
   

 

Open Body Maps 

Primary somatosensory cortex activity during touch observation  
described with 7 Tesla fMRI 

 
 

 

Der Fakultät für Biowissenschaften, Pharmazie und Psychologie 

der Universität Leipzig 

eingereichte 

 

D I S S E R T A T I O N 

zur Erlangung des akademischen Grades 

doctor rerum naturalium 

Dr. rer. nat. 

vorgelegt von 

MSc, Esther Kühn 

geboren am 29.04.1983 in Hürth 

Leipzig, den 14.11.2012 

 

 



   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

Acknowledgments 

 

I thank my main supervisor, Simone Schütz-Bosbach, for her great support during the 

time of my PhD: For vivid discussions, mental and financial support, and invaluable 

feedback on my paper drafts.  

I thank Patrick Haggard, Wolfgang Prinz, and Robert Turner for their great support, their 

insightful feedback on my studies, and for providing a source of great inspiration for me. 

I thank all present and past members of the “Body & Self” group for creating a fantastic 

working environment.  

I thank also the other Master students, PhD students, and post-docs from the different 

research groups and departments for their help, support, and friendship. 

I thank Jan Bergmann and Henrik Grunert for their reliable and irreplaceable technical 

support.   

I thank Jeanine Auerswald, Nadine Diersch, Antje Gentsch, Robin Heidemann, Karsten 

Müller, Sylvie Neubert, André Pampel, Enrico Reimer, Andreas Schäfer, Thomas Siegert, 

Robert Trampel, Marcel Weiss, Domenica Wilfing, and Elisabeth Wladimirov for their 

great support before, during, and after MRI data acquisition and analyses. 

I thank Delia Fuhrmann, Diwaker Jha, Clara Kühn, Manja Luckner, and Jennifer Olt for 

their high motivation and commitment to their work as student assistants. 

I thank Rosie Wallis and Elke Smallwood for proof-reading my paper drafts. 

I thank the IT and graphic departments for their great (and often enough spontaneous) 

support in organizing and handling design, software, and hardware issues. 

I thank Antje Holländer and the other administrative and scientific members of the 

IMPRS NeuroCom for offering excellent support, infrastructure, and working conditions.  

I thank the responsible staff at the Max Planck Institute for Human Cognitive and Brain 

Sciences for hosting and supporting me within the last three years. 

I thank all cognitive neuroscience researchers who took the time and effort to write 

good, comprehensive, creative, and thoughtful books and articles. 

I thank my family members and friends who always let me feel I would overcome 

troubles and difficulties during all stages of my dissertation.  



   

Table of Contents 

 

Prologue ...................................................................................................................................... 5 

1. General Introduction .................................................................................... 7 

1.1. Open minds ...................................................................................................................... 7 

1.2. The missing domain .......................................................................................................... 8 

1.3. Touch in human cognition .............................................................................................. 10 

2. S1 as an Open System................................................................................. 18 

2.1. S1 is part of a neuronal network .................................................................................... 19 

2.2. Vision influences tactile processing ............................................................................... 21 

2.3. Viewing the body influences tactile processing ............................................................. 23 

3. The Architecture of S1 Representations ..................................................... 26 

3.1. Neuronal and mental representations ........................................................................... 26 

3.2. Three features to characterize neuronal representations in S1 .................................... 28 

3.3. Shared features in S1 ..................................................................................................... 34 

3.4. Experimental approach: Characterization of shared features in S1 during touch 

observation and perception ...................................................................................................... 35 

4. Study 1: The Substrate of S1 Representations during Touch 

Observation ..................................................................................................... 37 

4.1. Abstract .......................................................................................................................... 37 

4.2. Introduction .................................................................................................................... 37 

4.3. Materials and Methods .................................................................................................. 41 

4.4. Results ............................................................................................................................ 48 

4.5. Discussion ....................................................................................................................... 55 

5. Study 2: The Topography & Dynamics of S1 Representations during 

Touch Observation ........................................................................................... 63 

5.1. Abstract .......................................................................................................................... 63 

5.2. Introduction .................................................................................................................... 63 

5.3. Materials and methods .................................................................................................. 68 

5.4. Results ............................................................................................................................ 79 

5.5. Discussion ....................................................................................................................... 92 



   

6. General Discussion ................................................................................... 100 

6.1. Summary of results ...................................................................................................... 100 

6.2. Which features of S1 representations are shared? ..................................................... 101 

6.3. Open body maps: A perspective .................................................................................. 111 

6.4. A reference to open minds ........................................................................................... 118 

7. Summaries ............................................................................................... 120 

7.1. Summary English .......................................................................................................... 120 

7.2. Summary German ........................................................................................................ 125 

8. References ............................................................................................... 131 

9. Appendix .................................................................................................. 162 

9.1. Supplementary material study 1 .................................................................................. 162 

9.2. Supplementary material study 2 .................................................................................. 164 

9.3. List of figures ................................................................................................................ 170 

9.4. List of tables ................................................................................................................. 174 

9.5. Abbreviations ............................................................................................................... 175 

9.6. Curriculum Vitae & List of publications ........................................................................ 177 

9.7. Selbstständigkeitserklärung ......................................................................................... 180 

9.8. Bibliographic details ..................................................................................................... 181 

9.9. Confirmation of contribution of co-authors ................................................................ 183 

 



   

5 

 

Prologue 

Open body maps, I admit, is a rather figurative title – at least for a thesis that sees its 

proper goal in characterizing activity changes in a primary sensory brain area with the 

help of 7 Tesla functional magnetic resonance imaging (fMRI). A rather technical 

approach to characterize the human brain and a rather philosophical way of interpreting 

the results, this, however, nicely reflects the current research field of cognitive 

neuroscience.  

As the term cognitive neuroscience suggests, neurosciences (and their relatively hard-

wired methodologies) are here combined with psychological sciences (and their often 

soft-wired interpretations). In addition, disciplines as the philosophy of mind, 

computational neuroscience, neurophysics, cognitive psychology, neurology, and 

neurobiology got increasingly involved, together forming a reasonably interdisciplinary 

cast. And, in fact, the reader who begins doubting at this point how these rather 

different research disciplines can be working together efficiently shares my own 

concerns: Combining these different research disciplines, and their methodological 

approaches, in order to construct coherent theories about the human mind is indeed the 

biggest challenge this relative young research discipline has to take – but it also forms 

the basis for its recent success. When such an endeavor is successful, the resulting 

theories can start answering questions in a novel dimension that are discussed by 

human kind since centuries, as for instance the question about the relation between the 

human mind and the human body, already discussed in length by Descartes or Aristotle.  

Having given this rather short impression of the field, the interested reader, when 

stemming from the field of neuroscience, may therefore accept my attempt to interpret 

my experimental results in a broader frame than may be classically expected in this 

discipline. The reader, when stemming from the field of psychology, will hopefully 

accept that I will not follow the classical approach of investigating human cognition 

mainly in terms of observable behavior, but will shift to a rather neuroscientific 

perspective at one stage of the dissertation. While I assume that both will somehow find 

their way through this thesis, the most disappointed reader will probably be the 

interested philosopher. He will find this thesis not conceptual enough, and will certainly 

miss in-depth discussions about critical terms I will only introduce shortly. The reader, 

from whatever discipline, may therefore be reminded that this thesis does not intend to 

capture the relevant aspects of all different research fields as mentioned above, but will 

focus on the literature cognitive neuroscience offers, including taking short turns to 

related disciplines whenever necessary. In this way, I hope, the clear research focus of 
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this thesis will not get lost in spite of related issues and topics that will sometimes cross 

the road.  
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1. General Introduction 

 

1.1. Open minds 

“Mirror systems […] provide tools for aligning individual minds and molding one’s own 

after other minds. In this way they offer unique and unprecedented tools for building 

open minds.” 

(Prinz 2012, prologue) 

Open minds is a term that very recently found its way into scientific discourse. It forms 

the running title of a recently published book written by Wolfgang Prinz (Prinz 2012). In 

this book, Prinz introduces the far-reaching idea that social interactions, rather than self-

centered processes, form the central part in the creation of the human self. Human 

beings, according to his view, are equipped with open minds, which are constructed in 

their steady interaction with the social environment, both in phylogenetic and 

ontogenetic time-scales. Central parts of human cognition, as agency or intentionality, 

are therefore explained to be social artifacts. 

In this way, Prinz contrasts the concept of open minds, whose architecture is strongly 

shaped by the interaction with the social environment, to the concept of closed minds, 

which mainly develop through self-creation. With these assumptions, his theory goes 

farther than many classical theories in social cognition would go. He places social 

interaction in the center of interest, rather than accepting it as a modulating factor, 

among many others.  

What exactly forms the basis of social interactions? Prinz focuses on the visual input 

channel. Interacting with others by viewing their actions, but also by viewing oneself in a 

mirror, are introduced as the key input channels to open minds. In assuming a fractional 

equivalence between viewing an action and acting (i.e., between perception and action), 

his theory gains additional support by studies on mirror neurons, which were shown to 

fire both when an action is observed or executed (Rizzolatti and Fabbri-Destro 2008).  

To clarify, this thesis does not intend to investigate whether Prinz is right with his 

assumptions. Whether or not concepts such as agency or intentionality are social 

artifacts, and constructed via social interactions, is just beginning to be explored, and 

experimental paradigms still need to be established that could test some of the theory’s 

most central implications. Prinz’ theory rather invited me to examine carefully whether 
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past and present cognitive neuroscience research may have conceptualized human 

minds as too isolated and self-centered entities. The question rises whether certain 

sensory and cognitive functions, which are often assumed to be private in character, 

may in fact be far more influenced by the social environment than one may suggest.  

Precisely this question forms the spirit of the present thesis: May the primary 

somatosensory cortex (S1) be far less private and far more influenced by the social 

environment than has been assumed for a long time? In order to target this question, 

the term social environment will also here be used to describe social influences entering 

the human mind via the visual input channel. Other social input channels (e.g., audition) 

are similarly important, but are not investigated in the present context. Open minds are 

in this thesis therefore targeted by investigating how social visual input influences 

neuronal activity changes in S1. I promote that investigating the “openness” of human 

minds does not only change our understanding of the function of S1, but also changes 

our understanding of the cognitive processes mediated by this brain area. In this way, 

my thesis contributes to the evolving trend of regarding both the human brain and the 

human mind as entities that function in strong interconnection with their social 

environment. 

1.2. The missing domain 

The branch of cognitive neuroscience that concerns with the influence of the social 

environment on human brain function and behavior is called social neuroscience. 

Questions as ‘How do I understand another person’s behavior?’ or ‘How can I share an 

experience with another person?’ are investigated, besides asking how others may 

influence one’s own thoughts and feelings. 

Social neuroscience is a rapidly evolving field. Early social neuroscience theories strongly 

emphasized knowledge, beliefs, and desires to understand other people’s behaviors 

(Frith and Frith 2005; Gopnik et al. 2004). Many current theories argue that most of the 

time our understanding of others is “immediate, automatic and almost reflex-like” 

(Gallese 2007). Whereas the former view stresses cognitive aspects of social cognition, 

the latter view assumes an embodied and pre-verbal understanding of others 

(Grassmann et al. 2009). According to Gallese, the fundamental difference between 

embodied cognition (what he calls “embodied simulation”) and more cognitive accounts 

of social cognition (e.g., “theory theory” of theory of mind (ToM), Gopnik et al. 2004; 

Carruthers and Smith 1996) is the quality of the experience (Gallese 2007). The 

experience of “how it feels” is, according to him, only possible following an embodied 
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view of social cognition. Although some accounts also start integrating cognitive and 

embodied views of social cognition (by discussing their possibly relation, or by stressing 

their conceptual overlaps, Frith and Frith 2012, 2006; Gallese and Goldman 1998; 

Lombardo et al. 2010; Schulte-Ruther et al. 2007), the relation between cognitive and 

embodied theories of social cognition is still unclear. The present thesis therefore 

focuses on an embodied view of social cognition, and will leave it open to future 

research to link the findings as presented and discussed here to more cognitive accounts 

of social cognition.  

Most embodied theories of social cognition focus on the ability to represent (or 

simulate) other’s actions. This is assumed to be mediated by an activation of similar 

motor areas in the brain in situations where a specific action is either observed or 

executed (Iacoboni et al. 1999; Rizzolatti and Craighero 2004; Rizzolatti et al. 2001). This 

co-activation of similar brain areas during action observation and action execution is 

often referred to as “neuronal resonance” response (Zaki and Ochsner 2012), and has 

been investigated quite extensively in recent years (Buccino et al. 2004; Buccino et al. 

2001; Calvo-Merino et al. 2005; Caspers et al. 2010; Cross et al. 2006; Cross et al. 2011; 

Gazzola and Keysers 2009; Fabbri-Destro and Rizzolatti 2008; Mukamel et al. 2010). This 

neuronal resonance response in the domain of action is supposed to allow an 

understanding of the other’s goals, intentions, and motor plans (Brown and Brune 2012; 

Friston et al. 2011; Gallese 2007; Iacoboni 2009; Prinz 2012; Rizzolatti et al. 2001). In 

addition, neuronal resonance in the domain of action is assumed to lead to interference 

effects. For instance, action observation speeds up reaction times when observer and 

observed perform similar actions, and slows down reaction times when they perform 

different actions (e.g., Brass et al. 2000).  

While neuronal resonance in the domain of action is undoubtedly an important aspect 

of social cognition, this concept was also transferred to other domains, such as the 

domains of pain or emotion (Bernhardt and Singer 2012; Brown and Brune 2012; Singer 

et al. 2004; Singer et al. 2006; Singer 2012). Also here, it is argued that neuronal 

resonance responses in the pain matrix, or other brain areas conveying emotional 

information, lead to shared affective states between observed person and observer. As 

was recently noted (Keysers et al. 2010), however, one domain has for a long time 

gained far less attention in this respect, namely the domain of touch. Touch is far less 

often studied in social cognition compared to action, pain, or emotion, and is, 

accordingly, largely underrepresented in current “mainstream models” (Keysers et al. 

2010) of social cognition.  
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Why is this the case? To answer this question, one has to think about the role of touch in 

human cognition. As noted by Craig and Rollman (1999), it is often difficult to convey the 

importance of “somesthesis” (Craig and Rollman 1999), i.e., the sense of touch and 

position, to other cognitive neuroscience researchers. Vision and audition are in many 

respects better studied in cognitive neuroscience than touch, which leads to its neglect 

or later appearance also in novel subfields of the discipline, such as social neuroscience.  

To sum up, before I can start arguing about the importance of touch in social cognition, I 

have to first singularize the role of touch in human cognition. The reader may therefore 

now sharpen his (or her) attention to see how many aspects of human cognition are be 

influenced by touch. The reader may also keep this framework in mind, because it will 

later be used to discuss the potential role of touch in social cognition (see General 

Discussion). 

1.3. Touch in human cognition 

The tactile modality is the first to develop in a human embryo. Roughly before the 

eighth week of gestation, an embryo has already developed sensitivity to tactile 

stimulation, long before other senses have developed (Gottlieb 1971; Humphrey 1964). 

Touch is therefore an ontogenetically old sense, but has also a long history in 

phylogenetic terms: The ability to react to prey touching an animal has developed earlier 

in the animal kingdom than reacting to visual or auditory input, and is present also in 

animal species that did not step up far in evolutionary terms (Sereno 2002).  

In addition, tactile perception is immediate. In humans, tactile sensations are evoked by 

the direct physical contact between an outer stimulus and mechanoreceptors in the skin 

surface. There are four different groups of mechanoreceptors (SAI: Merkel receptors, 

SAII: Ruffini endings, FAI: Meissner’s corpuscles, FAII: Pacinian corpuslces) that all react 

to slightly different aspects of a tactile stimulus (Vallbo and Johansson 1984). Later, the 

combined inputs give rise to a complex tactile percept (Nicolelis et al. 2002). Touch does 

therefore not only develop earlier than other senses, but it also belongs to the proximal 

senses, for which direct physical contact between the body and the object occurs during 

perception.  

Touch plays various roles in human cognition that go far beyond the mere perception 

that something has just contacted the skin surface (Azanon and Haggard 2009). For 

instance, touch triggers emotions. Particularly the newly discovered CT fiber afferents 

are assumed to play an important role in this respect (Morrison 2012). CT fiber afferents 
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particularly respond to pleasant, caress-like touch applied to hairy parts of the skin 

(Morrison 2012; Morrison et al. 2011a; Morrison et al. 2011b). They terminate at the 

posterior insula and are assumed to elicit positive emotions during touch perception 

(Kress et al. 2011). Patients lacking C fiber afferents therefore perceive caress-like 

stroking as less pleasant than normal controls (Morrison et al. 2011b). Besides the 

insula, also S1 has recently been assumed to play an important role in processing 

affective aspects of social touch (Gazzola et al. 2012), and to convey socially elicited 

emotions (Kress et al. 2011). Pleasant touch, when occurring in a social context, is 

assumed to build the basis for affiliative behavior, to contribute to the formation and 

maintenance of social bonds, and to build a means for communicating emotions 

(Morrison et al. 2010; Morrison 2012). 

Besides the link between touch and emotion, touch also influences spatial perception. 

The majority of tactile inputs reaches S1 after having passed through the lower brain 

stem and the thalamus (Hsiao and Bensmaia 2008; Kaas 2001). The incoming 

information in S1 is spatially ordered and represents the contralateral side of the human 

body in a mediolateral sequence (Blankenburg et al. 2003; Kaas 2008; Kaas 2001; Krause 

et al. 2001; Sato et al. 2002). This topographic “map” (Penfield and Boldrey 1937) that 

relates mechanoreceptors in the skin surface to cortical representations in S1 is often 

referred to as “body map” (Chapin and Lin 1984). It has now been argued that this body 

map in S1 offers a body-centered reference frame for sensory perception (Aglioti et al. 

1999; Azanon and Soto-Faraco 2008; Azanon and Soto-Faraco 2007; Macaluso and 

Maravita 2010; Shore et al. 2005; Soto-Faraco et al. 2004). This body-centered 

(somatotopic) reference frame (“receptor space”) in S1 is often seen in opposition to an 

external (spatial) reference frame mediated by more posterior parts of the parietal 

cortex (PPC) (see Macaluso and Maravita 2010 for a review), or the temporo-parietal 

junction (TPJ) (Ionta et al. 2011). In a process sometimes called “remapping”, body-

centered information is combined with external spatial information (Aglioti et al. 1999; 

Avillac et al. 2005; Eimer et al. 2003; Gallace and Spence 2008; Haggard et al. 2006; 

Lloyd et al. 2003; Longo et al. 2010; Medina and Coslett 2010; Overvliet et al. 2011b; 

Rizzolatti et al. 2002; Sakata et al. 1973). This remapping process is assumed to take 

place in the PPC (Bolognini and Maravita 2007; Lloyd et al. 2003; Sakata et al. 1973) and 

the ventral premotor cortex (vPM) (Rizzolatti et al. 2002; Graziano et al. 1997).  

Whereas the importance of the external reference frame has often been shown in 

studies on spatial attention (Kennett et al. 2002; Spence et al. 2000a; Spence et al. 

2000b), the body-centered reference frame is assumed to convey more self-centered (in 

spatial terms) and private (in bodily terms) information. For instance, information about 
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the body that is stored in S1 is assumed to be little influenced by spatial variables such 

as body posture (Azanon and Soto-Faraco 2008, 2007; Haggard et al. 2006; Macaluso 

and Maravita 2010; Overvliet et al. 2011a), whereas information about the body that is 

stored in the PPC changes more dynamically with spatial variables (for reviews see 

Gallace and Spence 2008; Macaluso and Maravita 2010). To illustrate this point, 

Bartolomeo et al. (2004) studied brain-damaged patients who were stimulated at their 

hands or knees while their limbs were either in a crossed or uncrossed position 

(Bartolomeo et al. 2004). Some patients had difficulties in detecting touch whenever the 

limb was placed at the contralesional site, irrespectively of which limb was touched. 

Those patients were assumed to have impairments in coding touch in an external 

reference frame (see Aglioti et al. 1999; Moro et al. 2004; Smania and Aglioti 1995; 

Tinazzi et al. 2000 for similar findings). Other patients’ performances were not 

influenced by body posture, but they showed consistent difficulties in detecting touch 

on the contralesional limb, irrespectively of limb position. Those patients were assumed 

have impairments in coding touch in a body-centered reference frame. One may 

therefore say that the tactile processing that was not influenced by external reference 

was processed in a more self-centered and private way.  

With respect to the importance of the body-centered reference frame in human 

cognition, it is additionally assumed that in particular cortical processing that occurs 

shortly after touch application is coded in a body-centered rather than a spatial 

reference frame. For instance, it has been shown that until about 100 ms after a tactile 

stimulus has been delivered to the hand, visual cues are perceived faster when 

presented to the same side of the body (i.e., in accordance with a body-centered 

reference frame), whereas visual cues presented later are perceived faster when 

presented near the touched hand (i.e., in accordance with an external reference frame, 

Azanon and Soto-Faraco 2008; see also Eimer et al. 2001; Groh and Sparks 1996; 

Macaluso et al. 2005; Rusconi et al. 2009). Early interactions between touch and vision 

may therefore particularly be coded in a body-centered reference frame, whereas later 

are coded in an external reference frame.  

In addition, it has been suggested that the body-centered reference frame is particularly 

important in its function to represent body parts that are close to one another, and 

whose spatial relation remains relatively fixed. When tactile stimulation is given to two 

single fingers, the decision about which finger has been touched is accordingly less 

influenced by body posture than the decision about which hand has been touched 

(Haggard et al. 2006). Tactile location information about single fingers may therefore 

presumably be coded in a body-centered reference frame (see also Roder et al. 2002), 
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whereas tactile location information about hands may be coded in a spatial reference 

frame.  

This is in accordance with a third role of touch in human cognition, namely its role in 

providing structural information about the body and its parts (de Vignemont et al. 2005; 

Dijkerman and de Haan 2007). Experimental evidence in this direction is provided by an 

interaction between tactile abilities and body anatomy. More precisely, in one 

experiment, participants were better in a tactile task when different tactile stimuli 

touched the same body part, compared to when they touched different (but adjacent) 

body parts (Haggard and Giovagnoli 2011). According to the authors, this difference 

could not be explained by tactile sensitivity differences between the body parts. Thus, 

these results indicate that tactile processing in S1 takes anatomical borders between 

body parts into account. This may be explained by the assumption that the body map in 

S1 builds functional segregates, which are assumed to form a main “physiological 

manifestation of local interaction” (Calford 2002).  

Again, one may suggest that particularly fine-grained anatomical details of structural 

body representations are coded in S1. This is indicated by a recent fMRI study. 

Beauchamp et al. (2009) used multivariate pattern analyses to decode which aspects of 

tactile processing are stored in S1, and which are stored in the secondary somatosensory 

cortex (S2). They showed that particularly touch applied to digits of one hand can be 

decoded on the basis of activity pattern in S1, whereas gross anatomical distinctions are 

better decoded in S2. Other evidence in this direction is provided by clinical findings. 

Deafferented patients, who are deprived of somatosensory and proprioceptive input, 

have particularly difficulties to distinctly control body parts that are nearby (Cole and 

Paillard 1995). Although they are generally impaired in performing actions, they often do 

well in learning how to sit or how to walk, but report a failure to control single fingers 

that are nearby. It is possible that this has to do with their presumably distorted body 

map in S1.   

Structural body representations as stored in S1 may therefore interact with touch 

perception, and may influence action control. Another way of how structural body 

representations in S1 may interact with human cognition is that they influence the 

perception of one’s own body anatomy. For instance, anaesthetizing a body part leads 

to an enlargement of the cortical area in S1 representing this body part (Buchner et al. 

1995). This is assumed to lead to the illusory feeling that this part of the body, whose S1 

representations are enlarged, is larger than it actually is (Gandevia and Phegan 1999). 

Similarly, an fMRI study by Ehrsson et al. (2005) showed that illusory changes in 

perceived body part size, as here induced by a proprioceptive illusion, alters the 
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responsivity of S1 when this body part is touched (Ehrsson et al. 2005). Other evidence 

for the influence of the S1 body map on body form representations is provided by a 

recent experiment (Longo and Haggard 2010). Here, the subjective perception of body 

form was not only shown to be systematically distorted, but this distortion strongly 

resembled the distortion of the S1 homunculus. 

At this point, the reader may already be astonished about the variety of influences touch 

has on human cognition. We saw its influence on emotions, on spatial perception, and 

on structural body representations. A forth aspect where the body map in S1 plays an 

important role in human cognition is its influence on procedural body representations. 

These are often subsumed under the name “body schema” (Cole and Paillard 1995; 

Paillard 1999; Serino and Haggard 2010). Whereas in the past, the term body schema 

has even been equated with the body map in S1 (see Gallagher 2005 citing Gerstmann 

1942; Straus 1970), more recent definitions regard the body schema as a procedural 

representation of the body, built up by integrating tactile, proprioceptive, and action 

cues (Gallagher 2005). In that way, the body schema can be distinguished from a 

steadier and visually based representation of the body, sometimes referred to as “body 

image” (Anema et al. 2008; Bonda et al. 1995; Cole and Paillard 1995; Gallagher 2005; 

Haggard and Wolpert 2005; Longo et al. 2009; Longo et al. 2010). Although there exist 

many conflicting views on how S1 links to procedural representations of the body (e.g., 

Dijkerman and de Haan 2007; Gallagher 2005; Longo et al. 2010; Longo and Haggard 

2010; Mancini et al. 2011; Medina and Coslett 2010), a recent model is particularly 

interesting in this respect (Medina and Coslett 2010). Medina and Coslett argue that the 

body schema can be divided into three distinct but interacting processes: Primary 

somatosensory representations, body form representations, and postural 

representations of the body. According to this view, bodily information that is stored 

and updated in S1 mainly influences body form representations, which then feed into 

postural representations of the body. Also here, a particular role of S1 in representing 

fine-grained details of the postural body may be assumed. For instance, it has been 

suggested that tactile fibers in the skin contribute to absolute position sense particularly 

of the fingers (see Matthews 1988 for review).  

Besides emotion, body-centered reference-frames, structural and procedural body 

representations, another important aspect is that S1 contributes to the feeling of body 

ownership (Aspell et al. 2012; Lenggenhager et al. 2011; Schaefer et al. 2006; Tsakiris et 

al. 2007). Body ownership can be defined as the feeling that “I am the one who is 

undergoing an experience” (Gallagher 2000), and is, in combination with agency, 
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regarded as the main contributor for body- and self-awareness (Tsakiris and Haggard 

2005a).  

Body ownership is not easily studied, because “the body is always there” (James 1980). 

