the remaining run (the 'test data'). This 

process is repeated, where each time another run is used as testing data so that 

a prediction is made for each condition in each run. Accuracy of the predicted 

conditions can be compared to chance level to quantify how well the patterns dis

criminate between conditions. A variant of this approach, applied in Chapters 4, 5 
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and 6, considers training and test data from different modalities ( observed versus 

executed actions, or observed and executed versus imagined actions) to discrim

inate between specific actions (see Figure 2.1 for a simplified example). In these 

cases the average response in each pattern has been subtracted to remove main 

response differences across modalities so that specific actions can be distinguished 

based on relative response differences across voxels. 

The spatial specificity of MVPA is determined by the number of voxels and 

could be reduced compared to univariate analyses (particularly with unsmoothed 

data). Nonetheless MVPA has gained significant popularity since around 2005 be

cause it provides several advantages over univariate analyses (Raizada & Krieges

korte, 2010). One advantage is that it is more sensit ive in discriminating between 

conditions. For example, the earliest studies used MVPA to show that spatially 

extended neural populations in inferotemporal (IT) cortex with different response 

patterns to visual stimuli of different categories (Edelman et al., 1998) that could 

not be explained by univariately-category-selective areas (Haxby et al., 2001) . In 

another study stimuli of gratings in different orientations were masked so that 

participants were at chance in discriminating between the conditions. Although 

univariate analyses did not show differences in primary visual cortex, MVPA could 

reliably discriminate between the gratings (Haynes & Rees, 2005a). More recent 

studies have demonstrated reliable classification of thousands of natural images 

(Kay, Naselaris, Prenger, & Gallant , 2008) and even neural decoding of arbitrary 

visual checkerboard stimuli (Naselaris, Prenger, Kay, Oliver, & Gallant, 2009) and 

movies (Nishimoto et al., 2011) in visual cortex. A recent study also showed that 

MVPA was more sensitive than a univariate adaptation approach in visual cortex 

(Sapountzis, Schluppeck, Bowtell, & Peirce, 2010). 

A second advantage is that MVPA can be used to estimate the neural similarity 

structure across a wide range of stimuli. For example, the first study using MVPA 

showed that visually presented exemplars of the same category form clusters of 

neural patterns in IT cortex (Edelman et al., 1998). A more recent study (Krie

geskorte , Mur, Ruff, et al., 2008) confirmed and extended this work by showing 

that the similarity structure in IT cortex was similar in different primate species 

(macaques and humans). Chapter 4 describes a similar approach by considering 

the similarity structure of four different actions in anterior parietal cortex. 
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Figure 2.1: Illustration of mult i-voxel pattern analysis (MVPA) 
(a) Subjects see and do two different hand actions (coded L and S) while they 
are scanned with fMRI. In this example, both actions are seen and done four 
times during two different scans . (b) Voxels from a sphere-shaped region in the 
brain (here depicted by a circle) are selected and used for the classifier. The 
estimated brain response of these voxels during a single trial is represented by a 
column vector. (c) The responses during several 'do' (left) and 'see' (right) trials 
are represented by a matrix, where each row represents a voxel and each column 
represents the voxel pat tern during a trial. Trials are sorted according to modality 
(see and do) and action (L and S). During the training phase, the classifier 'learns' 
which pattern of activation is associated with which action (left). During the test 
phase it tries to classify new patterns it has not 'encountered ' before (right). In 
this example the classifier makes two errors (indicated by 'x'; bottom right) out of 
16 predictions, and accuracy is therefore 87.5%. This means that cross-modality 
classification performance is above chance (50%), i.e. this region shows evidence 
for visuo-motor action-specific coding. 
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A third advantage is that MVPA can he used to discriminate between different 

but spatially overlapping neural populations. For example, Peelen et al. (2006) 

reported a region in lateral occipital cortex that showed an increased resonse both 

during the observation of motion and bodies, which might be interpreted as a com

mon neural population responding to both motion and bodies. The patterns of 

motion and bodies were unrelated, however, which is inconsistent with assuming a 

single neural population but consistent with two spatially overlapping yet distinct 

neural populations. The same rationale underlies the studies described in this 

Thesis. For example, several studies have shown an increased overall response in 

ventral premotor cortex both during the execution and third-person observation 

of actions, and this has been interpreted as evidence for mirror neurons in humans 

(e.g., Gazzola & Keysers, 2008. MVPA analyses, described in Chapter 5, favour 

an alternative explanation, namely the presence of distinct but spatially over

lapping neural populations that represent observed and executed specific actions 

differently. 

Earlier work suggested that the neural basis of MVPA was an anti-aliasing 

effect of imaging voxels, where different voxels have slightly different biases in the 

number of neurons that respond to different conditions (Kamitani & Tong, 2005; 

Norman et al. , 2006). More recent work, however, has challenged this interpreta

tion and suggested that information found with MVPA may be based a on more 

coarse neural organization (Beeck, 2010) or complex temporal-spatial patt erns in 

vasculature (Kriegeskorte, Cusack, & Bandettini, 2010). Both explanations are 

consistent, however, with interpreting different £MRI patterns in t he same brain 

region as underlying different neural populations. In addition, MVPA does not 

rely on assumptions of non-linearity in the BOLD response t hat forms the basis 

of RS paradigms (see above), which allows for more flexible designs and makes 

results potentially easier to interpret. Together with the advantages of increased 

sensitivity compared to univariate approaches and the ability to assess the neu

ral similarity structure makes MVPA particularly suitable to study action-specific 

representations. 
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2 .5 Inferences on fMRI data 

Most fMRI studies aim to infer which brain regions show differences across con

ditions. A typical fMRI experiment samples the BOLD signal in 10,000- 100,000 

voxels in the brain and statistical analysis that consider which voxels are modu

lated by conditions is not trivial. Due to chance capitalization, standard statistical 

techniques with a typical voxel-wise probability threshold of p = .05 would yield 

a significant number 'false-positive' voxels that surpass this threshold by chance, 

as was recently demonstrated in a study that involved scanning a dead atlantic 

salmon (Bennett, Wolford, & Miller, 2009). The use of standard statistical tech

niques to correct for the large number of tests- such as Bonferroni or False Dis

covery Rate (FDR)- is unnecessarily conservative because they do not take into 

account characteristics specific to fMRI data. 

Typical fMRI analyses that do consider these characteristics can broadly be 

divided into two classes: region-of-interest (ROI) and whole brain approaches. In 

ROI approaches (e.g., Poldrack, 2007), voxels can be selected a priori based on 

prior knowledge on spatial locations where an effect of interest is expected. In a 

study that considers the effect of viewpoint on body perception, for example, one 

may present bodies and other categories in a separate scan and only consider areas 

of voxels that show body selectivity (Taylor, Wiggett, & Downing, 2010). One 

can also select voxels using anatomical criteria (Poldrack, 2007; Eickhoff, Heim, 

Zilles, & Amunts, 2006) or select voxels based on functional criteria ( e .. g, Friston, 

Rotshtein, Geng, Sterzer, & Henson, 2006) as long as subsequent inferences tests 

are independent on voxel selection criteria (Kriegeskorte, Simmons, Bellgowan, 

& Baker, 2009; Vul, Harris, Winkielman, & Pashler, 2009). Selected voxels can 

subsequently be tested for modulation by condition, and because the number of 

ROis is limited there are fewer tests and chance capitalisation can be corrected 

for-if necessary-by standard statistical techniques. 

Whole brain approaches are more exploratory: no prior assumptions are made 

about the spatial locations of voxels that may differentiate between experimental 

conditions. Statistical analysis is performed on the whole brain and usually rests 

on the assumption that regions that differentiate across experimental conditions 

tend to cluster in groups of consecutive voxels (Penny & Friston, 2003). Inferences 
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on. which clusters are statistically significant (i.e. larger than expected by chance, 

taking into account the spatial smoothness of the noise) can then be made using 

parametric (e.g., Gaussian Random Field theory; Worsley & Friston, 1995) or 

non-parametric (e.g., Monte Carlo simulation or bootstrap procedure; R. W. Cox, 

1996) methods. 

Statistical Parametric Mapping (SPM), introduced by Karl Friston and col

leagues (Friston et al., 1994; Worsley & Friston, 1995), was the first method to 

perform whole-brain analyses. In this approach, data in the volume is spatially 

smoothed in order to approximate gaussian distribut ion assumptions and the re

sulting data is submitted to whole-brain cluster size correction. Although SPM 

has gained much popularity and is implemented in one form or another in all ma

jor fMRI analysis packages, spatial specificity is significantly reduced by spatial 

smoothing. Another drawback is that is does not differentiate between grey mat

ter and non-grey matter, even though non-grey matter does not contain neural 

cell bodies and thus its BOLD signal is not expected to vary as a function of ex

perimental manipulations. This lack of differentiation, combined with extensive 

smoothing, means that signal from grey and non-grey matter is averaged which 

reduces statistical power. It also means that whole-brain cluster size correction is 

conservative because it corrects for the unlikely presence of clusters in non-grey 

matter. 

A majority of fMRI studies- including all studies in this dissertation- focus 

on effects in the neocortex, and for these studies a preferable alternative to tra

ditional SPM is surface-based mapping (Van Essen, 2005; Dale, Fischl, & Sereno, 

1999). In this approach, an anatomical scan is converted to two wire-frame models 

that represent the outer (pial-grey matter)" and inner (grey matter- white matter) 

boundaries, and data corresponding to voxels in the grey matter is projected on 

the surface. These surfaces can be inflated for easier visualization. Compared to 

volume-based approaches, statistical power is increased because only voxels in grey 

matter are analyzed. Another advantage is that better inter-subject alignment can 

be achieved by based on the cortical folding patterns of individual participants, 

compared to volume-based methods that ignore these folding patterns (Fischl, 

Sereno, Tootell, & Dale, 1999). Despite these advantages, the technique has gained 

limited popularity, most likely because most fMRI analysis packages provide lim-
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ited support for surface-based mapping (with FSL/Freesurfer and AFNI/SUMA 

being notable exceptions). All studies in this thesis are analyzed with surface

mapping, however, using a hybrid of Freesurfer, SUMA, and customly written 

scripts that are distributed in the publicly available 'surfing' toolbox (Oosterhof, 

Wiestler, & Diedrichsen, 2011). 

It should be noted that the specific approach (ROI or whole-brain) is indepen

dent of the type of analysis: traditional univariate, adaptation and MVPA analyses 

can all be used with ROI approaches, whole-brain approaches, or hybrids of these. 

'Information mapping', proposed by Nikolaus Kriegeskorte and colleagues, is par

ticularly appealing for exploratory analyses because it combines the sensitivity 

provided by MVPA with the data-driven nature of whole-brain mapping (Krie

geskorte, Goebel, & Bandettini, 2006). In this approach a searchlight region

typically a spherical mask in the volume- 'travels' through the brain. MVPA is 

performed at each location of the brain and an information score of interest ( classi

fication accuracy, for example) is assigned to the center location of the searchlight 

region. This procedure is repeated for each location in the brain, resulting in a 

whole-brain 'information map' (see Figure 2.2). The work by Kriegeskorte and 

colleagues was limited, however, to volume-based analyses and does not benefit 

from the advantages of surface-based mapping mentioned earlier. In this Thesis, 

Chapter 3 describes how volume-based searchlight approaches can be generalized 

to surface-based information mapping and shows that this technique compares 

favourably with volume-based approaches. This technique is applied in Chapters 

4, 5, and 6 to investigate the neural basis of action representations. 
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Decoding accuracy 

chance 
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F igure 2.2: Information mapping 
(a) Using multi-voxel pattern analysis (see main text and Figure 2.1) , cross-modal 
classification accuracy is computed for sphere-shaped regions in the brain. Accura
cies for different subjects are averaged, and converted to z-scores for each region to 
determine significance. Classification accuracies are shown for three spheres (left) , 
with the corresponding z-scores color-coded (right). (b) The procedure shown in 
(a) is repeated for every scanned voxel in the brain so that each voxel is used as 
a center for the sphere with voxels for which classification accuracy is computed. 
z-scores are color-coded and overlayed on an anatomical image of the brain. In this 
example, accuracy is close to chance in almost the whole brain. ( c) The accuracy 
map from (b) is thresholded at accuracy and cluster size to correct for multiple 
comparisons. 
Note that t he volume-based information mapping approach illust rated here is gen
eralized to a surface-based variant as described in Chapter 3. 
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Chapter 3 

A comparison of volume-based 

and surface-based multi-voxel 

pattern analysis* 

""you see you do not even know what Space is. You think it is of Two 
Dimensions only; but I have come to annoimce to you a Third-height, 
breadth, and length. "" 

Edwin A. Abbott, FLATLAND: A ROMANCE OF MANY DIMENSIONS, 

1884. 

*This chapter has been communicated as: Oosterhof, N.N., Wiestler, T ., Downing, P.E., & 
Diedrichsen, J. (2011). A comparison of volume-based and surface-based multi-voxel pattern 
analysis. Neuroimage, 56(2), pp. 593-600. 
The authors would like to thank Marius Peelen and Martijn van Koningsbruggen for helpful 
comments on an earlier draft of this manuscript. This research was supported by the ESRC and 
the Wales Institute of Cognitive Neuroscience. N.N.O. was supported by a fellowship awarded 
by the Boehringer Ingelheim Fonds 
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Abstract 

For functional magnetic resonance imaging (fMRI), Multi-Voxel Pattern Analysis 

(MVPA) has been shown to be a sensitive method to detect areas that encode 

certain stimulus dimensions. By moving a searchlight through the volume of the 

brain, one can continuously map the information content about the experimental 

conditions of interest to the brain. 

Traditionally, the searchlight is defined as a volume sphere that does not take 

account the anatomy of the cortical surface. Here we present a method that uses 

a cortical surface reconstruction to guide voxel selection for information mapping. 

This approach differs in two important aspects from a volume-based searchlight 

definition. First, it uses only voxels that are classified as grey matter based on 

an anatomical scan. Second, it uses a surface-based geodesic distance metric to 

define neighbourhoods of voxels, and does not select voxels across a sulcus. We 

study here the influence of these two factors onto classification accuracy and onto 

the spatial specificity of the resulting information map. 

In our example data set, participants pressed one of four fingers while under

going fMRI. We used MVPA to identify regions in which local fMRI patterns can 

successfully discriminate which finger was moved. We show that surface-based 

information mapping is a more sensitive measure of local information content, and 

provides better spatial selectivity. This makes surface-based information mapping 

a useful technique for a data-driven analysis of information representation in the 

cerebral cortex. 
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3.1 Introduction 

Convent ional fMRI studies use univariat e (voxel-by-voxel) analyses (Frist on et al. , 

1995) to identify brain regions that respond more to one experiment al condit ion 

than another ( e.g. seeing faces vs. houses). In contrast, Multi-Voxel Pattern 

Analysis (MVPA) uses mult iple voxels and can be more sensitive to distinguish 

between experimental conditions because it considers patterns across a group of 

voxels that may respond weakly but consistently differently between conditions 

(Haynes & Rees, 2005b; Norman et al., 2006). Examples of t opics where MVPA 

has been applied successfully are distinguishing between observing different object 

categories (Haxby et al. , 2001; Kriegeskorte, Mur, Ruff, et al. , 2008; D. D. Cox 

& Savoy, 2003), invisible differences between line orientations (Haynes & Rees, 

2005a), intentions (Haynes et al. , 2007), and observed natural scenes (Kay et al. , 

2008; Naselaris et al. , 2009). In addition it has been used to make inferences about 

t he underlying neural representations (Peelen et al. , 2006; Haxby et al. , 2001). 

MVPA therefore allows researchers to map t he informat ion content of distributed 

patterns of brain activity. 

Some MVPA studies use a region-of-interest (ROI) based approach , where first 

a group of voxels is selected based on anatomical criteria (for example, coordinates 

described in the literature, or anatomical landmarks) or functional criteria (for 

example, a separate localizer scan). For t he pat tern of act ivity across this set of 

voxels , MVPA then measures how much information is present for distinguishing 

between experimental conditions ( e.g. the presentation of different natural scenes) . 

This ' information content' can be quantified either by considering correlations 

between patterns, or by using pattern classification methods; see Mur et al. , 2009; 

Haynes & Rees, 2005b ; Norman et al. , 2006 for an overview. 

While this approach is suitable for hypothesis-driven questions, it requires re

searchers to define a-priori the boundaries of the region. To address this, Krieges

korte et al. (2006) introduced 'information mapping', which - similar t o univariat e 

methods - yields a whole-brain map. Information mapping can be seen as the 

repeated application of ROI-based MVPA. Tradit ionally, each voxel in the brain is 

taken as the center of an ROI , which means that there are as many ROis as voxels 

in the brain. Considering a certain center voxel, the ROI consists of a sphere-
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shaped region - the 'searchlight' - around that voxel, with a certain a-priori 

defined radius. MVPA is applied to all voxels in the ROI and the resulting statis

tics ( typically correlation differences or pattern classification accuracy) represents 

the information content of that region and is assigned to the center voxel. 

This procedure is repeated for every voxel in the brain, i.e. each voxel serves as 

center voxel once. As in univariate analyses, the resulting 'information maps' can 

be spatially normalized and then submitted to a second level (group) analysis. The 

interpretation is different from univariate maps however; voxel intensity does not 

represent ( change in) measured activity, but how much information the distributed 

pattern of voxels surrounding that voxel represents jointly. 

Recent conventional univariate fMRI studies have employed surface-based anal

ysis for visualisation and inter-subject alignment. First a wire-frame model of the 

cortical surface is reconstructed using a high-resolution anatomical image and sub

sequently functional data from the grey matter is projected on this surface (Essen 

& Drury, 1997; Essen et al., 2001; Dale et al. , 1999; Essen & Dierker, 2007). 

Further analysis proceeds then using only the data on the surface. Inter-subject 

alignment is achieved after the surface has been inflated to a sphere, thereby re

moving inter-subject variability that stems from different folding patterns of the 

cortical surface. For univariate analyses it has been reported that for the group 

level, surface-based 'spherical' alignment techniques are superior to volume-based 

techniques (Fischl et al. , 1999). Thus, compared to volume-based approaches, 

surface-based techniques allow for a better inter-subject alignment based on sur

face features, easier visualization, and results in a dramatically reduced search 

region for statistical inferences as it only includes grey matter voxels (Fischl et al., 

1999). 

It seems a sensible idea t herefore to combine the advantages of information 

mapping and univariate surface-based activation analyses. The advantage of surface

based analysis, better visualization and improved inter-subject alignment, should 

generalize to multivariate analysis. However, surface representations become rele

vant for MVPA in an additional aspect that is not present for univariate analyses: 

the definition of the 'searchlight' region around a centre voxel. 

In volume-based voxel selection, the searchlight is defined as a sphere around 

a center voxel without regard to the underlying folding structure of the neocortex. 
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Surface-based information mapping should allow for better selection of informa

tive voxels . It differs from volume-based voxel selection in two ways: (1) voxels for 

MVPA are restricted to the grey matter only, which reduces noise and enhances 

classification performance, and (2) a more appropriate distance metric that takes 

into account the folded nature of the cortical sheet. This results in a more neu

rologically plausible measure of information content and better spatial selectivity, 

which should make, at least in theory, a surface-based searchlight superior to 

volume-based approaches. 

While a few researchers have reported the use of surface-based information 

mapping approaches (Wiestler, McGonigle, & Diedrichsen , 2009; Soon, Namburi , 

Goh, Chee, & Haynes, 2009; Oosterhof, Wiggett, Diedrichsen , Tipper, & Down

ing, 2009), to our knowledge there are no reports that show that for real data this 

approach has advantages compared to volume-based approaches. In the present 

paper, we compare t he volume-based and surface-based approaches in an exam

ple dataset. We focus here on the comparison of the volume- and surface based 

searchlight definition. For inter-subject alignment we used a spherical technique 

for all analyses. We show how the surface-based voxel-selection improves both spa

tial selectivity and ( when correcting for t he number of voxels) also classification 

performance. Importantly, t he surface-based approach results in a better dissoci

ation of information content between two spatially neighbouring regions than the 

volume-based approach. We illustrate this in our dataset by showing that primary 

somatosensory (Sl) represents single digit finger presses better than primary mo

tor cortex (Ml) , a result that does not become apparent in a similar volume-based 

analysis. 

Altogether , our results demonstrate that surface-based information mapping as 

significant advantages over volume-based approaches, which makes it a useful tool 

for answering data-driven questions about the involvement of regions that process 

or represent information in the human brain. 

3.2 Surface-based information mapping 

Information mapping, in general, consists of two steps: voxel selection and com

puting information content ( correlations or classification accuracies) . While the 
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latter is studied extensively in the field of machine learning (for example, Michie 

& Spiegelhalter, 1994) , the focus of this paper is to study the influence of different 

methods of voxel-selection onto information-based mapping. 

By voxel selection we mean the process of choosing the neighbourhood voxels 

around a center voxel. The computation of the information content for the center 

voxel is then based on these voxels. We distinguish between the 'seed domain', the 

set of locations that serve as a center for the searchlight, and a 'data domain', the 

set of voxels that are used for MVPA. 

In the traditional searchlight, the seed domain and target domain are identical. 

This relationship is not necessary, for example one could decide to take voxels in 

the seed domain from a volume with a different spatial resolution and/or space 

(for example, original versus Talairach template space) than the volume in the 

data domain. This distinction in important for the case of surface representations 

of the cortex, where the elements in the seed domain are not voxels but nodes on 

the surface. Here, we followed this approach by using a wire-frame model from 

the cortical surface, where for a center node the neighbouring nodes are selected, 

and then the voxels adjacent to these nodes are used for MVPA. 

Conceptually, our surface-based searchlight approach differs from the tradi

tional volume-based version in two ways, both of which may improve the quality of 

the information mapping: grey matter selection and a surface-based distance mea

sure. As mentioned earlier , in traditional information mapping (see Figure 3.la), 

a center position is chosen and all voxels surrounding the center are selected for 

MVPA. This includes grey matter - which produces the BOLD signal we are in

terested in - but also white matter, cerebral spinal fluid, and other tissue whose 

measured signal is not expected to correlate with the experimental conditions of 

interest. Our first step is therefore to inclusively mask grey matter voxels (Fig

ure 3.1 b), which should improve MVPA in informative regions because features 

(voxels) that carry no information are excluded from the analysis. 

However, this method does not take into account the folded nature of the cor

tical sheet. Some voxels will be close to the center voxel with a standard Euclidian 

distance measure but far away with a geodesic distance measure (i.e., distance 

measured along the cortical surface). Where Euclidian distance is used to select 

voxels, the spatial selectivity for estimating the information content of a local re-
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C 

Figure 3.1: Comparison of voxel selection methods 
(a) Schematic representation of a brain slice, with white matter, grey matter, and 
cerebro-spinal fluid indicated. The lines represent the white matter/grey matter 
boundary, the grey matter /pial surface boundary, and the skull. With the tradi
tional volume-based voxel selection method, a voxel (blue) is taken as the center of 
a sphere (red; represented by a circle), and all voxels within the sphere are selected 
for further pattern analysis. (b) An improvement over (a), in that only grey mat
ter voxels are selected. The grey matter can either be defined using a probability 
map, or the cortical surface reconstruction. A limitation however is that voxels 
that are close in Euclidian distance but far in geodesic distance (i.e. measured 
along the cortical surface), are included in the selection, as illustrated by the three 
voxels on the left. ( c) Using surface reconstruction, the white matter-grey matter 
and grey matter-pial surfaces are averaged, result ing in an intermediate surface 
that is used to measure geodesic distances. A node on the intermediate surface 
(blue) is taken as the center of a circle ( red; represented by a solid line) , and 
corresponding voxels in between the white matter and pial surfaces are selected. 
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gion on the cortical sheet will be reduced. This occurs especially when the center 

position is located inside a sulcus, which causes voxels on the opposite side of the 

sulcus to be selected as well. This will dilute the measure local information con

tent , because functionally different regions will be considered in the same classifier. 

Thus, on the above grounds, our second step involves applying a geodesic distance 

measure that respects the curvature of the cortex in computing the distance from 

center position to voxels (Figure 3.lc). We note that geodesic distance measures 

that are unbiased with respect to the local surface curvature ( concavity or con

vexity) require an intermediate surface that lies in between the pial- grey matter 

and grey matter- white matter boundaries. Furthermore, the difference between 

Euclidian and geodesic distances crucially depends on the local geometry of the 

cortical sheet and becomes more prominent as the searchlight radius increases. 

To compare surface-based searchlights with the volume-based variant , we used 

a dataset from seven participants who performed single digit movements of the 

right hand while they were scanned with flv'IRI. In both variants, MVPA was used 

to classify which of the four fingers they pressed during each run. 

First , we compared the traditional volume approach with the geodesic sur

face approach for a whole-brain analysis. Bot h approaches show that regions in 

the primary motor (Ml) and somatosensory (Sl) cortices, near the hand area, 

represent most information content about which finger was pressed. Second, we 

compared an anatomically-defined ROI that contains the hand area in Ml and Sl. 

Our results show that, when corrected for the number of voxels, the surface-based 

method shows higher classification accuracies. More importantly, we show that 

the volume-based approach shows artifactual regions of high accuracy in both Ml 

and Sl. In contrast, the surface-based approach shows t hat the difference between 

finger-activation pattern is more pronounced ( operationalized by higher classifica

tion accuracies) in Sl t han in Ml. This indicates that the surface-based approach 

has better spatial selectivity. 

3.3 M ethods 

Participants Two female and five male neurological healthy volunteers partici

pated in t he study. All participants were right handed and their age ranged from 20 
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to 22 years. The ethics committee of t he School of Psychology> Bangor University> 

approved all procedures of the study. 

Apparatus To study the representation of digit movements on fingertips with 

fMRI we used a non-magnetic finger box. The box had five piano-style keys and 

the forces applied to the keys were recorded by quantum tunnelling composite pills 

(QTC-pills). Because we controlled the finger box from outside the scanning room, 

a filt er panel in t he wall prevented radiofrequency leakage. The visual instruct ions 

and feedback were projected from outside t he scanner room on a screen> which 

was viewed by the participants through a mirror. 

Scan acquisition The Imaging data were acquired on a Phillips Achieva 3T 

scanner (Philips> Best Netherlands). For the functional scans we used an echo 

plane imaging sequence (EPI) with a voxel size of 2.0 x 1.8 x 1.8mm3 . We achieved 

coverage of the superior part of the cortex with 38 axial slices (no gaps)> using 

sensitivity encoding (SENSE) with a factor of 2 and a TR of 2s. A scan sequence 

st arted with 4 dummy scans followed by 128 data images. T1 weighted struct ural 

images were acquired with a volumetric MPRAGE sequence using a voxel size of 

1 x 1 x lmm3 . 