One approach to study body ownership is offered by the so called rubber hand illusion 

(RHI) (Botvinick and Cohen 1998). This illusion can be induced by letting participants 

observe a rubber hand being stroked synchronously to their own (visually hidden) hand. 

By seeing a rubber hand being stroked, but feeling identical stroking on their real 

(hidden) hand, most participants experience the illusion that the rubber hand is their 

own hand. When the stroking between the rubber hand and the real hand is performed 

asynchronously, such an illusory feeling does not arise (Botvinick and Cohen 1998; 

Costantini and Haggard 2007; Ehrsson et al. 2004; Longo et al. 2009; Pavani and Zampini 

2007; Tsakiris and Haggard 2005b). An implicit measure of this illusion is the 

proprioceptive drift: During the illusion, participants experience the feeling that their 

real hand is closer to the rubber hand than it actually is (Botvinick and Cohen 1998; 

Tsakiris and Haggard 2005b; but also see Rohde et al. 2011). The RHI was used to 

manipulate body ownership in a positron emission tomography (PET) study by Tsakiris et 

al. (2007). They compared brain activity changes between a situation where the RHI was 

experienced by participants and a control condition where this illusion did not arise due 

to asynchronous stroking (Tsakiris et al. 2007). If S1 contributed to body ownership, one 

would expect a modulation of S1 activity in the illusion conditions. Exactly this was 

shown in this study. S1 activity was stronger in the asynchronous condition compared to 

the synchronous condition, and also negatively correlated with the proprioceptive drift, 

the implicit measure of the illusion. This could be interpreted to demonstrate that S1 

contributes to a strong feeling that “I am the one who is undergoing an experience” 

(Gallagher 2000; see also Schaefer et al. 2006), i.e., a feeling of body ownership. This, in 

turn, may create a less likely tendency to give up bodily ownership to a rubber hand.  

A similar role of S1 in body ownership has also been assumed for clinical cases. It was 

hypothesized that “if one can attend to a body part via bodily sensation, one will not 

make the mistake of misidentifying it as another’s” (Kinsbourne 1995 citing Evans 1982; 

van Stralen et al. 2011; but see Bottini et al. 2002; Vallar and Ronchi 2009 for conflicting 

evidence). This view assumes that S1 activity during touch perception or during action 

may trigger the assignment of body parts to one’s own body. It is therefore argued that 

tactile phantom limb sensations further phantom-limb phenomena (Kinsbourne 1995), 

and that the deficient integration between action and tactile cues leads to the 

perception of supernumerary-limbs (Haggard and Wolpert 2005).  
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This is also in accordance with the report of a deafferented patient, who had since 

several years no somatosensory and proprioceptive input from the mouth downwards. It 

is described that this patient regards her body as a “machine on which [one] imposes 

commands” (Cole and Paillard 1995). This comment clearly indicates that the patient is 

lacking a healthy feeling of body ownership, which may be caused by her lacking tactile 

and proprioceptive perceptions. Following this line of thought, it may be puzzling at first 

glance why tactile neglect patients, who do not feel touch on their body, do not have a 

feeling of bodily loss. In this respect, it has been argued that the preserved functioning 

of S1 may be the cause (Kinsbourne 1995). The preserved processing in the primary 

somatosensory cortex may still allow tactile neglect patients to have a feeling of bodily 

integrity, although touch is not consciously perceived. This indicates that conscious 

perception of touch may not always be necessary for the link between S1 activity and 

body ownership. 

Finally, touch influences action. Many theoretical accounts have stressed the role 

sensation plays in action generation, partly by criticizing the assumption that human 

action is driven by inner intentions or a free will (Libet 2003), partly by stressing the 

importance of sensory states for action planning and action prediction (Damasio 2010; 

Friston et al. 2009; O'Shaughnessy 1980; Sheets-Johnstone 1999; Wegner 2002). 

Experimental evidence seems to support these assumptions. For instance, touch has 

been shown to contribute to controlling bodily posture, in particular when other sensory 

input is lacking. When deprived of vision, humans have problems maintaining a stable 

body position. However, when allowed to touch an object in this situation, this greatly 

helps them to keep in balance, to control their body sway (Holden et al. 1994; Jeka and 

Lackner 1994; Lackner et al. 1999; Lackner et al. 2001), and to prevent recovery falls 

(Bortolami et al. 2003). Importantly, the beneficial effect of tactile input occurs although 

touch is provided at mechanistically non-supportive force levels. When tactile input is 

completely missing, as in the clinical case of deafferentiation, control of body movement 

is therefore severely impaired, if possible at all (Cole and Paillard 1995). Other examples 

of how tactile input influences action are haptic exploration (Lederman and Klatzky 

1987, 1993), or precision grips (Edin et al. 1992; see Dijkerman and de Haan 2007 for 

review).  

To sum up, the above reviewed evidence shows that touch forms an important part of 

human cognition. The tactile sense develops early, provides immediate and proximal 

input, influences emotional states, offers a body-centered reference frame, structures 

sensory inputs according to anatomical boundaries, influences the formation of a body 

scheme, contributes to body ownership, and influences human action. Although many of 
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these functions are understood at a basic rather than sophisticated level, provided with 

this evidence, we can assume that touch plays a major role in human cognition.  

Nevertheless, as explained above, the tactile sense is largely neglected in mainstream 

theories on social cognition. Why could this be the case? I propose a second answer to 

this question. Besides being aware of the importance of touch in human cognition, what 

is additionally needed is the insight that the social environment is in principle able to 

influence tactile processing. Put differently, touch may be neglected in many models on 

social cognition, because S1 was for a long time not regarded as an “open system”. It 

may be necessary to regard S1 as an open system in order to consider it as an interesting 

candidate for mediating social cognitive processes. Accordingly, the next chapter will 

introduce S1 as an open system, along clearly specified criteria.
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2. S1 as an Open System 
 

There is some insight in folk psychology that our actions can be influenced by our social 

environment. We are aware that observing someone else yawning makes ourselves 

more likely to yawn, that seeing somebody eating may trigger our own urge to eat, and 

that somebody standing in the pedestrian area gazing into the sky can make a 

considerable amount of people doing the same thing – even though nothing of interest 

can be spotted by any of them (cf., chameleon effect, Chartrand and Bargh 1999).  

With regard to touch, we are less inclined to believe such an outer influence. We do not 

readily believe that looking at another person, say experiencing a paintbrush-stroke, 

influences our own tactile sensations. Taking one step back, we would also not assume 

that seeing our own hand, while a brush is stroking it, changes anything about the 

perceptual process. In fact, we may not even believe that factors other than tactile 

influence our tactile sensations. Touch seems private and intimate to us, and accordingly 

did the primary somatosensory cortex to many cognitive neuroscientists for many years 

(cf., Driver and Noesselt 2008). 

When the intention is to characterize the domain of touch in social cognition, what is 

firstly needed is therefore a shift in perspective: Rather than regarding S1 as a closed 

system, self-centered in its function, influenced only by touch on the body, not modified 

by visual input, one would have to think of S1 as an open system: Open to the influence 

of other brain areas, open to visual influences, and, of course, open to influences from 

the social (visual) environment. In the following chapter, I will therefore provide 

evidence that 

(i) S1 is part of a neuronal network, 

(ii) vision influences tactile processing, and  

(iii) viewing the body influences tactile processing.  

I argue that this (in combination with the insight that touch is important for human 

cognition) builds the necessary premise to investigate touch in the realm of social 

cognition.  

At this point, it is important to note that the definition of open systems as offered here 

is by no means universal; it is not more than a working definition used in the present 

thesis to explain why it is plausible to investigate S1 in an experimental paradigm where 
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social visual input is the dependent variable. In other contexts or theoretical 

considerations, the term open systems has been used differently (e.g., Bertalanffy 1950; 

Davies 1976), and it goes clearly beyond the scope of the present thesis to conceptually 

compare these different accounts. 

2.1. S1 is part of a neuronal network 

S1 is the main area in the cortex where tactile inputs arrive, and it accordingly holds 

dense anatomical connections to the thalamus (Kaas 2008). However, S1 also connects 

to other areas of the brain, for instance to S2, the parvocellular area (PV), the primary 

motor cortex (M1), the PM, and the frontal cortex (Jones and Powell 1969; Krubitzer and 

Disbrow 2008). Particularly the posterior end of S1 is strongly connected to the superior 

parietal cortex (SPC), and, even more densely, to the anterior bank of the inferior 

parietal sulcus (aIPS) (Iwamura 2001; Pons et al. 1985; Iwamura 2000). The aIPS 

connections themselves are also widespread, and include the motor and premotor 

cortices, the supplementary motor cortex, S2, PV, other areas of the PPC, the cingulate 

cortex, and the extrastriate visual cortex (Krubitzer and Disbrow 2008). Although most of 

these connections are stronger in the outward direction than in the inward direction, 

anatomical evidence shows that many connections between S1 and other brain areas 

are bidirectional, and therefore in principle allow an influence not only of S1 activity on 

other parts of the brain, but also influences in the reverse direction (Barbaresi et al. 

1994; Disbrow et al. 2003; Friedman et al. 1980; Pons et al. 1987; Pons and Kaas 1986).  

Anatomically, S1 is therefore embedded in a neuronal network bilaterally connecting to 

other brain areas. However, in order to regard S1 as part of a neuronal network, it is 

important to show such interactions also in functional terms. One way of investigating 

whether the above described anatomical connections have functional correlates is to 

study the effect of spatial processing on touch perception (Macaluso and Driver 2005). 

Spatial processing, for instance the relation between the body and the external space, is 

supposed to be largely mediated by the PPC and the TPJ (Azanon et al. 2010; Duhamel et 

al. 1998; Ehrsson et al. 2005; Graziano et al. 2000; Graziano et al. 1997; Ionta et al. 2011; 

Mountcastle et al. 1975). Accordingly, many studies showed an influence of arm or hand 

posture on tactile processing, as for example on temporal order judgments (Shore et al. 

2002; Shore et al. 2005; Yamamoto and Kitazawa 2001), or on left/right distinctions 

(Haggard et al. 2006). Unfortunately, however, the results of these studies can in 

principle also be explained by the altered proprioceptive input triggered by altering the 

body posture, rather than by spatial influences on S1 processing. Whereas an interaction 

between touch and space would indeed indicate an influence of the PPC and TPJ on S1, 
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an interaction between touch and proprioception is known to partly happen at very 

early stages of the somatosensory processing pathway, as in S1 or even before (Cohen et 

al. 1994; Matthews 1988; Prud'homme et al. 1994; Prud'homme and Kalaska 1994; 

Rincon-Gonzalez et al. 2011; Tillery et al. 1996; Warren et al. 2011). One exception forms 

a study performed by Gallace and Spence (2005). Here, body posture was held constant 

between experimental blocks, but visual spatial body perception was varied by using 

different mirror reflections of the arms (Gallace and Spence 2005). It was shown that the 

spatially perceived distance between the two hands influenced temporal order 

judgments of tactile cues, even though proprioceptive inputs did not vary.  

Another approach to prove an influence of spatial processing on S1 activity is to look at 

research conducted on spatial attention. Here, body posture and tactile stimulation 

pattern are classically held constant, and only the attended location varies between 

experimental blocks. Spatial attention is assumed to be mediated by fronto-parietal 

brain areas (see for example Macaluso and Driver 2005), such that an influence of 

parietal and/or frontal brain areas on S1 can be hypothesized when spatial attention has 

an effect on tactile processing. At the behavioral level, directing spatial attention to one 

side of the body can indeed speed up reaction times to detect tactile stimuli at that body 

side (Lakatos and Shepard 1997; Spence et al. 2000a; see Johansen-Berg and Lloyd 2000 

for review). Also neuroimaging studies indicate that S1 activity can be influenced by 

spatial attentional shifts. It was shown that directing attention to one or another side of 

the body during bilateral tactile stimulation (Eimer and Driver 2000; Eimer et al. 2001; 

Macaluso et al. 2000; Macaluso et al. 2002a, b), to a digit of the stimulated versus a digit 

of the not-stimulated hand (Noppeney et al. 1999), to one or another finger of the 

stimulated hand (Gillmeister and Forster 2012), or to one finger versus to the whole 

stimulated hand (Braun et al. 2002) alters activity changes in S1.  

In addition, S1 activity is influenced by tactile attention. Single neuron recordings in 

monkeys provided evidence that firing rates of single cells in S1 were higher in 

conditions where the animal attended to tactile input than in conditions where it 

focused on visual input (Hsiao et al. 1993, 1996). Similarly, human studies showed higher 

S1 activity during tactile stimulation when participants concentrated on touch, rather 

than on a counting task (Burton et al. 1999; Macaluso et al. 2000; Meyer et al. 1991), or 

on vision (Macaluso et al. 2000; Macaluso et al. 2002a, b; Macaluso et al. 2003). In 

addition, both monkey (Hyvarinen et al. 1980) and human (Pleger et al. 2008) studies 

showed higher activity changes in S1 when the detection of tactile stimuli was rewarded, 

or was assigned relevance during the task (Eimer et al. 2001; Eimer and Driver 2000; 

Macaluso et al. 2002a; but also see Meehan and Staines 2009).  
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In summary, there is convincing evidence supporting the assumption that S1 is not only 

anatomically but also functionally part of a neuronal network. The neuronal network in 

turn does not only influence tactile processing at the neuronal but also at the perceptual 

level.  

2.2. Vision influences tactile processing 

The influence of vision on touch is of particular interest for the present context. Besides 

other input channels that allow humans to socially interact with their environment, as 

for example audition, the present thesis focuses on the visual input channel. It is 

therefore important to provide evidence that vision can in principle find a route to 

interact with touch, in particular through the primary somatosensory cortex. 

One of the most obvious evidences that vision can influence touch seems to be provided 

by altered tactile abilities in the blind. For example, Stevens et al. showed that blind 

participants can better discriminate spatial features of tactile stimuli than do sighted 

control subjects (Stevens et al. 1996; Goldreich and Kanics 2003). However, such 

differences are not observed in all studies on the topic (Grant et al. 2000; Pascual-Leone 

and Torres 1993), and age of blindness onset as well as the extent of visual experience 

does not seem to correlate to altered tactile abilities in the blind (Goldreich and Kanics 

2003; Stevens et al. 1996). Therefore, better tactile abilities in the blind do not need to 

be caused by visual deprivation effects, but they may be a by-product of the enhanced 

use of the tactile sense by the blind. They may therefore proof the plasticity of the 

somatosensory system, rather than its interaction with vision (Burton and McLaren 

2008; Stevens et al. 1996). 

Other experiments therefore provide more convincing evidence in this respect. For 

example, when participants are instructed to detect tactile electrical pulses at threshold 

level on their hand, their detection thresholds improve when a visual cue is presented at 

a similar spatial location than the tactile cue (Johnson et al. 2006). This effect also occurs 

when the light is presented already before the tactile cue arrives (Spence et al. 1998). 

This enhancement-effect of vision on touch detection is robust, and can even improve 

tactile abilities in tactile extinction patients (Ladavas and Pavani 1998). In tactile 

extinction, a tactile cue, when presented at the ipsilesional hand, can disrupt the ability 

to detect a tactile stimulus at the contralesional hand (Critchley 1949). However, when a 

light is presented at the contralesional hand, the ability to detect touch improves 

(Ladavas and Pavani 1998).  
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In addition to such enhancement effects, vision can also distract tactile processing. One 

example is the phenomenon of inattentional blindness (Dell'Acqua et al. 2006). 

Inattentional blindness describes the phenomenon that, in a train of tactile stimuli, a 

tactile stimulus may go unnoticed when the previous tactile stimulus has been detected. 

Importantly, a similar interaction has also been shown when the previous stimulus was 

visual rather than tactile. More precisely, a visual stimulus, when detected, can impair 

the detection of a following tactile stimulus (Soto-Faraco et al. 2002). A similar distractor 

effect occurs when a visual cue is presented at a spatially incongruent location to a 

tactile stimulus. In such a condition, the (visuo-tactile) cross-modal interference effect 

delays the response and elevates the error rate to detect the tactile stimulus (Spence et 

al. 1998; Pavani et al. 2000; Spence et al. 2001; see Macaluso and Maravita 2010 for 

review). Cross-modal interference effects can even trigger tactile extinction. That is, 

when a visual cue is presented at or near the ipsilesional hand while the patient has to 

detect tactile stimuli at the contralesional hand, this impairs the patient’s ability to 

detect touch at his contralesional hand (di Pellegrino et al. 1997; Ladavas and Pavani 

1998).  

While such effects of vision on touch may arguably be either caused by S1 or by visuo-

tactile integration areas in the parietal or temporal cortices (Gallace and Spence 2008; 

Reed et al. 2011; Sarri et al. 2006), single neuron studies showed that the influence of 

vision on touch also includes S1. Zhou and Fuster (2000) showed that when monkeys 

saw a visual cue that indicated to them how a later (20 seconds delayed) tactile task had 

to be performed, increased responses in S1 neurons occurred already when the visual 

cue was presented. These early firing patterns were similar to those that later 

characterized S1 activity changes during the tactile task (see also Meftah et al. 2009; 

Zhou and Fuster 1997). Although it is not clear whether these effects are due to memory 

processes, preparatory activity in S1, or multisensory integration (Zhou and Fuster 

2000), they show that neuronal firing rates in S1 are modifiable by previous visual input. 

Two studies using somatosensory evoked potentials (SEPs) with human participants 

revealed similar results. Eimer showed an enhanced negativity of SEPs during tactile 

stimulation when a visual stimulus was previously shown (Eimer 2001). Similarly, 

Meehan et al. (2009) showed that the presentation of visual stimuli during a tactile 

tracking task can influence early SEPs (i.e., the P27 component, Meehan et al. 2009). In 

an fMRI study on this topic, activity changes in the primary somatosensory cortex were 

investigated when either tactile, visual, or visuo-tactile cues were provided (Dionne et al. 

2010). Here, an increase in S1 activity was found in the bimodal visuo-tactile condition 

compared to the unimodal tactile condition. 
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In summary, behavioral, single neuron, and neuroimaging evidence shows that tactile 

processing can be influenced by visual input. Although the interaction between vision 

and touch is of course not restricted to S1, but also occurs in higher level association 

cortices, an influence at this primary level of tactile processing seems to be present.  

2.3. Viewing the body influences tactile processing 

This section will discuss the top level of the proposed three-step process, which aims at 

evidencing that S1 can be seen as an open system. So far, we have seen that S1 is part of 

a neuronal network, both functionally and anatomically, and that touch processing and 

S1 activity can be influenced by vision. Here, I will review evidence showing that also the 

social part of the visual environment, e.g., viewing a body, can influence tactile 

processing and S1 activity.  

In a series of experiments, Haggard and colleagues showed that looking at a body can 

influence tactile abilities. For example, Taylor-Clarke et al. (2004) showed that perceived 

distances between objects touching the skin are altered when participants looked at a 

distorted version of their body (Taylor-Clarke et al. 2004a). Because this perceptual shift 

was induced by viewing the body, not by viewing the object touching it, the effect was 

assumed to be driven by visual body perception. Given that tactile distance judgments 

arguably rely more on visual processing than other forms of tactile judgments (Lacey and 

Sathian 2008; Spitoni et al. 2010), it is important that this group showed in several other 

experiments that looking at one’s arm or hand can also alter tactile abilities other than 

distance estimations. For instance, the ability to spatially discriminate two small needles 

applied to the skin surface (Kennett et al. 2001; but see Serino et al. 2007), or the ability 

to judge the spatial orientation of gratings touching the skin (Cardini et al. 2011; Cardini 

et al. 2012; Taylor-Clarke et al. 2004b) increased specifically when looking at one’s body 

compared to looking at an object. Also the ability to detect and discriminate the 

amplitude of electrical stimuli, when presented to the skin clearly above threshold, 

improved when viewing the body (Harris et al. 2007; Zopf et al. 2011).  

Social visual input can also influence the visuo-tactile cross-modal congruency effect. In 

the visuo-tactile cross-modal congruency effect, slowed reaction times during touch 

detection occur when a visual cue is presented at a spatially incongruent location to the 

tactile cue. Interestingly, these slowed reaction times are particularly pronounced when 

the visual cue is presented near a body, such as the mirror image of the participant’s 

hand (Maravita et al. 2002), a rubber hand (Austen et al. 2004; Pavani et al. 2000), or 

another person’s body (Thomas et al. 2006). An effect of visual body perception on 
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tactile abilities is therefore not restricted to seeing one’s own life body. They also seem 

to occur when participants look at a video image of a body (Cardini et al. 2012; Tipper et 

al. 1998), at another person’s body (Haggard 2006; Thomas et al. 2006; Maravita et al. 

2002), or at a rubber hand (Longo et al. 2008; Pavani et al. 2000), although the effect is 

often stronger the more the viewed body part can be assigned to the observer’s own 

body (Austen et al. 2004; Longo et al. 2008; Pavani et al. 2000; Zopf et al. 2011).  

One indication that S1 might be involved in modulating the altered tactile abilities when 

viewing the body was provided by a study of Serino et al. (2009). Here, it was shown that 

only seeing a roughly corresponding body site to the one being touched increased the 

observer’s tactile abilities (Serino et al. 2009b). More precisely, while looking at a hand 

influenced tactile abilities in the observer’s hand and cheek, looking at a foot only 

increased tactile abilities in the foot. Because this pattern corresponds to the 

somatotopic map in S1 (the hand and cheek areas are more close to each other than the 

hand and foot areas), this was taken to argue that S1 is likely involved in this process 

(Serino and Haggard 2010). While this provides more indirect evidence, other studies 

measured S1 activity directly when viewing the body. In several studies, it was shown 

that early SEPs (Cardini et al. 2011; Gillmeister et al. 2010; Sambo et al. 2009; Taylor-

Clarke et al. 2002), MEG dipoles (Schaefer et al. 2006; Schaefer et al. 2007; Schaefer et 

al. 2008), and fMRI signals (Gentile et al. 2011) stemming from S1 are modulated by 

viewing the body.  

Evidence for a causal role of S1 in mediating tactile improvements when viewing the 

body was provided by a transcranial magnetic stimulation (TMS) study on this topic 

(Fiorio and Haggard 2005). Here, repetitive TMS pulses were delivered to S1 or to S2 

shortly after the body was visible, but before the tactile stimulus arrived. It was shown 

that TMS pulses applied to S1, but not to S2, diminished the effect of body vision on 

tactile abilities (see also Cardini et al. 2011 for a relation between SEP modulations and 

tactile abilities). And yet another study indicates that S1 activity is influenced by viewing 

the body: In an fMRI study, Gentile et al. (2011) showed that posterior S1 was active 

both when touch on the hand was physically perceived and when this hand was merely 

observed (Gentile et al. 2011). S1 also showed additive responses in the bimodal visuo-

tactile condition (i.e., when the hand was seen and touch was felt), and thus even 

showed multisensory response properties. 

In summary, the previous section provided evidence that social visual cues are able to 

elicit distinct influences on the functioning of the tactile system and on the activity of S1. 

This evidence, in combination with the findings that S1 is part of a neuronal network and 
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S1 activity is influenced by vision, can be taken as a reason to argue that S1 represents 

an open system as defined at the beginning of this chapter.  

I have argued that regarding S1 as an open system (in combination with regarding the 

sense of touch as important for human cognition) forms the premise for investigating 

the domain of touch in social cognition. Because evidence for both aspects has now 

been provided, we are prepared to think about how touch may best be characterized in 

order to investigate its role in social cognition.  
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3. The Architecture of S1 Representations  
 

“An understanding of how the somatosensory system processes and uses sensory 

information depends in large part on knowing how the system is organized.”  

(Kaas 2001, p 1) 

3.1. Neuronal and mental representations  

What is the role of touch in social cognition? This question seems rather complex and 

can for certain not be answered by a single thesis. Narrowing the focus is therefore vital. 

So far, I have described the experimental investigation of touch at two levels: At the 

level of behavioral responses, and at the level of neuronal responses in S1. In order to 

propose an experimental paradigm to study tactile processing in a social context, it is 

important to be conceptually clear about the advantages and disadvantages of these 

two levels of explanation.  

Investigating behavioral responses, for example measuring tactile detection or 

discrimination thresholds, has the clear advantage that these responses directly show 

the relevance of the experimental manipulation. Relevance in the present context 

means for example showing that tactile detection abilities were altered. However, such 

insights only allow speculations about the underlying mechanisms causing these effects. 

This hampers the creation of biologically grounded models, and makes it difficult to 

generalize the observed effects.  

This is true for any sensory system. One may distinguish the afferent nature of any 

sensory system in the brain from the efferent nature of the motor system (e.g., 

Macaluso et al. 2007). Sensory systems, other than motor systems, do not at first 

instance characterize themselves by generating a motor response, but rather by forming 

a neuronal representation of an outer stimulus (deCharms and Zador 2000). 

Investigating neuronal representations of sensory systems, but not investigating 

behavioral motor outputs, therefore allows a direct access to the process under 

investigation.  

Of course, in cognitive neuroscience, the ultimate goal is to link neuronal 

representations (or “vehicle properties”, Metzinger 2004) to mental states (or “content 

properties”, Metzinger 2004), otherwise, the relevance of the description at the 

neuronal level is called into question (deCharms and Zador 2000; Zaki and Ochsner 2011, 
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2012). Mental representations have been defined as internal states of a system that 

have a content (i.e., they are object-directed) and a function (i.e., they lead to motor 

output) (deCharms and Zador 2000; Metzinger 2004). Note that mental representations 

are not to be equated with phenomenal states that describe the personal level of 

experience from an inward, first-person perspective (Metzinger 2004). Whereas some 

accounts doubt that drawing a direct link between neuronal and mental representations 

is beneficial (Davidson 1970; Dennett 1991; Prinz 2012; Shoemaker 1999), most theories 

support the view that such a relation exists (Baars 2002; Bayne and Chalmers 2003; Clark 

1999; Cleeremans et al. 2007; Damasio 2010; deCharms and Zador 2000; Goldman and 

de Vignemont 2009; Metzinger 2004; Sheets-Johnstone 1999), but vary in their way of 

implementation.   

Some theories assume that this relation is of correlational nature (Baars 2002; Bayne 

and Chalmers 2003; Cleeremans et al. 2007). Those accounts assume that activity 

changes in neuronal networks can lead to the “emergence” of mental states (see Prinz 

2012 on a critical view on this point). Others argue that only subsets of neuronal 

representations are part of mental representations, sometimes called “data structures” 

(Metzinger 2004) or “feature maps” (Damasio 2010). As Damasio noted, particularly the 

concept of maps is very helpful in relating neuronal brain activity to mental states. He 

writes that “in brief, the brain maps the world around it and maps its own doings. Those 

maps are experienced as images in our minds, and the term image refers not just to the 

visual kind but to images of any sense origin such as auditory, visceral, tactile, and so 

forth” (Damasio 2010).  