P rocedure Before t he scan acquisit ion all participants underwent a training 

session of 4 runs in which they were familiarized with the t ask. During the scan 

participants performed 7 runs. All runs consist ed of 16 t rials (see Figure 3.2). Each 

t rial st arted with a red let ter on t he screen to announce the digit and participants 

made 5 isometric key presses wit h the indicated fingers. The presses were paced 

by the appearance of a white asterisk on the screen (every 1.35s) and turned green 

if participants pressed the correct finger and red otherwise. Trials lasted for 8. l s 

and each finger was repeated 4 times in random order per condition in a run. 

Imaging dat a analysis We analysed the functional image data using the SPM5 

toolbox (http: / / www.fil. ion.ucl.ac.uk/spm/) and custom written rout ines in Mat

lab. We first realigned the slices temporarily to correct for the ascending order of 

slice acquisit ion. Afterwards t he images were spatial realigned to the first func-
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Letter indicates digit to Flashing asterisk provides 
/ be pressed / visual pacing signal 

~m ■M~H4,:i4,iitMM;.J,,jj,il§,w/ . · - ) 
Figure 3.2: Illustation of experimental procedure 

Participants were scanned with fMRI while they got visual instructions to press 
one of their fingers (thumb, index, middle, or pinky). Each run started with a 6 
TR (12s) rest period, followed by 16 trials of 3 TRs (6s each), and ended with a 
6 TR (12s) rest period. Finger presses were recorded with a non-magnetic finger 
box with five piano-style keys. 

t ional image of the scan using a six-parameter rigid-body transformation. To 

remove slow varying trends in the data we made use of a high pass filter with a cut 

off frequency of 1/128s. Finally we fitted the data of each voxel using a General 

Linear Model, with regressors that represented the digit responses for single fingers 

during a run. These regressors were boxcar functions (length 8.ls) that indicated 

t he 4 trials of each finger wit hin each run and then were convolved with a standard 

hemodynamic response function. 

Anatomical Preprocessing Cortical surface models were reconstructed using 

Freesurfer (Fischl et al. , 1999) , which provides an au to mated reconstruction proce

dure t hat yields an 'outer ' surface (the pial surface-grey matter boundary) and an 

' inner' surface (the grey matter-white matter boundary) . These surfaces consist 

of vertices, edges and surfaces ( t he topology) and a set of coordinates that refer 

to the vertices. Because the two surfaces have the same topology, the coordinates 

of two surfaces can be simply averaged to obtain an intermediate surface along 

which geodesic distances are measured. Further analyses proceeded with AFNI 

and SUMA (R. W. Cox, 1996; Saad, Reynolds, & Argall, 2004). To avoid in

terpolation of the functional data, the surfaces are brought in correspondence to 

t he functional dat a by estimating the required affine transformation. For group 

analysis, the surfaces were inflated to a sphere, aligned to a st andard sphere, and 

resampled to a standard topology ( an icosehedron in which each of the twenty 

triangles is subdivided in 10,000 t riangles, using AFNI's Maplcosehedron) . This 
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ensured that each node on the standardized surfaces represented a corresponding 

surface location across participants; therefore, group analyses could be conducted 

using a node-by-node analysis without interpolation of functional data or classi

fication accuracy scores. For all analyses even for the volume-based searchlight 

we used spherical alignment to average results between different individuals. The 

intermediate and inflated surfaces were transformed into Talairach template space 

(Talairach & Tournoux, 1988) to correct for overall brain size in distance measures, 

and averaged across participants for presentation of group analysis results. 

Voxel selection We used different searchlight radii of 4, 6, 8, 10, and 12mm. 

The volume-based algorithm was similar to work reported earlier. For the surface

based algorithm, a center node on the intermediate surface was chosen. Using 

Peyre's toolbox (2008) that implements Kimmel & Sethian's method (1998) of 

computing geodesic distances efficiently, all nodes within the searchlight radius 

are selected. Grey matter voxels surrounding the selected nodes are selected as 

follows: for each selected node on the intermediate surface a corresponding line 

is constructed that connects corresponding points on the outer and inner surface. 

(The length of this line equals the local cortical thickness) . For a given line, 

ten equidistant steps were taken from the outer to the inner surface, and after 

each step the voxel that contains the current position is selected. This procedure 

was repeated for each line, yielding a set of selected voxels (where duplicates are 

removed) for the ROI that corresponds to the center node. This procedure was 

repeated for each center node and stored for further processing (MVPA). 

Multi-Voxel Pattern Analysis To investigate the representation of digit move

ments in t he cortex, we used multi-voxel-pattern-classification with a Linear Dis

criminant Analysis classifier. Inputs for the classifier consisted of the 4 (digits) x 

7 (runs) ,6-estimates from a set of selected voxels. To normalize the ,6-estimates, 

for each run we centered the ,6-estimates around zero, i.e. subtracted the mean 

of the ,6-estimates across the run. To avoid circular analysis ('double dipping') in 

the classification (Kriegeskorte et al. , 2009), we used cross-validation where the 

classifier was tested on the four ,6-estimates from one run after it was trained on 

the other six runs. This was repeated seven times, where each time the classifier 
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was tested on a different run. Because typically the number of voxels in selected 

regions was larger than the number of ,8-estimates from the GLM, the estimate 

of the covariance matrix is rank deficient. We therefore regularized the matrix 

by adding the identity matrix scaled by one percent of the mean of the diagonal 

elements. We note that we have also used a Support Vector Machine (not reported 

here) that yielded qualitatively similar classification results. 

Group analysis All whole-brain group analyses were performed on the stan

dardized surface. We transformed the classification accuracies for each node to 

z-scores using the normal approximation of the binominal distribution1
. These 

z-statstics were then used in the group statistic and tested using a t-test against 

0 ( corresponding to chance performance). The t-statistics were thresholded at 

t6 = 2.45,p = 0.05 two-tailed, uncorrected for multiple comparisons. Using Monte 

Carlo simulations, we then determined the critical cluster size, such that the 

family-wise error-rate was a = 0.05. As accuracies from neighboring nodes share 

many voxels, they are not independent but spatially autocorrelated (resulting in 

a smooth accuracy map). To account for this, the smoothness of the residual 

accuracy maps was estimated and applied to random Gaussian data. For the 

surface-based analyses we used a Matlab toolbox that implements the estimation 

of smoothness along the surface (M. Chung et al., 2005) . 

3.4 Results 

The whole-brain analysis (Figure 3.3; intended for a qualitative comparison) showed 

that both approaches were well able to locate Ml/Sl as the most prominent re

gion with robust classification performance. Both methods also identified a smaller 

cluster in the supplementary motor and secondary sensory areas. Focusing on the 

Ml/Sl region, the surface-based map shows the most reliable information represen

tation in a single region on the posterior wall of the central sulcus. In comparison, 

the volume-based map shows more similar information representation in the ante

rior and posterior wall of the central sulcus, and in the posterior and anterior wall of 

1 We note that for small numbers of trials or low accuracies such approximation may deviate 
significantly from t he exact z-score. 
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the postcentral gyrus. If we assume that most information is indeed represented in 

the anterior wall of t he postcentral sulcus- as suggested by the geodesic method

this is exactly the pattern we would expect: for the volume-based map, spheres 

whose center are at t he anterior banks of the central and postcent ral sulcus do also 

contain voxels in the posterior wall of t he central sulcus, and therefore show more 

similar classification accuracies. In other words, the volume-based results seem 

due to 'cross-talk' across the sulci and gyri and are an artifact of the volume-based 

voxel selection method. Altogether, this suggests that a surface-based searchlight 

has better spatial specificity than the volume-based variant. 

As mentioned earlier (Figure 3.1), voxel selection methods for volume- and 

surface-based information mapping differ in two aspects: (1) the former includes 

both grey and non-grey matter voxels, while the latter includes grey matter voxels 

only; and (2) surface-based methods use a distance metric that respects the folding 

of the cortical sheet. Different selection methods also lead to different numbers of 

voxels selected, which influences accuracy in a non-linear manner. 

To investigate the effect of different voxel selection methods quantitatively, we 

compared three voxel selection methods: Euclidian distance in the volume without 

voxel masking ('volume' ; Figure 3. l a), Euclidian dist ance in the volume with grey 

matter voxel masking ('Euclidian'; Figure 3.lb) , and geodesic distance along the 

surface with grey matter voxel masking ('geodesic' ; Figure 3.lc). We used different 

searchlight sizes, with radii of 4, 6, 8, 10, and 12 mm for all voxel selection methods, 

and also radii of 14, 16, 18, 20, and 22 mm for t he geodesic method because, for a 

given radius , this method select s much fewer voxels than the other voxel selection 

methods. We selected a region that covered approximately equal areas of Ml 

and S1 (Figure 3.4a). For easier comparison, the seed domain, the centers of the 

spheres/circles, was the set of nodes on the intermediate surface for all methods. 

This means that in the 'volume' method, distances were computed between center 

nodes and the centers of voxels in the volume; in the 'Euclidian' and 'geodesic' 

methods, distances were computed between center nodes and other nodes on the 

surface. 

Figure 3.4b shows the mean classification accuracies ( across all nodes in the 

seed region) as a function of the number of voxels selected in the searchlight re

gion for the different radii and the three voxel selection methods. First, we tested 
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t 2.4 

Figure 3.3: Whole-brain group analysis results 

0.001 

6.0 

Group analysis results from finger press classification using tradit ional volume
based voxel selection with Euclidian distance metric and no voxel masking (left; 
see Figure 3.la), and surface-based voxel selection with grey matter voxel masking 
(right; see Figure 3.lc). Colors indicate t values for classification accuracies across 
participants. Maps are thresholded at p = 0.05 uncorrected and p = 0.05 cluster
size corrected (see Methods). Finger presses could most reliably be decoded from 
the primary motor and somatosensory regions. Bot h maps are averaged across 
individuals using surface-based normalization. 
The volume-based results (left) show similar patterns across the anterior and pos
terior wall of t he central sulcus and the anterior wall of the postcentral sulcus. 
The surface-based results (right) show most reliable pattern classification in a sin
gle locus on the anterior wall of the post-central sulcus. This suggests that the 
similarity across sulcus walls in the volume-based analysis are due to an artifac
tual 'cross-talk' effect from voxel selection across the sulci and gyri, and that the 
surface-based method has better spatial selectivity. 
Insets: more detailed view, with labeling of the major sulcus and gyri. 
Abbreviat ions: CS, central sulcus; preCS, precentral sulcus; poCS, postcentral 
sulcus. 
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Figure 3.4: Region-of-interest comparison of voxel selection accm acies 
(a) Surface nodes in region covering the hand representation in primary motor 
(Ml; green) and somatosensory (Sl; red) cortex is selected. (b) Classification 
accuracies for three voxel selection methods: Euclidian distance metric without 
voxel masking ('volume'), Euclidian distance metric with grey matter voxel mask
ing ('Euclidian'), and geodesic distance metric with grey matter voxel masking 
('geodesic') . The horizontal axis shows the average number of voxels in the search
light, and they vertical axis the average classification accuracies across the Ml and 
Sl region together. For the volume and Euclidian voxel selection method, the mea
sures correspond to searchlight radii of 4, 6, ... , 12mm; for the geodesic method, 
to radii of 4, 6, ... , 22mm. When corrected for the number of voxels, classification 
accuracies are lower for the volume and Euclidian than for the geodesic voxel se
lection method. (c) The same figure as (b), but with the top 20% nodes (sorted on 
accuracy) selected. ( d) Comparison of informative regions in Ml and Sl. Accura
cies across nodes are sorted and binned separately in Ml and Sl in five 20% wide 
bins (horizontal axis), and the difference between the average accuracies (vertical 
axis) in Ml and Sl is computed for each bin. Compared to the Euclidian method, 
the geodesic method yields a larger difference in accuracies between Sl and Ml for 
the top 20% accuracy bin, which shows that the geodesic method provides bett er 
spatial specificity. 
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t he effect of grey matter voxel masking. A repeated-measures ANOVA for radii 

of 4, 6, ... , 12mm showed that the Euclidian had higher accuracies than the vol

ume method, F1,6 = 40, p < 0.001, which means that grey matter voxel selection 

improves classification performance. 

Generally the accuracies increase with a larger searchlight radius (i.e. more 

voxels), F4 ,24 = 75,p < 0.001, as reported earlier (Li, Ostwald, Giese, & Kourtzi, 

2007). Because the geodesic method uses less voxels- especially for large radii

t han the other methods, a fair comparison of dist ance metric (Eu_clidian versus 

geodesic) requires correcting for the number of voxels. 

To compare the effect of distance metric, corrected for the number of voxels, 

we fitted exponential functions (x t---t c1 + c2 · exp (x - c3 )) to the accuracies for 

each selection method and each participant . These functions explained on average 

98.5% of the variance. We interpolated the fit ted curves for searchlight sizes of 

100, 200, . .. , 800 voxels, and found that for all searchlight sizes grey matter voxel 

masking yield higher higher classification accuracies than no masking, and also 

that the geodesic dist ance measure yields higher classification accuracies than the 

Euclidian dist ance measure, min(t6) = 3.08, ps < 0.02 for all searchlight sizes. 

Because we were interested in the most informative sub-regions within the 

ROI, we considered the center nodes with the top 20% highest accuracies for each 

method and radius (Figure 3.4c). The increase in accuracies with larger searchlight 

size seem t o saturate at around 600 voxels. Grey matter masking did not improve 

classification accuracies, max( t6 ) < 1.4, ps > 0.1 for searchlight sizes ~ 300 voxels, 

which might be due to t he fact that searchlights associated with the nodes with the 

t op 20% classification accuracies had relatively few non-grey matter voxels selected. 

Conversely, application of a geodesic distance measure showed higher classification 

accuracies than the Euclidian dist ance metric, min(t6 ) = 1.96, ps < 0.05 for all 

searchlight sizes. 

To investigate the spatial separation between Ml and Sl (see whole-brain anal

ysis, above) in more detail, we compared the Euclidian and geodesic distance 

metric for the 10mm searchlight radius data ( using grey matter masking in both 

methods). Based on the group analysis (Figure 3.3), we assumed that regions in 

Sl hold more information for finger presses than Ml. If the geodesic measure sep

arates Ml and Sl better than the Euclidian measure, then the geodesic approach 
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should find clusters with higher accuracies in S1 than in Ml. For the Euclidian 

approach these difference should be diluted. 

For each participant, distance metric, and subregion (Ml and S1), the set of 

nodes were sorted by accuracy and assigned to one of five 20%-percentile bins. For 

each of these five bins, we computed the difference between the mean accuracy 

in Ml and Sl. As shown in Figure 3.4d, bins with lower accuracies (0 - 80%) 

showed no difference between the two distance metrics. Importantly, the planned 

comparison in the bin with the top 20% accuracies showed that this difference was 

significant, t6 = 2.06, p = 0.043. Post-hoc analysis showed that this was reliable 

for different sizes of the top bin, ps < 0.01 for selecting up to the top 7% of the 

nodes and ps < 0.05 for the top 21 %. This corroborates the observations from the 

whole-brain map, which suggested that information about finger presses is most 

precisely represented in Sl. When looking at the areas of highest performance, 

the difference between these two regions (i.e. their functional specialization) was 

observed better using a geodesic approach. 

3.5 Discussion 

In this paper we have compared volume- and surface-based information mapping 

of fMRI data. The surface-based methods inherits a number of advantages from 

univariate surface-based activation mapping- easier visualization, and less correc

tion for multiple comparisons because inferences are only drawn on grey matter 

voxels. Furthermore, surface-based inter-subject alignment improves the spatial 

specificity of group analyses (Fischl et al., 1999), Here, we focus on a further differ

ence between the two approaches: the method of voxel selection that determines 

the shape of the searchlight. Specifically, we looked at two aspects. First, surface 

based information mapping should lead to a better selection of informative voxels 

in a searchlight region by inclusive masking of grey matter only. Second, it em

ploys a distance metric that takes into account the folded nature of the cortical 

sheet. 

Using an exemplary data set, we showed that surface-based voxel selection 

indeed improves sensitivity for informative patterns, both through the restriction 

to grey matter voxels, and through a surface-based distance metric. We show 
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that classification accuracies are generally higher with grey-matter selection than 

without. This shows that there was much more information contained in grey 

matter voxels than in non-grey matter such as cerebral spinal fluid or white matter. 

There has been some debate about the nature (such as the role of functional 

organi;;,;ation of vasculature in the cortex; Gardner, 2010; Thompson, Correia, & 

Cusack, 2010; Kriegeskorte et al., 2010) and spatial scale (such as the effects of 

data smoothing; Beeck, 2010) of the informative signal used in MVPA. We note 

that our results do not resolve these matters beyond the observation that grey 

matter contains more information than non-grey matter. 

We also showed that within a selected region of interest, application of a 

geodesic, surface-based distance measure led to higher accuracies than when select

ing the same number of voxels using a Euclidian, volume-based distance measure. 

We did not specifically predict this result, because a Euclidian distance measure 

allows the mixture of voxels from both side of a sulcus (Figure 1 b). This should 

make performance worse when the seed is located in area that contains a lot of 

information, but at the same time should improve performance when the seed is 

located outside such a region but close (with Euclidian distance) to neighbouring 

regions that contain information. The differences between the voxel selection meth

ods may be explained by the fact that our ROI contained mostly well-performing 

regions. 

Most importantly, however, we showed better spatial specificity for surface

based compared to volume based voxel selection. Specifically, the surface-based 

method allowed us to distinguish between information about finger-presses in the 

primary motor and somatosensory cortex, whereas in the volume-based approach 

the contributions of these two are less distinguishable due to 'cross-talk' of common 

voxels selected across the sulci and gyri (Figure 3.3, Figure 3.4d). The results 

cannot be explained by differences in co-registration, because we used spherical 

alignment for all analyses. 

We note that irrespective of the voxel selection method used, classification 

accuracies increase with an increasing searchlight radius for all radii tested (Fig

ure 3.4b). When the top 20% of the nodes with highest classification accuracy 

are selected, however, we found a saturation effect for larger radii where classifi

cation accuracies remain stable (Figure 3.4c). If there are focal regions with high 
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information content, an increase in searchlight size will also tend to select more 

less-informative voxels, and it is possible t hat for larger radii than tested here, 

classification accuracies will decrease with an increase in searchlight radius. Fur

thermore, while our findings are consistent with prior suggestions that accuracies 

stop to increase for large radii (Mur et al. , 2009), it is clear that a larger searchlight 

radius also means less spatial selectivity. For example, a 12 mm radius searchlight 

may yield higher classification accuracies than a 6mm one, but the interpretation 

of a significant node is that the distributed pattern of measured activity in the 

voxels in a 12 mm radius (rather than 6 mm) around that node contain informa

tion about the trial conditions of interest. Therefore, a searchlight radius entails 

a compromise between spatial selectivity and classification accuracy. This loss of 

specificity, however, may be less pronounced using surface-based voxel selection. 

In sum, these results indicate that surface-based voxel selection improves clas

sification accuracies and spatial selectivity, compared to the traditional volume

based method. This makes surface-based information mapping a useful technique 

for a data-driven analysis of information representation in the cerebral cortex. 
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"Once there is seeing, there must be acting. Otherwise, what is the use 
of seeing?'' 

Thich Nhat Hi;i,nh, 1926-
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Abstract 

Many lines of evidence point to a tight linkage between the perceptual and mo

toric representations of actions. Numerous demonstrations show how the visual 

perception of an action engages compatible activity in the observer's motor sys

tem. This is seen for both intransitive actions ( e.g. in the case of unconscious 

postural imitation) and for transitive actions (e.g. grasping an object). While 

the discovery of "mirror neurons" in macaques has inspired explanations of these 

processes in human action behaviours, the evidence for areas in the human brain 

that similarly form a crossmodal visual/motor representation of actions remains 

incomplete. To address this, in the present study, participants performed and 

observed hand actions while being scanned with fMRI. We took a data-driven ap

proach by applying whole-brain information mapping using a multi-voxel pattern 

analysis (MVPA) classifier, performed on reconstructed representations of the cor

tical surface. The aim was to identify regions in which local voxel-wise patterns 

of activity can distinguish among different actions, across the visual and motor 

domains. Experiment 1 tested intransitive, meaningless hand movements, while 

Experiment 2 tested object-directed actions (all right-handed). Our analyses of 

both experiments revealed crossmodal action regions in the lateral occipitotempo

ral cortex (bilaterally) and in the left postcentral gyms/anterior parietal cortex. 

Furthermore, in Experiment 2 we identified a gradient of bias in the patterns of 

information in t he left hemisphere postcentral/parietal region. The postcentral 

gyrus carried more information about the effectors used to carry out the action 

(fingers vs whole hand), while anterior parietal regions carried more information 

about the goal of the action (lift vs punch). Taken together, these results provide 

evidence for common neural coding in these areas of the visual and motor aspects of 

actions, and demonstrate further how MVPA can contribute to our understanding 

of the nature of distributed neural representations. 
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4.1 Introduction 

There is increasing evidence for a direct link between perception and action: per

ceiving another person's action activates the same representations as does the 

actual performance of t he action. Such common codes between perceiving and 

producing actions enable humans to embody the behavior of others and to in

fer the internal states driving it (e.g., Barsalou, Niedenthal, Barbey, & Ruppert, 

2003). That is, by creating common representations between ourselves and another 

person, we have a deeper understanding of their current states, and are better able 

to predict their future behaviour, facilitating complex social interactions. How

ever, the basis of the brain's crucial ability to relate one's own actions to those of 

others remains poorly understood. 

One possible contributing neural mechanism is found in macaque single-cell 

studies of so-called "mirror neurons" (Pellegrino et al. , 1992), which have inspired 

many theories of the neural basis of a range of human social processes such as 

theory of mind, language, imitation, and empathy (Agnew, Bhakoo, & Puri, 2007; 

Corballis, 2010; Rizzolatti & Sinigaglia, 2010). Surprisingly, given the extent 

of such theorizing, the evidence for a human "mirror system"-that is, for brain 

areas in which the visual and motor aspects of actions are represented in a common 

code- is weak (Dinstein, Thomas, et al. , 2008). 

Numerous functional neuroimaging studies have identified brain regions that 

are active during both the observation and the execution of actions (e.g. Etzel et 

al. 2008; Iacoboni et al. 1999). While these studies show spatial overlap of frontal 

and parietal activations elicited by action observation and execution, they do not 

demonstrate representational overlap between visual and motor action represen

tations. That is, spatially overlapping activations could reflect different neural 

populations in the same broad brain regions (Gazzola and Keysers 2009; Morri

son and Downing 2007; Peelen and Downing 2007b). Furthermore, mere spatial 

overlap of activations cannot establish whether the patterns of neural response 

are similar for a given action (whether it is seen or performed) but different for 

different actions, an essential property of the "mirror system" hypothesis. 

Several recent studies have addressed this problem with fMRI-adaptation de

signs. Dinstein et al. (2007) used this approach to identify areas (such as the 
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anterior intraparietal sulcus; aIPS) in which the BOLD response was reduced 

when t he same action was either seen or executed twice in a row. However, none 

of the areas tested showed adaptation from perception to performance of an ac

tion, or vice versa. Two subsequent studies revealed adaptation from performance 

to observation (Chong et al. , 2008) , or vice versa (Lingnau et al., 2009), but 

neither showed bidirectional adaptation across the visual and motor modalities. 

Most recently, Kilner et al. (2009), using a task that involved goal-directed man

ual actions, showed adaptation effects bi-directionally in the inferior frontal gyrus 

(superior parietal cortex was not measured). 

Other recent studies have applied multi-voxel pattern analyses (MVPA; Norman 

et al. , 2006; Haynes & Rees, 2006 of fMRI data to approach t his problem. For 

example, Dinstein, Gardner, et al. (2008) found that patterns of activity in aIPS 

could discriminate, within-modality, among three actions in either visual or motor 

modalities. However, patterns of activity elicited by viewing actions could not 

discriminate among performed actions (nor vice versa). 

To summarize, neuroimaging studies to date using univariate methods do not 

provide clear evidence for a brain area ( or areas) in which a common neural code 

represents actions across the visual and motor domains. Likewise, previous studies 

using adaptation or MVPA methods also have produced limited and conflicting 

evidence. 

In the present study, in order to identify brain areas in which local patterns 

of brain activity could discriminate among these actions both within and across 

modalities, we used MVPA. Unlike the previous MVPA studies reviewed above, 

each participant's data were analyzed with a whole-cerebrum information mapping 

("searchlight") approach (Kriegeskorte et al. , 2006). Furthermore, in contrast to 

the volume-based approach used by most MVPA "searchlight" studies to date, 

we used surface-based reconstructions of the cortex. This approach improves both 

the classification accuracy and spatial specificity of the result ing information maps 

(Oosterhof, Wiestler, Downing, & Diedrichsen, 2011). In this way, we were able to 

map brain areas that carry crossmodal action representations, without restricting 

our analysis to pre-defined regions of interest, and in a way t hat respects cortical 

anatomy. 

Participants were scanned with fMRI while performing and viewing different 
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hand actions. In the first experiment, these were intransitive movements of the 

hand. Participants viewed a short movie of one of three actions, and then repeat

edly either viewed or performed (with their own unseen hand) that action over 

the length of a block. The aim of this first experiment was to use the simplest 

possible case (brief intransitive hand actions) in order to test our methods and 

to identify candidate visual/motor action representations. This was followed by a 

second experiment, in which participants performed or viewed one of four manual 

actions directed at an object. In this event-related experiment, the actions defined 

a factorial design, in which either a lift or a punch goal was executed with either 

the whole hand or with the thumb and index finger. We adopted this design with 

two aims in mind: to encourage activity in the mirror system by testing actions 

with object-directed goals (Rizzolatti & Sinigaglia, 2010); and to identify regions in 

which the local pattern of activity more strongly represents action goals or action 

effectors. 

4. 2 Experiment 1 

4.2.1 Methods 

Subjects. Six right-handed, healthy adult volunteers (mean age 29; range = 
24- 35; 1 female, 5 male) were recruited from the Bangor University community. 

All participants had normal or corrected-to-normal vision. Participants satisfied 

all requirements in volunteer screening and gave informed consent approved by 

the School of Psychology at Bangor University. Participation was compensated at 

£ 30. 

Design and procedure. Participants either watched short movies (1.5 sec

onds, 60 frames/second) of simple hand actions, or performed t hese actions in the 

scanner. Figure 4.1 shows the three actions used (labelled A, B, and C). The data 

were collected across two sessions per subject. There were seven condit ions in the 

main experiment: do-A, do-B, do-C, see-A, see-B, see-C, and null (fixation) trials. 