From this conceptional point-of-view, the body map in S1 therefore seems a suitable 

model for building a relation between neuronal and mental representations in the 

tactile domain. And, indeed, a large amount of experimental evidence shows the link 

between modifications of the body map and mental states. Studies conduced with 

animals and humans have shown that quantifiable features of the body map relate to 

observable behavioral responses. It has thus been noted that “the somewhat simpler 

and more precise topographic representations in these [primary sensory brain] areas 

provide a metric against which induced changes can be measured” (Calford 2002).  

To sum up, touch seems to be important for human cognition, S1 can be seen as an 

open system, the body map in S1 allows direct access to the sensory process under 

investigation, and the body map in S1 seems to offer quantifiable features that allow 

relating neuronal representations to mental representations. The body map in S1 

therefore seems to offer many prerequisites that qualify it for its use to investigate the 

role of touch in social cognition.  
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The key question now is: On which features of the S1 body map should one focus to 

relate neuronal to mental representations in the tactile domain? In the following 

chapter, I will introduce three features of the body map in S1 in their relation to mental 

states. In the two experiments of this thesis, I used these three features to describe how 

social (visual) input modifies the body map in S1. 

3.2. Three features to characterize neuronal representations in S1  

(i) The substrate 

In humans and monkeys, S1 consists of four stripe-like areas that differ in their relevance 

for tactile perception. From anterior to posterior, those areas are labeled area 3a, area 

3b, area 1, and area 2 (Burton 2001). Whereas proprioceptive input mainly reaches 

areas 3a and 2, cutaneous tactile inputs mainly reaches areas 3b and 1 (Iwamura 2001; 

Krubitzer and Kaas 1987; Tanji and Wise 1981). Area 3b plays the major role in tactile 

stimulus perception (Tanji and Wise 1981). Animals with lesions in area 3b show severe 

deficits in almost all tested aspects of tactile perception. For instance, they show 

impairments in distinguishing between horizontal and vertical tactile gratings, between 

squares and diamond-shaped objects, and in performing tactile size and roughness 

discrimination tasks (Hsiao and Bensmaia 2008; Randolph and Semmes 1974; Semmes 

and Turner 1977). In addition, area 3b neurons were shown to fire during tactile 

stimulation also when the animal was anaesthetized (Roe et al. 2008). Tactile processing 

in area 3b is therefore not only very important for touch perception, but is also assumed 

to be relatively automatic and little influenced by the conscious state of the animal.  

Besides area 3b, tactile input also reaches area 1, although projections from the 

thalamus to area 1 are less dense and slower conducting than those that go to area 3b 

(Kaas 2008; Nelson and Kaas 1981). Compared to area 3b, neurons in area 1 have larger 

and more complex receptive fields (Hsiao 2008; Overduin and Servos 2004), and 

therefore build more complex tactile stimulus representations. For instance, they 

represent tactile movement characteristics, as for example movement direction 

(Gardner and Costanzo 1980; Hyvarinen and Poranen 1978b, a; Warren et al. 1986). 

Lesions in area 1 are less devastating than lesions in area 3b with respect to tactile 

abilities. Animals with lesions in area 1 show mild but specific deficits in making rough-

smooth and hard-soft discriminations, but are preserved in other tactile abilities, as for 

instance convex-concave judgments (Randolph and Semmes 1974; see Servos et al. 2001 

for similar evidence in humans). Tactile processing in area 1 also seems to be less 
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automatic than tactile processing in area 3b (Roe et al. 2008), and to be more influenced 

by attentional effects (Hyvarinen et al. 1980).  

Besides connecting to each other, area 3b and area 1 also connect to area 2. Area 2 is 

located at the most posterior end of S1, and the neuronal projections from anterior to 

posterior S1 seem to be stronger than those in the reverse direction (Roe et al. 2008). 

Area 2 therefore combines (mainly proprioceptive) input from the thalamus with tactile 

input of all three subareas (Hsiao and Bensmaia 2008; Iwamura et al. 2001). Area 2 is 

thus often called the tactile integration area of S1. Area 2 has larger receptive fields and 

more complex response properties than all other areas in S1 (Hsiao 2008; Iwamura et al. 

2001; Krubitzer and Disbrow 2008). For example, it is thought to be the site where 

complex spatial tactile analysis occurs (Nelson 2001a). Animals with lesions in area 2 are 

therefore unable to discriminate gross object features, as three-dimensional form, but 

are still able to do texture discrimination (Randolph and Semmes 1974). Whereas area 2 

represents relatively complex tactile stimulus properties, the processing of even more 

large-scale tactile features, as stimulus orientation or stimulus distance, seems to go 

beyond the functioning of S1. They were shown to take place in the IPS, the area MT, 

the TPJ, or area LO (Beauchamp 2005; Kitada et al. 2006; Lacey and Sathian 2008; 

Merabet et al. 2004; Peltier et al. 2007; Sathian et al. 1997; Spitoni et al. 2010).  

In summary, particularly activity changes in three out of four subareas in S1 seem to be 

influenced by, and important for, tactile perception. Whereas activity changes in area 3b 

indicate automatic and spatially specific tactile processing, posterior S1 (area 1 and 2) 

activity mediates complex and integrative processes during physical touch perception. In 

order to understand the role of touch in social cognition, it would therefore be 

interesting to investigate which of these three subareas are influenced by social visual 

input.  

(ii) The topography  

A second feature of the S1 body map that is often investigated during physical touch 

perception is the topography of receptive fields (RFs) in S1. Peripheral nerve fiber 

afferents, when reaching S1, do not merge into a single nerve fiber bundle, but partly 

retain their distinct spatial representations. A spatial correspondence is therefore 

established between peripheral RFs in the skin and cortical RFs in S1 (Roe et al. 2008). A 

body map is present in each of the four subareas of S1 (i.e., area 3a, 3b, 1, and 2), and 

represents the contralateral side of the human body in a mediolateral sequence 

(Blankenburg et al. 2003; Kaas 2008; Kaas et al. 2001; Kaas 1983; Kaas et al. 1979; 
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Krause et al. 2001; Sato et al. 2002). Body maps can also be found in other mammalian 

species (Nicolelis et al. 2002; Krubitzer and Disbrow 2008), and form an important 

characteristic feature of primary sensory brain areas in general (Hubel and Wiesel 1962; 

Merzenich et al. 1973). Although the exact topographic boundaries between different 

parts of the body map may be statistical rather than physiological entities (Calford 

2002), the topography of body maps is an important means to understand a number of 

functions promoted by S1. 

The topography of the body map in S1 for instance allows perceiving where on the body 

surface touch occurred (e.g., Beauchamp et al. 2009). One may say that the body map in 

S1 allows mapping “geographic features […] onto a navigational chart” (deCharms and 

Zador 2000). The importance of the topographic order of RFs in the body map may 

become apparent given the finding that topographically ordered activity changes in the 

body map can elicit tactile sensations at the spatially corresponding body part, even 

when no peripheral input was provided (Bekesy 1967; Chen et al. 2003; Hashimoto et al. 

1999; Sherrick 1964). At the level of S1, an interaction between tactile percepts applied 

to different body parts therefore particularly occurs between those areas whose S1 

representations in the body map are nearby (Farne et al. 2002; Tanosaki et al. 2003).  

An important feature of the S1 RF topography is therefore its exact spatial arrangement. 

When the topographic arrangement of RFs in the body map in S1 is altered, for example 

after limb amputation (Merzenich et al. 1984), this can lead to tactile mislocalizations: 

Patients with an amputated limb may come to feel tactile stimulation on a limb that in 

fact does not exist anymore. The precise somatotopic organization of these 

mislocalizations is the reason why they are related to an altered S1 topography (Aglioti 

et al. 1994a; Aglioti et al. 1994b; Aglioti et al. 1997; Borsook et al. 1998; Halligan et al. 

1993; Ramachandran et al. 1992a; Ramachandran et al. 1992b). Similarly, topographic 

reorganizations in S1 occur after anesthesia or cortical lesions. Weiss et al. (2004) 

showed that anesthesia of digits 1-3 resulted in a shift of adjacent RFs in S1, which was 

accompanied by tactile mislocalizations at body parts adjacent to the anaesthetized area 

(Weiss et al. 2004). Rapp et al. (2002) showed that cortical lesions to the hand area in S1 

lead to topographically shifted but still somatotopically ordered tactile misperceptions 

(Rapp et al. 2002). In accordance with this, temporal lesions in S1 (as induced by TMS) 

also lead to profound tactile mislocalizations in simple tactile detection tasks (Seyal et al. 

1997; see also Porro et al. 2007). Therefore, also in healthy individuals, problems in 

tactile stimulus localization are often explained by distortions in the topography of the 

body map in S1 (Rapp et al. 2002; but see Mancini et al. 2011).  
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Not only the spatial alignment of RFs in S1, but also RF overlap influences tactile 

perception. Studies with monkeys have shown that after surgical syndactyly (i.e., where 

formerly separated fingers are surgically connected to each other) of the index and 

middle fingers, the formerly clearly separable RFs of the two fingers fused to a single RF 

(Clark et al. 1988). Even when the fingers were surgically separated again, stimulation of 

both single fingers led to the activation of a common RF in S1. Such merged RFs in S1 

were related to “funneled” tactile percepts in monkeys (Gardner and Costanzo 1980). 

Also in human studies, repeated stimulation of two fingers leads to a rearrangement of 

the cortical RFs of the two fingers in S1, in that their spatial distance shrinks (Braun et al. 

2000). Whereas, normally, tactile mislocalizations occur between adjacent, but not 

between non-adjacent digits (Schweizer et al. 2000), after this topographical shift, 

mislocalizations particularly occur between the two co-stimulated digits (Braun et al. 

2000; Schweizer et al. 2001; see also Kalisch et al. 2007; Pilz et al. 2004; Sterr et al. 

1998).  

Besides spatial arrangement and RF overlap, another important characteristic of the 

body map topography in S1 is RF size. For instance, Pleger et al. (2001) showed that 

increased sizes of index finger RFs related to better tactile discrimination thresholds in 

the two-point discrimination task (Pleger et al. 2001). The degree of expansion of the 

index finger RF was shown to be predictive for performance in this task (see also Godde 

et al. 2003; Godde et al. 1996; Godde et al. 2000; Pleger et al. 2003). Another study 

showed that the cortical territory occupied by single digit RFs in S1 relates to tactile 

hyperacuity as measured in a spatial tactile task (Duncan and Boynton 2007). 

In summary, the topography of the body map in S1 seems to have important functions 

during physical touch perception, particularly with respect to stimulus localization and 

detection, but also with respect to stimulus discrimination. Besides the substrate, also 

the topography of S1 representations therefore seems to importantly relate to mental 

representations and behavioral outputs. It may therefore be an interesting question to 

ask how the topography of the S1 body map can be influenced by visual social input. 

(iii) The dynamics  

The body map in S1 is not static but integrates bodily and environmental changes by 

dynamic topographic reorganizations (Armstrong-James et al. 1994; Delacour et al. 

1987; Calford and Tweedale 1991b; Clark et al. 1988; Diamond et al. 1993; Diamond et 

al. 1994; Garraghty et al. 1994; Merzenich et al. 1984; Recanzone et al. 1992; Pascual-



  3. The Architecture of S1 Representations 

32 

 

Leone and Torres 1993). These changes target for instance (i) the spatial arrangement of 

RFs, (ii) RF size, and (iii) RF overlap.  

Spatial reorganization of cortical RFs is for example observed after peripheral 

denervation (Calford and Tweedale 1991b; Garraghty et al. 1994; Merzenich et al. 1983), 

or amputation (Borsook et al. 1998; Calford and Tweedale 1991a; Farne et al. 2002; 

Halligan et al. 1993; Merzenich et al. 1984; Ramachandran et al. 1992b). After such 

peripheral nerve injuries, neurons start responding to tactile stimulation to body sites 

nearby the damaged area, to which they did not respond before denervation or 

amputation took place. Sometimes, this topographic reorganization targets the 

complete RF of the deprived area, whereas sometimes, only parts are affected 

(Merzenich et al. 1983; Merzenich et al. 1984). Phantom limb sensations (Aglioti et al. 

1997; Halligan et al. 1994; Ramachandran et al. 1992b) and phantom limb pain (Flor et al. 

1995; Flor et al. 1998) are perceptual phenomena that are presumably triggered by such 

dynamic reorganizations in S1, as are changes in perceptual thresholds (Bjorkman et al. 

2004; Pluto et al. 2005). Mechanistically, an “unmasking” of preexisting ascending 

somatosensory fibers is assumed to cause this effect (Bjorkman et al. 2004; Calford and 

Tweedale 1991b, a; Calford 2002; Fox 2009; Merzenich et al. 1983; Pluto et al. 2005), 

besides expanding horizontal connections that are observed after longer time periods 

(Florence et al. 1998; Fox 2009). With respect to the unmasking effect, tonic 

disinhibition (possibly C-fiber mediated) and stimulus-driven disinhibition (mainly GABA-

mediated) are both assumed to be mechanistically relevant (Alloway and Burton 1991; 

Dykes et al. 1984; Hicks and Dykes 1983).  

With reference to the second point, RF size, an expansion of the cortical territory 

occupied by one RF is typically observed in the course of tactile learning (Delacour et al. 

1987; Elbert et al. 1995; Godde et al. 1996; Pascual-Leone and Torres 1993; Recanzone 

et al. 1992). For example, the cortical RF sizes of often used digits in expert string players 

(Elbert et al. 1995) or expert braille-readers (Pascual-Leone and Torres 1993) are usually 

expanded. This goes along with better tactile abilities in these fingers (Godde et al. 2000; 

Hodzic et al. 2004; Pleger et al. 2001; Pleger et al. 2003; Van Boven et al. 2000). While 

the underlying mechanisms are partly similar to those that mediate changes after 

peripheral nerve injury, another important mechanism is here NMDA-dependent long-

term potentiation (LTP) (Cooke and Bliss 2006; Fox 2009).  

Finally, also the third point, RF overlap, is subject to dynamic changes. When activated 

alone, the territories of cortical single finger RFs overlap (Chen et al. 2007; Friedman et 

al. 2008). However, when two such RFs are activated together, the sizes of both RFs 

shrink, thus reducing or preventing RF overlap. This shrinkage of adjacent RFs during 
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their co-activation has been explained by the occurrence of suppressive interactions 

(Ruben et al. 2006; Torquati et al. 2003). Suppressive interactions between RFs have 

been related to an increase in perceived stimulus contrast (Bekesy 1967; Calford 2002; 

Dykes 1983; Falkner et al. 2010; Jones 1993; Moore et al. 1999; Puts et al. 2011), as well 

as to feature selectivity during physical touch perception (Jacob et al. 2008). Besides 

subcortical inhibition (Brumberg et al. 1996; Carvell and Simons 1990; Hsieh et al. 1995), 

and neuronal adaptation (Moore et al. 1999), GABA-mediated intracortical inhibition is 

assumed to form the mechanistic basis for this effect (Calford 2002; Hicks and Dykes 

1983; Puts et al. 2011; Sachdev et al. 2012). Suppressive interactions are an important 

characteristic feature not only of S1, but also of the primary visual (Hubel and Wiesel 

1962; Jones and Palmer 1987; Sachdev et al. 2012) and primary auditory (Shamma et al. 

1993) cortices, where similar positive relations to perceived stimulus contrast have been 

found (Calford 2002; Puts et al. 2011). 

Although presented in a rather short scratch, these findings provide evidence that “any 

stability present in the cortex is a dynamic stability” (Fox 2009). Unmasking effects, LTPs, 

and suppressive interactions, among other mechanisms, all influence this dynamic 

stability, and relate to measurable behavioral outputs. Although closely linked to the 

substrate and the topography, the dynamic of S1 representations therefore build a 

distinct research topic in itself, also in the realm of social cognition.  

To sum up, we remember that, after having realized that touch plays an important role 

in human cognition, and that S1 can be regarded as an open system, the general 

research aim of this thesis is to investigate the role of touch in social cognition. After 

delineating the advantages and disadvantages to study neuronal or mental 

representations, I argued that focusing on neuronal representations may offer some 

advantages in terms of gaining deeper theoretical insights about the underlying 

mechanisms. I also argued that, when such an approach is followed, it is decisive to 

concentrate on features of neuronal representations in S1 that were previously shown 

to be relevant for human perception and behavior, otherwise, the relevance of this 

endeavor must be seriously questioned. I therefore introduced three features of 

neuronal S1 representations (i.e., the substrate, the topography, and the dynamics) that 

in previous studies were clearly shown to be relevant for different aspects of tactile 

perception and resultant behaviors. Based on this, the broad research question (‘What is 

the role of touch in social cognition?’) may now be narrowed to a more specific research 

question that is treatable experimentally (‘Which features of S1 neuronal 

representations are influenced by the visual social environment?’).  



  3. The Architecture of S1 Representations 

34 

 

3.3. Shared features in S1  

In principle, the influence of the visual social environment on distinct features of S1 

representations can be investigated in at least two ways: (i) How does vision of the body 

influence S1 representations during physical touch perception?, and (ii) How does touch 

observation influence S1 representations when physical touch is not experienced? While 

the former approach concentrates on the interaction between physical touch perception 

and vision, the latter concentrates on how the tactile system resonates with the other 

person’s somatosensory system. In this thesis, I will focus on the latter aspect. 

The general idea to investigate the similarity between neuronal representations during 

observed and physically perceived events is in fact not new. As indicated at the 

beginning of the introduction, this idea stems mainly from the discovery of the so called 

mirror neurons in the vPM of the macaque monkey, which were shown to fire in a 

similar way when an action was performed or observed (Rizzolatti et al. 1996). Also in 

the human motor system, such neuronal resonance responses have been found, here by 

means of neuroimaging (Buccino et al. 2001; Buccino et al. 2004; Calvo-Merino et al. 

2005; Gazzola and Keysers 2009; Gazzola et al. 2007; Wheaton et al. 2004; and see 

Keysers and Gazzola 2010; Mukamel et al. 2010 for single neuron studies in humans). 

These shared representations (neuronal resonance responses) between action execution 

and action observation have been assumed to allow the observer a basic understanding 

of the observed actions and underlying intentions (Gallese and Goldman 1998; Prinz 

2012; Gallagher 2005; Rizzolatti and Fabbri-Destro 2008; but see Hickok 2009; Hickok 

and Hauser 2010 for a critical view on this interpretation). Similar mechanisms are also 

assumed to take place during the observation of pain or emotions (Singer 2012; Singer 

and Frith 2005; Singer and Lamm 2009; Singer et al. 2004). Also here, it is assumed that 

shared representations between observed and perceived emotions or painful states 

convey information to the observer allowing him to mimic (or simulate, Gallese 2007) 

the observed sensory states. 

This same principle of neuronal resonance will here be applied to the domain of touch. It 

will be investigated whether shared representations in S1 can be measured when touch 

is either observed or physically perceived. This experimental approach follows the idea 

that when similar neuronal representations in S1 arise during touch observation and 

physical touch perception, this most likely allows the observer to share the experienced 

tactile process with the observed person. Whereas the approach to characterize shared 

representations is therefore not new, I nevertheless promote a slightly modified 

approach: Whereas, classically, shared representations refer to overlapping activity 
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changes (or “shared voxels”, Gazzola and Keysers 2009) between perceived and 

observed states, here, the focus is laid upon finding similarities along previously 

specified features (i.e., the substrate, the topography, the dynamics). The similarity of 

the fine-grained architecture of S1 representations is therefore in the focus of interest, 

rather than the extent of activity overlap. I argue that this may allow clearer analyses 

about what the observed shared neuronal representations in S1 mean in terms of their 

link to mental states.   

3.4. Experimental approach: Characterization of shared features in S1 during 

touch observation and perception 

Two fMRI studies form the experimental part of this thesis. These two studies 

characterize shared features of S1 representations during physical and visual touch 

perception, i.e., the substrate, the topography, and the dynamics.   

More precisely, the first study aimed at investigating the substrate, i.e., which of the 

four subareas of S1 (i.e., area 3a, 3b, 1, and 2) are activated during touch observation. 

For this purpose, participants in the MR scanner observed short video sequences of 

static hands that were either touched (observed touch) or not touched (no touch) by 

different sandpaper samples. In both conditions, the task was to judge the roughness 

levels of the different sandpaper samples by sight. A focal region of interest approach 

was chosen, and functional imaging data were obtained from bilateral S1. This allowed 

increasing the spatial resolution of the resulting functional images without 

compromising on signal strength. By comparing observed touch to no touch conditions, 

the substrate where S1 activity was elicited during touch observation could be 

identified. 

In the second study, the topography and the dynamics of S1 representations were in the 

focus of attention. The aim was to see whether observing touch to single fingers would 

(i) elicit distinct and topographically aligned neuronal representations in S1, and (ii) 

whether those would dynamically shrink when touch to two adjacent fingers was 

observed. Participants were therefore again scanned while observing video sequences of 

hands being touched or not touched, respectively (here, paintbrushes were used for 

tactile stimulation). Again, participants had to decide on the roughness levels of the 

tactile stimulation by sight. However, this time, the middle finger, the index finger, or 

both, the index and the middle finger, were observed to be touched in the videos (rather 

than seeing touch always to the same finger, like in the first study). In this way, neuronal 

representations in S1 evoked by observing touch to single fingers could be characterized 
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in their topography (i.e., spatial alignment) and their dynamics (i.e., suppressive 

interactions). In a second scanning session, participants felt physical touch applied to the 

corresponding fingers of their hands. In this way, it could be investigated how similar the 

functional architecture of S1 representations was during during physical touch 

perception and touch observation. 

Methodologically, both studies required the use of a neuroimaging method that is able 

to capture fine spatial details of S1 activity during touch observation. In addition, this 

neuroimaging method needed to have high detection sensitivity, because S1 activity 

changes during touch observation have been found to be rather subtle (Blakemore et al. 

2005; Keysers et al. 2004; Schaefer et al. 2009). An ideal neuroimaging method for this 

experimental approach would therefore offer both, high spatial resolution and high 

detection sensitivity. As a third criterion, the neuroimaging method was required to be 

non-invasive given that human participants were under investigation (see Chen et al. 

2007; Shoham and Grinvald 2001 for using optical imaging, and Goense and Logothetis 

2008 for using combined fMRI and electrophysiology for a similar approach). These 

requirements are fulfilled by fMRI at ultra-high field (7 Tesla [T]). While the spatial 

resolution of fMRI at 3T is in the order of several millimeters (usually 3 or 4 mm), here, a 

resolution in the order of a single millimeter or less can be achieved without 

compromising on scanning time. In addition, the signal detection strength of 7T fMRI is 

known to be very high compared to standard 3T designs. Because of these advantages, 

7T fMRI has previously been successfully used to characterize the fine topography of S1 

neuronal representations during physical touch perception (Chen et al. 2007; Stringer et 

al. 2011; Zhang et al. 2010), although not yet during touch observation.  

In summary, two 7T fMRI studies were conducted to answer the following research 

questions: 

(i) Which subareas of S1 are activated during touch observation?  

 Study 1 

(ii) Does touch observation elicit spatially aligned single digit representations in S1?             

 Study 2 

(iii) Do suppressive interactions between receptive fields occur in S1 during touch 

observation?  

 Study 2 



                                                                                                           4. Study 1: Shared Substrate 

37 

 

4. Study 1: The Substrate of S1 Representations during Touch 

Observation 
 

Published as: Kuehn E, Trampel R, Mueller K, Turner R, and Schütz-Bosbach S (2012) 

Judging Roughness by Sight – A 7-Tesla fMRI Study on Responsivity of the Primary 

Somatosensory Cortex During Observed Touch of Self and Others. Hum Brain Map.  

 

4.1. Abstract 

Observing another person being touched activates our own somatosensory system. 

Whether the primary somatosensory cortex (S1) is also activated during the observation 

of passive touch, and which subregions of S1 are responsible for self- and other-related 

observed touch is currently unclear. In our study, we first aimed to clarify whether 

observing passive touch without any action component can robustly increase activity in 

S1. Secondly, we investigated whether S1 activity only increases when touch of others is 

observed, or also when touch of one’s own body is observed. We were particularly 

interested in which subregions of S1 are responsible for either process. We used 

functional magnetic resonance imaging at 7 Tesla to measure S1 activity changes when 

participants observed videos of their own or another’s hand in either egocentric or 

allocentric perspective being touched by different pieces of sandpaper. Participants 

were required to judge the roughness of the different sandpaper surfaces. Our results 

clearly show that S1 activity does increase in response to observing passive touch, and 

that activity changes are localized in posterior but not in anterior parts of S1. 

Importantly, activity increases in S1 were particularly related to observing another 

person being touched. Self-related observed touch, in contrast, caused no significant 

activity changes within S1. We therefore assume that posterior but not anterior S1 is 

part of a system for sharing tactile experiences with others. 

4.2. Introduction 

Observing a spider crawling over the hand of another person may instantaneously evoke 

a shiver running down your spine. Likewise, seeing somebody being hurt may affect you 

in the same way as if you experienced the pain yourself. Such anecdotal reports 

(Bradshaw and Mattingley, 2001; Keysers et al. 2004; Morrison et al. 2004) illustrate that 

we not only react towards direct tactile or painful stimulation, but also show similar 

bodily responses when such events are only observed. A number of functional magnetic 
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resonance imaging (fMRI) studies have focused on the question of whether observed 

painful (Avenanti et al. 2005; Avenanti et al. 2006; Botvinick et al. 2005; Bufalari et al. 

2007; Morrison et al. 2004; Singer et al. 2004; Singer et al. 2006) or tactile (Blakemore et 

al. 2005; Ebisch et al. 2008; Keysers et al. 2004; Schaefer et al. 2009) stimulation triggers 

activity in the same brain areas as when such events are directly experienced. For the 

domain of pain, such shared neuronal representations were localized in the bilateral 

anterior insula, the rostral anterior cingulate cortex, the brainstem, and the cerebellum 

(Botvinick et al. 2005; Morrison et al. 2004; Singer et al. 2004; Singer et al. 2006). For the 

domain of touch, overlapping activity for both felt touch and observed touch was mainly 

found in voxels of the secondary somatosensory cortex (S2) (Ebisch et al. 2008; Schaefer 

et al. 2009) and the inferior parietal cortex (IPC) (Ebisch et al. 2008). Importantly, 

whereas fMRI studies only offer information about shared brain activations in the order 

of millimeters, a recent single-unit recording study provided the first clear evidence of 

the existence of visuo-tactile bimodal neurons in the monkey IPC that discharge both 

when the monkey perceives a tactile stimulation and when he observes it at or near the 

equivalent body part of the experimenter (Ishida et al. 2010).  