Each trial (Figure 4.2) started with a 500 msec blank screen followed by a 500 

msec black rectangle, signifying the beginning of a new trial. For the null trials, 
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Figure 4.1: Still frames in Experiment 1 
Still frames from the three intransit ive actions used in Experiment 1. Each clip 
contained 90 frames and was presented at 60 Hz. For each of the three actions, 
frames 5, 14, 23, 32, 41, (top row), and 50, 59, 68, 77, 86 (bottom row) are shown. 

a black screen was presented for 24s. For the do and see trials, one of the three 

actions (A, B, or C) was shown once, followed by an instruction on the screen 

( "see" or "do") for 2s. After an interval (3.5 s), the movie was either repeated 

eight times ( "see" condit ion), or the participant performed the action eight times 

( "do" condition). To match the "see" and "do" conditions temporally, a pulsating 

fixation dot was presented in the middle of the screen during the "do" trials. This 

fixation dot was presented from 8 until 24 seconds after trial onset and repeatedly 

changed size with a phase of 2 seconds (large for 1.5 s, followed by small for 0.5 s). 

Participants were instructed to execute the hand movements in time with the dot. 

Participants were not able to see their own hand movements while in the scanner. 

Each participant was scanned during two sessions, with 8 functional scans per 

session. Within each of the two sessions, participants were scanned on two sets of 

four scans, each one preceded by an anatomical scan. Each scan started and ended 

with a 16 s fixation period. The first trial in each scan was a repeat of the last trial 

50 



CHAPTER 4. Vrsuo-MOTOR ACTION REPRESENTATIONS 
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0.5 s 0.5 s 1.5 s 2 s 3.5 s 1 2 s ----v,--........... 
ax 

Total trial length = 24s 

Figure 4.2: Schematic illustration of the trial structure in Experiment 1 
Each block began with a warning signal, followed by a 1.5 s movie showing one of 
three simple, intransitive manual actions. A task cue ( "see" or "do") and a blank 
interval then followed. On "see" trials, the same movie was then presented eight 
times in succession, with a 0.5 sec blank interval between each movie presentation. 
On "do" t rials, a central fixation dot grew larger for 1.5 sec and t hen shrank again 
for 0.5 sec, in a cycle that repeated eight times and that was matched to the cycle 
of movie presentations in the "see" condition. In the "do" condition, participants 
were required to perform the action t hat had appeared at the start of the block, 
in synchrony with the expansion of the fixation point. 
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in the previous scan (in scans 1 and 5, it was a repeat of the last trial of scans 4 

and 8, respectively) and was not of interest (i.e. regressed out in the analysis; see 

below). There were 14, 13, 13, and 13 remaining trials of interest (49 in total) for 

scans 1-4 (respectively), and similarly for scans 5-8. For each set of four scans, the 

seven conditions were assigned randomly with t he constraints that (1) each of the 

seven trial conditions was preceded by each of the seven trial conditions exactly 

once, and (2) each condition was present in each of the four scans at least once. 

Participants completed 16 scans with (in total) 2 x 2 x 7 x 6 = 168 "do" and "see" 

trials of interest, that is 28 trials for each action with each task. 

To ensure that the actions were executed correctly, participants completed a 

practice run of the experiment before going in the scanner. They were specifically 

instructed not to move during "see" and null trials, and to move only their hand 

and arm during "do" trials. They were told during training to use the viewed 

actions as a model and to match these as closely as possible during their own 

performance. Furthermore, we used an MR-compatible video camera to record 

participants' hands throughout the scanning session to verify that the actions were 

carried out correctly, and that no movements were executed in the "see" condition 

and null trials, or during the first 8s of a trial. 

Data acquisition. The data were acquired using a 3T Philips MRI scanner with 

a SENSE phased-array head coil. For functional imaging, a single shot echo planar 

imaging sequence was used (T2* -weighted, gradient echo sequence; TR=2000 ms, 

TE=35 ms; flip angle 90°) to achieve near-whole cerebrum coverage. The scanning 

parameters were as follows: repetition time 2000 ms; 30 off-axial slices; slice pixel 

dimensions 2 x 2 mm2 ; slice thickness 3 mm, no slice gap, FOY 224 x 224 mm2
, ma

trix 112 x 112, phase encoding direction A-P, SENSE factor= 2. For participants 

with large brains, where not the entire cerebrum could be covered, we gave priority 

to the superior cortex (including primary motor and somoatosensory areas) at the 

expense of the inferior cortex (temporal pole). Seven dummy scans were acquired 

before each functional scan to reduce possible effects of T 1 saturation. Parameters 

for T 1-weighted anatomical scans were: 288 x 232 matrix; 1 mm3 isotropic voxels; 

TR=8.4 ms, TE= 3.8 ms; flip angle = 8°. 
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Volume preprocessing. Using AFNI (R. W. Cox, 1996) , for each participant 

and each functional scan separately, data was despiked, time-slice corrected, and 

motion corrected (relative to the "reference volume": the first volume of the first 

functional scan) with trilinear interpolation. The percent signal change was com

puted by dividing each voxel's time-course signal by the mean signal over the 

scan and multiplying the result by a hundred. The four anatomical volumes were 

aligned with 3dAllineate, averaged, and aligned to the reference volume (Saad 

et al., 2009). 

Univariate volume analyses. A General Linear Model analysis was performed 

using the AFNI 3dDeconvol ve program in order to estimate the BOLD responses 

for each do and see action trial (16 s each). Beta coefficients were estimated 

separately for each of the do and see action trials by convolving a boxcar function 

(16 s on, starting 8 s after trial onset) with the canonical hemodynamic response 

function (HRF). The beta coefficients from the first trial in each scan were not 

of interest (see above), while beta coefficients from the other trials were used in 

the multi-voxel pattern analysis (MVPA; see below). For each scan, predictors of 

no interest were included to regress out potential effects from the instruction part 

from each trial, also by convolving a boxcar function (3.5 son, starting 1.0 s after 

trial onset) with the canonical HRF. To remove low frequency trends, predictors 

of no interest for constant, linear, quadratic, and cubic trends were included in the 

model as well. 

Surface preprocessing. For each participant and hemisphere, anatomical sur

face meshes of the pial-grey matter ("pial") and smoothed grey matter-white mat

ter ("white") boundaries were reconstructed using Freesurfer (Fischl et al., 1999), 

and these were used to generate an inflated and a spherical surface. Based on sur

face curvature, the spherical surfaces of all participants were aligned to a standard 

spherical surface (Fischl et al., 1999). Using AFNI's Mapicosehedron, these spher

ical surfaces were resampled to a standardized topology ( an icosehedron in which 

each of the twenty triangles is subdivided in 10,000 triangles), and the pial, white, 

and inflated surfaces were then converted to the same topology. This ensured 

that each node on the standardized surfaces represented a corresponding surface 
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location across participants; t herefore, group analyses could be conducted using a 

node-by-node analysis. The affine transformation from Freesurfer's anatomical vol

ume to the aligned anatomical volume was estimated (using AFNI 's 3dAllineate) 

and applied to the coordinates of the standardized pial and white surfaces to align 

them with the reference volume. 

For each participant, we also estimated the required affine t ransformation to 

bring the anatomical volume into Talairach space (Talairach & Tournoux, 1988), 

and applied this transformation to the surfaces. The pial and white surfaces in 

Talairach space were averaged to construct an intermediate surface, that was used 

to measure distances (described below) and surface areas in a manner that was 

unbiased to the participants brain size. To limit our analysis to the cortex, and to 

improve statistical power when correcting for multiple comparisons, an exclusion 

mask covering the subcortical medial structures was drawn on t he group map. 

This mask was subsequently used in the searchlight analyses. 

Intra-participant surface-based "searchlight" multi-voxel pattern anal

yses. To investigate which regions represent information about which of the 

three actions (A, B, and C) was perceived or performed, we combined a search

light (Kriegeskorte et al., 2006) with multi-voxel pattern analysis (MVPA; Norman 

et al. , 2006; Haynes & Rees, 2006) implemented in Matlab ( the Mathworks Ltd., 

Cambridge, UK) using a geodesic distance metric on the surface meshes (see Fig

ure 4.3). For each participant and hemisphere, in the intermediate surface a "cen

ter node" was chosen and all nodes within a 12 mm radius circle on the surface 

(using a geodesic distance metric; Kimmel and Sethian 1998) were selected using 

the Fast Marching Toolbox (Peyre 2008). For each selected node on the interme

diate surface, a line was constructed that connected the corresponding nodes on 

the standardized pial and white surfaces, and on each line, ten equidistant points 

were constructed. The searchlight contained all voxels that intersected at least 

one point from at least one line. 

Each selected voxel in the searchlight was associated with 168 beta estimates, 

one from the final 16 s of each "do" or "see" trial of interest. These were partitioned 

into 56 chunks (2 modalities x 28 occurrences of each action), so that each chunk 

contained three beta estimates of action A, B and C in that modality. To account 
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F igure 4 .3: Comparison of voxel selection methods in information mapping 
(a) Schematic representation of a brain slice, with white matter , grey matter, and 
matter outside the brain indicated. The curved lines represent the white mat
ter/ grey matter boundary, the grey matter/pial surface boundary, and the skull. 
With the traditional volume-based voxel selection method for multivoxel pattern 
analysis, a voxel (blue) is taken as the center of a sphere (red; represented by a 
circle), and all voxels within the sphere are selected for further pattern analysis. 
(b) An improvement over (a), in that only grey matt er voxels are selected. The 
grey matter can either be defined using a probability map, or using cortical surface 
reconstruction. A limitation however is that voxels close in Euclidian distance but 
far in geodesic distance (i.e. measured along the cortical surface) are included 
in the selection, as illustrated by the t hree voxels on the left. ( c) Using surface 
reconstruction, the white matter-grey matter and grey matter-pial surfaces are 
averaged, resulting in an intermediat e surface that is used to measure geodesic 
dist ances. A node on t he intermediate surface (blue) is taken as the center of a 
circle (red; represented by a solid line), t he corresponding circles on the white-grey 
matter and grey matter-pial surfaces are constructed (red dashed lines) , and only 
voxels in between these two circles are selected. 
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for possible main effect differences between modalities or specific trials, for each 

voxel and chunk separately, the t hree beta esimates were centered by subtracting 

the mean of t hree beta estimates. 

Based on these centered responses, a multiclass Linear Discriminant Analysis 

classifier was used to classify trials using 28-fold cross validation. For each of the 

two modalities, the classifier was trained on the beta estimates from 27 chunks in 

that modality, and tested on the remaining chunk in the same modality ( unimodal 

classification) , and also test ed on t he corresponding chunk in the other modality 

(crossmodal classification). This procedure was repeated for all 28 chunks. 

For each of the four combinations of train and test modality ( train ("do", "see") 

x test ("do", "see" )), raw accuracies were computed by dividing the number of 

correctly classified trials by the total number of trials. For statistical inference in 

t he group analysis (see below) , raw accuracies were converted to z-scores based on 

their binomial distribution under the null-hypothesis of chance accuracy (1/3). For 

the crossmodal classification, accuracies from the two cross-modal classifications 

( train on "see", test on "do"; and vice versa) were combined before computing the 

z-score. This procedure was repeated for all of the 100, 002 nodes in the intermedi

ate surface. That is, each node was taken as the center of a circle and classification 

accuracy was computed using the surrounding nodes within the selection radius. 

Surface-based group analysis. A random effect analysis was used to find 

regions where classification accuracy was above chance, by applying (for each node) 

a t-test against the null hypothesis of zero mean of the accuracy z-score (i.e. 

classification accuracy at chance level) and applying a node-wise t hreshold of p = 
0.05 (two-tailed).To find clusters that were significant while correcting for multiple 

comparisons, we employed a bootstrap procedure. For a single bootstrap sample, 

we took six individual participant maps randomly (sampled with replacement) . 

For each of the six maps, the sign of the z-score was negated randomly wit h 

probability of 50%, which is allowed under the null hypothesis of chance accuracy 

(z-score of 0). We note that t he data in the bootstrap sample is unbiased with 

respect to the spatial autocorrelation structure in the original group map. A t

test was conducted on the result ing six maps and the resulting map was clustered 

with the same threshold as the original data. This procedure was repeated a 
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hundred times (i.e. we took a hundred bootst rap samples), and for each bootstrap 

sample the maximum cluster extent (in mm2 ) across the surface was computed, 

yielding a distribution of maximum cluster extent values under the null hypothesis 

of chance accuracy. For each cluster in the original group results map, the a-level 

(significance) was set at the number of times that the maximum cluster extent 

value across bootstrap samples was larger than the observed cluster extent, divided 

by the number of bootstrap samples (100). Clusters are only reported for which 

a~ 0.05. For each cluster, its center-of-mass coordinates were computed by taking 

the average coordinates of its nodes, relatively weighted by each node's area. 

4 .2.2 Results 

The crossmodal information map revealed significant clusters of crossmodal in

formation about intransitive actions, in and around the junction of the left in

traparietal and postcentral sulci, and also in the lateral occipitotemporal cortex 

bilaterally _(Figure 4.4a; Table 1). Two smaller below-chance clusters were also 

found, possibly due to the small number of subjects tested. For reference, in 

Figure 4.4b we show unthresholded t-maps. We found approximately equivalent 

crossmodal information when classifiers trained wit h "see" data and tested with 

"do" data, and vice versa, were tested separately (Figure 4.5). 

For the unimodal information maps, we found that both for observing and for 

performing actions, large areas in the brain contained distributed above-chance 

information about which action was seen or performed. The highest classification 

accuracies were found in the expected visual and motor regions for "see" and "do" 

trials respectively (Figure 4.6). 

4 .2.3 Discussion 

Patterns of BOLD activity in the left anterior parietal cortex, and in lateral oc

cipitotemporal cortex bilaterally, carry information that can discriminate among 

meaningless intransitive actions across t he visual and motor domains. These find

ings suggest that in these areas the distinguishing properties of actions are repre

sented in a distributed neural code, and that at least some aspects of this code are 

crossmodal. That is, some features of the patterns that code the actions must be 
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Figure 4.4: Information map for Experiment 1 
Group crossmodal surface information map for Experiment 1 generated using mul-: 
tivoxel pattern analysis with an LDA classifier with training and test data from 
different _( "see" vs. "do" ) modalit ies. ( a) The coloured brain clusters (see Ta
ble 1) indicate vertices where grey matter voxels within the surrounding circle 
on the cortical surface show above-chance crossmodal information (random effects 
analysis, thresholded for cluster size). Crossmodal visuo-motor information about 
intransitive manual actions is found in the left hemisphere at the junction of the 
intraparietal and postcentral sulci, and bilaterally in lateral occipitotemporal cor
t ex. For each node this is based on two classifications, in which either the data 
from the "see" condition was used to train the classifier and the data from the "do" 
condition was used as test data, or vice versa. Insets: detailed view of the signif
icant clusters. (b) The same map as (a), but without cluster thresholding. The 
color map legend (bottom) shows the t-value of the group analysis against chance 
accuracy for both panels. (c, d) the same maps as (a, b) but representing clas
sification accuracy instead oft-values. Abbreviations: CS, central sulcus; PoCS, 
post-central sulcus; IPS, intraparietal sulcus; STS, superior temporal sulcus. 
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Figure 4 .5: Crossmodal information maps, separating train and test modali-
t ies, for Experiment 1 

(a) As in Figure 4.4, except t hat the analysis was limited to crossmodal informa
tion derived from training wit h "see" data and testing with "do" data. (b) As 
(a) , except the roles of "see" and "do" data are reversed . (c, d) the same maps 
as ( a, b) but representing classification accuracy instead oft-values. 
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Figure 4.6: Within-modality information maps for Experiment 1 
( a) Group t maps indicating the presence of information discriminating among the 
three actions in the "see" conditions only. (b) As (a), except data derived from 
analysis of the "do" conditions. (c, d) the same maps as (a, b) but representing 
classification accuracy instead oft-values. 
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common across the visual and motor modalit ies. Because the actions were mean

ingless and intransitive, it is unlikely t hat these codes reflect action semantics, and 

the results of Experiment 1 could not have been driven by the features of a target 

object (cf. Lingnau et al. , 2009). 

The property of representing intransitive actions in a common vision/action 

code may be functional in its own right, e.g. to support the learning of movements 

by observation alone. Aside from explicit, intentional learning, there are several 

demonstrations of what might be called social "contamination" effects- e.g. sit

uations in which an observer spontaneously adopts the postures or movements of 

another individual. These automatic mirroring responses appear to facilitate social 

interactions and social bonding (Chartrand & Bargh, 1999; Van Baaren, Holland, 

Steenaert, & Knippenberg, 2003) and may mediate interactive or collaborative 

actions. Additionally, crossmodal intransitive representations may contribute to 

the understanding of object-directed actions, for which the underlying movements 

may themselves be key elements. 

Our analyses of unimodal information identified widespread areas t hat carried 

weak but significantly above-chance information about either which action was 

viewed or was performed. Importantly, in contrast to the critical crossmodal test, 

in the unimodal analyses the stimulus ( or motor act) was essentially identical across 

training and test data sets. In such situations, MVPA can be a highly sensitive 

method, potentially making use of many sources of congruency between the neural 

events elicited by repeated instances of a given stimulus ( and not necessarily the 

sources of interest to the investigators) such as commonalities in motion (Kamitani 

& Tong, 2006; Serences & Boynton, 2007), thoughts (Stokes, Thompson, Cusack, & 

Duncan, 2009), intentions (Haynes et al. , 2007) or stimulus orientation (Kamitani 

& Tong, 2005) . This means that in general, proper interpretation of an informative 

brain region requires control conditions that test to what extent representations 

generalize. In the present study, this is much less a concern in the crossmodal 

conditions, given the great differences at the sensory /motor level between seeing 

an action and performing that action (out of view). 

Because of the novelty of our methods and of some of the findings ( e.g. cross

modal action information in lateral occipitotemporal cortex) we set out to replicate 

and extend the results of Experiment 1 before attempting to interpret them. First, 
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in order to extend our findings to goal-directed behaviours, in Experiment 2 we 

tested transitive actions. It has been proposed that the "mirror" system is more 

effectively engaged by object-directed actions (e.g., Rizzolatti, Fadiga, Gallese, & 

Fogassi, 1996) and we speculated that testing such actions could increase the re

cruitment of ventral premotor cortex. Second, we adopted an event-related design. 

Although such a design carries the risk of reducing statistical power, we reasoned 

that it would greatly increase participants' engagement in the task ( compared to 

Experiment 1) by requiring more frequent attention to task cues and more frequent 

switching between conditions. Third, we tested more participants, which increases 

statistical power in the random effects and bootstrap analyses. Finally, we intro

duced a monitoring task in the "see" conditions, which required participants to 

attend actively to the viewed hand movements, as compared to passive viewing, 

as in Experiment 1. 

Beyond these largely methodological improvements, we introduced new vari

ables to the design of Experiment 2. We orthogonally varied two aspects of the 

actions that were viewed and performed by participants. One factor concerned 

the effectors used to make contact with the object during action execution. Half 

of the actions involved the tips of the thumb and index finger, while the other half 

involved the whole hand. Orthogonally, we manipulated action goals. Half of the 

actions involved grasping and lifting an object on to a platform in front of the 

participant. The other half of the actions required the participant to "punch" the 

side of the object so that it leaned away from the participant before returning to 

the upright position. By virtue of this factorial manipulation, we were able to test 

not only for brain regions in which patterns carried crossmodal visuo-motor action 

representations, but also to further test the nature of these representations ( cf. 

similar effects in extrastriate cortex, e.g. Aguirre, 2007; Haushofer, Livingstone, 

Kanwisher, & Ungerleider, 2008; Beeck, Torfs , & Wagemans, 2008). Specifically, 

we tested whether a given area carries relatively more (crossmodal) information 

about the effector used to manipulate the object or about the goal of actions on 

the object. 

In Figure 4.7, we illustrate a simple scheme for thinking about how patterns 

of cortical activity relate to different types of informational content in a given 

region. The scheme centres on assessing the similarity of patterns elicited by 
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particular combinations of seen and performed actions. We note that the matrices 

in Figure 4.7a-c are congruent with how accuracies were computed in Experiment 1 

(but with three actions instead of four) . 

4.3 Experiment 2 

4.3.1 Methods 

Subjects. 11 right-handed, healt hy adult volunteers were recruited from the 

Bangor University community. All participants had normal or corrected-to-normal 

vision. Participants satisfied all requirements in volunteer screening and gave 

informed consent approved by the School of Psychology at Bangor University. 

Participation was compensated at £20. 

Design and Procedure. Participants either performed or watched object

direct ed actions in the scanner (Figure 4.8). The object was cup-shaped and 

attached with an elastic string to a table located partially inside the scanner bore, 

approximately above t he navel of the participant (Figure 4.8a, b). Earphones 

delivered auditory instructions to the participants, in the form of words spoken 

by Apple Mac OS X 10.5 text-to-speak utility "say" using the voice of "Alex". 

Part icipants could see the t able and the object through a forward-looking mirror 

mounted on the scanner coil. An experimenter of the same gender as the partici

pant (AJW or NNO) was present in the scanner room to perform real-time actions 

on the object, which were then observed by the participant t hrough the mirror. 

Visual instructions for the experimenter were projected on a wall in the scanner 

room, invisible t o the participant. 

The action instructions varied orthogonally on the effector used ( "finger" for 

thumb and index finger, or "hand" for the whole hand) and on the goal of the 

action ("lift" to raise the object, or "punch" to push the object on its side) . 

T hus, t he experimental design was 2 (modality: "do" vs. "see") x 2 ( effector: 

"finger" vs. "hand") x 2 (goal: "lift" vs. "punch"). Figure 4.8c shows the four 

actions, from the approximate perspective of the participant while executed by the 

experimenter. 
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a unimodal "do" 
-- test trial condition --

modality - - - - - do see 
I 
I 
I 
I 

F igure 4. 7: Similarity matrices for Experiment 2 

unimodal 
"see" 

crossmodal 

crossmodal 
"goal" 

crossmodal 
"effector" 

crossmodal 
"goal" vs. 
"effector" 

Similarity matrices for evaluation of Experiment 2 cross-validation classification 
results. Each row and each column (for training and test set, respectively) rep
resents one of the eight conditions in the experiment, formed by the combination 
of modality (see, do) x effector (finger, hand) x goal (lift, punch). Where fMRI 
activity patterns are predicted to be similar ( across t raining and test set, for a 
given brain region and a given participant), a cell matrix is marked with a red 
square. Conversely, trials that were used in the cross-validation scheme but where 
no similarity between patterns is predicted, are indicated with a grey square. ( a) 
This example represents similarity for within-modality "do" action represention. 
The fMRI activity patterns elicited by performing a given action a predicted to 
be similar when that same action is repeated, compared to a different action. (b, 
c) Similarity matrices for within-modality "see" and cross-modal action represen
tation. In the crossmodal case, the prediction is that the flvIRI activity pattern 
elicited by performing a given action will be similar to that elicited by seeing that 
action ( relative to other actions) , and vice versa. ( d, e) . Similarity matrices for 
representation of goal irrespective of effector , and vice versa. Note that both cases 
reflect information carried across modalities. (f) Similarity matrix for the contrast 
of goal vs. effector, where blue squares indicate similarity of patterns, but with 
a negative weight. Note that this matrix is the difference between the matrices 
in ( d) and ( e) . Also note that the matrices in ( a- c) are equally applicable to 
Experiment 1, but with three actions in each modality instead of four. 
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Figure 4.8: Experimental stimuli from Experiment 2 
(a) Frame capture from video recording during Experiment 2, showing the position 
of the participant's hand, experimenter's hand, and the target object during a null 
(no action) trial. (b) Similar to (a) , but the experimenter performs a "punch 
hand" action that is observed by the participant. (c) Frames illustrating each of 
the four actions used in the experiment, formed by crossing effector (finger, hand) 
with goal (lift, punch). 
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"see" instruction "open" 

trials action (opens eyes) (observes experimenter executing action) 

or 

"do" instruction "close" "punch hand" 

trials action (closes eyes) (executes action) 

2s Ss 

Figure 4.9: Trial structme of Experiment 2 
Schematic of the trial structure for Experiment 2. The top row shows the series 
of events in "see" trials, and the bottom row events in "do" trials. 

There were nine conditions in the main experiment : eight for which an action 

was seen or performed, and one null (no action) condition. Each trial (Figure 4.9) 

started with an auditory instruction "close" (for "do" and null trials), or "open" 

(for "see" trials). Participants were instruct ed to open or close their eyes accord

ing to t he instruction, and compliance was monitored using a scanner-compatible 

eye tracking system. Simultaneously, a visual instruction was given to the exper

imenter to indicate whether or not (s)he should perform an action. Two seconds 

after t rial onset, for "do" trials, another auditory instruction was given to the 

participant to indicate the specific action to be executed , in the order goal-effector 

( e.g. "lift finger", "punch hand"). For "see" t rials, no auditory instruction was 

given to t he participant, but they had to monitor t he action executed by the 

experimenter. To ensure the attention of the participant during these trials, oc

casionally (twice per run, on average) the experimenter repeated the action twice 

in rapid succession ( "catch t rial"), and participants were instructed to knock on 

the table to indicate that they had observed such a repeat. For both "do" and 

"see" trials, the names of the action goal and effector were presented visually to 

the experimenter: for "do" trials, so that (s)he could verify that the participant 

executed the correct action, and for "see" trials, so that (s)he knew which action 

to execute. Each trial lasted for seven seconds. 

Each participant was scanned during a single session with eight functional (F) 
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scans and three anatomical (A) scans, in the order AFFFAFFFAFF. For two par

t icipants, only six functional scans could be acquired due to participant discomfort 

and technical difficulties with the table-object attachment , respectively. First or

der counterbalancing was achieved by partit ioning the functional scans in ( three or 

four) sets of two scans each. For each set of two scans, the order of the conditions 

was randomly assigned with the constraints that (1) each of the nine condit ions 

was preceded by each of t he nine condit ions exactly once, and (2) each condition 

was present in each of the two scans four or five times. To reinstate potential 

carryover effects from one t rial the next at scan boundaries, t he first four and last 

four trials in a scan were a repeat of the last four and first four t rials, respectively, 

of the other scan in the same set . The first two and last two trials in each run, 

t rials during which participants executed the wrong action, and catch t rials were 

all marked as t rials of no interest and modelled separately in the General Linear 

Model (see below) . The first t rial started two seconds after the beginning of t he 

scan. 

Participants were instructed as follows: to rest their right hand on the table, 

on t he right-hand side of the object (from their perspective); to only move their 

right hand during "do" trials; to leave enough space in between t heir hand and the 

object so t hat t he experimenter could execute the actions on the object wit hout 

touching t heir hand; to keep their left hand and arm under t he table, out of view; 

and after a "close" instruction, to keep their eyes closed until they were instructed 

to open them again. To ensure that part icipants followed the instructions correctly, 

they completed two practice runs of the experiment: t he first before going in the 

scanner , the second in the scanner during the first anatomical scan. Participants 

were told during training to use the viewed actions as a model and to match these 

as closely as possible during their own performance. 

Data acquisition. The data were acquired as in Experiment 1, with a variation 

in some of t he scanning parameters for functional imaging: repetit ion t ime 2500 

ms; 40 off-axial slices; (2.5mm)3 isotropic voxels, no slice gap, FOY 240 x 240mm2 , 

matrix 96 x 96. 
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Univariate volume analyses. Volume preprocessing was identical to Exper

iment 1, and univariate analyses very similar to Experiment 1 except for the fol

lowing. For each scan separately, eight beta coefficients of interest ( corresponding 

to the four "do" and four "see" action conditions) were estimated with a Gen

eral Linear Model by convolving a boxcar function (3 s on, starting 2 s after trial 

onset) with t he canonical hemodynamic response function (HRF). Each trial of 

no interest (see above) was regressed out with a separate regressor of the same 

shape. To remove low frequency trends, predictors of no interest for constant, 

linear, quadratic, and cubic trends were included in the model as well. 

Intra-participant surface-based "searchlight" mult i-voxel pattern anal

yses. Before MVPA, surfaces were preprocessed as in Experiment 1. Surface

based MVPA was also performed similarly to Experiment 1, with the only differ

ence that the beta estimates were partitioned in two chunks per scan corresponding 

to the two modalities ( "do" and "see"), so that cross-validation was 8-fold for both 

unimodal and crossmodal classification. In other words , data from one scan was 

used to test the classifier , while data from the other runs was used to train it . 

Based on the matrices in Figure 4.7, accuracies were computed as follows. Trials 

for which t he combination of corresponding (training and test ) condition in the 

matrix was coloured red were considered as correctly classified; those for which 

this combination was marked (red or grey) were counted to yield the total number 

of trials. Raw accuracy and accuracy z-scores were computed as Experiment 1, 

while taking into account the chance level (1/4 or 1/ 2, depending on the con

trast: the number of red squares divided by the number of marked squares in each 

column). Accuracy z-scores for the "effector" vs. "goal" contrast (Figure 4.7f) 

were the node-wise difference of accuracy z-scores for "effector" and "goal" (Fig

ure 4.7d and Figure 4.7e) . Surface-based group-level analyses were carried out as 

in Experiment 1. 

4.3.2 Results 

In Experiment 2, we ident ified significant clusters of crossmodal action informa

tion in the left hemisphere, in and around the anterior parietal cortex including 
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classification 
accuracy (%) 15 25 35 

Figure 4.10: Information map for Experiment 2 

Group crossmodal surface information map for Experiment 2. (a) Cluster
thresholded map (conventions as in Figure 4.4) of crossmodal visuo-motor infor
mation about transitive manual actions is found in the left hemisphere, around the 
junction of the intraparietal and postcentral sulci, and in lateral occipitotemporal 
cortex bilaterally (see Table 2). (b) The same map as (a), without cluster thresh
olding. ( c, d) the same maps as ( a, b) but representing classification accuracy 
instead oft-values. 

the postcentral gyrus. We also observed clusters bilaterally in the lateral occip

itotemporal cortex (Figure 4.10; Table 2). This result was similar when the two 

train-test directions (train with "see" data, test with "do" data, and vice versa) 

were examined separately (Figure 4.11) . Unlike Experiment 1, however , the uni

modal "do" but not the "see" analysis revealed areas carrying within-modality 

information about the actions (Figures 4.12 and 4.13) . 

In order to identify regions in which the crossmodal information content was 

biased either for action goals or for effectors, we first applied a mask to include 

only locations for which crossmodal information, averaged across both train-test 

directions, was significant (as in Figure 4.10). Each remaining vertex was coloured 
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classification 
t -5 0 5 accuracy (%) 15 25 35 

Figure 4.11: Crossmodal information maps, separating train and test modal-
ities, for Experiment 2 

(a) As in Figure 4.10, except that the analysis was limited to crossmodal infor
mation derived from training with "see" data and test ing with "do" data; (b) As 
(a), except the roles of "see" and "do" data are reversed. ( c, d) the same maps 
as ( a, b) but representing classification accuracy instead of t-values. 
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a C 

classification 
t -5 0 5 accuracy (%) 15 25 35 

Figure 4.12: Within-modality information maps for Experiment 2 
(a) Group t maps indicating the presence of information discriminating among 
the three actions in the "see" conditions only. See also Figure 4.13. (b) As (a), 
except data derived from analysis of the "do" conditions. ( c, d) t he same maps 
as ( a, b) but representing classification accuracy instead of t-values. 
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Figure 4 .13: Simulations with different noise levels across modalities 
Further consideration of the absence of significant clusters in the unimodal see' 
condition in Experiment 2. Participants had slightly different visual input from 
trial to trial because they observed a live actor doing the actions in real time (unlike 
Experiment 1, in which they viewed videos). This means that common low-level 
features across trials are less likely to occur. Although the execution of actions 
( "do" trials) would also have yielded some variation in the precise arm and hand 
movements, all the execution trials for a certain action shared the same action cue, 
preparation and initial (reach) execution- unlike the "see" trials that involved no 
cue, preparation or execution. Thus, it is likely that, overall, "see" trials (for the 
same action) were represented more differently than "do" trials. Second, the task 
of the participant was to detect a quick repeat of an action, which was orthogonal 
to the action identity. Thus, participants may have given more attention to repeats 
of the action than to the identity of the action itself. 
Post-hoc simulations with different noise levels for "do" and "see" modalities cor
roborated this hypothesis: we found classification accuracies that were larger for 
unimodal "do" than for crossmodal (both training on "do" , and testing on "see", 
and vice versa) , accuracies that are larger for crossmodal than for unimodal "see" , 
while all accuracies are above chance. This simulation is based on 100 voxels, 
two actions in both the do and see modality, 8-fold cross validation, 1000 itera
tions, noise variance noisevar("do") = 1/10, noisevar( "see") = 1, distance between 
patterns of the two actions = 1. 

72 



CHAPTER 4. VrsuO-!VIOTOR ACTION REPRESENTATIONS 

bias effector goal 

t -5 0 5 

F ig ure 4.14: Effector or goal representation bias in Experiment 2 
Regions in which representations are biased for effector or goal, Experiment 2. 
These data were first masked to select regions for which accuracy in the overall 
crossmodal analysis (Figure 4.10) was above chance. Vertices are coloured to 
indicate a bias in favour of either discrimination of the action effector (blue / 
cyan) or discrimination of the action goal (reel / yellow). Areas with no bias are 
shown in green. Note a gradient in the bias from effector (postcentral gyrus) to 
action (superior parietal cortex). 

(Figure 4.14) according to whether it showed stronger discrimination of: effectors 

(blue, cyan); goals (red, yellow); or no bias (green). In the left hemisphere parietal 

and postcentral gyrus regions, this map revealed a gradient of biases in crossmodal 

action information. Specifically, posteriorly, similarity patterns favoured the dis

tinction between action goals over effectors. That is, the patterns for lift and 

punch goals were less similar to each other relative to the patterns for finger and 

whole hand actions. In contrast, moving anteriorly towards the precentral gyrus, 

activation patterns favoured the representation of effectors. Finally, in the lateral 

occipitotemporal clusters, the representations appeared to show no strong bias. 

Figure 4.15 provides maps showing separately areas t hat are biased for either the 

representation of goals or of effectors. 
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Figure 4.15: Crossmodal information maps for goal and effector 
Crossmodal information maps of regions that (a) distinguish goal but may confuse 
effector, and (b) distinguish effector but may confuse goal. (c, d) the same maps 
as ( a, b) but representing classification accuracy instead oft-values. 
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4.3.3 Discussion 

The main results of Experiment 2 are highly similar to those of Experiment 1, 

in spite of several changes to the experimental task, design, and stimuli. (Note 

however that these differences preclude direct statistical comparisons of the two 

experiments). We were able to achieve these results with MVPA in spite of the re

duced statistical power provided by an event-related design (which may nonetheless 

have improved the psychological validity of the task). Our principal finding was 

that patterns of activity across the dorsal and anterior parietal cortex, postcentral 

gyrus, and lateral occipitotemporal cortex carry significant crossmodal information 

about transitive actions. The lateral occipitotemporal regions were significant in 

both hemispheres in both studies, suggesting a crossmodal action representation 

that is perhaps not tied to the laterality of the specific limb used to perform the 

task. In contrast, the parietal/postcentral clusters were largely confined to the left 

hemisphere. It may be that the action representations identified here are specific 

to the hand that was used to perform the actions, rather than being abstracted 

across the midline. However, previous reports have identified left-lateralized activ

ity in response to the planning and execution of goal-directed actions performed 

by either the left or right hand (e.g. Johnson-Frey, Newman-Norlund, & Grafton, 

2005). Further tests comparing left- and right-handed actions will be needed to 

resolve questions about the laterality of the regions identified here. 

The other significant finding of Experiment 2 is that we were able to identify a 

gradient of information content extending across the anterior parietal cortex and 

the postcentral gyrus. This was achieved by using a factorial design that inde

pendently varied the effector and the goal of the actions that were performed and 

observed. At the posterior edge of this gradient, patterns of £MRI activity showed 

more information about the goals of the action (lift vs punch), while towards the 

anterior edge, into the postcentral gyrus, the bias shifted to favour the effector 

used to execute this action (finger vs hand). Note that this pattern was observed 

for crossmodal analyses testing the similarity of patterns across vision and action. 

Generally this bias is consistent with previous conceptions of the postcentral gyrus 

as consisting of somatosensory representations ( closely tied to the body surface) 

while more posterior parietal areas represent actions in terms of more abstract 

75 



CHAPTER 4. VISUO- MOTOR ACTION REPRESENTATIONS 

hand-object interactions such as different forms of grasp to achieve specific goals 

(e.g., Culham et al., 2003; Frey, Vinton, Norlund, & Grafton, 2005). This find

ing shows that the techniques devised here have the potential to reveal not only 

regions in which actions are coded similarly across the visual and motor domains, 

but also to reveal more detailed information about these representat ions. 

4 .4 General Discussion 

The present results succeed in the aim to use fNIRI to identify human brain regions 

that construct, at the population level, representations of actions that cross the 

visual and motor modalities. Specifically, we show that the distributed neural 

activity in the regions identified here encodes both seen and performed actions 

in a way that is at least partially unique for different actions. Thus these broad 

codes share an essential property of macaque mirror cells although given the 

grossly different measures employed, any comparison between the present findings 

and mirror neurons can only be at an abstract level. 

Although the nature of the MVPA technique prevents pinpointing the anatom

ical source of the crossmodal information with great precision, previous findings 

shed some light on the neural representations that are· likely to underlie the cross

modal clusters identified here. The left lateral occipitotemporal region has long 

been implicated in the understanding of action (Martin, Wiggs, Ungerleider, & 

Haxby, 1996). It falls close to a number of functionally-defined brain regions that 

are found bilaterally, including: the dorsal/posterior focus of the lateral occipital 

complex (LO; Grill-Spector et al., 1999) which is involved in visual object percep

tion; the body-selective extrastriate body area (EBA; Peelen & Downing, 2007a); 

and motion-selective areas including human homologues of MT Tootell et al., 1995 

and MST (Huk, Dougherty, & Reeger, 2002). Accordingly it is difficult to assess 

which of these neural populations, if any, may contribute to the crossmodal in

formation identified here. For example, area MST, which responds to both visual 

motion and tactile stimulation (Beauchamp, Yasar, Kishan, & Ro, 2007) , may 

carry neural responses that are crossmodally informative about actions. Further, 

EBA has been proposed to have a role in the guidance of unseen motor behaviour 

and even to play a part in the human mirror "network" , and hence might play a 
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crossmodal role in action representation (Astafiev, Stanley, Shulman, & Corbetta, 

2004; Jackson, Meltzoff, & Decety, 2006; but see Kontaris, Wiggett, & Downing, 

2009; Peelen & Downing, 2005). 

Many findings converge on the idea that the parietal cortex generally codes 

aspects both of the position of the body and its movements, and of visual informa

t ion, particularly regarding stimuli that are the targets of action. In human neu

roimaging studies, activations in the general region of anterior IPS have frequently 

been identified in tasks involving either executing or observing human actions, 

typically those that are object-directed (Tunik, Rice, Hamilton, & Grafton, 2007; 

Van Overwalle & Baetens, 2009). In particular, aIPS computes the form of hand 

shape required to interact with an object, such as grasping, to achieve specific 

behavioural goals (Culham et al., 2003; Johnson-Frey et al., 2005). Evidence of 

this kind has led some researchers to the conclusion that this region is part of a 

human mirror system, although recent work with adaptation and MVPA methods 

has not supported this hypothesis (Dinstein et al., 2007; Dinstein, Gardner, et al., 

2008). The present results provide positive evidence for anterior IPS carrying a 

genuinely crossmodal action code. 

The left parietal crossmoda.l clusters extend substantially into the postcentral 

gyrus, implicating a role for somatosensory representations in the visual/motor 

representation of actions. This pattern was especially apparent in Experiment 2, 

which ( unlike Experiment 1) required finely controlled actions as the hand inter

acted with the object in different ways. Tactile sensory processing was an impor

tant aspect of this new task. Previous work has shown somatosensory activation 

by seeing others reach for and manipulate objects (e.g. Avikainen, Forss, & Hari, 

2002; Cunnington, Windischberger, & Robinson, 2006, as well as during passive 

touch (e.g. , Keysers et al. , 2004). The role of somatosensation in representing 

sensory aspects during haptic object exploration (e.g., Miquee et al., 2008) sug

gests its role in action simulation during observation is based on the sensory-tactile 

aspects of skin-object interactions (e.g., Gazzola & Keysers, 2008). 

In Experiment 2 we tested the hypothesis that meaningful, object-directed 

actions would be more effective than intransitive actions in engaging the ventral 

premotor cortex (vPM), as found in previous single-unit studies of the macaque 

and in univariate fMRI studies of the human (e.g., Rizzolatti, Fadiga, Matelli, 
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et al., 1996; Rizzolatti, Fadiga, Gallese, & Fogassi , 1996; Rizzolatti et al., 2001). 

This hypothesis was not confirmed, and indeed in neither experiment did we find 

significant crossmodal information in vPM. Previous evidence for common coding 

of vision and action in vPM was based on overlapping activations in univariate 

analyses, and as noted above, this could be due to completely separate neural 

codes for visual and motor action properties in the same brain region. This, 

however, would not be consistent with the adaptation findings of Kilner et al. 

(2009). Note however that the visuals stimulus in the Kilner et al. (2009) study 

was an egocent ric view of action, matching the participant's own viewpoint and 

not the view when observing another person's action. In sharp contrast , in our 

study hand actions were viewed from an allocentric perspective, the view of another 

person and not t hat of the participant 's own action. Our conditions more closely 

match the original idea that the mirror system computes and matches another 

individual's actions with our own. It is indeed possible that vPM in human is 

sensitive to very specific properties of an action that have to closely match in both 

visual and motor domains, and further studies with very precise matches between 

seeing and doing might detect MVPA effects in vPM. 

Alternatively, it could be the case that these properties are represented jointly 

in human vPM even when viewing action from an allocentric perspective, but on 

a spatial scale that is not well matched by the combination of imaging resolution 

and MVPA methods adopted here. Of course it is difficult to draw conclusions 

from a null effect, and we do not take the absence of significant clusters in these 

( and other) regions in t he present study as strong evidence against the presence 

of crossmodal visual-motor representations. 

As reviewed in the Introduction, recent evidence on visual/motor action repre

sentations from repetition-suppression methods is mixed. One possible hypothesis 

is that the relevant neural populations may not adapt in the same way as do neu

rons in other regions such as visual cortex. Previous single-cell studies in macaques 

support this proposal. For example, Leinonen et al. (1979) measured neural ac

tivity in anterior IPS, noting that "Cells that responded to palpation or joint 

movement showed no marked habituation on repetitive stimulation". Similarly, 

Gallese et al. (1996) ment ioned that for mirror neurons in frontal area F5, "[t]he 

visual stimuli most effective in t riggering mirror neurons were actions in which the 

78 



CHAPTER 4. Vrsuo-MOTOR ACTION REPRESENTATIONS 

experimenter 's hand or mout h interacted with objects. The responses evoked by 

these stimuli were highly consistent and did not habituate". 

However , several imaging adaptation studies have shown within-modality adap

tation effects, and/ or unidirectional cross-modal adaptation ( Chong et al., 2008; 

Hamilton & Grafton, 2006). In some cases (e.g. Chong et al., 2008), this could 

reflect adaptation of semantic representations instead of ( or in addition to) visuo

motor representations although in other paradigms this possibility can be ruled 

out (Lingnau et al., 2009). Most recently, as noted above, one study (Kilner et al. , 

2009) has shown fully crossmodal adaptation for execution / perception of simple 

object-directed hand actions, using a short-term repetition suppression paradigm. 

A potentially important consideration is that the repetition suppression studies 

to date have focused on short-term repetition, which relates in uncertain and 

potentially complex ways to single-unit spiking activity (Sawamura, Orban, & 

Vogels, 2006) and to long-term priming (Epstein et al. , 2008). This emphasis on 

the short-term changes in activity resulting from repetition stands in contrast to 

the present approach of identifying those aspects of activation patterns that remain 

constant over relatively long time scales on the order of tens of minutes. Clearly, 

further studies will need to directly compare MVPA and adaptation measures 

(both short-term and long-term) of crossmodal action representations. 

As noted above, there have been previous attempts to identify crossmodal vi

sual/ motor action representations with MVPA, most notably by Dinstein , Gard

ner, et al. (2008). That study used an event-related fMRI paradigm and a "rock

paper-scissors" task, in which participants freely chose to perform one of three 

actions on each t rial in a simulated competition against a computer opponent. 

MVPA revealed that activity in left and right anterior intraparietal sulcus (IPS) 

could discriminate, within-modality, among both perceived and performed actions, 

but in contrast to the present findings this did not extend to the crossmodal case. 

While t here are some similarities between Dinstein, Gardner , et al. (2008) and the 

present study that can be excluded as causing the divergent results ( e.g. both used 

linear discriminant analysis classifiers; both tested hand movements), there are sev

eral differences between the approaches used. For one, Dinstein, Gardner, et al. 

(2008) used functionally-defined regions of interest and so may have missed areas 

that do not necessarily exhibit strong responses in the univariate sense (see below). 
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Alternatively, task characteristics may be important. The rock-paper-scissors task 

has the advantage over other paradigms that participants freely choose their own 

actions to perform. However, in it, actions are also performed in a competitive 

context, which may alter or inhibit aspects of the opponent's actions, or of the 

commonalities between an action's visual and motor aspects. 

Our findings underscore the benefits of whole-brain analyses for MVPA. The 

use of standardized coordinates does not take into account inter-subject variabil

ity in the anatomical structure of the brain, while the using functional localisers 

to identify a priori regions of interest relies on the assumption that higher gross 

activation levels (e.g., for doing and seeing actions) in a region are a necessary 

condition for identifying representations of individual actions in that region. Our 

novel combination of surface reconstruction and information mapping (Oosterhof, 

Wiestler, Downing, & Diedrichsen, 2011) provides a data-driven map for the whole 

brain, featuring voxel selection and inter-participant alignment that respect corti

cal anatomy (Fischl et al., 1999). In this way we have identified areas of potential 

interest-specifically the lateral occipitotemporal cortex-that were not examined 

by previous studies of crossmodal visual/motor action representation. 

The present results open the way for further studies that use MVPA to ex

plore the nature of the neural "space" of action representation. Furthermore, the 

approach developed here could be adopted to test the boundaries of cross-modal 

action matching. For example, to what extent are neural activity patterns mod

ulated by variations in viewpoint (e.g. Vogt, Taylor, & Hopkins, 2003) , or by the 

allocation of attention? Finally, combining transcranial magnetic stimulation with 

£MRI would open the possibility of disrupting information-bearing areas, such as 

those identified here, in order to assess the consequent effects on behaviour and 

on remote, interconnected brain regions. 
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Chapter 5 

The role of viewpoint in action 

representations+ 

"To see ourselves as others see us is a most salutary gift. Hardly less 
important is the capacity to see others as they see themselves." 

Aldous Huxly, THE DOORS OF PERCEPTION, 1954 

tThis chapter has been submitted for publication as: Oosterhof, N.N., Tipper, S.T., & Down
ing, P.E. Mirror neurons in human ventral premotor cortex: A matter of perspective. This 
research was supported by the ESRC (grant to SPT and PED), and the Wales Institute of Cog
nitive Neuroscience. NNO was supported by a fellowship awarded by the Boehringer Ingelheim 
Fonds. The authors would like to thank Emily Cross, Marius Peelen, Giuseppe di Pellegrino, 
and Richard Ramsey for helpful comments on an earlier dra~ of this manuscript. 
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Abstract 

The discovery of mirror neurons- neurons that code specific actions both when 

executed and observed-in area F5 of the macaque provides a potential neural 

mechanism underlying various complex social human phenomena such as action 

understanding, imitation, theory of mind, language acquisition, empathy, and 

autism. Neuroimaging evidence for similar coding of specific actions across the 

visual and motor modalities in human ventral premotor cortex (PMv)-the puta

tive homologue of macaque F5- is, however, limited to the case of actions observed 

from a first-person perspective. A critical test of mirror-like action coding in this 

region requires a test of the third-person perspective, which figures centrally in 

our understanding of the actions and intentions of others. 

To address this gap in the literature, we scanned participants with functional 

magnetic resonance imaging while they viewed two actions from either a first or 

third person perspective during some trials and executed the same actions during 

other t rials. Using multi-voxel pattern analysis, we found action-specific cross

modal visual-motor representations in PMv for first-person but not for third-person 

perspectives. Additional analyses showed no evidence for spatial or attentional 

differences across the perspective conditions, but indicated that more posterior 

areas in the parietal and occipitotemporal cortex did show cross-modal coding 

irrespective of perspective. While our results do not rule out the existence of mirror 

neurons in PMv per se, they indicate that perspective modulates crossmodal visuo

motor representations in PMv and suggest that the neural populations representing 

actions in this region do not generalize across both perspective and modality. 
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5.1 Introduction 

Humans are a, social species for which the ability to observe and understand t he ac

tions and intentions of others is crucial in everyday interactions. A possible neural 

mechanism underlying this ability comes from the discovery of "mirror neurons" in 

the macaque frontal area F5 and parietal areas PF / PFG (Pellegrino et al. , 1992; 

Gallese et al. , 1996; Gallese & Goldman, 1998; but see Hickok, 2009; Turella , 

Pierno, Tubaldi, & Castiello, 2009). Mirror neurons show an increase in firing rate 

both when executing a specific goal-directed action and when observing t he same 

action executed by the experimenter. It has been suggested that similar neurons 

in humans could explain various complex social human phenomena such as ac

tion understanding, imitation, theory of mind, language acquisition, and empathy 

(e.g., Rizzolatti & Craighero, 2004), and to account for social deficits in autism 

(Iacoboni & Dapretto, 2006). 

Various studies using functional magnetic resonance imaging (fMRI) have lo

calized areas in human ventral premotor (PMv) and anterior parietal cortex (PCa) 

that show increased activity both when actions are observed and executed, and 

these have been suggest ed to reflect the human homologue of the mirror system 

(e.g. Gazzola & Keysers, 2008). However, the majority of these studies did not dis

criminate between action-specific activations and therefore do not rule out general 

non-action-specific effects of increased activity (Dinstein, Thomas, et al. , 2008). 

To test more directly for evidence of a human mirror system, recent fMRI 

studies have used either repetit ion suppression (RS) or mult i-voxel pattern anal

ysis (MVPA) to test for the presence of neural populations in PMv and PCa 

that represent specific actions. When considering only studies that included both 

observed and executed actions, nearly all failed to find strong evidence for cross

modal coding- i.e., similar coding across the visual and motor domains- in PMv. 

Furthermore, importantly, the only study (Kilner et al. , 2009) t hat reported full 

crossmodal action coding in PMv employed only the first-person perspective

where actions were seen as if performed by the participant. This does not test a 

key proposed feature of the "mirror" syst em: the ability to generalize to actions 

observed from third-person perspectives. Indeed, when considering t he literature 

more widely, a significant number of studies only tested actions observed from t he 
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F igure 5.1: fMRI studies investigating action-specific representations 
Overview of visual stimuli used for observed actions in RS and MVPA studies re
ported in Table 1. Only the surname of the first author is displayed; full references 
are shown in Table 5 .1. 

first-person perspective (Figure 5.1; Table 5.1). 

To address this gap in the human neuroimaging literature, we systematically 

compared crossmodal action-specific representations across first and third-person 

perspectives. We focus in particular on PMv as this region has been t he center of 

much of the empirical and theoretical investigations of the "mirror system" ( e.g. 

Ferrari et al. , 2005). Using MVPA, we found action-specific visual-motor repre

sentations in this region for first-person but not for third-person perspectives. Our 

results show that perspective modulates crossmodal visuo-motor representations 

in PM v and suggest that t he neural populations representing actions in this region 
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stud yn. 
do see X do see X 

J . biect d 
PMv PCa 

Majdandzic et al. , 2009 RS 1st One Yes ? + ? ? - ? 
Ortigue et al., 2009 RS 3rd Two1 Yes ? + ? ? + ? 
Kroliczak et al., 2008 RS 1st Eight Yes +2 ? +2 ? 
Ramsey & Hamilton, 2010 RS 3rd Two1 Yes ? + ? ? + ? 
Hamilton & Grafton, 2006 RS 1st Two1 Yes ? - ? ? + ? 
Hamilton & Grafton, 2007 RS 3rd One3 Yes ? - ? ? - 4 ? 
Dinstein et al., 2007 RS 1st No Yes + + - + + -

Chong et al. , 2008 RS 3rd No Yes ? 7 - ? ? ±5 
Lingnau et al. , 2009 RS 1st No Yes - - - - + ± 5 
Kilner et al., 2009 RS 1st Two1 Yes ? ? + ? ? ? 
Dinstein, Gardner , et al. , 2008 MVPA 1st No Yes + - - + + -

Ogawa & Inui, 2011 MVPA 1st & 3rd6 Two No ? + ? ? - ? 
Oosterhof et al. , 2010 MVPA 3rd One Yes + + - + + + 

Table 5.1: Overview of £MRI studies investigating action-specific representations. 
Studies are included that investigated action-specific representations of comparable actions using either RS or MVPA. 
Studies that considered activation differences due to manipulated visual or motor familiarity are excluded as they 
might be confounded by differences in attention. Cross-modal coding in PMv (marked column) was observed in one 
study (marked row). 
Abbreviations: RS, repetition suppression; MVPA; multivoxel pattern analysis; 1st/ 3rd, first/third perspective 
for observed actions, dyn., dynamic stimuli; PMv, left ventral premotor cortex; P Ca, anterior parietal cortex; 
'+', significant effect; '-', no significant effect; '?', not tested or reported; Do/ See/X , action specificity for 
executed/ observed/ cross-modal representations. 
Notes (indicated by superscripts in the Table): 1, two objects were used, each corresponding to a single action; 2, 
participants observed their own actions executing while executing them; 3, changeable object (box with lid); 4, RS 
effects were found for 'outcome' (box in open or closed position) but not for the kinematics of actions; 5, cross-modal 
repetition suppression effects in one direction ( do-then-see, or see-then-do) but not the other direction; 6, results 
collapsed across perspectives. 
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may be unable to generalize across both perspective and modality. 