Recent research indicates that the primary somatosensory cortex (S1) may also be part 

of a system that internally represents observed touch of others. Traditionally, S1 has 

been assigned the role of a sensory input area that is inherently private in nature 

(Bufalari et al. 2007) and shows increased neuronal firing rates only when a tactile event 

is directly experienced (Kaas, 1983) and not when it is merely observed. Evidence for this 

interpretation is provided by studies that report significant increases in S1 activity only 

for experienced pain (Morrison et al. 2004; Singer et al. 2004; Singer et al. 2006) and 

touch (Keysers et al. 2004; Morrison et al. 2004), but not for the mere observation of 

such events (Jackson et al. 2005; Keysers et al. 2004; Morrison et al. 2004; Singer et al. 

2004; Singer et al. 2006). It is therefore often assumed that only higher-order features of 

observed pain and touch, i.e., affective (Singer et al. 2004) or conceptual (Keysers et al. 

2004) components, are co-represented in the observer, but that basic somatosensory 

features are not commonly shared.  

However, this role of S1 has lately been challenged. Recent neuroimaging studies 

indicate that neuronal activity in S1 can be modulated by the mere observation of touch 

(Bufalari et al. 2007), and that such activity changes involve areas within S1 that are also 

active during experienced touch (Blakemore et al. 2005; Ebisch et al. 2008; Pihko et al. 

2010; Schaefer et al. 2009). This suggests a role of S1 in social situations not directly 

associated with real touch. For instance, in an fMRI study conducted by Blakemore et al. 

(2005), participants either received tactile stimulation on their own necks and faces 
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while lying in the scanner, or observed objects and humans being touched at 

corresponding sites. Their task when observing the video sequences was to decide 

whether the intensity of the observed touch events was “hard”, “medium” or “soft”. 

Voxels in contralateral S1 showed overlapping activity for both experienced touch and 

observed human touch, but not for experienced touch and observed object touch. Such 

results (see also Ebisch et al. 2008; Pihko et al. 2010; Schaefer et al. 2009) indicate that 

S1 might be particularly responsive to the active observation of tactile events that occur 

to a human counterpart, but not to objects, and indicate the existence of an area 

extracting primary sensory features of observed touch events. This redefines the role of 

S1 as only being a sensory input area but also an area which potentially has social 

properties. 

However, with regard to the nature of S1 activity during observed touch, two main 

questions remain unanswered. Firstly, it is still a matter of debate whether increases in 

S1 activity during observed touch can really be related to observing a tactile event per se 

(Schaefer et al. 2009), or whether they only occur when observed touch is combined 

with observed action (Keysers et al. 2010). The latter account questions the involvement 

of S1 in a system to specifically represent observed touch and is grounded in a number 

of studies that indeed showed increased S1 activity in response to observed movement 

(Avikainen et al. 2002; Dinstein et al. 2007; Filimon et al. 2007; Gazzola and Keysers, 

2009; Gazzola et al. 2007; Grezes et al. 2003; Turella et al. 2009) and therefore included 

S1 within a system for representing observed action. Furthermore, in some previous 

studies on observed touch, reaching movements of the experimenter were shown 

(Blakemore et al. 2005; Ebisch et al. 2008; Pihko et al. 2010), which might have triggered 

the reported S1 activity during observation. In addition, S1 activity has often not been 

found in fMRI studies on observed passive touch (Keysers et al. 2004; Morrison et al. 

2004). However, one recent study conducted by Schaefer et al. (2009) provides 

contradictory evidence. In this study, participants made judgments on video sequences 

of static hands that were either touched or not touched by a paintbrush. They were 

required to count the number of strokes applied to the hand or to the floor, 

respectively, and to decide whether this number was equal or unequal to 25. Comparing 

the touch with the no-touch conditions, seeing a static hand being touched significantly 

increased activity in S1, thus providing a clear indication that observing action might not 

be a mandatory component to find increased S1 activity during observed touch.  

Secondly, it is still unclear which subregions of S1 are activated when touch is observed, 

and whether these are different for self- compared to other-related observed touch. The 

precise characterization of the activations of S1 subregions during observed touch is 
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decisive in order to fully understand how observed touch is represented in the 

observer’s somatosensory system. More precisely, it is a matter of current debate 

whether only higher-order (posterior) parts of S1 (i.e., Area 1 and 2) are recruited during 

observed human touch (Keysers et al. 2010), or whether the most primary (anterior) 

areas of S1 (i.e., Area 3a and 3b) are also activated when touch is observed (Schaefer et 

al. 2009). The former account is supported by a number of studies that report activity 

peaks for observed touch solely in posterior S1 (Blakemore et al. 2005; Ebisch et al. 

2008; Schaefer et al. 2009). However, a recent fMRI study indicated that anterior S1 is 

also activated during observed touch, but only when activity changes during observed 

touch of egocentrically presented hands were directly compared to those occurring 

during observed touch of allocentrically presented hands (Schaefer et al. 2009). Because 

of the well-known influence of body perspective on self-referential processing (Chan et 

al. 2004; Costantini and Haggard, 2007; Saxe et al. 2006; van den Bos and Jeannerod, 

2002), it can be argued that in this study, anterior S1 showed selective activity when 

observed touch was more related to the self than to others.  

However, this hypothesis needs additional exploration because it is currently unclear 

whether this effect would also generalize to a situation where participants really see 

their own hand versus another’s hand being touched. This modulation is important 

particularly because of the unique effect seeing one’s own hand has on behavioral 

(Frassinetti et al. 2010; Frassinetti et al. 2008) and neuronal responses (Devue et al. 

2007; Hodzic et al. 2009a; Hodzic et al. 2009b; Myers and Sowden, 2008). What makes 

current results additionally difficult to interpret is the fact that fMRI designs at 3 Tesla 

(T) offer well-known limitations with regard to spatial specificity and signal detection 

power (Gati et al. 1997; Sanchez-Panchuelo et al. 2010; Scouten et al. 2006; Stringer et 

al. 2011; Yacoub et al. 2003). With S1 as region of interest, these restrictions are 

particularly critical due to the high likelihood of partial volume effects (Fischl and Dale, 

2000; Sanchez-Panchuelo et al. 2010; Scouten et al. 2006; Stringer et al. 2011) and the 

rather subtle activity changes of S1 in response to observed touch (Blakemore et al. 

2005; Keysers et al. 2004; Schaefer et al. 2009). It is therefore not clear whether the shift 

in S1 activity to anterior sites when touch is more related to the self would be 

reproducible with the use of ultra-high field fMRI at 7T, which provides advances with 

respect to the above-mentioned limitations (Bandettini, 2009; Stringer et al. 2011; van 

der Zwaag et al. 2009).  

To clarify these issues, we conducted an fMRI study at 7T to investigate (i) whether 

increases in S1 activity can be related to observed passive touch, (ii) to what extent this 

effect can be modulated by self- and other-related observed touch, and (iii) which 
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subregions of S1 display increased activity levels for self- and other-related observed 

touch, respectively. Similar to the study conducted by Schaefer et al. (2009), we 

recorded video sequences while we applied touch to participants’ passively lying hands 

without the experimenter being visible. Here, touch was applied via sandpaper samples 

with different levels of roughness. When watching the video sequences in the scanner 

participants were required to decide which of two sandpaper samples had the rougher 

surface.  

In order to directly test for the effect of self- and other-related observed touch on S1 

activity changes, we included not only the factor of hand perspective but also that of 

hand identity, resulting in experimental conditions where participants observed videos 

of their own or another person’s hand being touched either from egocentric or 

allocentric perspectives. It was expected that any neuronal differentiation in S1 during 

self- versus other-related observed touch should be clearly detectable with the inclusion 

of both experimental factors. Importantly, we were able to circumvent the well-known 

limitations of 3T fMRI designs regarding spatial specificity and signal detection power 

(Gati et al. 1997; Sanchez-Panchuelo et al. 2010; Scouten et al. 2006; Stringer et al. 2011; 

Yacoub et al. 2003) by using fMRI at 7T, which provides better spatial resolution, spatial 

specificity and detection sensitivity as compared with standard 3T imaging (Bandettini, 

2009; Stringer et al. 2011; van der Zwaag et al. 2009). 

4.3. Materials and Methods 

Participants 

Seventeen healthy volunteers (7 males, 10 females; mean age 24.9 years, age range 20-

31 years) participated in our study. All were right-handed (mean handedness score 

Edinburgh inventory: 93.4, Oldfield, 1971), had normal or corrected-to-normal vision 

and had no reported history of neurological, major medical or psychiatric disorders. The 

study was approved by the ethics committee of the University of Leipzig and informed 

consent was obtained from every subject. 

Materials and Design 

During scanning, participants observed short video sequences of right hands, which 

were either touched or not touched by a rectangular piece of aluminium oxide 

sandpaper (3 cm in width). The content of the video sequences (each 6 s in length) was 

varied in a 2 x 2 x 2 factorial design, using the factors of touch (observed touch, no-

touch), hand identity (self, other), and hand perspective (egocentric, allocentric) (see Fig. 

1A). These video sequences were recorded prior to the fMRI experiments using the 
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same participants. In the observed touch conditions, the video sequences showed a 

right hand being passively stroked by a piece of sandpaper, vertically moving up and 

down along the underside of the index finger (one vertical movement/2 s). The contact 

between the sandpaper and the hand was clearly visible because of slow skin shifts of 

the index finger when the sandpaper was moved along the finger. In the no-touch 

conditions, a piece of sandpaper was seen also moving in the same temporal sequence 

and direction as in the observed touch videos, but here, it did not touch the hand. 

Instead, it was moved in close proximity to the index finger. Importantly, because both 

the hand and the piece of sandpaper were observed in reference to a static (white) 

background in the videos, it was obvious that only the sandpaper, and not the hand, was 

moving. In the self conditions, the video sequences showed the participant’s own hand, 

whereas in the other conditions, another person’s hand was seen. Self/other-pairs were 

previously matched in terms of gender, approximate hand size, finger shape, brightness 

and color. In the egocentric conditions, hands were presented in a self-referenced (1st 

person) perspective, whereas in the allocentric conditions, hands were presented in an 

other-referenced (3rd person) perspective. This resulted in eight different conditions 

(i.e., self egocentric observed touch, self allocentric observed touch, other egocentric 

observed touch, other allocentric observed touch, self egocentric no-touch, self 

allocentric no-touch, other egocentric no-touch, and other allocentric no-touch).   
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Fig 1. A: Video stimuli of an example pair. Different types of video sequences were 

varied in a 2 x 2 x 2 factorial design with the factors Touch (Observed Touch, No-Touch), 

Hand Identity (Self, Other), and Viewing Perspective (Ego=Egocentric, Allo=Allocentric); 

B: Activity changes in S1 for the contrast Observed Touch > No-Touch across 

experimental conditions superimposed on the MNI reference brain (visualized at p< 

0.005 (uncorrected) and masked with left S1) 

 

When they were videotaped, participants were naive to the purpose of the video, and 

could see neither their own nor the experimenter’s hand. Participants were instructed to 

completely relax their hands and fingers and not to put force on the sandpaper or on the 

tabletop. All videos were recorded using the same distance and angle between the 
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camera, the piece of sandpaper, and the participant’s hand, and a constant illumination 

level was provided. Video sequences in which the experimenter’s hand was visible or 

sandpaper motion caused overt movements of the participant’s finger were not used for 

the experiment.  

Importantly, the pieces of sandpaper depicted varied in their grit values (i.e., P40, P60, 

P80, P120, P150, P220) and thus in their individual level of roughness. Sandpapers with 

higher grit values are generally perceived as smoother, whereas sandpapers with lower 

grit values are perceived as rougher (Heller, 1982). In each experimental condition (see 

below), six different pairs of sandpaper grit values were shown to participants (i.e., 

P40/P60, P40/P80, P60/P120, P80/P150, P120/P220, P150/P220), who were required to 

distinguish between the roughness levels of the sandpaper pairs by sight.  

Procedure 

Hand Recognition Task (Prior to Scanning) 

Prior to scanning, all participants performed a hand recognition task. In this task, they 

were tested as to whether they could reliably differentiate between their own hand and 

another person’s hand presented on the screen. In this test, participants were shown 

pictures of their own hand and another person’s hand, either in an egocentric or an 

allocentric viewing perspective, in a randomized sequence. Each hand picture was 

shown for two seconds, followed by a two-second fixation until the next picture was 

presented. Participants were asked to decide whose hand they saw on the screen as 

quickly and as accurately as possible. Responses were given via right hand button 

presses: Half of the participants answered with their right middle finger for their own 

hand and with their right index finger for the other hand, and the other half responded 

using the opposite finger to button pairing. Each condition was repeated five times, 

resulting in 20 trials altogether.  

Roughness Estimation Task (Scanning Session) 

After completion of the hand recognition task, participants were prepared for the 

roughness estimation task to be subsequently performed in the scanner. For this 

purpose, they practiced this task with example stimuli for three minutes outside of the 

scanner room. Example stimuli were composed of the same videos as subsequently used 

in the scanning session, but were combined differently so that the sequence of videos 

seen in the training phase did not occur during the scanning session. During this training, 

participants answered in the same response mode and with the same response device 

as they did in the subsequent scanning session.  
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The scanning session consisted of one long run lasting 45 minutes that included all 

experimental conditions. A block design was applied, and each of the eight experimental 

conditions was presented 12 times, resulting in 96 trials in total. Each trial started with 

the same instruction screen (“Which surface is rougher?”) to remind participants about 

the goal of the task and to inform them about the onset of a new trial. After 1-2 

seconds, participants were shown two video sequences in direct succession that were 

always from the same experimental condition but presented two different sandpaper 

samples (for sandpaper combinations, see above). After 1-2 seconds, participants were 

then asked to answer via button press which of the two different sandpaper samples 

had the rougher surface (see Fig. 2). Participants had to respond within a comfortable 

two-seconds time window (forced choice), and no speeded responses were required.  

Half of the participants responded with their left index finger when they thought the 

first surface was rougher, and with their left middle finger when they thought the 

second surface was rougher; the other half responded in the opposite manner. Half of 

the video sequences in each condition started with the rougher surface, the other half 

started with the smoother surface. In order to control for the influence of preceding 

trials on following trials, the time interval between trials was six seconds for three out of 

four trials , and 20 seconds for the rest of the trials; this was randomized between trials 

and counterbalanced across conditions. Trials were presented in a pseudorandomized 

order, and in such a way that trials of each condition added up to the same relative time 

point within the experiment.   

 

Fig 2. Trial structure of scanning session 
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MRI Data Acquisition  

Functional and anatomical MRI data were acquired with a 7T MRI Scanner (Magnetom 

7T, Siemens Healthcare Sector, Erlangen, Germany) with a 24-channel NOVA head coil 

(Nova Medical Inc, Wilmington MA, USA). Prior to functional scanning, high-resolution 

3D anatomical T1-weighted scans were acquired (MP2RAGE, TR = 5.0 s, TE = 2.43 ms, TI 

½ = 900 ms / 2750 ms, flip angle ½  = 7° / 5°) with a voxel resolution of (0.7 mm)3 

isotropic (Marques et al. 2010). T1-weighted scans were subsequently used for selecting 

30 axial slices (interleaved slice acquisition, slice thickness = 1.5 mm, no gap) covering 

the region of interest (ROI), i.e., bilateral S1 and adjacent areas, relevant for the 

functional scans. It was important that participants did not perform any significant head 

movements from this point on, in order to ensure slice selection would cover our ROI 

during the entire experiment. Therefore, to prevent head movements occurring during 

breaks in the experiment, functional data for each participant were acquired in one scan 

run. Functional T2*-weighted gradient-echo echo-planar images of our ROI were then 

acquired using GRAPPA acceleration (iPAT = 3) (Griswold et al. 2002). A field of view of 

192 x 192 mm2 and an imaging matrix of 128 x 128 were used. The functional images 

had isotropic voxels with an edge length of 1.5 mm. The other sequence parameters 

were: TR = 1.5 s, TE = 20 ms, flip angle = 90°. For the visual task, participants viewed a 

projector screen mounted on the receiving coil by means of a small moveable mirror 

adjusted to give best visibility for each participant. The middle and index fingers of the 

participant’s left hand were placed on the two buttons of a response box. To attenuate 

scanner noise, participants were provided with earplugs and defenders. 

fMRI Group Analyses 

Data preprocessing and statistical analyses were carried out using SPM8 (Statistic 

Parametric Mapping, Wellcome Department of Imaging Neuroscience, University College 

London, London, UK). A slice timing correction was applied to correct for differences in 

image acquisition time between slices, and realignment was performed to minimize 

movement artifacts in the time series (Unser et al. 1993a; Unser et al. 1993b). 

Normalization to standard MNI space was done using the unified segmentation 

approach based on image registration and tissue classification (Ashburner andFriston 

2005). The original isotropic voxel resolution of 1.5 mm3 was preserved during this 

procedure. Data were then smoothed with a Gaussian kernel of 4 mm full-width half-

maximum (FWHM), and filtered with a high-pass filter of 0.01 Hz to eliminate slow signal 

drifts. A general linear model (GLM) was fitted to the data and t-maps were created on 

the individual subject level via a fixed-effect model. The observation times of the two 

video sequences in each trial (12 seconds altogether) were modeled as a block and used 
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to compute contrast images by linear combination of parameter estimates. We used t-

tests to calculate the main effect of observed touch by contrasting grouped observed 

touch conditions against grouped no-touch conditions (observed touch [self egocentric + 

other egocentric + self allocentric + other allocentric] > no touch [self egocentric + other 

egocentric + self allocentric + other allocentric]). Furthermore, we investigated the 

effect of observed touch individually for all four single conditions (observed touch self 

egocentric > no-touch self egocentric, observed touch other egocentric > no-touch other 

egocentric, observed touch self allocentric > no-touch self allocentric, observed touch 

other allocentric > no-touch other allocentric). We also calculated the main effects of 

perspective on the observed touch versus no-touch contrast (observed touch > no touch 

[self egocentric + other egocentric] < > observed touch > no touch [self allocentric + 

other allocentric]), and the main effect of identity on the touch versus no-touch contrast 

(observed touch > no-touch [self egocentric + self allocentric] < > observed touch > no-

touch [other egocentric + other allocentric]). We also calculated the interaction effects 

between perspective and identity on the observed touch versus no-touch contrasts. 

Functional images were masked with anatomical ROIs encompassing the left and right 

S1. Since we specifically wished to compare activity changes between anterior S1 (i.e., 

Areas 3a and 3b) and posterior S1 (i.e., Areas 1 and 2), we also created anatomical 

masks of anterior and posterior S1, respectively. These were used for small volume 

corrections, and for estimating contrast estimates of the observed touch versus no-

touch contrasts in both subregions. All mask images were defined a priori using the 

Anatomy Toolbox implemented in SPM (Eickhoff et al. 2006; Eickhoff et al. 2007; 

Eickhoff et al. 2005; Geyer et al. 1999; Geyer et al. 2000; Grefkes et al. 2001). The 

threshold for significant clusters and voxels was defined at p < 0.05 (FWE-corrected) 

with a minimal cluster size of 5 voxels. Observed touch versus no-touch contrast 

estimates of the anterior and posterior S1 were compared to one another by performing 

Bonferroni-corrected paired-sample t-tests (two-sided), and were tested against zero by 

performing one-sample t-tests (two-sided). 

fMRI Single Subject Analyses 

In addition to group analyses, functional and anatomical data of all participants were 

also separately evaluated in single subject analyses. As for the group analyses, slice 

timing correction, realignment, and normalization were performed using SPM 8. In 

contrast to our group analyses, to preserve the high spatial resolution (1.5 mm3 

isotropic), smoothing was not applied to the functional scans. The unsmoothed data 

were used to precisely localize the clusters significantly activated in response to 

observed touch (main effect and single effects) in each individual subject. To quantify 
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the consistency of activations in response to the main effect of observed touch across 

subjects, we additionally summed the 14 contrasts (observed touch > no-touch) of all 

subjects and calculated a spatial consistency map. This map contained values ranging 

from 0 to 14 and quantified the number of subjects for which a particular voxel was 

active.  

Furthermore, we performed a second analysis on the single subject level, using 

preprocessing identical to the first analysis, except that functional data were not 

normalized into stereotactic space. Here, the high-resolution T1 images of each 

participant were taken to define the hand area of S1 and S1 subregions anatomically for 

each individual subject (Stringer et al. 2011). The defined subregions could subsequently 

be used to identify the location of S1 activity changes based on individual brain 

anatomy. To identify the hand area in S1, we took advantage of the fact that this can 

easily be localized in anatomical scans. The “hand-knob” area, that is, the inverted-

omega-shaped gyrus, is a reliable anatomical marker for the hand area in S1, and is 

clearly identifiable in coronal and sagittal T1 images (Moore et al. 2000, Sastre-Janer et 

al. 1998, White et al. 1997, Yousry et al. 1997). We specified S1 subregions anatomically 

by using guidelines that linked cytoarchitectonic labeling with anatomical descriptions of 

subregions (Geyer et al. 1999; Geyer et al. 2000; Grefkes et al. 2001; White et al. 1997). 

According to these specifications, Areas 3a and 3b are found in the deep valley of the 

central sulcus and in the anterior wall of the postcentral gyrus, respectively, whereas 

Areas 1 and 2 are located at the crown of the postcentral gyrus and at the posterior wall 

of the postcentral gyrus, respectively. The border between anterior and posterior S1 

(i.e., between Areas 3a/3b and 1/2) is thus located at the posterior lip of the central 

sulcus. Importantly, this border shows high consistency across and within subjects 

(White et al. 1997) and therefore allowed us a relatively specific distinction between 

anterior and posterior S1, although it is important to note that no clear anatomical 

landmark exists for the exact transition zone between regions (Geyer et al. 1999). In 

both single subject analyses, we report significant voxels at p < 0.001 (uncorrected) that 

belong to a cluster with the minimum size of 5 voxels. Further, we only included peak 

voxels that were located within the hand area of participants (z > 40 for normalized 

data). 

4.4. Results 

Hand Recognition Task (Prior to Scanning) 

Prior to scanning, we assessed participants’ ability to correctly distinguish their own 

from another individual’s hand via a speeded hand recognition task. We calculated a 
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repeated measures ANOVA with the within-subject factors identity (self, other) and 

perspective (egocentric, allocentric), which was applied for percentage correct 

responses (% accuracy) and reaction times (RT). We only included participants in further 

analyses if they could differentiate their own hand from another’s hand in both 

egocentric and allocentric perspectives in at least 85 % of the cases (n=14, mean % 

accuracy egocentric: 99.23 % ± 2.7 % (SD), mean % accuracy allocentric: 99.23 % ± 2.7 % 

(SD)).  Percentage accuracies did not differ between conditions, but there was a 

significant effect of perspective on participants’ reaction times. Participants took longer 

to differentiate self from other in the allocentric compared to the egocentric conditions 

(mean RT egocentric: 864.3 ± 279.6 (SD), mean RT allocentric: 926.7 ± 267.5 (SD), F(1,13) 

= 12.1, p < 0.005). Furthermore, there was a significant interaction effect between 

perspective and identity (F(1,13) = 8.1, p < 0.05), indicating that seeing hands in the 

allocentric perspective caused a particular slowing of responses when the participant’s 

own hand was seen compared to when another person’s hand was seen (see Table S1).  

Roughness Estimation Task (Scanning Session) 

While watching the observed touch and no-touch videos in the scanner, participants had 

to decide which of two sandpaper pieces displayed in subsequent video sequences had 

the rougher surface. Our inclusion criterion was a minimum of 75 % accuracy in this task 

to ensure each participant paid careful attention to the observed touch and no-touch 

videos (n=14, mean % accuracy: 88.9 % ± 6.8 % (SD)). A repeated measures ANOVA with 

the within-subject factors touch (observed touch, no touch), identity (self, other), and 

perspective (egocentric, allocentric) on % accuracy was performed to assess differences 

and interaction effects between conditions. There were no significant differences or 

interaction effects with regard to accuracy in the task (F(1,13)=1.6, p = 0.23 for the 

factor perspective, F(1,13)=4.0, p=0.07 for the interaction between touch and 

perspective). 

fMRI Group Results 

fMRI group level statistics were performed with functional data from 14 participants (4 

males, 10 females). We first compared activation levels during no-touch conditions to 

baseline activation levels. Observing no-touch videos (compared to baseline) activated 

significant clusters in left posterior S1 as a main effect. Single contrasts (self egocentric > 

baseline, self allocentric > baseline, other egocentric > baseline, other allocentic > 

baseline) revealed increased activity within bilateral posterior S1 (see Table 1). When 

compared directly, there were no significant differences in activation levels between the 

different no-touch versus baseline conditions. We therefore used all four no-touch 
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conditions as control conditions to pursue the main aim of our study; to specifically 

investigate the effect of observed touch on brain activity changes in S1.  