5.2 Methods 

Subject s . Twenty-nine right-handed, healthy adult volunteers (mean age 26 

years; range 19-38 years; 20 female) were recruited from the Bangor University 

community. All participants had normal or corrected-to-normal vision. Partici

pants satisfied all requirements in volunteer screening and gave informed consent. 

Procedures were approved by the Ethics Committee of the School of Psychology 

at Bangor University. Participation was compensated at £ 15. 

Setup. Participants performed and watched object-directed actions in the scan

ner (Figure 2). The object was cup-shaped and attached with an elastic string to 

a table located partially inside the scanner bore, approximately above the navel of 

the participant (the same object was used in Oosterhof et al., 2010). To avoid triv

ial confounds of action observation during action execution trials, either a woollen 

or cardboard screen was attached to the scanner coil in a vertical position above 

the participant's neck to ensure that the participant was unable to see the ta

ble, the object, or their arms. Instructions were presented visually on a projector 

screen behind the scanner bore, which could be viewed by participants with a 

tilted, backward reflecting mirror placed on the scanner coil. 

Action stimuli. Participants performed and watched two object-directed ac

tions termed "lift" and "slap" (Figure 5.2). Actions were watched from either 

a first or third person perspective (in a between-participants design; see below). 

The first person perspective (lPP) videos recorded outside the scanner featured 

a male model in supine position with the table and object placed similarly to the 

participants in the scanner, with the camera located just behind and above the 

model's head. The third person perspective (3PP) videos were recorded featuring 

the same model and with a similar position of the table and object, but with the 

model standing on the opposite side of the table. For all actions, the model placed 

his hand in a 'resting position' on the table next to the object before and after 

executing the action. Projected on the horizontal plane, the angles between the 
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model's nose, object , and camera where approximately zero and 135° for the first

and third person videos, respectively. For each perspective, four exemplar videos 

were recorded of each of the two actions in alternating order. This introduced 

small variations in the different videos, which makes identifying the action based 

on low-level features of the first frames more difficult because the initial hand 

position is less or not predictive of the action shown in subsequent frames. Fur

thermore, using multiple exemplars allowed for comparing the action kinematics 

between actions and perspectives (see below). The 3PP videos were scaled and 

slightly rotated to match the position of the table and objects in the egocentric 

videos, and all videos were cropped to 514 x 378 pixels and surrounded by a black 

background. 

To assess how well the temporal cha1:acteristics of actions across videos were 

matched, five key frames were identified in all videos: (BH) the last frame be

fore the model's hand started to move from the resting position; (BO) the last 

frame before the object moved; (XX) the frame in which the object was in the 

most extreme position (lifted: highest posit ion; slapped; most angled position); 

(AO) the first frame after the object had moved; and (AH) the first frame the 

model put his hand back in the resting posit ion. Frames were chosen so that 

frame (XX) was always presented at 1.4 s after the start of the video, and the 

videos were made of equal length (2.8 s) by adding duplicates of frames (BH) and 

(AH) of the hand in the resting position before and after these respective frames. 

To compare the temporal characteristics across videos, relative onset times be

tween frame (XX) and each of the frames (BH), (BO), (AO) and (AH) was com

puted, yielding four relative onset t imes for each video exemplar. These onset 

times were then compared between the different videos (four exemplars per con

dition) in a 2 (view: lPP, 3PP) x 2 (action: slap, lift) multivariate analysis of 

variance (MANOVA) with pooled (co)variance estimates. The MANOVA showed 

a significant difference between the relative onsets of the lift and slap actions 

(Wilks' A= 0.1411,Roy's F(4,9) = 13.69,p < .001) but, more importantly, not 

between the lPP and 3PP views (A= 0.5153, F(4, 9) = 2.12,p = .16) and no inter

action (A= 0.6053, F(4, 9) = 1.47,p = .29). In other words, there were no appar

ent differences between the lPP and 3PP videos with respect to the temporal char

acteristics. Subsequent post-hoc univariate two-sample t-tests comparing the rel-
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ative onsets of the lift and slap actions ( collapsed across the lPP and 3PP videos) 

showed that the former started earlier (onset (BH), t12 = 6.05,p < .001 not cor

rected for multiple comparisons; onset (BO), t12 = 1.54,p = .14) and took longer to 

complete (onset (AO) , t 12 = -4.05,p = .0012; onset (AO), t12 = -6.67,p < .001). 

Experimental design and task. The main experiment had a 2 ( action: lift, 

slap) x 2 (modality: do, see) within-participants design. The actions were viewed 

in first person perspective (lPP) in Experiment 1, and in third person perspective 

(3PP) in Experiment 2. We used different perspectives for different participants to 

avoid potential 'contamination' effects across perspectives ( cf. Poulton, 1982) The 

"see" trials (Figure 5.2) were presented in blocks of 16 trials of three seconds each. 

A video of either the lift or slap action (randomly selected from the four exemplars; 

see above) was shown for 2.8 s, followed by a 0.2 s black screen. To ensure attention 

of the participants, once or twice during a block (determined randomly) a "catch" 

trial was presented instead of an action video, which consisted of a question mark 

displayed centrally and the words "lift" and "slap" at the left and right bottom 

of the screen. During a catch trial, participants had to indicate which of the two 

actions was the last one they observed before the question mark appeared, using 

a button press with their middle (action word on the left) or index (action word 

on the right) finger of the left hand. Feedback was given by either a green (correct 

response) or red (incorrect response) square that surrounded the selected action 

word from the moment the button was pressed until 2.5 s after trial onset. If no 

response was given within 1.5 s after trial onset, both action words were surrounded 

by a red square. To prevent potential finger motor planning strategies for catch 

trials, the position of the action words "lift" and "slap" (left/right or right/left) 

was chosen randomly in each catch trial. Both catch and non-catch trials lasted 3 

s each. 

Similar to the "see" trials, the "do" trials were also presented in blocks of 16 

trials of 3 s each. Action instruction cues consisted of a white arrow on a black 

background for 0.5 s at trial onset, followed by a 2.5 s black screen. The arrow 

pointed either upwards or leftwards, indicating a lift or slap action, respectively. 

Each run consisted of two "chunks" , where each chunk contained a single "do" 

block and a single "see" block in random order. Thus, each run contained two 
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(a) Still frames of representative movies used for two observed actions ('slap' and 
'lift' in the left and right columns, respectively) for first-person (top row) and 
third-person (bottom row) perspective conditions. For each type of video four 
similar exemplar videos were used. (b) Overview of conditions in the paradigm. 
Participants either executed (left column;· 'do') or observed (center column; 'see') 
the 'slap' and 'lift' conditions. Occasionally a 'catch ' trial (right column; 'catch 
(see)') was introduced after an observed action. (c) Overview of a single 'run' , 
consisting of two 'do' and two 'see' blocks of 48 s each, separated by null trials of 
16 s each. 
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"do" (D) and two "see" (S) blocks of 48 s each, with either order DSDS, DSSD, 

SDDS, and SDSD equally likely. These blocks were preceded and followed by 16 

s baseline blocks during which the projection screen was not illuminated (black 

screen) , resulting in runs of 272 s total. In each "do" and "see" block, the order 

of the two types of action trial (lift and slap) was randomized with the constraint 

that the order was first, second, and third order counterbalanced (Aguirre, 2007). 

Each participant was scanned in a single session, consisting of an anatomical 

scan followed by eight functional scans. Participants were instructed as follows: to 

rest their right hand on the table, on t he right-hand side of the object (from their 

perspective); to only move their right hand during "do" trials; to ensure the object 

was not touched except during "do" trials; and to keep their left hand and arm 

under the table. To ensure that participants followed the instructions correctly, 

they completed a practice run of the experiment while the anatomical scan was 

acquired, and compliance to the instructions including proper action execution 

was monitored using an MRI compatible camera attached to the scanner bore. 

Participants were instructed to use the viewed actions as a model and to match 

these as closely as possible during their own performance. 

D ata acquisition . The data were acquired using a 3T Philips MRI scanner 

with a SENSE phased-array head coil. For functional imaging, a T; -weighted 

single shot gradient echo planar imaging sequence was used to achieve partial brain 

coverage. The scanning parameters were as follows: repetition time (TR) 2,000 

ms; echo time (TE) 35 ms, flip angle 90°, 31 off-axial slices, (2.5mm)3 isotropic 

voxels, no slice gap, field of view 240 x 240mm2 , matrix 96 x 96, anterior-posterior 

phase encoding, SENSE factor = 2. Slices were tilted approximately 15° in the 

anterior-superior direction from t he anterior commisure-posterior commisure axis 

t o achieve coverage of the inferior frontal, inferior parietal, superior temporal, and 

occipital cortices. Seven dummy scans were acquired before each functional scan to 

reduce possible effects of T1 saturation. Paramet ers for whole-brain T 1-weighted 

anatomical scans were: 256 x 256 matrix; 175 coronal slices; lmm3 isotropic voxels; 

TR=8.4 ms, TE= 3.8 ms; flip angle = 8°. 
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Volume preprocessing. Using AFNI (R. W. Cox, 1996), data was prepro

cessed (despiked with 3dDespike, slice-time corrected with 3dTshift and motion 

corrected with 3dvolreg) for each participant and each functional scan separately. 

For motion correction, the functional volumes were aligned to the "reference vol

ume": t he first volume in t he first functional scan. The anatomical volume was 

aligned to the reference volume using 3dAllineate (Saad et al., 2009). 

Surface preprocessing. For each participant and hemisphere, anatomical sur

face meshes of the pial-grey matter ( "pial") and smoothed grey matter-white mat

ter ("white") boundaries were reconstructed using Freesurfer 's re con-all program 

(Fischl et al. , 1999) and these were used to generate inflated and spherical surface 

meshes. Based on surface curvature, the spherical surfaces of all participants were 

aligned to a standard spherical surface (Fischl et al., 1999), which has been shown 

to provide better inter-subject alignment than traditional volume-based alignment. 

Using AFNI's Mapicosehedron (Saad et al., 2004), these spherical surfaces were 

resampled to a standardized topology ( an icosehedron in which each of the twenty 

triangles is subdivided in 10,000 small triangles), and the pial, white, and in

flated surfaces were then converted to the same topology. This ensured that each 

node on the standardized surfaces represented a corresponding surface location 

across participants; therefore, group analyses could be conducted using a node

by-node analysis. Using the 'surfing' toolbox (Oosterhof, Wiestler , & Diedrichsen, 

2011), the affine transformation from Freesurfer's anatomical volume to the aligned 

anatomical volume was estimated using AFNI's align_epLanat . py and applied 

to the coordinates of the surfaces to align them with the reference volume, which 

ensured alignment between the surfaces and the motion-corrected functional time 

series data. 

The functional timeseries obtained after motion correction were projected to 

the surface using 3dVol2Surf as follows. Across the pial and white surfaces, line 

segments were constructed between the corresponding nodes. On each segment 

ten points were defined with equal distance. The value of the projected t ime series 

on the surface for each segment was based on the average value of the time series 

across the voxels containing the points on the corresponding segment. 

The projected time series were then smoothed on the intermediate surface 
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using a heat kernel as implemented in SurfSmooth (M. K. Chung, 2004) to obtain 

a smoothness of 5 mm Full-Width Half-Maximum (FWHM), where the original 

timeseries was detrended with 12 polynomial basis functions before t he initial 

smoothness was estimated. For both volume-based and surface-based analyses, 

time series were converted to percent signal change by dividing the signal for each 

time point by one percent of the mean signal over the run before analysed with 

the General Linear Model. 

Univariate analyses . A General Linear Model was used to estimate the BOLD 

response for the different conditions. We used different design matrices for activa

tion and information mapping, but they shared the same regressors of no interest: 

Legendre polynomials up to the third degree in each run to remove low frequency 

trends; motion parameter estimates (three for translation and three for rotation); 

and predictors for each catch t rial separately. We used separate predictors for 

catch trials because the psychological and neural responses might differ across 

catch trials. All 'do', 'see', and catch trials were modelled by a three second boxcar 

convolved with the AFNI's BLOCK4 canonical hemodynamic response function 

(HRF). 

For activation mapping, the design matrix contained two regressors of interest 

for 'do' and 'see' trials (irrespective of the type of action; 'lift' or 'slap'). For 

information mapping, the design matrix contained two 'do' and two 'see' regressors 

of interest-corresponding to the two actions (lift and slap )- for each 'chunk' (see 

above). Thus, 2 (action regressors per modality) x 2 (modalities per chunk) x 2 

( chunks per run) x 8 (runs) = 64 action regressors of interest were used for this 

analysis. 

Whole-brain activation mapping To identify areas that responded more dur

ing the observation and execution of actions than during baseline blocks, surface

based activation maps were generated based on the spatially smoothed t ime series 

for each individual and the design matrices described earlier. These maps were 

subsequently analysed at a group level with a standard t-test against zero of the 

beta estimates. To identify areas commonly activated or de-activated across the 

'do' and 'see' conditions, a signed conjunction group map was computed by talcing, 
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for each node separately, the minimum of the absolute t value across the 'do' and 

'see' group maps, which was then multiplied by one if both 'do' and 'see' values 

were positive, by negative one if both values were negative, and by zero otherwise. 

Region-of-interest MVPA Based on the univariate activation conjunction 

group map based on the data from all participants (i.e. collapsed across the two 

perspectives), we defined the center of ventral premotor (PMv) at t he group level 

as the node with the maximum conjunction value near t he ventral precentral gyrus. 

Because there is potential anatomical and/or functional variability in the location 

of action representation areas across par ticipants that might prevent such areas 

to be identified on a group map, voxels for multivariate pattern analyses (MVPA; 

Edelman et al. , 1998; Haxby et al. , 2001; Norman et al., 2006; Haynes & Rees, 

2006) were selected based on the magnitude of their response in the univariat e ac

tivation analysis. For each participant the following steps were taken (Figure 5.3) : 

first , a circle wit h 15mm radius centered at the group peak node was defined on the 

individual's surface, and t he node with t he highest 'do' and 'see' conjunction value 

in that circle was selected as the individual's peak. Second, in the volume, the 

voxel enclosing the individual's peak node was taken as the center of sphere with 

10mm radius. Third, the 100 voxels that showed the highest conjunction value in 

this sphere were selected for MVPA. Importantly, this algorithmic approach has 

the advantage that peak node and voxel selection is fully reproducible within and 

across studies and not biased by possibly arbit rary decisions of the investigator to 

choose between multiple peaks. 

Using these selected voxels, MVPA was conducted using a standard Support 

Vector Machine (SVM) as implemented by libsvm (Chang & Lin, 2011) . For 

the unimodal 'do' MVPA, action discriminability between lift and slap actions 

was computed using take-one-chunk-out cross-validation, where the SVM classifier 

was test ed on the 'do' lift and slap t -value estimates of one chunk, after it had 

been trained on all the other chunks. Then , by taking all chunks as a test chunk 

once, the classifier made an unbiased prediction for each action in each chunk, 

and classification accuracies ( chance level is 50%, distributed binomially under the 

null hypothesis of no information) was converted to z-scores (chance level: z = 0). 

Unimodal 'see' MVPA was conducted similarity. For crossmodal MVPA, training 
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Figure 5.3: Region-of-interest voxel selection method. 
(a) surface-based conjunction map of observed and executed actions versus base
line from data collapsed across the first and third person perspective conditions . 
The blue cross indicates the peak in PMv. The inset shows a detailed view of the 
PMv peak and surrounding cortex (CS, central sulcus; pCG, precentral gyrus) . 
(b) conjunction maps of two individual participants. The group peak is projected 
on the individual's brain a taken as the center of a circle, and the individual's 
peak ( denoted by D. and O, respectively) determined. ( c) Within a sphere cen
tered around the individuals' peak, the voxels in the volume that were most active 
in the conjunction analysis are selected for subsequent MVPA (see Method section 
for details) . 
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and testing was based on activation estimates from different modalities ( train on 

'do' and test on 'see', and vice versa) and the accuracies averaged. 

To obtain a more reliable and continuous z-score that was not based on a 

single cross validation procedure, we took a random subspace approach with 100 

iterations, where in each iteration 50% of the highest 100 voxels in the conjunction 

analysis was selected randomly and used for MVPA; t he resulting classification z

scores were then averaged over iterations. To exclude the possibility t hat any 

effects could be due to main activation differences across modalities, for each voxel 

and each modality (do and see) separately, the mean activation across chunks was 

subtracted in each ROI before MVPA. Repeating this procedure with another set of 

random subsets and computing correlations across participants for both unimodal 

('do' and 'see') and cross-modal classification results showed that this method was 

highly reliable (min(r) = .98, max(p) = 10- 17). 

We stress that even though voxel selection and MVPA was based on the same 

data, the MVPA results are not affected by circular analysis problems (Vul et al. , 

2009 ; Kriegeskorte et al., 2009) because the selection voxel criteria were based on 

univariate analyses where the two actions (lift and slap) were modelled by the same 

regressor. In other words, the voxel selection procedure used, by construction, no 

information about which action was performed during each trial. 

Whole-brain surface-based MVPA To identify other areas than our ROis 

that potentially represent the two actions differently, we conducted a whole-brain 

surface-based 'searchlight' analysis (Kriegeskorte et al. , 2006) using the 'surfing' 

toolbox similar to earlier work (Oosterhof, Wiestler, Downing, & Diedrichsen, 

2011). Briefly, a searchlight was defined as a circle with variable radius that 

contained a hundred voxels in t he grey matter (i.e. voxels that intersect the pial 

or white surface and voxels in between). A given node on the surface was taken as 

the center of a searchlight circle, the corresponding voxels used for MVPA- similar 

to ROI analyses describe above-and classification z-scores accuracy assigned to 

that center node. This procedure was repeated for every node on the surface, 

yielding a whole-brain information map. 

To correct for multiple comparisons without the need of choosing an a priori 

uncorrected threshold, the resulting information maps were subjected to group 
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analysis as follows: first, the average accuracy across participants for each node 

was used to compute a Threshold-Free Cluster Enhancement (TFCE) group map, 

based on formula (1) in Smith & Nichols, 2009) with the recommended values of 

ho = 0, E = 0.5, H = 2 and dh = 0.1. Second, a null hypothesis TFCE map 

distribution ( corresponding to classification accuracy at chance level, i.e. z = 0) 

was computed using a bootstrap procedure. In this procedure, the classification 

z-scores across participants were sampled randomly with replacement and their 

signs randomly inverted with 50% chance ( which is allowed on the null hypothesis 

of z = 0). We note that this approach preserved spatial smoothness in individual 

participant's information maps. A null hypothesis TFCE group map was com

puted based on these values, and the maximum TFCE value across the map was 

taken. This procedure was repeated a thousand times to obtain a null hypothesis 

distribution of maximum TFCE values. Third, statistical significance of nodes in 

the original TFCE group map were computed by dividing the number of times the 

node's value exceeded the TFCE values in the null hypothesis distribution by the 

number of iterations (a thousand). 

5.3 Results 

Behaviour results. Motion estimates across the functional scans exceeded 4 mm 

translation or 4° rotation in four participants. One other participant performed at 

exactly chance level (50% correct) during catch trials. These five participants were 

excluded, and all subsequent analyses were conducted using the remaining partic

ipants (n1st = 11, n3rd = 13). One participant's left hand was mispositioned on 

the button box during the first three runs so that he pressed the wrong button 

during catch trials, but after realizing this performed well (92% correct) during 

the remaining runs. All other participants performed well during catch trials 

(median(µ)=88% correct, binominal median(p) = 7.4 • 10- 6
, min(µ) = 68% cor

rect, min(p) = 0.047). No differences were found between participants that viewed 

actions from a first egocentrically (µ1st = 88%) and allocentrically (µ3rd = 88%), 

Wilcoxon rank-sum p = 1. 
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Ventral premotor cortex localization. The conjunction group map of 'do 

versus baseline' & 'see versus baseline', collapsed across perspective (Figure 5.3), 

allowed us to localize left ventral premotor cortex (PMv) near the precentral gyrus. 

Using the peak ROI coordinates on the conjunction group map, we identified a 

nearby maximum (within a 15 mm circle on the surface) in each participant's in

dividual conjunction map (Table Table 5.2). We compared the individual's ROI 

center coordinates across participants between the two perspectives (Figure 5.4) 

using a one-way MANOVA on the x, y , and z coordinates, and found no differences 

between the two groups (Wilk's A= .84, x~ = 3.50,p = .32). Finally we compared 

PMv's coordinates (-56, 1, 37) in our study with those reported in other studies. 

The meta-analysis by Van Overwalle & Baetens, 2009 describes 22 univariate stud

ies that report a group-based PMv area active during imitation. While imitation 

is not identical to the task requirements of the present study it is similar in that it 

requires both the execution and observation of actions. Therefore, an area show

ing a response to both the observation and execution of actions- as defined by the 

conjunction analysis to define PMv- is also expected to be active during imitation 

( although t he reverse is not necessarily true). The coordinates in our study did not 

differ from those reported in a recent meta-analysis (Van Overwalle & Baetens, 

2009) of imitated hand or finger actions (Mahalanobis D2 = 4.19,p = .24); see 

Figure 5.5a. Similarly, Dinstein et al. (2007) listed studies that report group

averaged coordinates of univariate studies showing a PMv area active during ei

ther action execution or observation, and also these coordinates did not differ from 

the PMv coordinates in the present study (Mahalanobis D2 = 4.22,p = .24); see 

F igure 5.5b. To summarize, these analyses suggest that the location of the PMv 

as defined here is consistent with other studies. 

Ventral premotor cortex MVPA. Using the individual's PMv ROI centers 

defined above, for MVPA we selected voxels in their neighbourhood that were 

maximally activated in the conjunction analysis (see Method section for details). 

Classification accuracies were significantly above chance (Figure 5.6; Table 5.2) 

for the unimodal 'do' and 'see' analyses. In the cross-modal analysis, a difference 

between the two perspective conditions was observed (t22 = 3.45,p = .002; non

parametric rank sum test p = .007): first-person observed actions showed cross-
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view 
coordinates classification z 

X y z do see X 

-49 -4 43 0.25 0.66 0.53 
-54 - 4 46 0.72 1.18 0.58 
-61 -5 36 0.30 0.28 0.06 
-54 6 39 0.86 -0.22 1.04 
-60 1 44 1.03 1.33 0.89 

1st -58 -1 40 0.71 0.90 0.16 
-52 2 40 0.35 0.80 0.58 
-56 - 1 45 1.35 0.67 0.88 
-64 3 31 -0.92 - 0.42 0.10 
-58 -8 38 1.56 -0.56 0.54 
-57 1 27 0.35 1.36 0.93 
-56 -5 36 0.90 - 0.11 0.32 
-58 2 35 -0.48 0.88 0.30 
- 51 3 39 0.25 0.77 0.25 
- 54 5 28 0.50 1.09 -0.11 
-56 0 43 2.88 0.79 -0.24 
-55 7 35 0.48 -0.34 -0.48 

3rd -51 11 17 0.91 0.65 0.14 
-60 11 44 0.04 0.19 -0.32 
-60 - 7 26 -0.03 -0.01 0.14 
-51 6 51 2.01 - 0.65 0.86 
-62 - 1 29 0.81 -0.14 0.10 
-52 -9 35 1.20 0.09 0.22 
-62 6 36 2.70 0.35 -0.06 

Table 5.2: First and third person perspective coordinates 
PMv Talairach coordinates and MVPA classification z scores shown in Figure 5.6 
for action representations in individual participants. Abbreviation: X, cross-modal 

• 
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F ig ure 5.4: First and third person perspective coordinates 
Comparison of PMv Talairach (x, y, z) coordinates for participants in the first per
son (blue spheres) and third person (red spheres) perspectives. Spheres connected 
to lines indicate t he location in 3D space; the lower end of each line is positioned on 
the 'floor' xy plane (z = -20). Spheres not connected to lines indicate projections 
of the same coordinates on the xz (y = 60) and yz (x = 10) planes. Grey ellipses 
show 2D projections of the 95% confidence ellipsoids for the first and third person 
view conditions. 
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Figure 5.5: Comparison with coordinates in other studies 
Comparison of PMv coordinates in the present study (large red sphere) with coor
dinates of other studies (smaller blue spheres) as reported by (a) Van Overwalle 
& Baetens, 2009 and (b) Dinstein et al. , 2007. Conventions as in Figure 5.4. 
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modal information (one-tailed tio = 5.14,p = .0002; non-parametric sign test p = 
.001 ), while the third-person observed actions did not ( one-tailed t12 = . 71 , p = .25; 

non-parametric sign test p = .27). 

To assess the robustness of this effect , we varied number of voxels initially 

selected (50, 100 or 150) and t he percentage of the voxels with highest conjunction 

values used for random subsets (25%, 50%, or 75%) . As shown in Figure 5.7 we 

found that the effect was reliable across t hese parameters: all comparisons between 

first and third person perspectives showed that the former showed higher cross

modal classification accuracies, and t his effect was significant except for ROis with 

a low number of voxels. Finding weaker classification results with smaller sets of 

voxels is as expected and conforms to previous findings (D. D. Cox & Savoy, 2003; 

Oost erhof, Wiestler, Downing, & Diedrichsen, 2011) 

Addit ional analyses An alternative explanation for cross-modal coding differ

ences between first and third person perspective in PMv is modulation by attention 

or depth of processing when participants viewed the actions. For example, partic

ipants may have attended less to actions presented in the t hird person perspective 

condition than to t hose in the first person condition, which might have led to 

weaker action-specific coding. To rule out such explanations we conducted sev

eral additional analyses. First, attentional effects have been shown to modula te 

overall BOLD response (e.g., Kanwisher & Wojciulik, 2000). We considered the 

voxels used for MVPA and computed their average activity for the executed and 

observed actions separately. As shown in Figure 5.8, there were no perspective 

effects in the peak or median response for executed (peak t22 = - 1.45, p = .16; 

median t22 = 0.76,p = .45) or observed (peak t22 = -0.44,p = .65; median 

t22 = 0.02,p = .98) actions. Also the signed conjunction value did not show a 

difference (peak t22 = - 1.01,p = .32; median t 22 = 0.07,p = .95). 