We first compared grouped activity levels of the observed touch conditions to grouped 

activity levels of the no-touch conditions. As a main effect, we found two clusters of 

significantly higher activity during the observed touch conditions compared to the no-

touch conditions, both located in left posterior S1 (see Fig. 1 and Table 1). There were no 

significant activity changes in left anterior S1 or in right anterior or posterior S1. In an 

exploratory analysis (see discussion), we examined whether this main effect of observed 

touch would also survive significance thresholds when functional data were not small 

volume corrected. Our results showed that the main effect of observed touch versus no-

touch indeed also survived significance thresholds when results were not small volume 

corrected (x = -54, y = -26, z = 41, k = 126, t = 4.97, p < 0.05 (FWE-corrected)). We then 

specifically characterized the effect of observed touch versus no-touch in the four 

different experimental conditions. That is, we calculated the contrast observed touch 

versus no-touch separately for each of the four experimental conditions, self egocentric, 

self allocentric, other egocentric, and other allocentric. Significantly greater activity for 

observed touch versus no-touch was detected in the allocentric conditions only: For the 

other allocentric observed touch versus no-touch contrast, two significant clusters in left 

posterior S1 showed higher levels of activity, and for the self allocentric observed touch 

versus no-touch contrast, we found one cluster in posterior left S1 with significantly 

higher activity (see Fig. 3 and Table 1). Notably, in the contrast self allocentric observed 

touch versus no-touch, activity changes were significant only on a peak-voxel level, but 

not on a cluster level, whereas in the contrast other allocentric observed touch versus 

no-touch, activity changes were also significant at a cluster level. No effect of observed 

touch versus no-touch in S1 was detected for the egocentric conditions. When testing 

the observed touch versus no-touch contrast estimates against zero we found similarly 

that only contrast estimates of posterior S1, but not of anterior S1, were significantly 

different from zero. More precisely, for posterior S1, only the contrast estimates for the 

main effect of observed touch versus no-touch and for the effect of other allocentric 

observed touch versus no-touch were significantly different from zero (main effect 

posterior: mean: 0.90 ± 1.26 (SD), t(13) = 2.689, p < 0.05; other allocentric posterior: 

mean: 0.36 ± 0.51 (SD), t(13) = 2.681, p < 0.05), with an additional trend towards 

significance for the contrast estimate self allocentric observed touch versus no-touch 

(self allocentric posterior: mean: 0.37 ± 0.73 (SD), t(13) = 1.927, p = 0.076, see Fig.4). 
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Fig 3. Activity changes in S1 for the contrasts Self Allo (=Allocentric) Observed Touch > 

No-Touch and Other Allo Observed Touch > No-Touch superimposed on coronal and 

axial slices of an individual’s normalized T1-image (visualized at p<0.005 (uncorrected) 

and masked with left S1) 
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Table 1 

Neuronal responses in S1 for Observed Touch > No-Touch and No-Touch > Baseline in different 

experimental conditions 

 Contrast Brain Region MNI location  

(x, y, z) 

Peak  

t-value 

No of  

voxels 

Observed Touch >  Main Effect  L Area 2 -54, -26, 41 4.97 53 

No-Touch  L Area 2 -34, -42, 50 6.26 52 

 Self Egocentric ---    

 
Self Allocentric   L Area 1 -62, -20, 40 5.74 27 (*) 

 
Other Egocentric ---    

 
Other Allocentric  L Area 2 -44, -44, 62 5.66 79 

  L Area 2 -24, -50, 58 5.06 70 

 
     

No-Touch > 
Baseline 

Main Effect L Area 2 -28, -48, 50 5.77 83 

  L Area 2 -44, -36, 42 5.15 73 

 Self Egocentric  R Area 2  36, -43, 47 7.01 136 

  L Area 2 -27, -49, 52 5.92 58 

 Self Allocentric  R Area 2 39, -43, 53 5.68 43 

 Other Egocentric L Area 2 -46, -40, 48 7.87 79 

  L Area 2 -28, -48, 50 7.78 63 

  R Area 2 38, -42, 46 6.91 46 

 Other Allocentric R Area 2 46, -36, 48 6.56 46 

  R Area 2 32, -46, 53 5.84 87 

  L Area 2 -45, -36, 44 5.51 76 

p < 0.05 (FWE-corrected) at cluster level, small volume corrected, k > 5; (*) only significant at peak 
voxel level  
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We were further interested in whether S1 activity changes in response to observed 

touch as reported above would significantly differ between experimental conditions 

when compared directly. Here, we did not find any significant differences between 

conditions  for either the main effects (i.e., perspective and identity) or single effects. 

Likewise, the interaction effect (touch x identity x perspective) did not reveal any 

significant activity changes. We also compared the contrast estimates of the observed 

touch versus no-touch contrasts between anterior and posterior S1. We found that 

contrast estimates were significantly higher for posterior S1 than for anterior S1 for the 

main effect of observed touch, and for other allocentric observed touch (main effect: 

mean anterior: 0.11 ± 0.56 (SD), mean posterior 0.90 ± 1.26 (SD), t(13) = -3.050, p < 0.05; 

other allocentric: mean anterior 0.09 ± 0.41 (SD), mean posterior 0.36 ± 0.51 (SD), t(13) 

= -4.285, p < 0.005, Bonferroni-corrected). There were no significant differences in the 

observed touch versus no-touch contrast estimates for anterior versus posterior S1 for 

the self egocentric, self allocentric, and other egocentric conditions (see Fig. 4). 

 

 

Fig 4. Contrast estimates extracted from left posterior (Area 1+2) and left anterior 

(Area 3a+3b) S1 for the contrast Observed Touch > No-Touch in different 

experimental conditions i.e., for the main effect (ME), and for the self egocentric 

(SE), self allocentric (SA), other egocentric (OE), and other allocentric (OA) 

conditions 
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fMRI Single Subject Results 

The analyses of single subject data fulfilled two purposes. First, we aimed to use 

unsmoothed functional data to track functional activity specifically related to observed 

touch versus no-touch in each single participant using automated labeling tools as well 

as anatomical landmarks. Second, we wished to avoid the misinterpretation of group 

level statistics resulting from a lack of overlap between single subject activity clusters, 

which can be due to small cluster size or high individual variability in cluster location. 

Because we observed a strong left lateralization in the observed touch versus no-touch 

contrast in the group level statistics, and in order to keep analyses within reasonable 

limits, the single subject analyses were restricted to each individual’s left S1 activity 

changes.  

Our analyses demonstrated that 12 out of 14 participants showed a main effect of 

observed touch in left S1, and that in all except two participants, this effect peaked in 

posterior parts of S1 (see Fig. 5 and Table S2). The spatial consistency map obtained 

similar results, in that highest values (i.e., voxels activated by a high number of 

participants) were found in left posterior S1 (see Fig. 5). We were further interested in 

whether the clear dominance of the observed touch effect to allocentrically observed 

touch and to posterior sites of S1 would also be present looking at single subject data. 

For the self allocentric observed touch versus no-touch contrast, 11 out of 14 

participants showed increased activity in left S1, and 10 out of 14 participants showed 

this effect for the other allocentric observed touch versus no-touch contrast; in all 

except one participant, peak values of these activations were located in left posterior S1. 

One participant showed peak voxel values in left anterior S1 for the self allocentric 

observed touch versus no-touch comparison. For the egocentric conditions, 8 out of 14 

participants showed significant increases during observed touch versus no-touch in the 

self egocentric condition, and 8 out of 14 participants also showed this effect during the 

other egocentric observed touch versus no-touch condition. All except one of these 

activity peaks were again localized in left posterior S1. One participant showed peak 

voxel values in anterior S1 for the self allocentric observed touch versus no-touch 

comparison. These analyses confirmed that almost all main activity peaks in S1 during 

observed touch were located in posterior parts of S1, and that more participants showed 

an effect for allocentrically observed touch than for egocentrically observed touch. 

Although main peaks of activity were located in posterior S1, we investigated whether 

any significant activity changes in anterior S1 would occur at all when observed touch 

conditions were compared to no-touch conditions. The results showed that only a 

minority of our participants showed any significant activity changes in left anterior S1 in 
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response to observed touch versus no-touch (n=3 for self egocentric observed touch 

versus no-touch, n=2 for self allocentric observed touch versus no-touch, n = 7 for other 

egocentric observed touch versus no-touch, and n = 4 for other allocentric observed 

touch versus no-touch). 

 

Fig 5. Individual activity profiles of all participants’ (n=14) unsmoothed functional data 

for the main effect of Observed Touch > No-Touch superimposed on coronal and axial 

slices of an individual’s normalized T1 image (visualized at p ≤ 0.001 (uncorrected) and 

masked with left S1); A: Spatial consistency map of individual participants, bright yellow 

colors represent areas of high overlap, dark orange colors areas of low overlap between 

participants; B: Individual participants’ activity profiles are shown separately, each color 

represents active voxels of an individual subject  

 

4.5. Discussion 

Our study offers two main findings that are novel with respect to the current literature. 

Firstly, we provide clear evidence that observed passive touch distinctively activates 

posterior parts of S1, but not anterior parts. Secondly, we demonstrate that increases in 

S1 activity in response to observed touch versus no-touch occur specifically during 

other-related observed touch, but do not show significant levels of activity during self-

related observed touch. Importantly, we did not detect any systematic shifts from 
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posterior to anterior sites when observed touch was more clearly related to the self. We 

therefore conclude that posterior but not anterior S1 may be part of a system for 

sharing tactile experiences with others.  

Methodologically, our approach represents important advances as compared with 

standard 3T fMRI designs that suffer from well-known limitations in terms of spatial 

specificity and sensitivity (Bandettini, 2009; Gati et al. 1997; Scouten et al. 2006; Yacoub 

et al. 2003). Since S1 is markedly susceptible to partial volume effects (Scouten et al. 

2006; Stringer et al. 2011) and offers low degrees of activity changes in response to 

observed touch (Blakemore et al. 2005; Fitzgibbon et al. 2010; Keysers et al. 2004; 

Schaefer et al. 2009), such limitations are particularly critical in the framework 

investigated. Ultra-high field fMRI at 7T offers high resolution images of both functional 

and anatomical scans, combined with high sensitivity without compromising temporal 

resolution (by the use of parallel imaging), and therefore offers an optimized approach 

to investigate activity changes in S1 subregions in response to observed touch 

(Bandettini, 2009; Gati et al. 1997; Sanchez-Panchuelo et al. 2010; Scouten et al. 2006; 

Stringer et al. 2011). 

Main Effect of Observed Touch 

In our study, participants observed pairs of short video sequences that showed a static 

hand being either touched or not touched by different pieces of sandpaper while 

scanning took place. Their task was always to decide which of the two sandpaper 

samples had the rougher surface. Our results show that observing hand touch compared 

with observing the same hand not being touched is related to increased activity in left 

S1, that is, contralateral to the observed hand that was touched. In comparison to other 

fMRI studies that also reported increased contralateral S1 activity during observed touch 

(Blakemore et al. 2005; Schaefer et al. 2009), our results reached significance even 

without applying small volume corrections to the functional data. This strengthens 

existing evidence that even the most primary sensory areas, such as S1, are responsive 

when touch is actively observed. An early indication that S1 plays a role during the 

encoding of observed touch was provided by a study by Zhou and Fuster in 1997. In this 

study, discharge rates of single neurons in the anterior parietal cortex of monkeys, 

roughly corresponding to the human S1, were recorded during a visuo-haptic delayed 

matching-to-sample task. Units in the anterior parietal cortex of monkeys increased 

their discharge rates during haptic exploration, but also when surface patterns were 

only passively observed. Recent evidence that such findings can be generalized to the 

human population was provided by an fMRI study by Blakemore et al. (2005). In this 

study, participants rated the intensity of tactile stimulation of human necks and faces as 
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shown on video, as well as touching of non-body objects. Increased activity in 

contralateral S1 was observed when human touch conditions were contrasted with 

object touch conditions, thus specifying the responsivity of S1 to the observation of 

human touch. In a similar vein, Schaefer et al. (2009) demonstrated that increases in S1 

activity can be specifically related to seeing a hand being touched versus seeing the 

same hand not being touched (Schaefer et al. 2009).  

However, there are also fMRI studies which did not find any significant increases in S1 

activity in response to observed touch (Keysers et al. 2004; Morrison et al. 2004). In one 

study, participants observed tactile stimulation of legs while lying in the scanner, which 

was compared to brain activity changes when non-touched legs were observed (Keysers 

et al. 2004). Here, only a trend towards significantly increased S1 activity was detected. 

In another study, participants observed hands being either touched with a cotton bud or 

pricked with a needle (Morrison et al. 2004). Likewise, in this case, no increase in S1 

activity in response to observed touch was detected.  

We hypothesize that the main reason that these studies did not detect an effect in S1 in 

response to observed touch is offered by the limited sensitivity provided by the methods 

used (Sanchez-Panchuelo et al. 2010; Scouten et al. 2006; van der Zwaag et al. 2009). 

The effect of observed touch on S1 activity might be subtle enough to escape common 

detection thresholds using standard fMRI 3T designs (Fitzgibbon et al. 2010). This is 

particularly plausible given that most studies which found increased activity in S1 during 

observed touch applied small volume corrections of very narrow width to the functional 

data (Blakemore et al. 2005; Schaefer et al. 2009). Since sensitivity increases with 

increasing field strength (Bandettini, 2009; van der Zwaag et al. 2009), this clearly 

highlights the advantages of fMRI at ultra-high fields. Indeed, the main effect of 

observed touch was highly significant in our study. As previously noted (Schaefer et al. 

2009), it is, however, also possible that the neural representation of the human leg, used 

to detect responses to observed touch in one study (Keysers et al. 2004), might be less 

easily detectable with fMRI than that of the human hand or face (Blakemore et al. 2005; 

Schaefer et al. 2009) given the much larger cortical territory in S1 representing the latter 

compared with the former. A third explanation for the divergent findings may be the 

fact that in both studies giving negative findings, participants were not provided with a 

particular task during scanning, but merely looked passively at the video projection 

screen. In studies that found increased S1 activity during observed touch, such as the 

present one, however, participants were asked to engage with the video sequences by 

counting the number of strokes (Schaefer et al. 2009), the number of videos where no 

touch occurred (Ebisch et al. 2008), by rating the intensity (Blakemore et al. 2005) or 
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roughness (current study) levels of the touch applied. It has been argued previously that 

the level of task activity can affect brain responses to observed tactile events (Gu and 

Han, 2007; Singer and Frith, 2005). It may also be noted that in three out of the four 

listed articles that found S1 activity during observed touch (Blakemore et al. 2005, 

Schaefer et al. 2009, current study) a judgment task was solved when the video 

sequences were observed, which could possibly also influence the degree to which S1 

activity was detected. However, the degree to which the task applied alters S1 activity 

changes during observed touch is currently unclear and certainly needs further 

exploration by future studies. 

Another theory proposes that the failure to find increased S1 activity during observed 

touch has a more qualitative explanation referring to the observed event per se. It was 

argued that whenever S1 activity in response to observed touch is detected, this merely 

represents observed hand movement or haptic exploration rather than the mirroring of 

passive touch (Keysers et al. 2010). In other words, the effect reflects processing of the 

action rather than the sensation. However, in our study, we carefully controlled for 

possible confounding factors such as action components included in the video 

sequences (Blakemore et al. 2005; Ebisch et al. 2008; Pihko et al. 2010), and only 

showed videos of a static hand being passively touched by a piece of sandpaper. The 

experimenter was not visible in any of our video sequences. Also, when videotaped prior 

to the actual experiment, participants saw neither their own arm nor the arm of the 

experimenter, were instructed to relax their hands and fingers as much as possible, and 

were required to not actively press on the tabletop or on the sandpaper. Therefore, it is 

highly unlikely that participants associated the video stimuli directly with human 

movement (Yoo et al. 2003; Zhou and Fuster, 1997) or active haptic exploration. 

Nevertheless, we found a clear activity increase in contralateral S1 when comparing 

observed touch to no-touch conditions. We therefore conclude that contralateral 

primary somatosensory cortical areas are selectively responsive to the observation of 

passive hand touch compared with observing the same hand not being touched. Our 

study hence adds to the growing evidence, as for example also provided in the motor 

domain (Caetano et al. 2007; Dushanova and Donoghue, 2010), indicating that the 

interplay between different senses not only affects established multisensory 

convergence zones, such as the posterior and inferior parietal cortices, but may also 

include brain regions previously considered to be specific to sensation. Such findings 

have lately been termed the “revolution in multisensory research” (Driver and Noesselt, 

2008), and indeed challenge our common-sense view that self- and other-related (i.e., 

experienced and observed) events are fundamentally different in nature.  
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Posterior S1 is Active in Response to Observed Touch 

One main rationale for the present study was to precisely localize activity changes in S1 

in response to observed touch. On the group level, all activity peaks in response to 

observed touch were clearly assignable to posterior S1, and there were no significant 

effects at all in anterior S1. Contrast estimates in response to observed touch were also 

significantly higher in posterior compared to anterior S1. Consistent with this, at the 

single subject level, almost all activity peaks in S1 during observed touch were located in 

posterior S1, and there were only few significant changes in anterior S1 during observed 

touch. These results confirm the recently formulated hypothesis by Keysers et al. (2010), 

which argues that during observed touch, only posterior and not anterior parts of S1 are 

recruited. They hypothesized that this is due to a strong link between neurons in 

posterior S1 and visual input areas that activate those neurons via back projections. Our 

results confirm this hypothesis in providing clear evidence that activity changes during 

observed touch are maximal in posterior S1, and are almost absent in anterior S1. 

Previous studies already indicated a particularly strong response of posterior S1 during 

observed touch (Blakemore et al. 2005; Ebisch et al. 2008; Schaefer et al. 2009). 

However, we are the first to validate these assumptions by using both automated 

labeling tools and anatomical definitions on the group and single-subject level in an 

ultra-high resolution fMRI study.  

We can thus be confident that S1 activity during observed touch occurs mainly in 

posterior parts of S1 and that experienced touch is represented both in posterior and 

anterior parts of S1 (Schaefer et al. 2009). With these findings, one puzzling question 

seems to be answered, namely, how one could resolve the confusion regarding who is 

being touched if the same neuronal substrate was active for observed touch and felt 

touch. It seems that anterior parts of S1 are mostly private in nature, and show 

increased activity for experienced touch (see for example Keysers et al. 2004; Schaefer 

et al. 2009; Stringer et al. 2011), whereas posterior parts of S1 respond both when touch 

is received (Schaefer et al. 2009; Stringer et al. 2011) and when touch of another person 

is observed, building an ideal basis for shared representations in the tactile domain. 

Reduced Activity during Self-Related Observed Touch 

The second main aim of the present study was to compare S1 activity changes between 

conditions where self-related touch was observed to those where other-related touch 

was observed. To this end, we included conditions not only where other individuals’ 

hands were observed in egocentric and allocentric perspectives as in a previous study 

(Schaefer et al. 2009), but also investigated whether any differences would occur 
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between conditions where participants actually saw their own hand or another’s hand 

being touched. Our functional results generally indicate a strong influence of perspective 

on S1 activity changes. S1 activity reached significant levels in response to observed 

touch only when allocentric touch was observed, whereas significance completely 

vanished at the group level when touch of their own and another’s hand was observed 

in an egocentric perspective. Furthermore, we found a small effect of hand identity, in 

that a strong effect of observed touch on S1 activity was only seen when participants 

observed another person’s hand, but not their own hand, being touched in an allocentric 

perspective. Additionally, a significant difference between anterior and posterior S1 

activity was only found for the other allocentric observed touch condition, but not for 

the self allocentric observed touch condition. We therefore find a clear preference of S1 

activity changes towards other-related observed touch, whereas lower activity levels 

were observed when touch was more self-related. Importantly, neither the group-level 

nor the single-subject level analyses provide any indication that S1 activity shifts to more 

anterior sites when touch is more related to the self.  

Although our study is the first fMRI study showing that reduced activity levels in S1 

occur when touch of one’s own hand is observed, a number of earlier studies using 

other methods also support this. One such study used somatosensory evoked potentials 

(SEPs) to investigate the influence of observed pain and (harmless) touch on neuronal 

activity changes in S1 (Bufalari et al. 2007). It was shown that the amplitude of the P45 

component, supposedly originating in S1, was increased during the observation of pain, 

but decreased during the observation of touch relative to baseline. Importantly, 

observed stimulation was shown in a self-referenced (egocentric) perspective, and thus 

the decrease of the P45 component was interpreted as a sensory gating effect for self-

related observed touch. In a recent study, Longo et al. (2011) found a similar attenuation 

of SEPs originating in S1 when participants were looking at their own hands in an 

egocentric perspective within breaks during a tactile discrimination task (Longo et al. 

2011). 

Sensory gating mechanisms for observed self-related events have also been proposed to 

occur in the motor domain. Using transcranial magnetic stimulation, Schütz-Bosbach et 

al. (2006) demonstrated that motor evoked potentials (MEPs) of subjects’  hand muscles 

are slightly attenuated during observation of self-related actions, but are increased 

during observation of other-related actions (Schütz-Bosbach et al. 2009; Schütz-Bosbach 

et al. 2006). This dichotomy in MEPs between observing the self and observing others 

strongly resembles our present results, and was interpreted as evidence that the neural 

mechanisms underlying action observation are intrinsically social in nature, because they 
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represent observed action in an agent-specific rather than an agent-neutral way (Schütz-

Bosbach et al. 2006). This is in line with theoretical frameworks which assume that the 

action mirror neuron system, that is, the system that shows shared activity for 

experienced and observed action, mainly fulfills social purposes by supporting action 

understanding, imitation (Gallese et al. 2004; Rizzolatti et al. 2001), and empathic 

concern (Kaplan and Iacoboni, 2006). Our results assign similar properties to a system 

for representing observed touch, and lead to the suggestion that within a human 

population, higher activity in posterior S1 during observed touch is related to higher 

reactivity when others are observed. This suggestion, which undoubtedly needs further 

empirical exploration, gains additional support from a study by Blakemore et al. (2005), 

which showed that people who have a strong tendency to map observed touch to their 

own body (i.e., vision-touch synesthesia) show higher activity than control participants 

in posterior S1 during observed human touch. Interestingly, vision-touch synesthesia is 

also related to high degrees of empathy (Banissy and Ward, 2007; Fitzgibbon et al. 

2010). One might therefore speculate that higher than normal levels of S1 activity are 

even related to an increased affective response to observed touch of another person, 

while implicit knowledge of self/other difference is preserved, as traditionally assumed 

for empathic reactions (Batson et al. 1997; Decety and Jackson, 2004).  

However, the study by Schaefer et al. (2009) provides evidence which at first sight 

seems to be contradictory to our findings. In their study, participants observed short 

video sequences of self-referenced (egocentric) and other-referenced (allocentric) touch 

while being scanned (Schaefer et al. 2009). In contrast to our results, their study 

reported increased S1 activity in response to both observed allocentric and egocentric 

touch. Furthermore, greater activity changes in anterior S1 were observed when 

egocentric observed touch was compared to allocentric observed touch conditions, 

whereas greater changes in posterior S1 were seen for the reverse contrast. This is at 

odds with our conclusion that activity levels in posterior S1, but not shifts between 

anterior and posterior S1, are responsible for representing observed touch, and that the 

effect of observed touch is specifically related to observing another person being 

touched. In their study, it is however notable that the main peaks of activity for 

egocentrically observed touch versus no-touch were also located in posterior S1. The 

fact that we did not find such topographic activity changes can perhaps be explained by 

different statistical corrections applied to the functional data. Whereas Schaefer et al. 

applied post-hoc small volume corrections of 5 mm diameter to the functional data, we 

used a priori anatomical definitions to restrict statistical tests to anterior and posterior 

parts of S1. Since our search volumes were thus considerably larger, it is not surprising 

that significance thresholds for the contrast egocentric observed touch versus no-touch 
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were not reached in our case. Indeed, applying the same statistical correction to the 

functional data as used by Schaefer et al., we also find significant activity for the 

egocentric observed touch versus no-touch contrast in left posterior S1 (x = -51, y = -26, 

z = 40, k = 27, t = 4.01). This illustrates that activation levels in response to self-related 

observed touch, and thus the sensory gating effects possibly at work, are relative rather 

than absolute, and that specific care has to be taken with the statistical tests applied.  

Whereas the different statistical tests applied in both studies can thus explain why our 

results differ with respect to activity changes in response to egocentrically observed 

touch, in contrast, our results are not at all in line with the assumption that a directed 

spatial shift of activity occurs towards anterior S1 when touch is more related to the self. 

We do not find increased activity in anterior S1 in response to self- versus other-related 

observed touch even when we lower significance thresholds considerably. In this case, 

we hypothesize that this is probably due to the lower spatial specificity offered by 

standard fMRI designs at 3T compared to those at 7T, as discussed above (Scouten et al. 

2006; Stringer et al. 2011), that might have resulted in a more imprecise characterization 

of where exactly significant activity changes were located. However, given that two 

individuals in our participant group did actually show main activity peaks in anterior S1 

in response to observed touch, although not particularly during self-related observed 

touch, conclusions cannot yet be drawn as to when exactly anterior S1 might be 

recruited during observed touch. Our results nevertheless do not support the 

assumption that activity changes in this region can specifically be related to self-related 

observed touch. 

In conclusion, our study utilizes important advances in methodology, design and analysis 

to characterize S1 activity in response to observed touch. We demonstrate that the use 

of fMRI at 7 Tesla offers important advantages when the spatial details of subtle activity 

changes are the major focus of interest. By applying these novel methods, we were able 

to characterize activity changes precisely in S1 resulting from observation of passive 

touch, clearly locate them in posterior S1, and show that they are smaller but do not 

spatially shift whenever observed touch was self-related. We therefore hypothesize that 

a similar mechanism as for observed action also exists for observed touch, and that 

these mechanisms are specifically active when others are observed. 
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5. Study 2: The Topography & Dynamics of S1 Representations during 

Touch Observation 
 

Under review 2 as: Kuehn E, Müller K, Turner R, Schütz-Bosbach S. Functional 

architecture of S1 during touch observation described with 7T fRMI. Brain Struct Funct.  

 

5.1. Abstract 

Recent studies indicate that the primary somatosensory cortex (S1) is active not only 

when touch is physically perceived, but also when it is merely observed to be 

experienced by another person. This social responsivity of S1 has important implications 

for our understanding of S1 functioning. However, S1 activity during touch observation 

has not been characterized in great detail to date. We focused on two features of the S1 

functional architecture during touch observation, namely the topographical 

arrangement of index and middle finger receptive fields (RFs), and their dynamic 

shrinkage during concurrent activation. Both features have important implications for 

human behavior. We conducted two fMRI studies at 7 Tesla, one where touch was 

physically perceived, and one where touch was observed. In the two experiments, 

participants either had their index finger and/or middle finger stimulated using 

paintbrushes, or just observed similar touch events on video. Our data show that 

observing and physically experiencing touch elicits overlapping activity changes in S1. In 

addition, observing touch to the index finger or the middle finger alone evoked 

topographically arranged activation foci in S1. Importantly, when co-activated, the index 

and middle finger RFs not only shrank during physical touch perception, but also during 

touch observation. Our data, therefore, indicate a similarity between the functional 

architecture of S1 during touch observation and physical touch perception with respect 

to single digit topography and RF shrinkage. These results may allow the tentative 

conclusion that even primary somatosensory experiences, such as physical touch 

perception, can be shared amongst individuals. 

5.2. Introduction 

In recent years, the unisensory and private character of many primary sensory brain 

areas has increasingly been questioned. Traditionally, primary sensory brain areas, such 

as the primary somatosensory cortex (S1), have been assumed to be unisensory in 

character, and to only respond to modality-specific input, however, recent research has 
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provided evidence for their multisensory response properties (Kayser 2010). The 

responsivity of primary sensory brain areas to multimodal input has even been called a 

“revolution in multisensory research” (Driver and Noesselt 2008), and S1 seems to be 

part of it. An increasing amount of evidence shows that S1 activity is not only influenced 

by direct somatosensory input, but is also modulated by other factors, such as attention 

(Eimer et al. 2001; Hsiao et al. 1993; Macaluso et al. 2002a), reward (Pleger et al. 2008), 

spatial processing (Eimer et al. 2001), or visual stimulation (Dionne et al. 2010; Zhou and 

Fuster 1997). As a consequence, the emerging view in cognitive neuroscience is that S1 

can no longer be regarded as a strictly unisensory brain area, but rather as an area 

whose activity levels can be shaped by multiple environmental inputs. 