Second, using the same procedure as for PMv, we localized several other ar

eas that have been suggested as part of an action representation network and 

that were significantly activated in our univariate conjunction analysis: bilateral 

occipital temporal cortex (OT), anterior parietal cortex (PCa), and dorsal pre

motor cortex (PMd). All areas showed reliable activation for both observing and 

executing actions (ps < .001 in the conjunction analysis, not corrected for mul-
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F igure 5.6: PMv MVPA results 
Classification accuracies for unimodal do, unimodal see, and cross-modal action 
specific representations in left ventral premotor cortex are shown for first (blue) 
and third (red) person observed actions. Accuracies are denoted by z-scores, where 
z = 0 denotes chance (no action-specific representations) . Colored dots indicate 
individual participants. Abbreviations: *,P < .05; **,P < .01; *** ,P < .001. 
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Figure 5. 7: PMv voxel selection robustness analysis 
Classification accuracies for cross-modal action specific representations in left ven
tral premotor cortex using different voxel selection parameters for MVP A. Accu
racies are shown for the highest 50, 100, and 150 (top, middle and bottom row, 
respectively) with random subsets of 25%, 50% and 75% (left, middle and right 
column, respectively) of the maximally active voxels in the univariate conjunction 
analysis across observed and executed actions (see Methods for details). Conven
tions as in Figure 5.6. 
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Figure 5.8: Univariate PMv analysis 
Univariate maximum (top) and median (bottom) univariate conjunction t-scores 
across observed and executed actions in left ventral premotor cortex. Conventions 
as in Figure 5.6. 
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coordinates 
area abbr. 1st person 3rd person 

X y z X y z 
ventral premotor cortex PMv -57 -1 39 -56 2 35 

left 
occipito-temporal cortex OT - 49 - 73 1 -49 - 73 2 
anterior posterior cortex PCa -39 -37 47 -41 - 36 48 
dorsal premotor cortex PMd - 35 -8 55 -40 - 7 55 
ventral premotor cortex PMv 56 6 37 57 1 37 

right 
occipito-temporal cortex OT 52 -63 -1 52 -60 2 
anterior posterior cortex PCa 36 - 41 49 35 -40 54 
dorsal premotor cortex PMd 44 -4 56 46 - 2 55 

Table 5.3: Other ROis coordinates 
Coordinates of areas shown in Figure 5.9. Abbreviation: abbr., abbreviation. 

tiple comparisons) . If attention modulates cross-modal coding, then one would 

expect a similar modulation of perspective in these action representation areas. 

However, we found no such cross-modal differences in these areas (Figure 5.9, Ta

ble 5.3) . It is unlikely that this is due to lack of power, because PCa and OT 

showed , consistent with earlier work, reliable cross-modal coding in both perspec

tives. Furthermore, several of these areas showed a (non-significant; min(p) = .22) 

stronger cross-modal coding in the third person perspective than in the first person 

perspective, an effect in the opposite direction as would be expected for general 

weaker encoding in the latter perspective. 

Third, we conducted a surface-based searchlight analysis to identify cross

modal areas in the whole brain, unrestricted by a priori assumptions of areas 

involved in action representation. As shown in the group map corrected for mul

tiple comparisons (p = .05), while PMv did not survive correction for multiple 

comparisons for the first person condition, we found a reliable cluster in left PCa 

for both perspectives (Figure 5.10; Table 5.4). Importantly, the location and size 

of this cluster was consistent across t he two groups. Together with the earlier 

observation that we found no differences in behavioural performance between t he 

two perspectives, this makes an explanation due to attentional effects unlikely. 
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Figure 5.9: Other ROis MVPA results 
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Classification accuracies (z = 0 is chance level) for cross-modal action specific rep
resentations in several brain areas suggested as representing actions and showing 
activity for both observed and executed actions (see Methods) . The top and bot
tom row show accuracies for the left and right hemispheres. Abbreviations: PMv, 
ventral premotor cortex; OT, occipitotemporal cortex; PCa, anterior parietal cor
tex; PMd; dorsal premotor cortex. Conventions as in Figure 5.6. 
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Figure 5 .10: Whole-brain MVPA results 

} 

first 
person 56% 

50% 

} 

t hird 
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accuracy 

Classification accuracies (50% is chance level) on surface-based information group 
map for cross-modal action specific representations in the first (top) and t hird 
(bottom) person perspective conditions. Nodes surrounded by a blue line survived 
Threshold-Free Cluster Enhancement with correction for multiple comparisons at 
p = .05 (see Methods) . 

view abbr. area 
coordinates 
X y 

1st person PCa left anterior parietal cortex -48 -30 
3rd person PCa left anterior parietal cortex -49 -31 

Table 5 .4: Whole-brain MVPA results 

size 
z (mm2

) 

41 768 
42 819 

Brain areas showing cross-modal action representations surviving multiple-
comparison corrected (p = .05, Threshold-Free Cluster Enhancement corrected; 
see Methods) in whole-brain searchlight maps as reported in Figure 5.10. Conven
tions as in Table 5.3. 

107 



CHAPTER 5. THE ROLE OF VIEWPOINT lN ACTION REPRESENTATIONS 

5.4 Discussion 

Using an ROI-based MVPA approach, we showed that perspective modulates cross

modal visuo-motor representations in PMv, a key region of the putative human 

mirror system. Actions perceived from a first person perspective showed reliable 

cross-modal coding, but the same actions perceived from a third person perspective 

did not. At a neural level, our results may seem incongruent with macaque studies 

of mirror neurons. For example, the first study that quantified the properties of 

neurons in macaque area F5- the putative homologue of human PMv- showed re

liable coding in mirror neurons for actions that were executed by an experimenter 

and observed by the monkey in a third person view (Rizzolatti, Fadiga, Gallese, 

& Fogassi, 1996). Of the 532 neurons reported in that study, 29 (5%) showed 

'strictly congruent' properties, i.e. increased firing for the observation and execu

tion of a specific action with a specific goal. Another 25 (5%) showed 'mirror-like' 

properties, i.e. increased firing for the observation of actions but without motor 

properties. A more recent study ( Caggiano et al., 2011) investigated the role of 

perspective on firing rates of motor neurons in F5, where macaques observed ac

tions from 0, 90 or 180° perspectives. After having established that action videos 

did elicit changes in firing rates similarly to live actions, the researchers found t hat 

different neurons showed different tuning profiles across the different perspectives, 

with slightly more neurons responding specifically to actions observed from a first 

person (0°) perspective ( n = 27) than a third person (90 and 180° ) perspective 

(n = 15 and n = 18, respectively). 

Taken together, these results suggest that (1) mirror neurons are a minority 

amongst other types of neurons in F5; (2) there are dissociable neural popula

tions showing unimodal coding for observed actions (mirror-like neurons) and for 

cross-modal coding (strictly congruent mirror neurons), and (3) there are disso

ciable neural populations for actions observed from a first and from a third person 

perspective, with a potential bias for stronger coding of actions from a first per

son perspective. Although extrapolating from these results to human fMRI is not 

straightforward and must remain speculative, these properties are consistent with 

the results of others and our own, namely: (1) evidence for cross-modal coding in 

PMv is weak, because of the small proportion of neurons involved; (2) unimodal 
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coding for vision and motor actions is possible without the necessary presence of 

cross-modal coding in the same area; and (3) observed actions may be coded dif

ferently in PMv for first versus third person perspective, and the former may be 

coded more strongly. 

Considering studies in humans, the only study reporting cross-modal action 

coding in PMv so far (Kilner et al., 2009) used a repetition-suppression paradigm. 

In this approach, an action was either observed (in a first-person view) or executed, 

followed immediately by either the execution or observation of either the same 

action or another action. Reduced activity for repeated actions compared to non

repeated actions was found in PMv. Insofar as that study showed cross-modal 

coding when actions were observed from a first-person perspective, it is consistent 

with our findings. However, Kilner and colleagues used two different objects as 

the targets of t he two actions, which means that action-specific and object-specific 

coding could not be dissociated. In contrast, the current study shows that cross

modal coding in PMv can be attributed to specific coding of different actions, not 

of specific objects, and, more important, that this coding is modulated by the 

perspective of observed actions and does not appear to generalize to the third

person view. 

Several other studies have used either RS or MVPA approaches to study spe

cific coding of actions- and failed to find cross-modal visuo-motor coding in PMv. 

Apart from variations in methodology employed in t hose studies (including vari

ations in perspective) , the interpretation of such results has varied considerably 

as well. For example, two studies (Chong et al. , 2008; Lingnau et al. , 2009) 

both used RS and found partial evidence for cross-modal coding, i.e. RS effects 

from one modality (do or see) to the other (see or do, respectively) , but not vice 

versa. Chong and colleagues interpreted this result as evidence for human mirror 

neurons , while Lingnau and colleagues made the opposite interpretation, namely 

that finding only uni-directional RS argued against the existence of a mirror-like 

mechanism. 

Additionally, a challenge is posed by the differences between the assumptions 

behind interpretations of RS (Sawamura et al. , 2006; Epstein et al. , 2008; Sum

merfield et al., 2008) and MVPA results (Beeck, 2010; Kriegeskorte et al., 2010).It 

may be reassuring that a direct comparison of RS and MVPA found that both 

109 



CHAPTER 5. THE ROLE OF VIEWPOINT IN ACTION REPRESENTATIONS 

approaches yielded qualitatively similar results (with MVPA being more sensitive) 

in visual cortex (Sapountzis et al., 2010), but it is unclear whether these results 

generalize to other brain areas. Taken together, a full understanding of the neural 

mechanisms underlying RS and MVPA, and the implications of results from these 

paradigms for understanding the human mirror system, is unlikely to be resolved 

with fMRI alone. Future studies may require the combination of neurophysiologi

cal with fMRI methods. 

Apart from methodological considerations in interpreting our findings, few 

would dispute that first and third person perspectives differ in terms of phe

nomenology, behaviour, and neurally. At a phenomenological level, a first per

son perspective is important for self-consciousness (Newen, 2003). For example, 

there is a clear distinction between executing an action yourself, or imitating an 

action performed by someone else. Unlike observing someone else's action, the 

process of observing your own action is associated with a planned goal of the actor 

present before any movement has taken place (Von Hofsten, 2004), requires per

ceived ownership of the effector used to execute the action (Synofzik, Vosgerau, & 
Newen, 2008) , requires complex coordination of several muscles of the effector that 

executes the action (Aflalo & Graziano, 2006), and involves visuo-motor and pro

prioceptive neural feedback mechanisms (Balslev, Cole, & Miall, 2007). Various 

behavioural studies have also shown speed and accuracy advantages for first per

son perspectives (e.g. Vogt et al. , 2003; Maeda, Kleiner-Fisman, & Pascual-Leone, 

2002) . Alltogether, there are many potential reasons why actions observed from a 

first person perspective could, at a neural level, be represented more strongly, or 

distinctly, from actions observed from a third person perspective. 

Such an explanation is consistent with hierarchical coding frameworks that de

scribes actions in a motor hierarchy from kinematics to goals and intentions that 

is implemented in a distributed system of connected areas in the brain (Wolpert, 

Doya, & Kawato, 2003a; Hamilton & Grafton, 2007; Kilner, Friston, & Frith, 

2007b). In this hierarchy, posterior areas in occipitotemporal cortex encode vi

sual properties of actions, parietal areas code for action goals and intentions, and 

frontal areas code for precise reach and grasp motor control. Indeed, our results 

show involvement of all these areas in action-specific coding. First, our results 

show that OT codes actions cross-modally (irrespective of perspective; Figure 5.9) 
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replicating earlier findings (Oosterhof et al., 2010) which is consistent with not only 

a visual role for this general region but also motor coding of actions (Astafiev et 

al., 2004; Orlov, Makin, & Zohary, 2010), possibly with specific preference for cod

ing manual actions (Bracci, Ietswaart, Peelen, & Cavina-Pratesi, 2010). Second, 

many lines of evidence point to a role of PCa for integrating perception, action, 

and cognition (Gottlieb, 2007) and representing goals abstractly- potentially at 

the top of the action representation hierarchy (Hamilton & Grafton, 2007)- which 

is consistent with the reliable perspective-independent cross-modal coding found 

in other studies (see Table 5.1; Fogassi, 2005) and the present results (Figures 

5.9 and 5.10). Third, PMv has been suggested to be involved in the precise im

plementation (e.g., type of grasp) of actions (Hamilton & Grafton, 2007; Kilner 

et al., 2007b) which- as argued above- could explain stronger cross-modal cod

ing for actions observed from a first-person perspective than from a third-person 

perspective. 

While our results do not rule out the existence of mirror neurons in PMv, 

they emphasize the important modulatory properties of perspective on cross-modal 

action coding. This is an issue that- despite being central to the proposed function 

of mirror neurons, namely that they are involved in the coding of the actions of 

others- has not been investigated systematically in humans so far. Future studies 

can address which areas code for specific actions in more detail by delineating the 

representational similarity structure ( cf. Kriegeskorte, Mur, & Bandettini, 2008) 

of different aspects of actions (e.g. effector , trajectory, object, grasp posture, and 

goal) across different modalities, perspectives and areas of the brain. 
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Chapter 6 

The role of imagery in 

visuo-motor action 

representations 

"Imagine there's no Heaven 

It 's easy if you try 

No hell below us 

Above us only sky 

Imagine all the people 

Living for today" 

John Lennon, I MAGINE, 1971. 
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Abstract 

The discovery in macaques of 'mirror neurons'- neurons that fire both when per

forming a specific action and when observing someone else performing the same 

action-has provided a potential neural mechanism to explain how humans are 

· able to understand the actions of others. Recent functional magnetic resonance 

imaging ( fMRI) studies have corroborated the notion of such action-specific rep

resentations that generalize across the motor domain ( when a person performs an 

action) and the visual domain (when she observes someone else performing the 

same action) . 
Such findings do not imply the existence of a cross-modal visuo-motor code for 

actions because such effects could, in principle, be the result of mental imagery of 

either the visual input of observed actions (when performing actions) and/or the 

motor process of performing actions (when observing actions). At present there are 

no reports, however, that mental imagery does indeed elicit similar action-specific 

representations as when performing and observing an action. 

To address this gap in the literature, right-handed participants were scanned 

with fMRI while they performed (and observed themselves performing) two differ

ent actions during some trials, and imagined performing (and observing themselves 

performing) the same actions during other trials. We used multi-voxel pattern 

analysis (MVPA) to identify areas where representations of specific actions gen

eralize across imagined and performed actions and found that the left anterior 

parietal cortex showed this property. 

This is the first demonstration of action-specific representations that are sim

ilar irrespective of whether actions are actively performed or covertly imagined. 

Our findings provide an alternative interpretat ion- mental imagery- for apparent 

cross-modal visuo-motor coding. 
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6.1 Introduction 

Humans are social beings with a highly developed brain that enable them to in

teract with others and their environment in complex manners not seen in other 

animals. The ability to predict the consequences of our actions is crucial for such 

interactions, not only while performing actions-explained by 'forward' models 

(Kawato, 1999; Wolpert et al., 2003a)- but also when imagining the outcome of 

our actions without actually executing them (Wolpert, Doya, & Kawato, 2003b ). 

Inspired by the discovery of 'mirror neurons' in macaques-neurons that fire 

both when the monkey executes an action or observes the action- in premotor and 

parietal cortex (Pellegrino et al., 1992; Gallese et al. , 1996), functional magnetic 

resonance studies have investigated the neural correlates of such putative action 

representations shared across different modalities with a prime focus on imitation, 

observation, and execution. These studies have consistently found that several 

areas in the frontal and parietal cortex show an increased response for the imita

tion, observation and execution of actions, a result that often has been interpreted 

as evidence for human mirror neurons (e.g., Molenberghs et al., 2011; Rizzolatti 

& Fabbri-Destro, 2008; Gazzola & Keysers, 2008; Brass & Heyes, 2005; but see 

Welberg, 2008; Dinstein, Thomas, et al., 2008; Hickok, 2009; Iacoboni & Dapretto, 

2006). Fewer studies have investigated the role of imagery, although there is evi

dence that imagined actions engage similar areas as observed or executed actions 

(Filimon, Nelson, Hagler, & Sereno, 2007; Lotze et al., 1999). Crucially, the large 

majority of studies did not investigate the representations of specific actions and

given the limited spatial resolution of fMRI- do not rule out that observed and 

executed actions are subserved by different but spatially overlapping neural pop

ulations. The few studies that have investigated action-specific representations 

yielded mixed results and interpretations, with some arguing for different neu

ral populations for observed and executed actions (Dinstein, Gardner, et al., 2008; 

Lingnau et al., 2009) and others for one single cross-modal visuo-motor population 

(Chong et al., 2008; Kilner et al. , 2009; Oosterhof et al., 2010). 

To complicate this debate further, a theoretical-not well researched- alternative 

interpretation of apparent visuo-motor coding of observed and executed actions is 

mental imagery. For example, if participants observe actions they may-consciously 
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or unconsciously-also imagine executing the action without any overt behaviour. 

Alternatively participants may imagine the observation of their own actions while 

they execute unseen actions. Such imagery effects may result in responses due 

to unimodal action-specifc representations that are similar both during performed 

and executed actions and therefore consistent with cross-modal coding. Indeed, 

neuroimaging studies have provided evidence for shared representations of imag

ined and performed or observed movements of specific body parts in somatosensory 

(Stippich, Ochmann, & Sartor, 2002) and occipito-temporal cortex, respectively 

(Orlov et al., 2010). However, it is unclear whether mental imagery of specific 

manual actions-that are all performed with the same body part, the hand- can 

explain apparant cross-modal, visuo-motor common coding of visuo-motor repre

sentations. 

To investigate this possibility empirically, we asked participants to perform two 

manual actions (while they could see their own hand) during certain trials, and 

to imagine these actions without overt behaviour during other trials while they 

were scanned with fMRI. We used multi-voxel pattern analysis (MVPA; Edelman 

et al., 1998; Haxby et al., 2001; Norman et al., 2006; Haynes & Rees, 2006) to 

distinguish between the neural patterns associated with two manual actions. In 

the crucial cross-modal perform-imagine analysis, we found that the left anterior 

parietal cortex represents specific actions in a manner shared across the performed 

and imagined conditions. These findings are the first evidence for action-specific 

coding of imagined actions and support an alternative explanation for ostensible 

cross-modal coding of actions. 

6.2 Methods 

Participants. 12 right-handed, healthy adult volunteers were recruited from 

the Bangor University community. All participants had normal or corrected-to

normal vision. Participants satisfied all requirements in volunteer screening and 

gave informed consent approved by the School of Psychology at Bangor University. 

Participation was compensated at £15. 

116 



CHAPTER 6. THE ROLE OF IMAGERY IN ACTION REPRESENTATIONS 

D esign and Procedure . The same setup was used as in Oosterhof et al. (2010), 

Experiment 2 (see Chapter 4 in this thesis), where part icipants manipulated a cup

shaped object t hat they could see through a forward-looking mirror attached to 

t he scanner coil. In the 'perform' condition, participants opened their eyes and 

performed either a 'lift ' or a 'slap' action while they saw their hand and the object 

t hrough t he forward looking mirror. In the 'imagery' condit ion, participants closed 

t heir eyes and imagined both the motor and visual aspects of performing a 'lift ' 

or a 'slap ' (as in the perform condit ion), but without actually moving their hand 

(or any other body part) and without seeing their hand or the object. Thus, the 

design was 2 {perform, imagery} x 2 {lift, slap} with 4 condit ions in total. 

Instructions consisted of a combination of spoken instructions (generated by the 

Apple Mac OS 10.6 "say" speech synthesizer program using the voice of "Alex") 

and sinusoid tones that increased or decreased linearly in frequency between 400 

and lO00Hz during a 400ms period. In perform trials the word 'open' was spoken 

starting at t rial onset (instructing participants to open the eyes), followed by a 

sinusoid tone starting at one second after t rial onset . Increasing or decreasing 

frequencies indicated whether participants should perform a lift or a slap, wit h the 

pairing (increasing for lift and decreasing for slap; or vice verse) counterbalanced 

across part icipants. In imagery trials the word 'close' was spoken at t rial onset 

(instructing part icipants to close the eyes) followed by eit her the word 'lift ' or 'slap' 

start ing one second after trial onset. Each t rial lasted for four seconds in total. 

We used different types of action instructions (sinusoid tones versus speech) for 

perform and imagery trials so that any shared representations across perform and 

imagery trials could not be due to similarities of auditory stimuli. Furthermore we 

used speech for the imagery condit ion for all part icipants because we reasoned that 

(1) representations of imagined actions would be weaker than that of performed 

and observed actions and (2) spoken words of the two actions would facilitate 

action imagery more than sinusoid tones . 

Each participant was scanned during a single session with 6 to 8 functional 

scans and an anatomical scan if such a scan was not available from another scanning 

session. Each functional scan consisted of four 'chunks' of 16 t rials (wit h a duration 

of 64 s) each , where each of the four conditions was presented four t imes in random 

order with the constraint that each condit ion preceded each condit ion equally often 
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(i.e. the conditions were first-order counterbalanced; cf. Aguirre, 2007). Each 

chunk was preceded and followed by a 16 s baseline block that started with the 

auditory instruction 'open' followed by 'relax for now'. Participants practiced 

performing and imagining the actions first outside the scanner and then a second 

time during a practice functional scan (for which the data was discarded) inside 

the scanner. The practice scan was also used to ensure the auditory stimuli could 

be heard well despite the scanner noise. 

Participants were instructed similarly to Oosterhof et al. (2010) and as follows: 

to rest their right hand on the table, on the right-hand side of the object (from 

their perspective); to only move their right hand during "do" trials; not to touch 

the object except during a perform trial; to keep their left hand and arm under 

the table, out of view; and after a "close" instruction, to keep their eyes closed 

until they were instructed to open them again and to imagine both executing and 

observing the instructed action without moving their hand or arm. Compliance 

of performing hand actions and opening and closing the eyes was monitored using 

an MRI compatible camera and eye tracker, respectively. 

Data acquisition. The data were acquired using a 3T Philips MRI scanner 

with a SENSE phased-array head coil. For functional imaging, a single shot T;
weighted, gradient echo planar imaging sequence was used to achieve near-whole 

cerebrum coverage with the following parameters: repetition time (TR) 2500 ms; 

echo time (TE) 35 ms; flip angle 90°; 39 slices acquired in interleaved ascending 

order; no slice gap; field of view (FOV) 224 x 224 mm2
; matrix size 92 x 92; 

2.5 x 2.5 x 2.5 mm3 voxels; anterior-post erior phase-encoding; SENSE factor 2). 

Slices were tilted approximately 20° from the anterior commisure-posterior com

misue axis in the frontal-superior direction. For participants with large brains the 

parietal lobe was fully covered at the expense of reduced coverage of the anterior

inferior part of the temporal lobes. Seven dummy scans were acquired before 

each functional run to reduce possible effects of T1 saturation. Parameters for 

T 1-weighted anatomical scans were: matrix size 288 x 232; 1 x 1 x 1 mm3 voxels; 

TR 8.4 ms, TE 3.8 ms; flip angle = 8° . 
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Preprocessing. Data was processed using AFNI (R. W. Cox, 1996), SUMA 

(Saad et al. , 2004), Matlab (the Mathworks Ltd., Cambridge, UK), the Surfing 

(Oosterhof, Wiestler , & Diedrichsen, 2011) and Fast Marching (Peyre, 2008) tool

boxes, and customly written scripts in a similar fashion as described in earlier work 

(Oosterhof, Wiestler , Downing, & Diedrichsen , 2011). 

Briefly, anatomical surfaces representing the inner (pial) and outer (white mat

ter) boundaries of the cort ical grey matter, and an inflated surface used for visual

ization , were reconstructed using the anatomical scans and Freesurfer 's recon-all 

script (Fischl et al. , 1999). These surfaces were aligned to a template brain based 

on cortical folding patterns, which improves inter-subject alignment . An inter

mediate surface was computed by taking the node-wise average of the pial and 

white matter surfaces. Surfaces were resampled to have a standard mesh topol

ogy wit h AFNI SUMA's Mapi cosehedron (200,000 triangles; 100,002 nodes) and 

subsequently aligned to t he first functional volume of the first functional run us

ing the surfing toolbox which uses AFNI's 3dAllineate (Saad et al., 2009) . For 

visualization of group results, both the anatomical volume and the surfaces were 

transformed to Talairach (Talairach & Tournoux, 1988) space (using the estimated 

affine transformation from recon-all) and averaged. For clust er-based analysis, the 

group average area for each node was computed separately by taking the aver

age across the intermediate surfaces across part icipants. For information mapping 

(Kriegeskorte et al. , 2006; Oosterhof, Wiestler , Downing, & Diedrichsen, 2011) 

voxels were selected for each center node by constructing a searchlight circle on 

the intermediate surface based on geodesic distance, selecting t he corresponding 

voxels in between or on the pial and white matter boundaries, and dynamically 

increasing the searchlight radius until approximately 200 voxels were selected. 

Using AFNI (R. W . Cox, 1996), for each participant and each functional run 

separately, data was despiked (3dDespike), t ime-slice corrected (3dTshift), and 

motion corrected (3dvolreg) with trilinear resampling relative to the first func

tional volume of t he first functional run. For surface mapping, the resulting data 

was projected onto the surface (3dVol 2Surf) and spatially smoothed on t he inter

mediate surface with a 5mm Full-Width Half-Maximum (FWHM) gaussian kernel. 

Percent signal change was computed at each spatial location (voxel or node) by 

dividing the signal in each time point by one percent of the average signal across 

119 



CHAPTER 6. THE ROLE OF IMAGERY IN ACTION REPRESENTATIONS 

the run. 

Response estimates. The BOLD responses to the different conditions were es

timated using the General Linear Model as implemented in AFNI's 3dDeconvolve. 