Yet another quantum leap for our understanding of S1 is that recent studies have shown 

a specific influence of social cues on its functioning. Not only has evidence been 

provided that viewing the body compared to viewing an object can influence S1 

processing during physical touch perception (Cardini et al. 2011; Fiorio and Haggard 

2005; Longo et al. 2011), but it has also been shown that viewing touch to a body, 

without physically perceiving touch at all, can increase S1 activity levels (Blakemore et al. 

2005; Ebisch et al. 2008; Kuehn et al. 2012; Schaefer et al. 2009; Schaefer et al. 2012). S1 

activity changes during touch observation were shown to be stronger when human 

touch compared to object touch was observed (Blakemore et al. 2005), and a specifically 

social responsivity of S1 during touch observation has been assumed (Kuehn et al. 2012; 

Rossetti et al. 2012).  

Importantly, active voxels in S1 that were triggered by touch observation were shown to 

overlap with voxels activated during physical touch perception (Blakemore et al. 2005; 

Ebisch et al. 2008; Schaefer et al. 2009). For example, using functional magnetic 

resonance imaging (fMRI), Blakemore and colleagues showed that somatotopically 

specific areas in S1 were activated when touch to another person’s face and neck was 

observed, and that such activity changes overlapped with those areas that were 

activated during the physical perception of touch to the subject’s own neck and face 

(Blakemore et al. 2005). This is similar to the “resonance” responses reported for the 

motor system (Buccino et al. 2001; Gazzola and Keysers 2009; Mukamel et al. 2010), and 

the emotional system (Corradi-Dell’Acqua et al. 2011; Singer et al. 2004), where similar 

areas in the brain were shown to activate during action observation and execution, and 

emotion observation and perception, respectively. It is assumed that such resonance 

responses allow a basic understanding of the observed action or emotion, respectively 

(Bernhardt and Singer 2012; Fabbri-Destro and Rizzolatti 2008). According to this logic, 
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S1 should allow a basic understanding of another person’s somatosensory experiences, 

as has recently been proposed (Avenanti et al. 2007; Keysers et al. 2010). 

An interesting resulting question is how activity changes in S1 during touch observation 

can be characterized. Which features of the functional architecture of S1 are shared 

between physically perceiving and observing touch, and which only occur in one or the 

other condition? Based on recent neuroimaging research on the human somatosensory 

system, two features of the functional architecture of S1 seem to be of specific 

importance in this respect. On the one hand, the topographical arrangement of cortical 

receptive fields (RFs) in S1 plays an important role in our understanding of 

somatosensory processing. S1 activity during physical touch perception represents the 

contralateral side of the human body in a mediolateral sequence (Blankenburg et al. 

2003; Gardner 2008; Kaas 2002; Krause et al. 2001), which has been shown to make an 

important contribution to the ability to localize tactile stimuli on the skin (Beauchamp et 

al. 2009; Chen et al. 2003; Chen et al. 2007; Schweizer et al. 2001). Changes in the 

topographical arrangement of single digit RFs in S1 can, for example, lead to a 

diminished ability to assign touch to a particular digit (Braun et al. 2000; Schweizer et al. 

2001).  

On the other hand, suppressive interactions between co-activated RFs in S1 have often 

been used to describe the functional architecture of S1. RFs in S1 react within 

milliseconds to sensory inputs given to surrounding RFs. For instance, the RF of one digit 

contracts when other digits are stimulated simultaneously, and rapidly expands again 

when the digit is stimulated alone. This shrinking and re-enlarging of S1 RFs, dependent 

on the tactile input given to surrounding RFs, has been demonstrated in studies on cats, 

mice and monkeys (Friedman et al. 2008; Moore et al. 1999; Zarzecki and Wiggin 1982), 

and is posited to reflect a wide-spread cortical mechanism, which results in increased 

perceived stimulus contrast (Dykes 1983; Falkner et al. 2010; Jones 1993; Moore et al. 

1999). Suppressive interactions during physical touch perception also have been 

investigated in multiple human studies (Biermann et al. 1998; Braun et al. 2002; 

Gandevia et al. 1983; Haavik Taylor and Murphy 2007; Hoechstetter et al. 2001; 

Ishibashi et al. 2000; Naka et al. 1998; Ruben et al. 2006; Tanosaki et al. 2002; Torquati 

et al. 2003), where the arithmetic sum of S1 signals measured during separate single-

digit stimulations of two fingers was compared to the signal change during the 

stimulation of both fingers at once. In these studies, decreased signal strength during 

double-digit stimulation, compared with the sum of signals from separate single-digit 

stimulations, indicated how much the RFs contracted. Such RF shrinkages in humans, 
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presumably mediated by suppressive interactions, are assumed to positively relate to 

perceived stimulus contrast (Braun et al. 2002; Cardini et al. 2011; Puts et al. 2011). 

Given that the aim of the present study was to characterize the functional architecture 

of S1 during touch observation along these two dimensions (topographical arrangement 

of RFs and suppressive interactions between RFs), the use of standard 3 Tesla (T) fMRI 

designs would have limited the scope of this approach. On the one hand, S1 activity 

during touch observation has been shown to be subtle, often only to survive significance 

thresholds when small volume corrections are applied to the fMRI data (Blakemore et al. 

2005; Fitzgibbon et al. 2010; Keysers et al. 2004; Schaefer et al. 2009). This low signal 

strength clearly limits the possibility to characterize suppressive interactions, because 

subtle activity differences between different experimental conditions are of primary 

interest here. On the other hand, the spatial resolution of 3T fMRI studies is often too 

low to describe fine-grained architectonic characteristics in sufficient detail, for instance 

when specifying the topography of RFs in S1. In both cases, fMRI at ultra-high field offers 

a promising approach to circumvent some of these limitations (Chen et al. 2007; Kuehn 

et al. 2012; Stringer et al. 2011). As has recently been argued in a similar context (Kuehn 

et al. 2012; Stringer et al. 2011), 7T fMRI can characterize brain activity changes in 

greater spatial detail, and with far greater sensitivity than is available with standard 

designs at 3T (Bandettini 2009; Gati et al. 1997; Heidemann et al. 2012; Sanchez-

Panchuelo et al. 2010; Scouten et al. 2006).  

One recent study used 7T fMRI to characterize S1 activity during touch observation 

(Kuehn et al. 2012). It was found that S1 activity during touch observation was restricted 

to posterior parts of contralateral S1; anterior parts were spared. This suggests that 

anterior S1 may still be considered a primary (and private) sensory brain area that is 

involved in social cognitive processes to a lesser extend, whereas somatosensory 

processes that are mediated by posterior S1 can be shared between, and are therefore 

influenced by, social interaction partners. However, that study did not characterize the 

functional architecture of activity changes in S1; it focused on the main effect of touch 

observation elicited by observing touch to one part of the hand. In order to characterize 

the topography of S1 activity during touch observation, one would have to let 

participants observe touch to different parts of the hands, such as different digits, and 

see whether distinct and topographically arranged activity changes in S1 were evoked. In 

addition, in order to characterize whether touch observation leads to similar inhibitory 

interactions between adjacent RFs, such as during physical touch perception (Gardner 

and Costanzo 1980; DiCarlo et al. 1998; DiCarlo and Johnson 2002; Friedman et al. 

2008), one would have to compare the signal strength between conditions where touch 
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to one finger is observed and conditions where touch to two fingers is observed, as is 

classically done in paradigms on suppressive interactions (Gandevia et al. 1983; Ruben et 

al. 2006).  

For such an approach to be successful, it is important to know that single digits are 

distinctly represented not only in anterior S1, but also in posterior S1 (Duncan and 

Boynton 2007; Stringer et al. 2011; Sutherling et al. 1992), the area where touch 

observation elicits higher activity changes (Kuehn et al. 2011). More precisely, the RF of 

the index finger in posterior S1 is more lateral, more anterior, and more inferior than the 

RF of the middle finger of the same hand (Nelson and Chen 2008). A second important 

prerequisite for this approach is that, in principle, it has to be possible to characterize RF 

interactions by means of fMRI. Whereas many human studies have used EEG or MEG to 

characterize suppressive interactions between adjacently activated RFs in S1 (e.g., 

Biermann et al. 1998; Gandevia et al. 1983), one study with human participants 

successfully used fMRI for this purpose (Ruben et al. 2006). Importantly, fMRI was able 

to show that suppressive interactions between adjacently activated RFs in S1 occur not 

only in anterior, but also in posterior parts of S1. 

In the present study, we used fMRI at 7T to characterize the functional architecture of 

S1 during touch observation along two dimensions: Topographical arrangement of RFs 

and suppressive interactions between adjacent RFs. During the scanning session, 

participants observed video clips where touch was applied either to the index finger 

alone, the middle finger alone, or both the index and middle finger together using 

paintbrushes. While observing the videos, participants had to decide which of two 

subsequently presented paintbrushes offered the rougher stroke. This secondary task 

was included because the shrinkage of adjacent RFs during their concurrent activation is 

assumed to relate to more precise stimulus perception (Braun et al. 2002; Cardini et al. 

2011; Puts et al. 2011), which we hypothesized could also transfer to the situation of 

touch observation. In this experiment (hereafter referred to as the observed touch 

experiment), no physical touch was applied to the participant’s hands or fingers. Based 

on previous findings (Kuehn et al. 2012), we expected that particularly posterior areas of 

contralateral S1 would show increased activity levels when touch videos were observed. 

Importantly, we further expected that activity foci during observed touch to the index 

finger alone and middle finger alone would be partly distinct and somatotopically 

ordered in accordance with the expected S1 functional topography. We also expected 

that observing touch to the middle finger and to the index finger together would 

decrease activity levels in S1 compared to observing touch to the same fingers alone. 
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Such a reduction could likely be explained by suppressive interactions between 

adjacently activated RFs.  

As a control experiment (hereafter referred to as the physical touch experiment), we 

performed another 7T fMRI experiment where physical tactile stimulation was applied 

to participants’ index and middle fingers; using paintbrushes in the same way as was 

observed in the observed touch experiment–the index finger alone, the middle finger 

alone, or both the index and middle fingers together. We expected the same pattern of 

results for this experiment, i.e. greater activity changes for physical touch perception 

compared to rest, partly distinct representations of the index and middle finger RFs in 

posterior S1, and suppressive interactions between index and middle finger RFs. In the 

conjunction analysis between both experiments, we expected an overlap between 

activity changes during physical touch perception and touch observation.  

In summary, we intended to produce the first characterization of the functional 

architecture of S1 during touch observation, and relate the results to the well-described 

functional architecture of S1 during physical touch perception. Given the novelty of this 

experimental approach, our results should make an important contribution to 

understanding of the role of S1 in social cognition. 

5.3. Materials and methods 

Experimental design 

We conducted two separate fMRI experiments using a 7T MR scanner, where 

participants either physically perceived tactile stimulation on their finger(s), or merely 

observed similar events on video. In the physical touch experiment, tactile stimulation 

was applied to participants’ index and/or middle finger using paintbrushes. In the 

observed touch experiment, videos were presented to participants showing touch to the 

corresponding fingers, again applied using paintbrushes. The observed touch experiment 

was always conducted first to exclude any influence of touch experience in the scanner 

on touch observation (Gazzola and Keysers 2009). Both experiments were separated by 

6 to 7 days (mean: 6.5 days ± 1.1 days [SD]).  

Participants 

Sixteen healthy volunteers between 22 and 30 years (mean age 25.6 years, 8 females) 

participated in our study. All were right-handed (mean handedness score on the 

Edinburgh inventory: 98.1; Oldfield 1971), had normal or corrected-to-normal vision and 

no reported history of neurological, major medical, or psychiatric disorders. They were 
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paid for their attendance and informed consent was obtained from all participants. The 

study was approved by the local Ethics committee at the University of Leipzig. One 

participant was excluded from further analyses due to a high number of missed trials 

(9.4%) and a reported failure to stay awake throughout the experiment. The functional 

and behavioral analyses were therefore conducted with data from fifteen participants. 

Physical touch experiment 

While subjects underwent fMRI scanning, physical tactile stimulation was applied via 

paintbrushes, either to the participants’ middle finger (MF) or index finger (IF), or 

simultaneously to both the middle and index fingers (both fingers = BF) of their right 

hands. In this way, the RF topography during physical touch perception could be 

described and later be compared to the RF topography during observation of touch to 

the corresponding fingers. In addition, added S1 activity changes during single-finger 

stimulation could later be compared to S1 activity changes during double-finger 

stimulation, as a measure of suppressive interactions (Gandevia et al. 1983; Ruben et al. 

2006).  

In the scanner, participants had their right hands fixed on a plastic board placed on the 

abdomen. The two paintbrushes used for tactile stimulation were mounted on two 

sticks that were connected to the plastic board to hold them at an optimal and fixed 

angle towards the fingers. To apply tactile stimulation, the two sticks were manually 

moved back and forth by the experimenter, who sat next to the scanner. Prior to the 

actual study, the experimenter was given intensive training in applying touch with 

constant pressure and with as little resultant movement as possible. Stimulation blocks 

lasted 24 s, consisted of four upward and four downward strokes (3 s per stroke), and 

were always followed by a 24 s rest period. In each run, the three stimulation blocks (IF, 

MF, BF) were repeated three times in a randomized sequence. The experiment consisted 

of four runs. Thus, each stimulation block was repeated 12 times throughout the 

experiment, which lasted about 30 min in total. Participants were instructed to close 

their eyes and to completely relax their hands and fingers throughout the scanning 

session. Trial order and temporal sequence of stimulation blocks were indicated to the 

experimenter via earphones.  

Observed touch experiment 

During touch observation, participants in the scanner observed short video clips (6 s in 

duration) showing human right hands being touched by different paintbrushes. While 

watching the videos, no physical tactile stimulation was applied to the participants’ 
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fingers. In the videos, analogous to the physical touch experiment, either the IF, MF, or 

BF of the right hand were stroked by one or two paintbrushes, respectively. When only 

one finger was stroked, the other paintbrush stroked the tabletop next to the hand. We 

also included a no-touch (control) condition, where both paintbrushes stroked the 

tabletop, while the hand was still visible. In half of the videos, participants saw their own 

hand from the first person perspective; in the other half they saw another person’s hand 

from the third person perspective. In this way, half of the observed touch and no-touch 

videos were related to the self, whereas the other half were clearly assigned to another 

person. Overall, this resulted in eight experimental conditions (observed touch 

IF/observed touch MF/observed touch BF/no-touch x self-related/other-related 

observed touch, see Fig. 6B). Throughout the experiment, each condition was repeated 

12 times. 

In each trial, two brief video clips were presented in direct succession that both 

belonged to the same experimental condition. In both clips, the paintbrushes shown 

differed in their roughness levels. After watching both video clips, participants had to 

indicate via left hand button presses whether they thought that the first or the second 

video displayed the rougher paintbrushes (see Fig. 6A for an example trial). A correct 

response could be given in each trial (see Stimuli for details). This secondary task was 

conducted to ensure constant attention during the experiment and to estimate how well 

participants could judge the sensory experience related to paintbrush strokes by sight.  
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Fig 6. Design and example trial of the observed touch experiment. (A) Example trial as 

shown to participants in the scanner. Each trial started with the same question (“Which 

paintbrush is rougher?”) followed by two video clips presented in direct succession that 

belonged to the same experimental condition, but showed two different paintbrush 

pairs for tactile stimulation; while seeing a question mark on the screen, participants 

then had to indicate via left-hand button-presses which of the two paintbrush pairs was 

rougher. Half of the participants responded with their left index finger when they 

thought the first paintbrush pair was rougher and with their left middle finger when they 

thought the second was rougher, the other half responded vice versa; the pause 

between two trials was 6 seconds in two-thirds of the trials and 20 seconds in one-third 

of the trials, and this was counterbalanced across conditions. (B)  Participants saw either 

their own hand in the first person perspective or another person’s hand in the third 

person perspective on video; in the observed touch conditions, touch was applied to 

either the middle finger (MF), the index finger (IF), or to both fingers (BF) of the right 

hand; in the no-touch condition, the paintbrush pair stroked the white surface on which 

the hand was positioned 

 

Design 

The entire experiment took approximately 47 min in total and consisted of 96 trials. Half 

of the trials in each experimental condition showed the rougher paintbrushes first, the 

other half showed the smoother paintbrushes first. Trials were pseudo-randomly 

presented with the constraint that none of the experimental conditions was repeated 

more than twice in a row, and in such a way that trials in each condition added up to the 
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same relative time point within the experiment. Prior to scanning, participants were 

allowed to practice the task in four trials outside the scanner room. The experimenter 

ensured that they understood the task well, and were familiar with the response mode 

prior to entering the scanner room.  

Stimuli 

The video clips were recorded several weeks prior to scanning, with the same 

participants that later took part in the fMRI studies. During the video recordings, 

participants placed their right hand comfortably on a white table. Their right arm passed 

through a hole in a paper wall mounted in front of the table, so that they could not see 

their hand, the paintbrushes, or the experimenter throughout the video recordings. 

Their right hand was positioned such that their fingers did not touch each other but 

were also not stretched too far apart, and they were told to completely relax their right 

hand and fingers for the recording. For tactile stimulation, the experimenter used five 

different identical-looking paintbrushes (DaVinci paintbrushes, series 5025 [1], 5073 [2], 

5036 [3], 5040 [4], and 5076 [5]). Tactile stimulation was applied for six seconds, either 

to the participants’ right MF, IF or BF. In all conditions, two paintbrushes moved in 

parallel following a fixed temporal sequence that was indicated to the experimenter by 

an auditory signal (3 s per stroke, two strokes in total). All videos were recorded at a 

constant illumination level and with a constant angle and height between the video 

camera and the hands. During the video session, participants were blind with respect to 

the purpose of the video recordings, and they were not told how many or which kind of 

paintbrushes were used for stimulation.  

During the fMRI experiment, the following paintbrush pairs were compared in the two 

videos of one trial: (1) versus (4), (2) versus (5), (1) versus (2), and (3) versus (5). 

Paintbrushes with higher numbers had softer and more flexible brushes and thus a 

smoother stroke than those with lower numbers. This was tested in a behavioral pre-

experiment with an independent group of 9 participants. Roughness levels of all the 

paintbrush pairs used could be correctly distinguished well above chance (see 

Supplementary material S3 for more information on this experiment). As a criterion to 

define self/other hand pairs, we matched the self-related and other-related hands for 

each participant in terms of gender, and chose partners with a similar hand shape index 

(i.e., ratio of width to length of hand (Longo and Haggard, 2010); mean hand shape 

difference between self/other-pairs in our study: 4.4%). Importantly, once a self/other 

hand pair was identified, the videos that served as the self conditions for one partner 

always served as the other conditions for the matching partner. In this way, self/other 
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differences in the video clips that could not be explicitly controlled (for example 

differences in skin color) were counterbalanced across participants.  

Imaging acquisition parameters 

Functional and structural MRI data were acquired using a 7T MR scanner (Magnetom 7T, 

Siemens Healthcare Sector, Erlangen, Germany) with a 24-channel NOVA head coil. Prior 

to both experiments, high-resolution 3D anatomical T1-weighted scans were acquired. 

For the observed touch experiment, which was always conducted first, structural data 

were acquired using the MP2RAGE sequence with the following parameters: TR = 5.0 s, 

TE = 2.45 ms, TI1/TI2 = 900 ms / 2750 ms, flip angle1/flip angle2 = 5° / 3° with an 

isotropic voxel resolution of 0.7 mm (Marques et al. 2010). For the physical touch 

experiment, we used a shorter T1-sequence with a slightly reduced spatial resolution, 

because the T1-images aquired for each participant during the observed touch 

experiment could later be used for data analyses; the MP2RAGE sequence here served 

only to anatomically localize S1 in the subsequently measured functional scans. 

Acquisition parameters in the physical touch experiment were: TR = 4.0 s, TE = 2.36  ms, 

TI1/TI2 =  900 ms / 2750 ms, flip angle1/flip angle2  = 5° / 3° with an isotropic voxel 

resolution of 0.9 mm. Shimming was performed in both experiments prior to collecting 

the functional data. In both experiments, T1-weighted scans were subsequently used to 

select 30 axial slices (interleaved slice acquisition, slice thickness = 1.5 mm, no gap) 

covering bilateral S1 and adjacent areas (see Fig. 7). The hand knob area was used for 

this purpose. This is easily identified in sagittal T1-images, and reliably indicates the 

location of the hand area in the primary motor cortex (Yousry et al. 1997), and the 

primary somatosensory cortex (Moore et al. 2000; Sastre-Janer et al. 1998; White et al. 

1997). Functional T2*-weighted gradient-echo echo-planar images were then acquired 

using GRAPPA acceleration (iPAT = 3; Griswold et al. 2002). A field of view of 192 x 192 

mm2 and an imaging matrix of 128 x 128 were used. The functional images had isotropic 

1.5 mm voxels. The other sequence parameters were: TR = 1.5 s, TE = 20 ms, flip angle = 

90°. The acquisition parameters of the functional scans were identical for the physical 

and observed touch experiments.  

To attenuate scanner noise, participants were provided with earplugs and ear-

defenders. During the observed touch experiment, the middle and index fingers of 

participants’ left hands were placed on two buttons of a response box. Visual stimuli 

were projected onto a plastic screen vertically mounted in front of the participants, 

which could be looked at via a mirror mounted on the receiver coil. 
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Fig 7. Selected slices for functional imaging of one example subject. Shown is a sagittal 

slice of the anatomical MP2RAGE scan which was used to select 30 axial slices covering 

bilateral S1 on the basis of the individual subject’s brain anatomy (i.e., hand knob area) 

 

fMRI preprocessing and localization of S1 activity 

Preprocessing and statistical analyses of the functional imaging data were carried out 

using SPM8 (Statistic Parametric Mapping, Wellcome Department of Imaging 

Neuroscience, University College London, London, UK). A slice timing correction was 

applied to correct for differences in image acquisition time between slices, and 

realignment was performed to minimize movement artifacts in the time series (Unser et 

al. 1993a, b). Normalization to standard MNI space was done using the unified 

segmentation approach based on image registration and tissue classification (Ashburner 

and Friston 2005). The high-resolution T1-weighted images of both sessions were used 

to visually confirm correct registration between the sessions. In addition, the co-

registration of each participant within the experiments was visually checked in order to 

identify possible spatial distortion effects that may occur at higher field strength (none 

were found, however). Data were filtered with a high-pass filter of 0.01 Hz to eliminate 

slow signal drifts. Data were smoothed with a Gaussian kernel of 4 mm full-width half-

maximum (FWHM).  

S1 is not a homogenous area, but can be classified into four sub-areas (from rostral to 

caudal: area 3a, 3b, 1 and 2). The Anatomy Toolbox implemented in SPM8 (Eickhoff et 

al. 2006; Eickhoff et al. 2007; Eickhoff et al. 2005; Geyer et al. 1999; Geyer et al. 2000; 

Grefkes et al. 2001) was used to specify in which sub-area activity changes took place for 
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the normalized group-level and single-subject analyses. Single-subject analyses were 

additionally performed without normalization into stereotactic space in order to 

describe the site of the suppressive interaction effect as precisely as possible in relation 

to the cortical anatomy of each individual subject. We used guidelines that linked 

cytoarchitectonic labeling with anatomical descriptions of subregions (Geyer et al. 1999; 

Geyer et al. 2000; Grefkes et al. 2001; White et al. 1997). According to these 

specifications, area 3a and 3b (anterior S1) are found in the deep valley of the central 

sulcus and in the anterior wall of the postcentral gyrus, respectively, whereas area 1 and 

2 (posterior S1) are located at the crown of the postcentral gyrus and at the posterior 

wall of the postcentral gyrus, respectively. It is important to note that, although these 

specifications are useful, no clear anatomical landmark exists for the exact transition 

zone between S1 subregions (Geyer et al. 1999). However, by using a combination of 

automated and manual labeling, and by including single-subject analyses, the 

localization of the suppressive interaction effect in S1 in the current study is described in 

reasonable detail. 

fMRI statistical analyses 

A general linear model (GLM) was fitted to the data and t-maps were created on the 

individual subject level. In the observed touch experiment, the observation times of the 

two video sequences in each trial were modeled as blocks and used to compute contrast 

images by linear combination of parameter estimates. In the physical touch experiment, 

the physical tactile stimulation blocks were used for this same purpose. In the observed 

touch experiment, the questions and the button-press events were included into the 

model as regressors. We used one-sample t-tests at the second level to calculate 

different contrasts for the physical and observed touch experiments. All contrasts on the 

group level and on the normalized single-subject level were a priori masked with the 

anatomical S1 mask offered by the Anatomy Toolbox implemented in SPM8. Because 

the functionally scanned regions were manually selected in each individual subject 

based on the T1 scans (see Fig. 7); thus, always covering S1 but covering varying parts of 

the motor or parietal cortices depending on the individual subject’s brain anatomy, this 

anatomical masking ensured comparable data analyses for all participants.  

For the group-level calculations, reported voxels of the functional data were considered 

significant at p < 0.001 when belonging to a cluster significant at p < 0.05 (FWE-

corrected). Additionally, we describe some of the group-level clusters at uncorrected 

cluster-thresholds (i.e., without FWE-correction) when this provided additional 

information (for example on the question of whether ipsilateral S1 would show any sub-

threshold activity). When these more liberal analyses were used, it is explicitly pointed 



                                                                                5. Study 2: Shared Topography & Dynamics 

76 

 

out in the results section. In addition to group-level analyses, single-subject analyses 

were also performed in order to describe some of the reported effects in greater detail. 

In addition, for the single-subject analyses, reported voxels were thresholded at p < 

0.001. They are mentioned when belonging to a cluster with a minimum size of five 

voxels (16.8 mm3).  