Predictors were based on a boxcar function (positive 1 to 4 s after trial onset) con

colved with 3dDeconvolve's 'BLOCK' canonical hemodynamic response function. 

Two types of design matrices were used, one for univariate activation mapping 

and the other for MVPA. For activation mapping, the design matrices were based 

on the full session ( all runs together) and contained predictors for perform and 

imagery trials, with no distinction between slap and lift actions. For information 

mapping, the design design matrices were constructed for each run separately and 

contained predictors for each chunk (see above) and each action, yielding 8 action 

predictors per run. All design matrices contained predictors of no interest based on 

head motion (3 translation and 3 rotation parameters) and Legendre polynomials 

(up to third degree) to remove low-frequency drifts. 

Univariate whole-brain activation mapping. To identify areas that showed 

an increased response during perform or imagery trials ( compared to baseline pe

riods), a group map was computed by testing the ,8-response estimates from indi

vidual participants' perform trials against zero with a one-sample t-test . A group 

map for imagery trials was computed similarly. Areas that showed an increased 

response during both perform and imagery trials were identified based on a con

junction map, where to each node separately, the minimum ( or maximum) of the 

t values obtained from the perform and imagery maps was assigned if both val

ues were positive (or negative, respectively). The value zero was assigned if the 

perform and imagery values had different signs. 

Multivariate pattern analysis. Voxels were selected according to various cri

teria for MVPA (see below). Based on the t-values in these voxels, unimodal 'per

form' pattern classification was conducted by take-one-'perform action'-chunk-out 

cross-validation to distinguish between slap and lift actions. Classification accura

cies were converted to z scores, where z = 0 ( or z > 0) corresponds to at chance 

(or above chance, respectively) classification accuracy. Unimodal 'imagery' pat-
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terns were analysed similarly. For cross-modal perform-imagery MVPA , the train 

and test sets were in different modalities (train in perform, test on imagery; and 

vice verse) and results averaged. From each individual pattern the average was 

subtracted to normalize the reponse across patterns irrespective of main response 

differences. 

Multivariate region-of-interest analysis. Regions of interest were defined 

around center nodes using two criteria: functional and anatomical. Based on the 

functional criteria, group center nodes were selected under the constraints that 

(1) the t-value corresponded to an uncorrected significance level of p < .001 in 

the univariate conjunction analysis, and (2) no other node within 2.5 cm showed 

a higher t-value ( cf. Fedorenko, Hsieh, Nieto-Castanon, Whitfield-Gabrieli, & 

Kanwisher, 2010). Based on the anatomical criteria, nodes of regions of interest 

in a previous study (bilateral ventral and dorsal premotor cortex , anterior parietal 

cortex, and occipitotemporal cortex; see Chapter 5) were taken as group center 

nodes. 

Voxels were selected in individual participants similarly as described in Chap

ter 5. First, individual center nodes were those with the maximal conjunction 

t-value within a 15 mm distance from the group center node. Second, a 10 mm 

radius sphere was centered around the voxel containing the individual center node. 

Third, a subset of voxels with the highest t-values in the individual's conjunction 

was selected for MVPA. Fourth, MVPA was conducted by taking 50 samples of 

random subsets from these voxels, MVPA was conducted with each sample, and 

the z-scores averaged across samples. Both the percentage of voxels initially se

lected ('ROI percentage') from the sphere and the percentage of voxels selected in 

random subsets ('subset percentage') varied from 10 to 90 percent in steps of 10 

percent. This approach allowed for a (qualitative) assessment of the reliability of 

the MVPA results with respect to variations in voxel selection parameters. 

Multivariate whole-brain information mapping. Based on the 200 voxels 

selected for around each node (see above), MVPA was conducted as described in 

the previous section and the corresponding z-scores assigned to each node. With a 

similar approach as in Chapter 5, a Threshold-Free Cluster Enhancement (TFCE) 
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map was computed based on the node-wise average z-score across participants. 

Whole-hemisphere corrected significance of TFCE scores was performed using a 

bootstrap procedure. A null TFCE map was based on sampling with replacement 

12 (the number of participants) individual participant's maps, negating each z

score for each sample with a probability of ½ and computing the mean across these 

samples. This procedure was repeated a thousand times and p-values for each 

TFCE value in the original map were computed by dividing the number of times 

that value exceeded the maximum of each TFCE null map by a thousand. 

6.3 Results 

Univariate activation mapping. The conjunction group analysis (Table 6.1, 

Figure 6.1) revealed several regions with an increased response during both the 

perform and imagery conditions. Seven local maxima were identified in the left 

hemisphere and four in the right hemisphere, including bilateral planum temporale, 

left anterior parietal cortex, left supplementary motor area, and several clusters 

in frontal cortex bilaterally. The most robust activation was found in the bilateral 

planum temporale, probably due to auditory stimulus presentation. 

Multivariate region-of-interest analysis. The local maxima from the uni

variate analyses were used as centers of regions of interest around which voxels 

were selected for MVPA (see Methods). In a first analysis (Table 6.1, Figure 6.2a), 

MVPA was based, in each region-of-interest (ROI), on the top 50% (based on the 

conjunction response) of the voxels around a sphere with 10mm radius. MVPA 

was based on the average z scores of 50 random samples that each contained 50% 

of the voxels. This analysis showed robust unimodal discrimination between lifts 

and slaps in the perform condition in all areas (max(p) = .016 (uncorrected) , all 

ROis survive False Discovery Rate (FDR) correction). In the unimodal imagery 

condition action discrimination was weaker, with the strongest response in left 

posterior planum temporale (p = .002, surviving FDR correction), followed by 

left temporal parietal junction (p = .038, not surviving FDR correction). In the 

cross-modal perform-imagery analysis, action discrimination was observed in left 

anterior parietal cortex (p = .004, surviving FDR correction), followed by the left 

122 

- ----- --------



classification accuracy 
abbr. area coordinates peak perform 1mag1ne cross-modal 

I X y z I t I t p I t p I t p 
lP Ta left anterior planum temporale -60 (4) -16(7) 4 (3) 12.6 3.1 .0048 1.6 .0646 1.7 .0621 
lP Tp left posterior planum temporale -63 (4) -33 (8) 9 (4) 16.4 4.5 .0004 3.8 .0015 -0.4 .6558 
lT PJ left temporo-parietal junction -56 (7) -43 (5) 23 (7) 15.9 4.4 .0005 2.0 .0385 - 1.5 .9143 
lSMA left supplementary motor area - 7 (1) 6 (5) 58 (7) 14.2 6.6 .0000 -0.7 .7631 2.0 .0374 
lPMv left ventral premotor cortex - 52 (7) 7 (5) 5 (3) 8.8 5.1 .0002 0.6 .2776 0.4 .3466 
lPMd left dorsal premotor cortex -38 (8) - 1 (5) 51 (3) 14.5 3.7 .0019 -0.5 .6830 0.5 .3146 
lPCa left anterior parietal cortex - 44 (6) -40 (5) 48 (4) 11.7 5.5 .0001 0.4 .3514 3.2 .0042 
lPrCGl left lateral pre-central gyrus -59 (5) 2 (4) 18 (8) 9.9 5.7 .0001 1.7 .0542 1.2 .1272 
rPTa right anterior planum temporale 66 (4) -14 (4) 4 (3) 12.1 3.1 .0054 1.7 .0562 -0.4 .6519 
rPTp right posterior planum temporale 57 (5) -30 (5) 13 (4) 10.9 4.4 .0005 1.1 .1416 0.8 .2258 
rINS right insula 37 (3) 22 (7) 6 (5) 6.5 3.8 .0015 1.3 .1083 0.4 .3592 
rSTG right superior temporal gyrus 63 (4) -35 (6) 9 (5) 15.6 2.4 .0166 1.7 .0563 -0.5 .7017 
lPMv left ventral premotor cortex -53 (4) - 0 (4) 43 (6) 11.7 5.0 .0002 - 0.4 .6548 0.3 .3665 
lPMd left dorsal premotor cortex -33 (6) -5 (3) 49 (3) 14.0 3.5 .0026 0.2 .4406 - 0.3 .5996 
lPCa left anterior parietal cortex -41 (6) -38 (4) 49 (6) 7.6 7.8 .0000 0.9 .1845 2.3 .0200 
lOT left occipito-temporal cortex -50 ( 4) -72 (7) 2 (4) 6.8 12.9 .0000 1.5 .0794 1.3 .1031 
rPMv right ventral premotor cortex 56 (3) 0 (4) 43 (4) 10.9 3.4 .0032 0.8 .2087 -0.5 .6858 
rPMd right dorsal premotor cortex 43 (9) -5 (2) 54 (6) 7.8 8.8 .0000 3.6 .0022 - 0.5 .6909 
rP Ca right anterior parietal cortex 34 (3) -43 (4) 51 (8) 7.4 5.1 .0002 0.3 .3998 0.9 .1993 
rOT right occipito-temporal cortex 53 (7) -65 (8) -2 (5) 4.6 3.9 .0013 -0.1 .5499 1.6 .0725 

Table 6 .1: Regions of interest 
Talairach coordinates, average univariate conjunction peak value, and classification accuracies for regions of interest 
shown in Figure 6.1. Mean coordinates are reported with standard deviations in parentheses. The first twelve areas 
are defined functionally, the other eight areas are defined anatomically (see Methods). p-values are not corrected for 
multiple comparisons. 



a 

b PMd 
PCa 
PCa 

PTp 
STG 
OT 

PTa 

PMv INS 

Figure 6.1: Univariate conjunction group analysis and ROI definitions 
(a) Conjunction group map of areas showing increased (red) or decreased (blue) 
activation compared to baseline for both performed and imagined actions. (b) 
Regions-of-interest based on local maxima in the conjunction analysis ((a); blue) 
and coordinates from a previous study (Chapter 5; red). See Table 6.1 for coordi
nates, statistics and abbreviations. 
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supplementary motor area (p = .037, not surviving FDR correction). 

In an earlier study, with different participants, we identified other areas

bilateral ventral and dorsal premotor cortex, anterior parietal cortex, and occipito

temporal cortex- that showed increased activity ( compared to baseline) for both 

performed and observed actions (Chapter 5). MVPA around t hese areas (Fig

ure 6.2b) showed similar effects: robust action discrimination in the unimodal 

perform condition and weaker discrimination in the unimodal imagery condition 

(with a possible exception for right dorsal premotor cortex). The cross-modal 

analysis based on these areas showed similar but weaker evidence for action dis

crimination in left anterior parietal cortex (p = .02, uncorrected) and no evidence 

for such action discrimination in other areas. 

To assess the robustness of the MVPA results with respect to voxel selection 

parameters we varied both the percentage of voxels selected based on the largest 

perform-imagery conjunction response and the percentage of voxels in random 

subsets for MVPA (see Methods). Results are shown in heat maps for the cross

modal analysis for both the mean accuracy z scores (Figure 6.3) and t scores 

(Figure 6.4). Note that the center square in an ROI's heatmap represents the 

corresponding cross-modal bar in Figure 6.2. We do not attempt a full quan

titative analysis of the effects of voxel selection- not at least because of chance 

capitalization considerations- but on a qualitative level the most robust response, 

irrespective of specific voxel selection parameters, was observed in left anterior 

parietal cortex, consistent with our earlier analysis. 

Multivariate whole-brain information mapping. Consistent with the ROI 

analyses, the unimodel perform information map (Figure 6.5a) showed large clus

ters surviving multiple-comparison correction in and around the visual, auditory, 

motor and somatosensory areas. In the unimodal imagery information map (Fig

ure 6.5b; Table 6.2), regions in the bilateral auditory cortex (planum temporale) 

and also a cluster in left frontal cortex survived multiple-comparison correction. 

In the cross-modal case (Figure 6.5c; Table 6.2) , only a cluster in left anterior 

parietal cortex survived multiple-comparison correction. 
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Figure 6.2: Region-of-interest pattern classification accuracies 
Pattern classification z-scores (0 = chance) for action discrimination in 20 regions
of-interest (see Figure 6.1, Table 6.1). Regions in red font are based on the uni
variate conj unction analysis; regions in blue font based on coordinates from an 
earlier study (Chapter 5). p-values are not corrected for multiple comparisons. 
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Figure 6.3: Region-of-interest cross-modal perform-imagine pattern classifica-
tion accuracy z scores as a function of voxel selection parameters 

Heat maps for each region-of-interest (see Figure 6.1 , Table 6.1), defined (a) func
tionally or (b) anatomically, representing cross-modal perform-imagine multi-voxel 
pattern analysis action discrimination z-scores as a function of the percentage 
of maximally responsive voxels selected from the univariat e conjunction analyses 
(rows) and the percentage of voxels taken from these ofrandom subsets (columns) . 
The value at t he center of each heat map corresponds to the crossmodal bars in 
each of the region-of-interest plots displayed in Figure 6.2. 
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F igure 6.4: Region-of-interest cross-modal perform-imagine pattern classifica
tion accuracy t-scores as a function of voxel selection parameters 

Heat maps for each region-of-interesst, defined ( a) functionally or (b) anatomi
cally, as in Figure 6.3 but representing t- rather than z-scores. 
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Figure 6.5: MVPA group analysis 

i: 
-2 

z 

i: 
-1 

~ 
p<.05 

Whole-brain group analysis showing classification z-scores for (a) unimodal per
form, (b) unimodal imagery, and (c) cross-modal perform-imagery discrimination 
between lift and slap actions. Nodes surviving Threshold-Free Cluster Enhance
ment multiple-comparison correction (see Methods) are surrounded by blue. 

analysis abbr. area 
coordinat es 
X y 

lPT left planum temporale -59 - 23 
imagery 1PM v left ventral premotor cortex - 59 - 23 

rPT right planum temorale 65 -12 
cross-modal lPCa left anterior parietal cortex - 52 - 34 

Table 6.2: Whole-brain MVPA results 

size 
z (mm2 ) 

6 32 
6 121 
4 78 

40 770 

Brain areas showing unimodal imagery and cross-modal perform-imagery represen
tations surviving multiple-comparison corrected (p = .05, Threshold-Free Cluster 
Enhancement multiple-comparison corrected; see Methods) in whole-brain search
light maps as reported in Figure 6.5. Surviving nodes with 10 mm are merged and 
reported as a single area. 
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6 .4 Discussion 

Using fMRI MVPA we investigated how t he human brain represeuts performed 

and imagined actions. In the unimodal perform analysis, when participants per

formed two objected-related actions (lifts and slaps) while obtlerving their hand 

and the object that was manipulated , we found that spatially distributed patterns 

dissociated the two actions across large portions of the cortex that included au

ditory, visual, somatosensory, and motor areas. The involvement of these areas is 

not surprising, given that the two actions were cued with different auditory cues, 

performing the actions required action-specific motor planning and execution, and 

observing the hand and object while performing the actions yielded visual inputs 

that differed between the actions. 

In the unimodal imagery analysis we found t hat the planum temporale gyri, 

bilaterally, dissociated the two actions. Because this area contains the auditory 

cortices, this is most likely due to the difference between the sounds of the words 

that cued the action that was imagined. The only other area that also showed 

discrimination between actions in the whole-brain analyses was in the left frontal 

cortex near Broca's language area. One explanation is that this area is involved in 

processing the spoken action instructions. Another explanation is that this area 

is involved in representing manual actions (e.g., Fogassi & Ferrari, 2007; Heiser, 

Iacoboni, Maeda, Marcus, & Mazziotta, 2003). With the current paradigm we are 

not able to dissociat e these two explanations and refrain from further speculation. 

Most importantly, the cross-modal perform-imagery analysis found that in the 

left anterior cortex represented specific actions similarly irrespective of whether 

they were performed or imagined. Because in the imagery condit ion part icipants 

closed their eyes, did not move, and received auditory stimuli (words) that were 

different than those presented in the perform condition ( sinusioid tones), these 

effects cannot be explained by trivial stimulus properties shared across the perform 

and imagery condition such as motor planning or execution, or visual or auditory 

input. We note that although the discrimination in the 'imagine' condition was 

relatively weak and did not reach significance on itself, we have shown earlier 

(Figure 4.13, page 72) that this not does preclude the possibility of detecting 

cross-modal information if the other ('perform' , in this case) modality shows strong 
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action-specific representations. 

What is the nature of these action-specific cross-modal perform-imagery rep

resentations? While there is an extensive literature on imagery in general, for the 

purpose of interpreting our findings we distinguish three, not mutually exclusive, 

possibilities: visual, motor, and amodal. According to a visual interpretation, 

participants represented the imagined actions as visual pictures through top-down 

control, and the resulting brain activity patterns were similar to those when par

ticipants actually saw their own hand perform the actions. Indeed, several studies 

have demonstrated that imagined and observed pictures share a common represen

tation in early and high-level visual cortex. For example, imaging and seeing the 

letters '0' and 'X' elicit similar response patterns in lateral occipital cortex (Stokes 

et al., 2009), different categories of objects elicit imagined-seen cross-modal pat

terns in ventral temporal cortex (Reddy, Tsuchiya, & Serre, 2010), and different 

locations of objects revealed analogous cross-modal representations in early visual 

cortex (Cichy, Heinzle, & Haynes, 2011). 

Alternatively, according to a motor interpretation, participants represented 

the imagined actions as executing motor actions without actually moving, and 

the resulting brain activity patterns were similar to when participants executed 

the corresponding action. This interpretation is consistent with findings that ex

ecuted and imagined hand movements elicit increased activation in primary and 

secondary motor cortex of the contralateral hemisphere (Lotze et al., 1999), which 

has been interpreted as a possible similar neural substrates for motor execution and 

imagery. Also consistent with this interpretation is a study that showed evidence 

for a somatopic organization in primary, supplemetary and pre-motor cortex when 

participants moved or imagined moving their hands, feet, and tongues (Ehrsson, 

2003). 

A third alternative is an amodal representation, where actions are represented 

neither visually nor motorically but on a more abstract, symbolic level (Pylyshyn, 

2003). For example, findings that listening to action verbs showed increased ac

tivation in Broca's area compared to non-action verbs have been interpreted as 

evidence for involvement in abstract action representation of this area (Tettamanti 

et al., 2005). Other evidence comes from a study with congentially blind partici

pants, in which observation of action sounds, compared to environmental sounds, 
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activated similar frontal and parietal areas as when participants with normal vi

sion observed actions visually, which suggests supramodal action representations 

in these areas (Ricciardi et al., 2009). 

As we noted earlier, these possibilities are not mutually exclusive and different 

brain areas may represent actions differently. This question is further complicated 

by the difference between the subjective phenomenological (as reported verbally 

by participants, for example) and the objective brain response (as measured with 

flv'IRI, for example) aspects of consciousness generally ( e.g, Lamme, 2006) and 

action imagery specifically. Although imagery involves necessarily a subjective 

experience, behavioural experiments have shown that tasks that are thought to 

require either visual (e.g. Kosslyn, Ball, & Reiser, 1978) or motor (e.g. Johnson, 

1982) imagery yields behavioural effects that are similar to overt visual or motor 

tasks, suggesting that subjective motor and visual imagery dissociate in objec

tively measurable effects. Brain imaging studies have also shown that different 

brain networks are recruited when participants are explicitly instructed to imag

ine performing or viewing actions (Pelgrims, Andres, & Olivier, 2009; Guillot et 

al. , 2009; Sirigu & Duhamel, 2001; cf. Decety, 1990; Kosslyn & Thompson, 1997). 

Altogether this suggests that the distinction between motor and visual imagery 

representations has measurable correlates. 

One might take the position that an action representation is visual if imagery of 

that action activates visual areas, motoric if it activates motor areas, and amodal 

if it activates other areas. Apart from trivial reasons (Poldrack, 2006), such a 

position is problematic, however, for several reasons. 

First , differences in activation within or across brain areas can be caused by 

trivial aspects of the experiment. For example, if one were to perform visual 

imagery and visual observation in an experiment where participants had their 

eyes open and closed, respectively, then the overall activation in visual cortex may 

be decreased during imagery, yet it does not indicate that the visual cortex is not 

involved during visual imagery (Stokes et al. , 2009; Reddy et al. , 2010; Cichy et 

al. , 2011). 

Second, brain areas active during visual and motor imagery are not identical 

to those involved during overt action observation and execution (Hanakawa, 2002; 

Ganis, Thompson, & Kosslyn, 2004). This is not surprising given that visual 
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imagery may require top-down cognitive control and the engagement of memory 

areas. Similarly, motor imagery may require inhibitory processes that prevent 

imagined planned actions being translated into actual movements. Claims that 

an imagined action is represented identically to a visually observed or motorically 

performed action are problematic for these reasons. 

Third, there is extensive evidence that individual neurons show multi-modal 

responses, ranging from single unit responses in rodents (Barth, Goldberg, Brett, 

& Di, 1995) and monkeys (Bignall & Imbert, 1969) to humans (Mukamel et al. , 

2010). Responses as measured by £MRI in such areas cannot, by definition, be 

considered as unimodal only. 

Relevant for this third point, especially with respect to action representations, 

is the finding of 'mirror neurons' in ventral premotor cortex (Pellegrino et al., 

1992). These mirror neurons have been shown to increase their firing rate when a 

macaque either performed an action or observed the experimenter performing the 

same action. Later studies showed neurons with similar properties in the macaque 

anterior parietal (Gallese et al. , 1996) and primary motor cortex (Dushanova & 

Donoghue, 2010), and in human hippocampus and pre-supplementary motor cor

tex (M ukamel et al., 2010). Imaging studies that considered similar action-specific 

coding across t he visual and motor modalities have also provided evidence for neu

ral populations in premotor, parietal and occipitotemporal cortex that represent 

actions across the visual and motor domains (Kilner et al., 2009; Oosterhof et 

al. , 2010). These results have been interpreted as evidence for visual-motor cross

modal coding, yet our results provide an alternative explanation: if participants 

imagined performing or observing actions while actively performing or observing 

actions (respectively), then the shared response for viewing and executing spe

cific actions may be due to similar cross-modal imagined-overt visual, motoric, or 

amodal cross-modal coding. 

We note that we only found evidence for imagined-overt cross-modal coding 

in the anterior parietal cortex and not in other areas such as the premotor and 

occipitotemporal cortex (Kilner et al., 2009; Oosterhof et al. , 2010). The conclu

sion that these other areas are not representing specific actions during imagery 

cannot be drawn, however. First, statistical power to detect imagery effects in 

these areas may have been too weak. Second, the (absence of a) task may have 
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affected the strength of imagery representations. In the present study participants 

were asked to imagine actions but not to perform any other task, while in ear

lier studies (Chapter 4 and 5) that investigated visuo-motor cross-modal coding, 

participants were required to respond after certain observed trials which might 

have led to deeper encoding of the actions. vVe note that these considerations also 

prevent meaningful interpretations of direct comparisons between the present and 

other studies. 

The current findings are the first demonstration of coding of specific imagined 

actions in humans, and provide a potential mechanism that may explain osten

sible visuo-motor coding claimed in human action representation theories. The 

precise nature of these representations-visual, motor, or amodal-and how they 

can be modulated by task requirements is still elusive, however. The hypothesis 

that actions are represented in a motor hierarchy (Hamilton & Grafton, 2007) 

with a distinction between the goal of an action ( an abstract representation, cf. 

Jeannerod, 1994) represented in parietal cortex is consistent with our findings, but 

more research is needed to test this hypotheses against alternative explanations 

based on unimodal representations that are either more visual or motoric. Because 

participants in our study were instructed to both execute and view their actions (in 

the perform condition) or to imagine themselves executing and viewing the actions 

(in the imagery condition), the present data cannot dissociate these possibilities. 

One approach would be an experiment where participants perform, view, or view 

and perform, and imagine to perform, view, or view and perform, actions. The 

relative strength of several types of cross-modal coding (visual, motoric, and both, 

crossed with imagined and overtly performed actions; cf. Kriegeskorte, Mur, & 

Bandettini, 2008) could help in characterizing t he nature of action representations 

in different brain areas and across different modalities. 
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Chapter 7 

General discussion 

((We have a habit in writing articles published in scientific journals to 
make the work as finished as possible, to cover up all the tracks, to not 
worry about the blind alleys or describe how you had the wrong idea 
at first, and so on. So there isn't any place to publish, in a dignified 
manner, what you actually did in order to get to do the work." 

Richard P. Feynman, NOBEL LECTURE, 1966 
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7 .1 Overview of findings 

The studies reported in this Thesis investigated the neural correlates of action

specific representations in the visual and motor modalities in the human brain 

using functional magnetic resonance imaging (fMRI). Several aspects of actions, 

including viewpoint, the presence of an object, goal, effector, and mental imagery, 

were considered using both data-driven and hypothesis-driven variants of multi

voxel pattern analysis (MVPA). 

In Chapter 3 I described the implementation of surface-based information map

ping, a novel combination of information mapping and surface-based mapping. 

Unlike typical volume-based whole-brain analyses, surface-based mapping consid

ers characteristics of the brain's anatomy-such as the difference between grey and 

white matter and the folded nature of the cerebral cortex- which improves both 

statistical power to differentiate conditions of interest and spatial specificity. The 

combination with MVPA improves the ability to detect subtle differences between 

measured fMRI responses associated with experimental manipulations, and to test 

predictions concerning the properties of neural populations underlying these re

sponses. Crucial for the empirical studies presented in Chapters 4- 6 in this Thesis, 

this technique allows for a sensitive, data-driven characterization of t he response 

patterns of spatially distributed and potentially overlapping neural populations 

with fMRI. 

In Chapters 4- 6 I applied these methods to study action-specific representa

tions. The studies described in Chapters 4 and 5 were the first to provide evidence 

for cross-modal visuo-motor representations of specific actions using MVPA, the 

second to provide such evidence across all reported fMRI studies ( only preceded 

by Kilner et al., 2009) , the first to provide evidence for cross-modal coding of in

transitive actions, the first to show these effects through the observation of real 

people (rather than videos), the first to show that these effects can be driven by 

different actions that are performed on a single object, and the first to show these 

effects for action observation from a third-person perspective. These results were 

robust with respect to timing characteristics of trials ( event-related, blocked, or 

mixed) and for different tasks during action observation trials (passive observation, 

detecting a repeated action, or reporting which action was observed previously). 
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In addition, the study described in Chapter 6 provided the first evidence that 

imagery- without visual input or any overt behaviour-of specific actions elicits 

fMRI response patterns that are similar to those elicited when overtly performing 

and observing these actions. 