Topographical arrangement 

For the physical touch experiment, we calculated the main effect of physical touch 

perception versus rest (IF touch + MF touch + BF touch–3*rest), and the specific effects 

of touch applied only to the IF, MF, and to BF, respectively (e.g., IF touch–rest). For the 

observed touch experiment, we calculated the main effect of observing touch to the 

hand versus observing no touch to the hand, as presented in the videos ([self-related 

observed touch IF + self-related observed touch MF + self-related observed touch BF–3* 

no-touch self] + [other-related observed touch IF + other-related observed touch MF + 

other-related observed touch BF–3*no-touch other]). This effect was also calculated 

separately for observing touch to the IF, MF and BF, respectively. To look at whether S1 

RFs during observed touch were topographically aligned, we masked the observed touch 

contrasts with the corresponding physical touch masks (e.g., observed touch IF–no-

touch masked with IF touch–rest) and non-corresponding physical touch masks (e.g., 

observed touch IF–no-touch masked with MF touch–rest). Physical touch masks 

contained all voxels significant at p < 0.001 that belonged to a cluster significant at p < 

0.05 (FWE-corrected). In addition, we estimated whether the topographical 

arrangement of S1 RFs during observed touch followed the expected pattern (i.e., the RF 

of the IF was supposed to be more lateral, more anterior, and more inferior than the RF 

of the MF).  

Suppressive Interactions  

To calculate suppressive interactions between adjacent RFs in S1, we compared the 

expected activity changes to the actual activity changes during BF physical stimulation or 

observation, respectively. More precisely, for the physical touch experiment, we 

calculated the expected activity changes in S1 in the case where signal changes during 

touch applied to the IF and MF added up linearly. This was calculated as a first-level 

contrast (i.e., [IF touch–rest] + [MF touch–rest]). This contrast was then compared to the 

actual activity changes during BF stimulation (i.e., [BF touch–rest]). Also this calculation 

was performed at the first-level. Note that this is analogous to how suppressive 

interactions during physical touch were characterized in a previous fMRI study (Ruben et 

al. 2006), as we confirmed in an additional analysis (results not reported).  
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For the observed touch experiment, analogous methodology was applied: To measure 

suppressive interactions during observed touch, we first calculated the expected activity 

changes in S1 if activity changes during observed touch to the IF and MF added up 

linearly (i.e., [self-related observed touch MF + self-related observed touch IF–2*no-

touch self] + [other-related observed touch MF + other-related observed touch IF–2*no-

touch other]). To define suppressive interactions during observed touch, this contrast 

was compared to actual S1 activity changes during observed touch to BF (i.e., [self-

related observed touch BF – no-touch self] + [other-related observed touch BF – no-

touch other]). These same analyses were also performed separately for the self- and 

other-related observed touch conditions. 

The suppressive interaction contrast therefore specified signal decreases in S1 that 

particularly occur in the BF stimulation and observation conditions, respectively. Signal 

decreases in these conditions that most likely reflect suppressive interactions are those 

which occur in voxels that belong to the RF of one of the two single fingers. Other signal 

drops can be less easily explained by suppressive interactions between adjacently 

activated RFs. We, therefore, spatially specified the suppressive interaction contrast by 

only describing significant activity decreases in voxels that that belonged to the RFs 

either of the IF or of the MF. More precisely, the suppressive interaction contrast for 

physical touch perception was masked by all voxels that were activated by physical IF 

stimulation plus those that were activated by physical MF stimulation at p < 0.001 

belonging to a cluster of p < 0.05 (FWE-corrected; see Ruben et al. 2006 for a similar 

approach). The suppressive interaction effect for observed touch was analogously 

masked by all voxels that were activated during observed touch to the IF plus those that 

were activated during observed touch to the MF. Here, we restricted our search volume 

to this mask area. Note that this spatial specification was necessary in order to clearly 

identify signal decreases that were specific to the effect under investigation (i.e., 

suppressive interactions).  

We also needed a way of quantifying the degree of suppressive interactions, both during 

physical touch perception and during touch observation. Using contrast estimates, we 

calculated interaction ratios (IRs), which have frequently been used to specify the 

relation between expected and real activity changes in S1 (IR = 100 – ([BF / (IF+MF)] * 

100); Biermann et al. 1998; Hsieh et al. 1995; Ishibashi et al. 2000; Ruben et al. 2006). 

We used the masks created for specifying the suppressive interaction contrast for 

physical touch and observed touch (see previous paragraph) to extract all relevant 

contrast estimates for each individual subject. The individual IRs could then be used to 

calculate the mean IR across participants. This allows a much more detailed and spatially 
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specific analysis than taking the contrast estimates as a mean across the whole group of 

participants. However, this procedure comes with the cost of only allowing the analysis 

of those participants for whom a mask could be created. More precisely, only those 

participants who showed significant activity changes at the single-subject level for 

physically/visually perceiving touch to the MF and IF could be included. As expected, this 

was the case for all participants with respect to physical touch perception (N = 15). 

However, this was not the case for all participants with respect to touch observation. 

More precisely, n = 10 participants could be used to calculate the mean IR for observed 

touch, and n = 9 participants could be used to calculate the mean IR for self-related 

observed touch. For other-related observed touch, only n = 4 participants fulfilled these 

criteria (that is, n = 11 participants did not show significant activity changes when 

observing other-related touch to the MF or to the IF at the single-subject level). Thus, 

the mean IR for other-related observed touch was not calculated.  

To summarize, whereas voxel-wise statistics included all participants (N = 15), contrast 

estimates to calculate the IR during observed touch could only be extracted for a subset 

of participants due to the masking procedure that required significant single-subject 

results (n = 10 for main effect of observed touch, n = 9 for self-related observed touch, n 

= 4 for other-related observed touch [not calculated]). 

Overlapping RFs 

To find out whether suppressive interactions occurred only in voxels where IF and MF 

RFs overlapped (and could, thus, theoretically be explained by ceiling effects of the 

BOLD signal, for example), or also occurred in non-overlapping voxels, we additionally 

calculated whether suppressive interactions occurred only in “overlapping”, or also in 

“non-overlapping” S1 voxels. Overlapping voxels were defined as those voxels in S1 that 

were active both when touch to the IF and touch to the MF was observed (i.e., observed 

touch IF – no-touch ∩ observed touch MF – no-touch) or experienced (IF touch – rest ∩ 

MF touch – rest), whereas non-overlapping voxels were those which did not overlap 

between the two contrasts. We calculated the percentage (%) of suppressive interaction 

voxels in either category (i.e., suppressive interaction effect in overlapping and non-

overlapping voxels) separately for physical and observed touch.  

Behavioral analyses 

During the observed touch experiment, participants solved a secondary two-alternative 

forced-choice task in the scanner, in which they had to indicate which of two 

subsequently presented video clips displayed the rougher paintbrush pair. The two video 
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clips presented in one trial always showed paintbrushes of different roughness levels, 

such that a correct or incorrect response could be given in each trial. We performed a 

repeated-measures analysis of variance (ANOVA) to estimate the influence of hand 

identity (self-related, other-related) and observed event (observed touch, no-touch) on 

the percentage of correct responses given in this task. We also calculated a one-way 

ANOVA to estimate the influence of finger touch (MF, IF, BF) on the percentage of 

correct responses. To investigate whether the individual degrees of suppressive 

interactions across trials were related to how precisely roughness levels could be 

estimated by sight, we performed Pearson correlations between individual IRs during 

touch observation and the percentage of correct responses both for the IRs across 

conditions and the IRs for the self-conditions. 

5.4. Results 

Topographical arrangement 

As expected, physical touch administered to participants’ right fingers activated, as a 

main effect, a large significant cluster in left (contralateral) S1 that peaked in left 

posterior S1, and extended to left anterior S1. Touch applied specifically to the right IF, 

MF, or to BF, respectively, also activated significant focal areas in left S1. The IF and MF 

RFs partly overlapped, but were also partly distinct. The significant clusters peaked in 

left posterior S1, but extended to left anterior S1 (see Fig. 8A and Table 2). No significant 

activity changes were found in right (ipsilateral) S1 for these contrasts. We also looked 

at sub-threshold activity in ipsilateral S1. Here, we found that when the significance 

threshold of p < 0.001 and k ≥ 5 was not FWE-corrected, one cluster in right (ipsilateral) 

S1 showed greater activity during physical touch perception compared to rest  (k = 9; t = 

4.05; 53, -18, 34 [x, y, z]) (see Table S4 for a complete list of sub-threshold activity 

changes).  

For observed touch, we found that looking at a hand being touched compared to looking 

at the same hand not being touched significantly increased activity in left (contralateral) 

posterior S1. Note that participants did not receive any tactile stimulation in either of 

these observation conditions. No significant activity changes were found for the reverse 

contrast (no-touch versus observed touch). In addition, we were interested in whether 

right (ipsilateral) S1 would show any sub-threshold activity during touch observation. 

When we omitted the FWE-correction, significant activity changes in ipsilateral S1 were 

found (p < 0.001 and k ≥ 5). This cluster was localized in posterior parts of right S1 (see 

Table S4 for a list of all sub-threshold activity changes).  
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Observing touch to specific fingers also activated left (contralateral) S1. Whereas activity 

changes in left S1 during observed touch to the IF and to BF survived the standard 

cluster-corrected thresholds, activity change in left S1 during observed touch to the MF 

was only significant when no cluster-correction was applied (p < 0.001 and k ≥ 5). All 

observed touch clusters peaked in left posterior S1 (see Table 2 and Fig. 10). To verify 

that activity changes in contralateral S1 in response to touch observation were restricted 

to posterior S1, and did not occur in anterior S1 (particularly in area 3b), we conducted 

an ROI analysis focusing on left area 3b. We masked the contrast observed touch–no-

touch with the left area 3b mask provided by the Anatomy toolbox implemented in SPM. 

Here, we found that no significant activity changes survived the standard significance 

threshold, even when voxels at p < 0.001 and k ≥ 5 belonging to uncorrected clusters 

were taken into account.  

We also looked at whether S1 activity changes during observed touch overlapped with 

activity changes during physical touch. We masked the contrast observed touch–no-

touch with physical touch–rest, and found that significant clusters for touch observation 

were present in posterior contralateral S1. Similarly, we found that activity changes 

specific to observing touch to the IF were still significant when masked with the effect of 

physically experiencing touch to the IF (number of voxels: 124), but not when masked 

with the effect of physically experiencing touch to the MF (number of voxels: 111). The 

significant overlap was found in left posterior S1 (see Table 2 and Fig. 9). As explained 

above, observing touch to the MF evoked activity changes in contralateral S1, significant 

only when no cluster-correction was applied. We then looked at whether these clusters 

would be preserved when masked with physical touch to the IF or MF. We found that 

one cluster remained significant both when masked with physical touch to the MF and 

when masked with physical touch to the IF (number of voxels MF mask: 25, number of 

voxels IF mask: 23). This overlap was also found in left posterior S1 (see Table 2 and Fig. 

9). To estimate whether the mask would have any significant effect on the number of 

voxels included in the corresponding and non-corresponding masks, we performed a chi-

square test including the number of voxels significant within the two mask conditions of 

both contrasts. This test did not reach statistical significance (p > 0.2). When estimating 

the percentage of participants who showed overlapping activity changes between 

physical and observed touch in the different conditions, we found that 75% of 

participants showed shared voxels for observed touch to the IF, 78% showed shared 

voxels for observed touch to the MF, and 92% showed shared voxels for observed touch 

to BF. 
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We additionally looked at the topographic arrangement of activity changes as evoked by 

observing touch to the IF and the MF, respectively. We found that activity changes in 

both conditions were partly overlapping, but partly distinct. Importantly, activity 

changes evoked by observing touch to the IF were more lateral, more anterior, and 

more inferior than activity changes evoked by observing touch to the MF (see Table 2 

and Fig. 10).  

One last analysis was performed due to a concern that activity changes in contralateral 

S1 during touch observation could be explained by preparatory motor activity for the 

later button-press responses rather than by touch observation. To counter this 

argument, we looked at whether left and right primary motor cortex (M1) showed any 

increased activity changes during touch observation that could indicate preparatory 

motor activity or motor imaginary during touch observation. There were no significant 

activity changes; neither in left nor in right M1 for the observed touch–no-touch 

contrast. This was also true when not correcting for multiple comparisons. 

Suppressive interactions  

In order to estimate the degree of suppressive interactions in S1 during physical touch 

perception, we compared the summed activity changes during physical touch perception 

to the IF and MF to the activity changes in the BF stimulation condition. We found a 

significant suppressive interaction effect for physical touch in left (contralateral) S1, 

which peaked at the border between left area 2 and the left inferior parietal cortex, and 

extended to left area 2, left BA 1, and left area 3b (see Table 2 and Fig. 8A). No 

significant suppressive interaction effect was found in right (ipsilateral) S1, even when 

the analysis was performed without correcting for multiple comparisons. At the 

individual subject level, suppressive interactions for physical touch were significant in all 

but one of the investigated participants (n = 14), and could be assigned to left area 1 and 

left area 2. Only a subset of participants showed additional significant activity changes in 

left area 3b (n = 4) and left area 3a (n = 2) for this contrast. The mean IR for physical 

touch perception was 37.2%, SD = 15.9 (Fig. 8A, see Fig. 11 for single subject data).  

We then calculated the suppressive interaction effect for observed touch, which was 

similarly calculated by comparing summed activity changes in S1 evoked by observing 

touch to two single fingers separately to activity changes evoked by observing touch to 

both fingers together. Here, we found a significant suppressive interaction effect in two 

clusters that both peaked in left (contralateral) area 2. One cluster also extended to left 

area 1, the other extended to the left superior parietal lobule (see Table 2 and Fig. 8B). 

No significant suppressive interaction effect was found for right (ipsilateral) S1. At the 
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individual subject level, we found a significant suppressive interaction effect in left S1 for 

n = 8 participants (see individual subject data of n = 5 participants in Fig. 11). In all of 

them, the effect was located in left area 2. In n = 7 participants, activity changes also 

extended to left area 1, and in one subject the activity changes extended to left area 3. 

Note that most of the other participants also showed suppressive interaction voxels in 

left S1 during observed touch, but these results are not reported due to the relatively 

conservative single-subject threshold we defined for our analyses (e.g., n = 14 

participants showed a suppressive interaction effect when we lower the single-subject 

threshold to p < 0.005 [uncorrected]).  

We also calculated the suppressive interaction effect specifically for self- and other-

related observed touch. The suppressive interaction effect for self-related observed 

touch revealed one significant cluster in left area 2. The suppressive interaction effect 

for other-related observed touch did not reveal any significant activity changes in S1. At 

the individual subject level, n = 8 participants showed a suppressive interaction effect 

for self-related observed touch, and n = 4 participants showed a suppressive interaction 

effect for other-related observed touch. The mean IR for self-related observed touch 

was 54.93%, SD = 11.35. The mean IR for observed touch (main effect) was 50.22%, SD = 

9.35. 

The role of overlapping RFs 

We found that the suppressive interaction effect for physical touch occurred in both 

overlapping and non-overlapping S1 voxels. More precisely, we found part of the cluster 

of the suppressive interaction effect for physical touch in overlapping voxels (k = 113; t = 

7.47; -54, -26, 39 [x, y, z], localized in left area 2, the left inferior parietal cortex, and left 

area 1) and part of the cluster in “non-overlapping” voxels (k =7, t = 4.74, -52, -21, 38 [x, 

y, z], localized in left area 2, the left inferior parietal cortex, and left area 3b). Also, at the 

individual subject level, the suppressive interaction effect for physical touch occurred 

within both overlapping and non-overlapping S1 voxels in all subjects. As a mean across 

participants, 79% of the suppressive interaction voxels were overlapping voxels, 

whereas 21% were non-overlapping voxels.  

The suppressive interaction effect for observed touch was, on the group level, only 

observed in non-overlapping S1 voxels (k = 14; t = 4.61; -56, -24, 45 [x, y, z], localized in 

left area 2). When looking at the individual subject level, however, the effect was found 

both in overlapping and non-overlapping S1 voxels in all participants. Across 

participants, 60 % of the voxels that showed a suppressive interaction effect were 

overlapping voxels, and the remaining 40 % were non-overlapping voxels. For self-
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related observed touch, again suppressive interactions at the group level were only 

found in non-overlapping S1 voxels (k = 14; t = 4.62; -42, -40, 62 [x, y, z], localized in left 

area 2, k = 9; t = 4.93; -49, -36, 57 [x, y, z]). At the single subject level, however, the 

effect was again found in both overlapping and non-overlapping S1 voxels. Here, 56 % of 

the voxels that showed suppressive interactions for self-related observed touch were 

overlapping voxels, and the remaining 44 % were non-overlapping voxels.  

Behavioral results  

All participants performed the visual roughness discrimination task (where participants 

had to distinguish between roughness levels of different paintbrush pairs by sight) with 

high levels of accuracy (self touch: 93.1% ± 5.4 [SD], self no-touch: 95.0% ± 7.6 [SD], 

other touch: 91.8% ± 7.4 [SD], other no-touch: 91.7% ± 7.0 [SD], N = 15). The participants 

maximally missed two trials throughout the entire experiment. The percentage of 

correct responses in the visual roughness discrimination task was not significantly 

influenced by hand identity (self, other) or the presence of hand touch (observed touch, 

no-touch). There was also no significant interaction between these two factors (p > 0.1). 

Also, the finger that was touched (IF, MF, BF) did not influence the percentage of correct 

responses, neither across conditions nor for the self- and other-related conditions 

separately (p > 0.05). With respect to how individual IRs related to the degree to which 

roughness levels could be distinguished by sight, there was a significant correlation 

between the individual IRs when the self was observed and the accuracy to solve the 

visual roughness discrimination task when self-related touch to the IF and to BF was 

observed (r = 0.78 for IF, and r = 0.76 for BF self, p < 0.05, two-tailed, see Fig. S5). There 

was no such relation between the individual IRs during observed touch and percentage 

of accuracy across conditions. Note, however, that the number of subjects whose data 

was available to calculate this correlation (n = 9) was very small, such that this positive 

relation between individual IRs and behavioral performance has to be replicated and 

verified by future studies using a greater number of participants.   
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Fig 8. Suppressive interactions (SI) in contralateral S1 during physical touch perception 

(A) and touch observation (B). (A) Activity changes of contralateral S1 during physical 

touch applied to the index finger (IF) and the middle finger (MF); additionally, the 

suppressive interaction (SI) effect for physical touch is displayed using voxel-wise 

statistics in the upper panel (IF touch–rest + MF touch–rest – BF touch–rest), and using 

contrast estimates in the lower panel; the bar labeled “Expected activity” describes the 

added contrast estimates of physical touch to the IF and MF, whereas the bar labeled 

“Actual activity” describes the contrast estimates when both fingers were stimulated 

together; the bar graphs show mean contrast estimates ± standard deviation (SD) of all 

(N = 15) participants; (B) Activity changes of contralateral S1 during observed touch to 
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the IF and MF; additionally, the SI effect for observed touch is displayed using voxel-wise 

statistics in the upper panel (obs. touch IF–no-touch + obs. touch MF–no-touch – obs. 

touch BF–no-touch), and using contrast estimates in the lower panel; the bar labeled 

“Expected activity” describes the added contrast estimates of touch observation to the 

IF and MF, whereas the bar labeled “Actual activity” describes the contrast estimates 

when touch to both fingers together was observed; the bar graphs show mean contrast 

estimates ± standard deviation (SD) of n = 10 participants (see section “suppressive 

interaction” for details on why not all participants were part of this analysis); functional 

images are masked with an anatomical mask covering contralateral S1 and are 

thresholded at p < 0.0005 (uncorrected) (A) and p < 0.001 (uncorrected) (B); the data are 

displayed on a normalized T1-image of an individual subject; Pre = precentral gyrus, Post 

= postcentral gyrus  
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Table 2  

S1 activity changes during physical touch perception and touch observation in different 

experimental conditions 

 Contrast Area MNI location                
(x, y, z) 

Peak t-
value 

No  of 
voxels 

 Physical  
  Touch 

MF touch + IF touch + BF 
touch - rest 

L Area 2 -55   -24   40 8.31 685 

MF touch - rest L Area 2 -55   -24   40 7.33 185 

  L Area 2 -44   -33   57 6.78 215 

 IF touch - rest   L Area 2 -37   -39   63 9.03 562 

 BF touch - rest L Area 2 -56   -22   42 9.37 991 

 SI physical touch  L Area 2  
/ L IPC 

-54   -26   39 7.47 123 

Observed  
  Touch 

obs. touch MF + obs. touch IF 
+ obs. touch BF – no-touch   

L Area 2 -37   -44   54 4.35 245 

L Area 2 -55   -24   44 4.04 179 

 # obs. touch MF - no-touch  L Area 1 -26   -54   66 5.02 6    

 L Area 2 -26   -51   57 5.00 17  

 L Area 2 -54   -27   45 3.45 19    

 L Area 1 -60   -18   36 3.29 9 

obs. touch IF - no-touch L Area 2 -58   -21   40 6.05 139 

 obs. touch BF - no-touch L  Area 2 -34   -44   57 6.27 127 

  L Area 2 -54   -24   44 5.56 128 

 SI observed touch L Area 2 -55   -26   46 4.54 8 

  L Area 2 -36   -36   44 4.51 5 

 SI observed touch self L Area 2 -40   -42   62 4.36 9 

Observed  obs. touch MF + obs. touch IF L Area 2 -55   -24   44 5.70 162 
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    Touch 
∩ Physical  
     Touch 

+ obs. touch BF – no-touch ∩ 
MF touch + IF touch + BF 
touch - rest 

# obs. touch MF - no-touch ∩ 
MF touch – rest 

L Area 2 

L Area 1 

-54   -27   45 

-61   -16   33 

4.45 

4.15 

15 

10   

 obs. touch IF - no-touch ∩ 
IF touch - rest 

L Area 2 -58   -21   40 6.05 123 

 obs. touch BF - no-touch ∩ 
BF touch - rest 

L Area 2 -54   -24   44 5.56 114 

Note: Listed clusters contain voxels thresholded at p < 0.001 and are cluster-corrected at p < 

0.05 (FWE-corrected); the two contrasts which are marked with a # show clusters that are 

not cluster-corrected, but contain a minimum of 5 voxels using the same voxel-threshold; see 

Online Resource 2 for a complete list of sub-threshold activity changes for all listed contrasts; 

obs. = observed, MF = middle finger, IF = index finger, BF = both fingers, SI = suppressive 

interactions, IPC = inferior parietal cortex. 
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Fig 9. Overlap between activity changes during physical touch perception and touch 

observation in contralateral S1. Overlapping voxels between physical touch perception 

and touch observation are displayed in purple; overlaps are shown separately for the 

index finger (upper panel) and the middle finger (lower panel); functional images are 

masked with an anatomical mask covering contralateral S1 and thresholded at p < 0.001 

(uncorrected); functional data are visualized on a normalized T1 image of an individual 

subject; Pre = precentral gyrus, Post = postcentral gyrus  
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Fig 10.  Receptive field (RF) topography of the index finger (IF) and middle finger (MF) in 

contralateral S1 during physical touch perception and touch observation. Shown are five 

axial slices ordered from inferior (z = 42) to superior (z = 47) of N = 15 participants; the 

borders of the MF RFs are indicated using blue lines; functional images are masked with 

an anatomical mask covering contralateral S1 and visualized at an individual’s 

normalized T1 image; to make both conditions better comparable, a slightly more 
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conservative threshold was chosen for physical touch perception (p < 0.0001 

(uncorrected)) than for touch observation (p < 0.001 (uncorrected)); Pre = precentral 

gyrus, Post = postcentral gyrus  
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Fig 11.  Contralateral S1 activity during physical touch perception and touch observation 

of n = 5 individual subjects. The left side of the figure shows functional data of physical 

touch to the index finger (IF), the middle finger (MF), and the suppressive interaction (SI) 
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effect for physical touch; the right side of the figure shows functional data of observed 

touch to the IF, the MF, and the SI effect for observed touch; note that the same axial 

and coronal slices of the same subject can here be visually compared; functional data 

are presented at the individual’s normalized T1-anatomical scans; to make both 

conditions better comparable, a slightly more conservative threshold was chosen for 

physical touch perception (p < 0.001 (uncorrected)) than for touch observation (p<0.005 

(uncorrected)) 

 

5.5. Discussion 

The present study offers the first detailed characterization of the functional architecture 

of S1 during touch observation. Our data show that posterior parts of contralateral S1 in 

particular, but not anterior parts, are activated when touch is observed on video. 

Activity changes in posterior S1 elicited by touch observation also overlap with those 

elicited by physical touch perception. Importantly, observing touch to the index finger 

alone or the middle finger alone offers a similar topographical arrangement of RFs in S1 

as those elicited by physically perceiving touch to the same fingers. In addition, index 

and middle finger RFs show the characteristic dynamic shrinkage when activated 

concurrently not only during physical but also during visual touch perception. Our study, 

therefore, provides novel evidence indicating that the functional architecture in 

posterior S1 with respect to RF topography and RF interaction is similar between touch 

observation and physical touch perception. 

Posterior S1 activity during touch observation 

In the present study, short video clips were presented to participants, which showed 

right hands being touched or not being touched by paintbrushes. By comparing 

observed touch conditions to conditions where no touch was observed, we found 

significant activity increases in left (contralateral) S1 as a main effect. This effect was not 

only found at the group level but also in almost all individual participants. Significant 

activity changes in right (ipsilateral) S1 were only found when the group level statistics 

were analyzed at uncorrected thresholds. The results of the present study show that 

observing touch to fingers of a right hand, therefore, clearly evokes activity increases in 

left posterior S1. 

The finding that touch observation can elicit activity increases in S1 is in accordance with 

a growing body of evidence suggesting the independence of S1 activity from direct 

somatosensory input (Chen et al. 2003; Yoo et al. 2003; Driver and Noesselt 2008; 
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Meehan et al. 2009; Wood et al. 2010). Specifically touch observation has, in a number 

of fMRI studies, been shown to trigger profound activity increases in S1 (Blakemore et 

al. 2005; Ebisch et al. 2008; Kuehn et al. 2012; Schaefer et al. 2006; Schaefer et al. 

2005a; Schaefer et al. 2009). A previous study also indicated that, in particular, posterior 

rather than anterior contralateral S1 responds to the observation of tactile events 

(Kuehn et al. 2012). This appears to contrast findings reported in an fMRI study by 

Schaefer et al. (2009). Participants in that study also observed short video sequences 

where hands were either touched or not touched by paintbrushes. Whereas, in 

accordance with the present results and those previously reported, touch observation 

induced activity increases in posterior contralateral S1, the authors also reported 

responsivity of anterior S1, specifically, when participants looked at a hand presented in 

a first-person viewing perspective. A recent study re-investigated this topic using 7T 

fMRI (Kuehn et al. 2012) yielded divergent findings. In that study, anterior S1 did not 

show significant activity changes, neither as a main effect, nor when first-person and 

third-person viewing perspectives were directly compared. Kuehn et al. (2012) argued 

that the lower spatial resolution of the data used by Schaefer et al. (2009), in terms of 

voxel size and smoothing, may have accounted for the divergent findings. Although an 

involvement of anterior S1 cannot be excluded, it seems that the major responsivity of 

S1 during touch observation stems from its posterior parts. This is also in accordance 

with the recently formulated hypothesis that posterior S1 in particular is open to social 

influences, for example during action observation (Keysers et al. 2010).  