A key characteristic of the studies presented in this Thesis is that they investi

gate representations of specific actions. Unlike the work presented here, most fMRI 

studies that investigate action representations consider the response differences be

tween a certain baseline and conditions of interest but do not differentiate between 

different actions. For example, the study by Gazzola and Keysers (2008) reported 

stronger responses in various brain areas during execution of various actions and 

during the observation of actions, both compared to a baseline condition during 

which the participants looked at a blank screen with a fixation cross. Because 

the baseline condition differs in various ways from the execution and observation 

of trials (for example, attention, task involvement, memory processes), increased 

responses during both types of trials cannot be attributed specifically to shared 

representation of actions (see also Stark & Squire, 2001). In contrast, the MVPA 

studies presented in this Thesis are sensitive to detecting differences or similarities 

associated with specific actions across the visual and motor domains. 

The MVPA studies presented in Chapters 4 and 5 showed reliable visuo-motor 

coding in anterior parietal cortex which provides actual evidence for the notion 

that specific actions are represented across the motor and visual modalities in 

that area in a common neural code. Such representations were not found in the 

ventral premotor cortex when actions were observed from a third-person perspec

tive, which suggests that two different neural codes may be involved in executing 

actions and observing someone else's actions. These findings corroborate sugges

tions that neural populations engaged in different processes can indeed be spatially 

overlapping, not only on theoretical grounds but also based on neurophysiologica.l 

evidence. Earlier work has demonstrated a columnar organization in primary so

motosensory (Mountcastle, 1957) and visual (Hubel & Wiesel, 1962) cortex at a 

size beyond the resolution of common fMRI studies (Norman et al. , 2006, but see 

Yacoub et al., 2008). With respect to action representation, Gallese et al. (1996) 

found spatially neighbouring neurons in prefrontal cortex with different tuning 

properties: some fired only when an action was performed or an object present 
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(canonical neurons), others only when an action was observed (mirror-like neu

rons), and a third type both when an action was performed or observed (mirror 

neurons). Although fMRI does not allow for direct measurements of individual 

neurons, such findings stress the importance of using proper methods-such as 

MVPA employed in this Thesis-that allow for dissociating competing hypotheses 

concerning the underlying neural representations of brain areas. 

7.2 Neural correlates of action-specific represen

tations 

Across the studies reported in Chapters 4-6 I reported evidence for the involve

ment of three areas in visuo-motor action representations: anterior parietal cortex 

(PCa), occipitotemporal cortex (OT), and ventral premotor cortex (PMv) . The 

possible roles of these areas have already been discussed extensively in the respec

tive Chapters and what follows is a brief overview. 

The anterior parietal cortex (PCa) showed the most robust and consistent ev

idence for action-specific coding across modalities. It is considered as one of the 

classic 'mirror system' areas (Rizzolatti et al. , 2001) and its involvement in action 

observation and execution is consistent with many univariate studies (Molenberghs 

et al. , 2011). The few studies that considered action-specific coding reported 

unimodal coding for observed and executed actions, but no reliable cross-modal 

observed-executed action coding in anterior parietal cortex (Dinstein et al. , 2007; 

Dinstein, Gardner, et al., 2008; Chong et al., 2008; Lingnau et al. , 2009). Such 

results may be attributed to lack of power or sensitivity in the analyses; alterna

tively, the nature of the task may affect the strength of cross-modal coding. It has 

been suggested that PCa is involved in representing the goal of actions (Hamilton 

& Grafton, 2006; Fogassi, 2005) at an abstract level, i.e. independent of the precise 

motor plan required to achieve that goal. The finding in Chapter 6 that this area 

also codes imagined movements similarly to executed movement is consistent with 

this interpretation. 

The occipitotemporal cortex (OT) falls outside the classic 'mirror system' areas 

and is, considering its anatomical location, considered as part of the visual system. 
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Its proximity to areas responding to visual stimuli of objects (LO; Grill-Spector 

et al., 1999) , bodies (EBA; Downing, Jiang, Shuman, & Kanwisher, 2001) and 

movement (MT/MST; Tootell et al., 1995) make it hard to draw conclusions which 

aspects of actions are represented in this area. It has been suggested, however, 

that EBA also shows motor properties (Astafiev et al., 2004; but see Peelen & 

Downing, 2005) which was recently corroborated in a study investigating the visual 

and motor responses to observation or movement of different body parts (Orlov 

et al., 2010). Alternatively the neighbouring area MST may be involved as a 

polysensory area (Beauchamp, 2005) that responds to touch (Beauchamp et al. , 

2007) or is engaged in visually guided hand movements (Ilg & Schumann, 2007). 

With respect to visuo-motor coding of actions it ha.s been suggested it is involved in 

'removing expected visual consequences' of executed actions (Gazzola & Keysers, 

2008), or to be involved in the perceptual analysis of actions (Hamilton & Grafton, 

2007), although the latter account does not explain visuo-motor properties. 

Perhaps the most surprising finding was the involvement, or rather apparent 

lack of involvement, of the ventral premotor cortex (PMv) in visuo-motor coding. 

In three studies where actions were observed from a third-person perspective we 

found no evidence for such action-specific coding. In contrast, the only study where 

actions were observed from a first-person perspective did reveal evidence for such 

coding. These results are fully consistent with the only ot'her fMRI study- the 

repetition-suppression study by Kilner et al. (2009)- that showed action-specific 

representations using first-person perspective stimuli. The lack of evidence for 

action-specific coding may seem inconsistent with the large body of studies that 

consider PMv as a key area of a 'human mirror system' for understanding the 

actions of others (e.g., Gallese et al., 1996; Iacoboni, 2005; Gallese & Goldman, 

1998; see Chapter 5). The results for non-action-specific, univariate responses were, 

however , as in these previous human mirror system studies: higher responses both 

during observed and executed actions than during a baseline condition for which 

participants neither performed not executed actions. In other words, traditional 

univariate analyses showed no modulatory effect of viewpoint although MVPA 

did. The results from Chapter 5 suggest that ventral premotor cortex is involved 

more in executing one's own actions than in understanding someone else's actions. 

Such an interpretation is consistent with neurophysiology studies that showed 
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that the premotor cortex, together with primary and supplementary motor cortex, 

represent high-level, adaptable motor plans (Graziano, Aflalo, & Cooke, 2005) 

coding for a variety of complex movements (Graziano & Aflalo, 2007; Aflalo & 

Graziano, 2006). 

To summarize, the results from Chapters 4-6 point to three key areas- OT, 

PCa, PMv- being involved in representing actions across the visual and motor 

modalities. Of these, PCa is the most consist ent area and the only to show action

specific action representations that are similar irrespective of whether they are 

imagined of performed. This suggests a more abstract representation of actions 

that does not require overt observation or execution of actions. OT also shows 

reliable visuo-motor coding which supports the notion of motor properties in a 

part of the brain that seems mostly involved in visual processing. Finally PMv 

did not show evidence for visuo-motor coding for actions observed from a third

person perspective. In the next section I will discuss these findings in relation to 

the possible role and mechanisms of visuo-motor action coding. 

7. 3 The human mirror system, revisited 

As described earlier in Chapter 1 and this Chapter, the discovery of mirror neurons 

in macaques has provided a potential neural mechanism for representing actions 

performed by others in the macaque and , because humans are another primate 

species with a brain relatively similar to the macaque, possibly for humans also. 

Since the original findings mirror neurons have attracted much interest in both the 

popular media ( a Google query on '"mirror neuron" OR "mirror neurons"' yielded 

about 1.7 million results in October 2011) and in academic research (a similar 

query on Web of Knowledge yielded 1,665 results on this topic). 

As described in the introduction, such interest is not surprising given the pre

diction that 'mirror neurons will do for psychology what DNA did for biology' 

(Ramachandran, 2008) because they have been suggested to explain not only ac

tion representation of others but also intention understanding (Fogassi, 2005), the

ory of mind (Gallese & Goldman , 1998), language acquisition (Rizzolatti & Arbib, 

1998), empathy (Gallese, 2001) , phenomenological experience of the 'self' (Gallese, 

2009), and the cause of autism (Iacoboni & Dapretto, 2006). According to such 
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an interpretation, which I will call the 'human mirror system hypothesis', these 

phenomena would be subserved by a fronto-parietal 'mirror network' (Rizzolatti 

& Sinigaglia, 2010) of the PMv (putative homologue of macaque F5; Pellegrino 

et al., 1992) and PCa (putative homologue of macaque PF /PFG; Fogassi, 2005) 

through a motor resonance process (Rizzolatti & Craighero, 2004) and provide a 

unifying neural mechanism to wide variety of complex social phenomena in human 

interaction (Keysers & Gazzola, 2006; Gallese, Keysers, & Rizzolatti, 2004). 

Indeed , the term 'human mirror system', int roduced by Rizzolatti and col

leagues (Rizzolatti et al., 2002; Rizzolatti & Craighero, 2004) and referring to 

this fronto-parietal network, has been been used frequently in recent scientific 

publications with titles such as 'Sensorimotor learning configures the ~, 'Gender 

differences in the ~', 'Laterilization of the ~' etc. even though these studies did 

not provide direct evidence for human mirror neurons. 

Both the logic underlying such a 'human mirror system' and the interpreta

tions based on empirical evidence have received substantial criticism. Part of t his 

criticism concerns the speculative interpretations drawn on the purpose of mirror 

neurons (Jacob, 2008; Hickok, 2009; Heyes, 2010; Turella et al. , 2009; Uithol, Hase

lager, & Bekkering, 2008) including language acquisition (Hurford, 2004), theory 

of mind (Jacob & Jeannerod, 2005), simulation (Saxe, 2005), imitation (Brass & 

Heyes, 2005), and autism (Hamilton, Brindley, & Frith, 2007). Few of these spec

ulations have been tested on the action-specific level, but the one that has been 

tested- autism- found no difference between autistic and healthy people (Dinstein 

et al. , 2010). 

Other criticisms focus more directly on the role of perceiving and understand

ing the actions of others. Neuroimaging data showing that frontal and parietal 

areas show an increased response both during the observation and execution of ac

tions has been interpreted as evidence for a human mirror system (e.g., Rizzolatti 

& Sinigaglia, 2010). These activations are neither specific not sensitive with re

spect to the canonical mirror system areas though: Gazzola and Keysers (2008) 

observed that only 6% of common observation and execution response were in

side the classical areas, which raises-to paraphrase the authors- the alarming 

possibility that t hese responses are not action specific and would undermine the 

credibility of most £MRI studies on t he human mirror system. Similar results 
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were found in a recent meta-analysis (Molenberghs et al., 2011) where the authors 

noted that 'the most striking outcome of our ALE [activation likelihood estimi

ation] analyses of 125 studies was how widespread were the regions of consistent 

activation' that included the early visual cortex and cerebellum. Furthermore, the 

only study that reported direct evidence for human mirror neurons found them 

outside the canonical human mirror system areas such as the hippocampus and 

pre-supplementary motor areas (Mukamel et al., 2010), while in macaques they 

are not confined to canonical areas F5 and PF /PFG but are also found in primary 

motor cortex (Tkach, Reimer, & Hatsopoulos, 2007). 

To clarify matters it may be appropriate to consider the research on the 'hu

man mirror system' as, what the philosopher Lakatos (1978) described, a 'research 

program'. Briefly, a research program consists of a set of hard core principles and 

a set of auxiliary principles that follow indirectly from the core and serve as a pro

tective belt. Evidence against the protective belt principles do not impact on the 

hard core directly (but may reduce its credibility), while evidence corroborating 

the protective belt improves the confidence in the research program. In t his case, I 

would consider the hard core of the program the assumption that actions of others 

are understood and experienced 'from within' through a motor resonance process 

which, at a neural level, is implemented by mirror neurons in the fronto-parietal 

network consisting of the ventral premotor and anterior parietal cortex. The aux

iliary hypotheses involve speculations about the role of mirror neurons in autism, 

language understanding, empathy etcetera. Considering the empirical evidence 

and theoretical critiques, described above, this research program seems- despite 

its popularity- a degenerative research program for several reasons. First, it does 

not provide testable hypotheses concerning the 'resonance' processes involved ( to 

'grasp the meaning of others' behavior from within'; Gallese, Gernsbacher, Heyes, 

Hickok, & Iacoboni, 2011). Second, it is unclear why or how mirror neurons would 

contribute to action understanding (Hickok, 2009) or why this cannot be explained 

equally well by alternative theories such as disembodied theories (Mahon & Cara

mazza, 2008). Third, some of the hypotheses that are testable, both auxiliary 

(involvement in autism) and core ones (confined to specific anatomical areas), 

have, as described above, been refuted by empirical results. There I would like to 

suggest that- to paraphrase Ramachandran (2008)-mirror neurons may do for 
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psychology what luminiferous ether did for physics. 

On the other hand, as reviewed and reported in this Thesis, it is not disputed 

that visuo-motor coding of actions occurs and can be measured in various areas 

in the human brain, and several questions still remain: What is the role of these 

visuo-motor action representations? How do these representations form? What 

is the neural structure of these representations? Why are there multiple areas 

involved? In the next section I describe another framework that may be more 

progressive in answering these questions. 

7 .4 An associative account of visuo-motor rep

resentations 

An alternative framework for understanding visuo-motor coding is a generalist 

framework, where visuo-motor coding is one example of a general associative mech

anism t hat underlies learning and motor control (Heyes, 2001, 2010; Keysers & 

Perrett, 2004; Hickok & Hauser, 2010). Such associative accounts are based on 

basic learning mechanisms (e.g. , Hebb, 1949) where, at a neural level, contigu

ous firing of different neurons may adapt the connection strength between these 

neurons. 

While such an account may readily explain visuo-motor coding within the in

dividual, it does not immediately explain how observing someone else performing 

an action may engage one's own motor representations of the same action. Con

cerning visuo-motor coding, Heyes and colleagues (2001, 2010) suggest that such 

visuo-motor coding through observation of others (i.e., imitation) can be achieved 

by an associative learning mechanism ( cf. Keysers & Perrett, 2004). In the asso

ciative sequential learning (ASL) model, links are formed between sensory (visual 

and somatosensory) inputs and motor commands if these occur contiguously. Ac

cording to this account, imitation (in the sense of mimicking) of others can only 

occur after the establishment of visuo-motor links in a context with optical mir

rors, imitative social partners and explicit training programs. A complementary 

account for imitation is provided by Byrne and Russon (1998), who- inspired by 

observations of non-human primates- has suggested that imitative behaviour of 
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basic actions can be primed by contextual priming effects caused by affordances 

in the environment. 

A second phenomenon that requires explanation is how complex, goal-directed 

actions performed by others can be imitated or even understood and what the role 

of cross-modal visuo-motor representations would be herein. Before attempting to 

answer this question, it may be fruitful to consider that the terminology used in 

action research has sometimes been used ambiguously. As pointed out by Uithol, 

Rooij, Bekkering, and Haselager (2011), 'action goal' has been interpreted in at 

least three ways. In the context of observing someone to pick up a cup to drink a 

cup of coffee, for example, action goal may refer to the cup (the object), to drinking 

(the action), or to the desired world state (a caffeinated brain). Similarly, action 

understanding may refer to recognizing the action as grasping (action recognition), 

to serve drinking (goal recognition), or as a preparatory hand shape when the cup 

is presented (action preparation). A similar distinction is made by Hamilton and 

Grafton (2007), Hickok (2009) and Kilner et al. (2007b). 

Considering the representation of complex actions through observation of oth

ers, one explanation based on priming research is that this is achieved by 'pars

ing' basic actions that form a complex hierarchical action representation (Byrne, 

2003; Byrne & Russon, 1998), similar to hierarchical representations in language 

(Chomsky, 1965) and problem solving (Newell & Simon, 1961). Applied to ac

tions, one can distinguish the abstract goal ( e.g. grasping a cup), the means for 

achieving that goal (move the arm towards the cup and use a manual precision 

grip) and the specific muscle commands. According to this account , learning to 

mimick by observing a conspecific performing complex sequences actions- such as 

preparing a nettle for eating which requires removing powerful stinging hairs- are 

learnt t hrough repeated observation of the basic components ( e.g. grip stem, drop 

waste). Although each observed action may be slightly different, they all have 

certain key characteristics in common, and different parts of the action follow in 

a particular order. The individual may then, by trial and error and primed by 

contextual factors, learn such complex action sequences through representation in 

a hierarchical model. This causes the individual to acquire the skill to execute the 

complex, apparent goal-driven, action sequence. 

A similar statistics-based explanation for how observation of goal-directed ac-
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tions may be learned and even understood is provided by Kilner, Friston, and 

Frith (2007a). In his proposal, the relationship between an abstract goal and the 

corresponding visual and motor outcomes of an individual are learned through 

associative learning. If an individual performs an abstract goal (e.g., reaching to 

grasp a cup), through learning and repeated experience of achieving such a goal, 

certain conditional probabilities will be associated with the motor components in

volved ( e.g. bending the arm) and the sensory consequences of t he goal ( e.g. the 

visual input of a hand moving towards the cup) . To infer the goal when observing 

someone else reaching to a cup, the visual input of the observed kinematics is 

related back to infer the most likely motor commands leading to those kinematics, 

and those inferred motor commands are related back to infer the most likely goal. 

Action representations in such a general framework are not considered 'spe

cial' but assumed to depend on associative mechanisms that are shaped through 

statistical regularities in interactions with the environment. This suggests that 

visuo-motor linking may occur in any species t hat has the capacity to form links 

between motor and sensory units (cf. Heyes, 2010). This associative account is 

consistent with, for example, the 'chameleon' effect, but also with the finding that 

cross-modal coding may occur in different species (e.g Prather, Peters, Nowicki, & 

Mooney, 2008), across different modalities (e.g., Turkin & Taranenko, 1994), and 

in various brain areas (e.g. Mukamel et al. , 2010). An intriguing phenomena of 

such associations at an abstract level occurs in synesthesia where, in the number

form variant, for example, numbers can be associated with spatial locations (Seron, 

Pesenti, Noel, Deloche, & Cornet, 1992). Although synesthesia is not reported by 

everyone, it is an int riguing phenomenon that demonstrates how seemingly arbi

trary concepts in different modalities can be associated. Concerning visuo-motor 

associations, there has been a report of vision-touch synesthesia where observing 

someone else being touched activated the somatosensory cortex more than in con

trol participants (Blakemore, Bristow, Bird, Frith, & Ward, 2005), consistent with 

this associative account. 
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7.5 Conclusions and future directions 

In this Thesis I have provided evidence for visuo-motor representations for specific 

manual actions, but the interpretations in understanding action representations 

remain speculative. Based on the previous I propose two directions for future 

research to increase our understanding of such representations. 

The first direction aims at a better characterization of how different aspects 

of actions are represented, and more specifically, if these can be understood by a 

hierarchical account (Kilner et al. , 2007a; Grafton & Hamilton, 2007; Hamilton 

& Grafton, 2007) with potentially different brain areas involved in representing 

different levels of abstraction. Study 2 in Chapter 4 provided evidence for an 

anterior-posterior spatial gradient in representations from effector (hand or fin

gers) to goal (lift or push) in the anterior parietal cortex. Furthermore, Chapter 

6 showed t hat imagery of lift and slap actions in anterior parietal cortex elicited 

similar neural patterns as actually performing those actions. These findings are 

consistent with an abstract representation of action goals in anterior parietal cor

tex (cf. Hamilton & Grafton, 2008) with a possible extension to effector-related 

somatosensory properties shared in somatosensory cortex (Keysers et al., 2004; 

Meyer, Kaplan, Essex, Damasio, & Damasio, 2011). It has also been suggested 

that the parietal cortex is involved with spatial transformations to match observed 

and executed actions (Andersen, Snyder, Bradley, & Xing, 1997; Cohen & Ander

sen, 2002; Andersen et al., 1997) which is important for reaching (Culham & 

Valyear, 2006). The role of occipito-temporal cortex, part of the visual system but 

also showing action-specific representations, is more difficult to interpret, although 

visual imagery of executed cannot be ruled out (but see Chapter 6 and Orlov et 

al., 2010). Ventral premotor cortex, as part of the motor system, may be more 

involved in the execution of ones own actions rather than interpreting the actions 

of others (Chapter 5) and thus represent actions less abstractly than posterior cor

tex. Altogether, these accounts are partially consistent with an hierarchical action 

coding framework from mostly visual representations in occipitotemporal cortex, 

abstract coding of actions in anterior parietal cortex, and more motor execution 

representations in ventral premotor cortex. As described below, such a framework 

can be tested empirically in great detail with the methods developed and applied 
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in this Thesis. 

The second direction aims at understanding the plasticity of the action rep

resentations. The associative framework predicts-unlike classical mirror neuron 

accounts- that either visual or motor experience with actions may change the 

neural representations of visuo-motor associations. Indeed there are several re

ports that argue that experience in dance (Calvo-Merino, Glaser, & Grezes, 2005; 

Cross, Kraemer, Hamilton, Kelley, & Grafton, 2009), basketball (Aglioti, Cesari, 

Romani, & Urgesi, 2008), and guitar playing (Buccino, Vogt, et al., 2004; Jiincke, 

Shah, & Peters, 2000) changes the neural representations associated with those 

experiences, although the confounding role of visual or motor experience is not 

always fully addressed (Heyes, 2010). 

The use of multi-voxel pattern analysis, optionally combined with surface-based 

mapping, is especially suited for research in these directions for several reasons. 

First, as shown in this Thesis, it is a sensitive approach that allows for considering 

the neural correlates of specific actions. Second, as described in Chapter 2, it 

allows for the use of a large number of stimuli. Repetition suppression approaches 

require that each experimental condition is preceded by each condition equally 

often, which reduces the number of different conditions and requires a prior de

cisions on which specific stimuli are used for each condition. In contrast, MVPA 

allows for a large number of stimuli (Kriegeskorte, Mur, Ruff, et al., 2008) and 

can be used to charact.erize t he underlying neural similarity structure across these 

conditions (Kriegeskorte, Mur, & Bandettini, 2008). One demonstration of this 

approach to investigate representations of observed actions is the study by Ogawa 

and Inui (2011), who used a 25 factorial design with manipulations of action, ob

ject, perspective, hand, and image size. This study was limited, however, because 

it used static stimuli, no action execution conditions were included, and analyses 

were limited to certain regions of interest. Surface-based information mapping 

with dynamic stimuli and executed actions can be employed to find areas that 

show a bias in representing one or more of these factors and to characterize the 

full similarity structure across a large number of conditions and across the whole 

brain in a data-driven fashion. Third, testing the associative account of visuo

motor representations requires manipulations of experience with specific actions. 

To study these effects MVPA seems more suitable than repetition suppression be-
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cause experience, by definition, increases the number of exposures to one particular 

class of stimuli. Since much is unknown about the time-scale effects of repetition 

suppression (Epstein et al., 2008), results based on such results will be difficult to 

interpret, a drawback that does not apply to MVPA. 

Inspired by the discovery of mirror neurons in macaques, in this thesis I de

scribed the search for and characterization of areas in the hµman brain that show 

similar visuo-motor representations of specific actions in humans. Evidence for 

such representations was found in three areas: the anterior parietal cortex (PCa), 

occipito-temporal cortex (OT), and ventral premotor cortex (PMv). PCa and OT 

showed reliable-across four studies- visuo-motor coding for observation from a 

third person perspective, while PMv only showed such coding for the observation 

from a first-person perspective, which suggests a more prominent role for this area 

in visual guidance of ones own actions. PCa further showed cocling for imagined 

actions, which may suggest that this area represents actions more abstractly. 

I have argued that an associative account is a promising framework to study 

action-specific representations. This may lead to more insight into the role of 

visuo-motor experience on the similarity structure of action representations , po

tentially through a hierarchical framework from motor commands to abstract goals. 

The methods developed and employed in this Thesis-surface-based information 

mapping and multi-voxel pattern analysis- are especially suited to study such 

representations using a data-driven approach. 
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List of abbreviations 

2D 

3D 
3PP 
3T 

-a 
AFNI 
ALE 
ANOVA 
ASL 

BA 
BOLD 

cs 

-d 
DNA 

EBA 
EEG 
EPI 

F5 
FDR 
FOV 

Two-dimensional 

Three-dimensional 
Third person perspective 
3 Tesla 

anterior 
Analysis Of Functional Neuroimaging 
Activation Likelihood Estimation 
Analysis of Variance 
Associative Sequential Learning 

Brodmann Area 
Blood oxygenation level dependent 

Central sulcus 

dorsal 
Deoxyribonucleic acid 

Extrastriate Body Area 
Electroencephalography 
Echo-planar imaging 

Macaque frontal area 5 
False Discovery Rate 
Field of view 
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FSL 
FWHM 

GLM 

HMNS 
HRF 

IFG 
IPL 
IPS 
IT 

1-
LDA 
LIP 
LO 

Ml 
MANOVA 
MEG 
MEP 
MN 
MNS 
MPRAGE 
MR 
MRI 
MST 
MT 
MVPA 

NMR 

OS 
OT 

-p 
PC 
PET 
PF 

FMRIB software library 
Full-Width Half-Maximum 

General Linear Model 

Human mirror neuron system 
Hemodynamic response function 

lnfero-frontal gyrus 
Inferior parietal lobule 
Intraparietal Sulcus 
Inferotemporal 

left 
Linear Discriminant Analysis 
Lateral lntraparietal 
Lateral occipital 

Primary motor cortex 
Multivariate Analysis of Variance 
Magnetoencephalography 
Motor-evoked potential 
Mirror neuron 
Mirror neuron system 
Magnetization prepared rapid gradient-~cho 
Magnetic resonance 
Magnetic resonance imaging 
Medial superior temporal 
Medial t emporal 
Multi-Voxel Pattern Analysis 

Nuclear magnetic resonance 

Operating system 
Occipito-temporal 

posterior 
parietal cortex 
Positron emission tomography 
Macaque parietal area F 
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PFG 
PM 
PoCS 
PrCG 
PrCS 
preCS 
PT 
PV 

QTC 

r-
ROI 
RS 

Sl 
SENSE 
SIi 
SMA 
SPM 
STG 
STS 
SUMA 
SVM 

T1 
T2 
TE 
TFCE 
TMS 
TPJ 
TR 

-v 

Macaque parietal area FG 
Premotor 
Post-central sulcus 
Pre-central gyrus 
Pre-central sulcus 
Pre-central sulcus 
Planum temporale 
Parietal ventral 

Quantum Tunnelling Composite 

right 
Region-of-interest 
Repetition-suppression 

Primary somatosensory cortex 
Sensitivity encoding 
Secondary somatosensory cortex 
Supplementary motor area 
Statistical Parametric Mapping 
Superior temporal gyrus 
Superior temporal sulcus 
Surface mapping 
Support Vector Machine 

Spin-lattice relaxation time 
Spin-spin relaxation time 
Echo time 
Threshold-Free Cluster Enhancement 
Transcranical magnetic stimulation 
Tempera-parietal junction 
Repetition time 

ventral 
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