The high connectivity between posterior S1 and visual input areas in the parietal cortex, 

some of which are known to contain bimodal visuo-tactile neurons (Duhamel et al. 1998; 

Ishida et al. 2010; Lewis and Van Essen 2000; Maunsell and van Essen 1983; Pons and 

Kaas 1986; Rozzi et al. 2006), and show bimodal activation pattern in humans (Sereno 

and Huang 2006), can serve to explain this greater influence of vision on activity changes 

in the posterior rather than the anterior part of S1. Anterior S1 is more strongly 

connected to the thalamus than posterior S1 (Kaas 2008; Nelson and Kaas 1981), 

therefore we assume that the thalamus did not strongly contribute to the S1 activity 

observed in the present study. A dichotomic division of S1 into posterior S1, showing 

pronounced reactivity to visual input (e.g., during observed touch) and anterior S1, 

which may still be regarded as a unisensory brain area mainly driven by bottom-up 

somatosensory input, has been suggested previously (Keysers et al. 2010; Kuehn et al. 

2012), and is supported by our results. 

Another important question is whether the activity changes in posterior S1 found in our 

study were triggered by touch observation, or resulted from preparatory motor 
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responses or mental imaginary of action. Given the role of area 2 in proprioception 

(Hsiao and Bensmaia 2008), and the involvement of S1 in motor preparation (Kawashima 

et al. 1994), such an explanation cannot a priori be excluded. However, for the present 

findings, this explanation is highly unlikely. Activity changes in S1 were strongly 

lateralized to left S1 (contralateral to the observed touch events), whereas right S1 

(contralateral to the motor response) showed only sub-threshold activity. In addition, 

we did not find any activity increases in left or right M1 during touch observation, which 

would be expected if one assumed an involvement of motor preparation (Kawashima et 

al. 1994) or motor imaginary (Dushanova et al. 2010). We are, therefore, confident that 

the S1 activity reported in the present study is due to touch observation rather than 

preparatory motor activity or motor imaginary. 

Topography of S1 activity during touch observation  

In order to describe the functional architecture of posterior S1 during touch observation, 

we first looked at whether S1 activity during observed and physically perceived touch 

showed a regional overlap. Any overlap would indicate a resonance response (Hogeveen 

and Obhi 2012; Landmann et al. 2011; Virji-Babul et al. 2012) within S1 between 

physically perceived and observed touch. Such resonance responses have often been 

described for the motor system (Buccino et al. 2001; Mukamel et al. 2010; see Caspers 

et al. 2010 and Gazzola and Keysers 2009 for an overview), the insula (Corradi-

Dell'Acqua et al. 2011; Singer et al. 2004; see Bernhardt and Singer 2012 and Lamm et al. 

2011 for an overview), S2 (Keysers et al. 2004), and also for S1 (Blakemore et al. 2005; 

Ebisch et al. 2008; Schaefer et al. 2009). However, so far, they have not been 

characterized with such a high sensitivity and high spatial specificity as offered by the 

design of the present study. Whereas previous studies indicated spatial specificity of S1 

activity when touch to different body areas, such as the face and neck, was observed 

(Blakemore et al. 2005), or showed that observing hand touch elicited specific activity 

increases in the hand area of S1 (Kuehn et al. 2012; Schaefer et al. 2009), the present 

study indicates a spatially specific resonance response at the level of the single finger. 

More precisely, observing touch to the index finger overlapped with activity changes 

during physically experiencing touching of the index finger, and observing touch to the 

middle finger overlapped with activity changes during physically experiencing touching 

of the middle finger. Interestingly, whereas this resonance response seemed relatively 

specific to the index finger (i.e., response to observing touch to the index finger 

significantly overlapped with that to physical touching of the index finger, but did not 

significantly overlap with that to physical touching of the middle finger), this specificity 

was not present for observing touch to the middle finger. Here, the same significance 
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level was reached irrespectively of whether the contrast of observing touch to the 

middle finger was masked with physical touching of the index finger or physical touching 

of the middle finger. In addition, the responsivity of S1 was generally larger when 

touching to the index finger was observed compared to when touching to the middle 

finger was observed. These results indicate that observing touch to the index finger 

leads to higher and spatially more specific responses in S1 compared to observing touch 

to the middle finger. These results could be explained by the generally enhanced use of 

the index finger compared to the middle finger, for example during the so called 

precision grip (Napier 1956). In studies on the motor system, greater experience in a 

certain motor behavior has been shown to lead to increased responses in the motor 

system not only during action performance (Karni et al. 1995; Karni et al. 1998), but also 

during action observation (Calvo-Merino et al. 2005; Cross et al. 2006). In addition, a 

more precise response of the action observation network has also been assumed for 

participants that have more experience with the observed actions (Cross et al. 2011; 

Diersch et al. submitted). One may therefore argue that the results of the present study 

indicate a similar relation in the somatosensory system. Increased tactile experience of a 

certain body area, such as the index finger, that has been shown to relate to increased 

S1 activity (Braun et al. 2000; Pleger et al. 2003) and better discrimination abilities 

(Braun et al. 2000; Ragert et al. 2003; Schweizer et al. 2001) during physical touch 

perception, may also cause a stronger and more precise representation during touch 

observation.  

It is important to note, however, that the present data do now allow a direct comparison 

between touch observation and physical touch perception. Whereas in the observed 

touch videos, different paintbrushes were used for tactile stimulation, and a roughness 

task had to be solved, in the physical touch experiment, tactile stimulation was applied 

passively, and the same paintbrushes were used for tactile stimulation. The 

experimental set-ups therefore differ, and do not allow direct comparison of S1 RFs as 

evoked by visual and physical touch perception. Future studies should use completely 

analogue designs with respect to stimulus characteristics and attention requirements in 

order to compare the overlap between RFs in both conditions more precisely. Only such 

a design would finally allow conclusions to be drawn about the specificity of the activity 

overlap between physical touch perception and touch observation. 

A second main aspect that characterizes S1 topography during touch observation is the 

topographical arrangement of the evoked activity changes. Our results show that activity 

changes in S1 during touch observation to the index finger were partly distinct, and 

located more lateral, more anterior, and more inferior than activity changes in S1 during 
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touch observation to the middle finger. This topographical alignment of index and 

middle finger RFs follows exactly the same pattern as has classically been described for 

physical touch (Nelson and Chen 2008), and as has also been found in the present study. 

This indicates a surprisingly precise representation of observed touch events in S1, and 

assumes a precision down to the level of the single finger. Should further studies 

manifest this finding, this would offer another parallel to the action system. Also, 

observing motor movements of specific body parts has been shown to elicit 

somatotopically precise representations in the premotor cortex (Buccino et al. 2004; 

Wheaton et al. 2004); the present study assumes a similarly spatially specific and precise 

representation of observed human touch. 

Taken together, our results indicate that observing touch to single fingers does not 

simply activate the hand area in S1, but activates parts in S1 that are topographically 

precise. The spatial arrangement of S1 activity seems therefore highly similar during 

physically perceived and observed touch, which leads to the suggestion that not only 

action events but also tactile events can be shared between the observed person and 

the observer (Bufalari et al. 2007).  

Suppressive interactions during touch observation 

In the present study, the functional architecture in S1 was additionally characterized by 

looking at suppressive interactions between adjacently activated cortical RFs. 

Suppressive interactions in S1 have often been characterized by measuring the relative 

shrinkage of index and middle finger RFs when both are activated simultaneously, 

compared to when they are activated alone (Gandevia et al. 1983; Ruben et al. 2006). 

Using this approach in the present study, we found suppressive interactions mainly in 

posterior parts of contralateral S1, slightly extending to anterior S1. This confirms 

previous studies that found greater suppressive interactions during touch perception in 

posterior contralateral S1 (Friedman et al. 2008; Ruben et al. 2006; Sur 1980; Sripati et 

al. 2006), which may indicate an increasing convergence of somatosensory input from 

anterior to posterior sites of S1 (Ruben et al. 2006). Also the mean interaction ratio 

found in the present study (38 %) was similar to that which has been described 

previously (Biermann et al. 1998; Gandevia et al. 1983; Ruben et al. 2006). These 

comparable results between the present and previous attempts to characterize 

suppressive interactions in S1 confirm that the present approach was, in principle, 

suitable to characterize this phenomenon.  

This is important given that analogue contrasts were used to characterize suppressive 

interactions during touch observation. This characterization was attempted for the first 
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time in the present study. Here, we looked at whether suppressive interactions in S1 

would similarly occur when touch to two fingers, compared to two single fingers 

separately, was not physically experienced but merely observed. Our data indicate that 

suppressive interactions in S1 may also occur during touch observation. More precisely, 

we found that observing touch to two fingers elicited decreased activity levels in S1 

compared to observing touch to two single fingers separately, an effect that was specific 

for the areas in S1 where observed touch to single fingers separately elicited effects. 

Spatially, the effect was restricted to contralateral posterior S1, which was expected 

given that touch observation particularly activated posterior parts of contralateral S1. 

Importantly, suppressive interactions were also found in voxels that did not overlap 

between index and middle finger RFs, making vascular ceiling or saturation effects an 

unlikely explanation for the observed effects (Beauchamp et al. 2004; Gardner and 

Costanzo 1980).  

It is important to note, however, that while the principle way of characterizing 

suppressive interactions during visual and physical touch perception in the present study 

was similar, the results of these two analyses should not be compared directly. During 

physical touch perception, participants lay in the scanner with their eyes closed, while 

they actively solved a roughness discrimination task during touch observation. Because 

previous research has evidenced an influence of attention on suppressive interactions in 

S1 (Braun et al. 2002), the suppressive interaction effect in both conditions is not 

directly comparable because attentional demands varied between both experiments. 

Secondly, there was a difference in control conditions. During touch observation, S1 

activity changes were compared to a control condition (i.e., where participants saw 

hands which were not being touched), whereas in the physical touch condition, no such 

control condition was present (i.e., physical touch perception was compared to a rest 

condition). Given that merely looking at hands may influence S1 activity (Fiorio and 

Haggard 2005; Longo et al. 2011) and the existence of suppressive interactions in S1 

(Cardini et al. 2011), one should avoid comparing the degree of suppressive interactions 

between physical and visual touch perception in the present study directly.  

The indicated existence of suppressive interactions in S1 during touch observation can 

be embedded into the results from recent studies that assign S1 a specific and highly 

flexible role during touch and action observation (Avenanti et al. 2005; Bolognini et al. 

2011; Bufalari et al. 2007; Caspers et al. 2010; Keysers et al. 2010; Meyer et al. 2011). 

For instance, using multivariate pattern analysis, it has been shown that activity patterns 

in S1 are separable when haptic exploration of different everyday objects is observed 

(Meyer et al. 2011). Such variable and spatially specific activity changes in S1 could be 
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regarded as an indication of the existence of inhibitory regulatory mechanisms that 

modulate S1 activity during touch observation. More direct evidence that vision can 

influence the degree of suppressive interactions in S1 during physical touch perception is 

offered by studies investigating somatosensory evoked potentials (SEPs) in different 

viewing conditions. Here, it has been assumed that looking at a body while receiving 

tactile stimulation increases suppressive interactions in S1 (Cardini et al. 2011; 

Gillmeister et al. 2010), which has been related to RF sharpening in this condition 

(Cardini et al. 2011; Haggard et al. 2007). Whereas the results of the present study are, 

therefore, in accordance with previous investigations, they are novel because they 

target the mechanism of suppressive interactions during touch observation for the first 

time directly.  

The relation between suppressive interactions and behavioral performance 

During physical touch perception, suppressive interactions are assumed to positively 

relate to perceived stimulus contrast (Braun et al. 2002; Cardini et al. 2011; Puts et al. 

2011). We therefore hypothesized that, if suppressive interactions during physical and 

observed touch share a mechanistic basis, such a relation to the ability to discriminate 

tactile stimulus features should also occur during touch observation. This analysis, 

however, was hampered by the very small sample size available to calculate this 

correlation (n = 9). However, when looking at the correlation, the degree of suppressive 

interactions during observed touch related positively to performance levels to 

discriminate roughness levels of paintbrushes by sight. Although this relation clearly 

needs further exploration in future studies, it indicates a powerful message: The degree 

of suppressive interactions in S1 during observed touch may determine the precision 

with which observed tactile events can be decoded by the observer. This is particularly 

interesting because, so far, signal decreases in S1 during touch observation are mostly 

assumed to indicate a lower resonance response, and are, thus, interpreted as evidence 

for lower degrees of inner simulation (Blakemore et al. 2005; Ebisch et al. 2008; Kuehn 

et al. 2012). Given the results of the present study, this view may be rather one-

dimensional. Signal decreases, at least when they can clearly be assigned to the 

occurrence of suppressive interactions, may indicate a more precise and less noisy, 

rather than a weaker, stimulus representation. This similarly holds for action 

observation. A recent study showed that the BOLD response in the action observation 

network, which is classically assumed to increase during observed actions that are more 

familiar (Buccino et al. 2004; Calvo-Merino et al. 2005; Cross et al. 2006), does not 

increase when more familiar actions compared to less familiar actions are observed 

(Cross et al. 2011). Given our framework, one may speculate that the decreases in the 
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BOLD signal indicate a more precise representation of the observed familiar movements. 

Future studies should, therefore, take decreases of the BOLD signal into account when 

investigating the role of S1, or other brain areas, in the realm of social cognition. 

Conclusions 

Taken together, the results from our study provide strong evidence that posterior 

contralateral S1 is active during touch observation, and that these activity changes 

overlap with those elicited by physical touch experience. In addition, our results indicate 

that touch observation to single fingers elicits partly distinct and topographically precise 

single finger representations in S1, which show similar dynamic interactions as they do 

during physical touch perception. Although this study only provides a first step to 

understanding the functional architecture of S1 in a social context, it critically 

emphasizes the importance of taking fine-grained architectonic details into account 

when describing the role of S1 in social cognition. 
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6. General Discussion 
 

6.1. Summary of results 

In the experimental part of this thesis, two functional magnetic resonance imaging 

(fMRI) studies were presented, which described neuronal representations in S1 during 

touch observation. S1 representations were characterized along three features: (i) the 

substrate, (ii) the topography, and (iii) the dynamics. These features were chosen 

because they offer well-described links to mental states both in humans and animals. In 

both studies, groups of participants, while lying in the MR scanner, observed short video 

clips where hands were either touched or not touched by sandpaper samples (study 1), 

or paintbrushes (study 2). While watching the video clips, the participants themselves 

did not receive any tactile stimulation. In this way, the pure influence of touch 

observation on S1 activity could be investigated in both studies. Whereas in study 1, 

touch to the index finger was observed, in study 2, touch to different fingers (middle 

and/or index) was observed. Study 1 therefore allowed to characterize the substrate of 

S1 where neuronal representations during touch observation were evoked (i.e., area 3a, 

3b, 1, or 2), whereas study 2 allowed to additionally characterize the topographic 

arrangement and dynamic shrinkage of single finger receptive fields (RFs) in S1 evoked 

by touch observation. In study 2, we additionally implemented an experimental session 

where physical touch was applied to participants’ fingers. This allowed comparing S1 

representations elicited by visual and physical touch perception directly. Both fMRI 

experiments were conducted at a 7 Tesla MR scanner. This allowed us characterizing the 

S1 representations in considerable spatial detail and with high signal intensity.  

Both studies showed that touch observation elicits robust activity increases in 

contralateral S1. These activity increases could be characterized along three features: (i) 

the substrate, (ii) the topography, and (iii) the dynamics. The results showed that (i) the 

activity increases in both studies were located particularly in posterior S1 (i.e., area 1 

and 2), where they also overlapped with activity changes evoked by physical touch 

perception, and (ii) observing touch to the index finger elicited activity changes in S1 

that were located more anterior, more lateral, and more inferior than activity changes 

elicited by observing touch to the middle finger. This topography strongly resembles the 

spatial arrangement of index and middle finger RFs elicited by physical touch perception. 

(iii) In addition, it was found that single finger RFs in S1 dynamically shrank when 

activated simultaneously. Suppressive interactions between co-activated RFs in S1 were 
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therefore not only found during physical touch perception but also during visual touch 

perception.  

Taken together, the two fMRI studies suggest that (i) posterior S1 is active during touch 

observation (shared substrate), (ii) the alignment of index and middle finger RFs in S1 

during touch observation follows a topographic order (shared topography), and (iii) 

dynamic shrinkages of RFs in S1 also occur during touch observation (shared dynamics).  

6.2. Which features of S1 representations are shared? 

(i) The substrate 

Both studies of the present thesis showed that contralateral posterior S1 (i.e., area 1 and 

2) was responsive during touch observation. This was evidenced by an increase in the 

BOLD signal (see Logothetis et al. 2001 for the relation between BOLD signal and 

neuronal response properties) in posterior S1 in conditions where touch to contralateral 

hands was observed, compared to conditions where the same hands were observed, but 

touch was applied to the table-top. Activity levels in anterior contralateral S1 (i.e., area 

3a and 3b) remained largely unchanged when these two conditions were compared. 

Consequently, activity overlaps between physical touch perception and touch 

observation were only found in posterior contralateral S1. These results seem to identify 

posterior S1 as the shared substrate between physical and visual touch perception in S1. 

Why did anterior S1 not show shared activity changes? Based on the concept of 

neuronal resonance, we would expect activity changes in area 3b during touch 

observation given its vital importance during physical touch perception (Iwamura 2001; 

Krubitzer and Kaas 1987; Tanji and Wise 1981). The fact that we did not observe such 

changes could, for one, be due to the specific task participants had to solve while 

watching the videos. They were required to judge about roughness levels, a relatively 

complex stimulus property mainly mediated by more posterior areas of S1 and the 

parietal cortex (Randolph and Semmes 1974; Servos et al. 2001). During a task where 

more basic aspects of touch were judged, as for instance touch intensity, area 3b could 

show greater involvement (although this assumption is so far not experimentally 

supported, see Blakemore et al. 2005).  

On the other hand, it is possible that area 3b is generally not activated (or only at sub-

threshold levels) during touch observation. This would indicate that area 3b is not part 

of an open system as defined above. Open systems were defined as brain areas that are 
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(i) part of a neuronal network, (ii) influenced by vision, and (iii) influenced particularly by 

looking at a body (see 2. S1 as an Open System). Although not many studies have 

explicitly investigated these three levels of influence, existing evidence seems to support 

the assumption that area 3b may not be regarded as an open system. Single neuron 

recordings in the monkey showed that neurons in area 3b are not greatly influenced by 

the un-/conscious state of the animal, while higher order areas in S1 are (Roe et al. 

2008). In addition, visual input seems to influence area 1 more than area 3b. In a recent 

single neuron recording study, monkeys saw a visual cue that indicated to them the later 

occurrence of a visuo-tactile cue. During the time before the visuo-tactile cue arrived, S1 

showed preparatory activity, evidenced by higher neuronal spike rates. Importantly, 

these preparatory responses were particularly shown by neurons in area 1, but far less 

by neurons in area 3b (Meftah et al. 2009). Similar evidence is given by human studies. 

Here, the SEP P27 component, which is supposed to originate in area 1 (Allison et al. 

1991), is sometimes influenced by visual input (Meehan et al. 2009), whereas the earlier 

N20 component, which is supposed to be generated in area 3b (Allison et al. 1991), is 

typically not (see also Keysers et al. 2010 on this point).  

This similarly holds for vision of the body. Also here, the P27 component, but not the 

N20 component, was repeatedly reported to be influenced by viewing the body (Cardini 

et al. 2011; Longo et al. 2011). In addition, a recent study found neurons in area 2 that 

showed multisensory response properties when viewing the hand and feeling touch to 

the hand, whereas area 3b did not show such bimodal response properties (Gentile et al. 

2011). To provide a last evidence in this respect, not only studies investigating the 

involvement of S1 in touch observation (Blakemore et al. 2005; Ebisch et al. 2008; study 

1 and 2 of this thesis), but also those on pain or action observation (see Keysers et al. 

2010 for a summary), frequently reported higher activity in areas 1 and 2, but not of 

area 3b. The two studies that reported area 3b activity during pain observation 

(Costantini et al. 2008) and touch observation (Schaefer et al. 2009) may not necessarily 

be taken as counter evidence for the assumption that area 3b may typically not respond 

to visual social stimuli: Whereas the findings of Schaefer et al. (2009) could not be 

replicated in study 2 of this thesis, and therefore need further experimental support, the 

activity cluster found by Costantini et al. (2008) peaked in the supramarginal gyrus, and 

was only reported to extend to area 3. Given that this study was conducted with a 3 

Tesla scanner, and smoothing of 6mm was applied, I suggest that, in order to gain 

plausibility, this finding would have to be replicated using higher field strength in 

combination with single subject analyses.   
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Taken together, the results of the above reviewed studies provide evidence that area 3b 

may not belong to an open system as defined above, but may work rather privately and 

independently from external visual influence. However, posterior S1 may be regarded as 

part of a neuronal network that represents social signals as offered by the visual 

environment, particularly when related to somatosensation (Keysers et al. 2010), and 

may therefore be seen as an open system. Very early steps of tactile processing, one 

may argue, seem to be protected from being influenced by visual social cues. This 

difference in openness could allow humans to perceptually distinguishing whether touch 

was physically perceived or only observed.  

Is the same true for area 3a? This matter has to be evaluated carefully. Neuronal 

resonance is one concept, open systems another. The concept of neuronal resonance 

assumes a co-representation of observed social events in the observer’s neuronal 

circuits (Rizzolatti and Craighero 2004). More specifically, when action is observed, 

motor areas should get activated in the observer’s brain (Buccino et al. 2001; Cross et al. 

2006; Wheaton et al. 2004), whereas, when pain is observed, the pain matrix should get 

activated (Lamm et al. 2011; Singer and Frith 2005), and so forth. The concept of 

neuronal resonance therefore assumes sharing of what is observed (or can be inferred), 

whereas the concept of open systems defines whether or not a brain area is in principle 

open to such an influence. With respect to the present study results, this distinction is 

important. Given that participants observed static, non-moving hands being passively 

touched, following the concept of neuronal resonance, one would expect activity 

changes in brain areas that are known to represent touch (i.e., area 3b, 1, and 2), but 

not in those that do not represent touch. Area 3a mainly represents proprioceptive 

input stemming from muscle receptors, and therefore plays a particular role for 

detecting proprioceptive rather than tactile input (Phillips et al. 1971; Tanji and Wise 

1981). Activity increases in area 3a would therefore clearly not be expected following 

the concept of neuronal resonance, because incoming proprioceptive signals of the 

observed hands were constant. Therefore, the absence of area 3a activity in the present 

studies does not question its function as an open system: Area 3a could for instance 

become active when haptic exploration is observed, or during action observation. 

Although fMRI studies so far do not indicate this (Caspers et al. 2010; Gazzola and 

Keysers 2009), our data can per se not be taken as counter-evidence. Further studies 

should use fMRI designs at higher spatial resolution, as 7T, in order to target this 

question directly.  

What do the above outlined arguments imply for the role of S1 in social cognition? Our 

results are in accordance with studies showing that many brain areas (as the PM, S2, the 
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insula, or IPC) are not only responding to physical touch perception, physical pain 

perception, or action execution, but also to the observation thereof (Buccino et al. 2001; 

Gazzola and Keysers 2009; Keysers et al. 2004; Singer and Frith 2005). Our results 

provide clear evidence that S1 should be included into the network of brain areas that 

show such mirror properties, here, however, for touch rather than for action or pain.  

Given the vital importance of S1 in recognizing physical touch, one may assume that S1 

activity during touch observation may similarly contribute to recognizing observed touch 

events. Evidence in this direction was provided by a recent TMS study (Bolognini et al. 

2011). Here, it was shown that repetitive TMS applied over S1 disrupts the ability to 

visually recognize hand touch. The ability to recognize that two objects touched each 

other was not impaired, as a follow-up study revealed (Rossetti et al. 2012). Similarly, 

patients with lesions in S1 were particularly impaired in visually recognizing finger 

movements involving touch, whereas their ability to recognize finger movements 

without touch was unimpaired (Bolognini et al. 2012). Taken together,  the neuronal 

resonance response in S1 during touch observation could provide the observer with the 

ability to recognize that another person has just experienced a tactile stimulation.  

Could S1 activity during touch observation also convey more qualitative information 

about the observed touch events? To answer this question it is important to consider 

that posterior S1 is known to represent complex and integrated stimulus properties 

during physical touch perception (Randolph and Semmes 1974; Servos et al. 2001). It has 

been hypothesized that “area 1 must play a privileged and higher-order role in the 

analysis of tactile inputs compared with area 3b” (Meftah et al. 2009). It is therefore 

reasonable to assume that also during touch observation, posterior S1 activity may assist 

in mimicking such complex, integrated, and analytic aspects of observed touch events.  

Such a relation is indicated by a study conducted by Bufalari et al. (2007). They 

measured SEP amplitudes when participants viewed video clips of hands that were 

either pricked by a needle or touched by a cotton stick. While watching the video clips, 

participants were required to rate the unpleasantness of the observed sensory events, 

as well as the intensity with which the observed stimulation was presumably applied. It 

was show that SEP amplitude changes correlated with intensity judgments, but not with 

unpleasantness judgments (Bufalari et al. 2007). This indicates that posterior S1 activity 

during touch observation may particularly contribute to analyzing observed touch with 

respect to its intensity dimension.  

Another study points to a similar direction. Kaplan et al. (2012) used multivariate pattern 

analyses to investigate the pattern of S1 activity when different haptic exploratory 
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movements were observed (as grasping a key or a tennis ball). The specific question was 

whether the pattern of S1 activity would be distinguishable during observation of the 

different haptic events, and would allow predicting the kind of haptic exploration that 

had just been observed. And indeed, the pattern of S1 activity during the observation of 

different exploratory movements did not only differ between conditions, but could also 

be used to predict which video was observed in an independent group of participants 

(Kaplan and Meyer 2012). This indicates that S1 activity may be responsible for coding 

specific and complex features of observed haptic events, as roughness or shape 

perception. Unfortunately, however, the objects used in this study all differed in more 

than one feature dimension (remember that exploring a key was compared to exploring 

a tennis ball), such that it is difficult to speculate on the precise information between 

which the pattern classifier could distinguish. In addition, because active exploration was 

observed, it is unclear whether the classifier could distinguish between different 

proprioceptive parameters (for example how the hand was shaped during grasping), or 

between different tactile parameters (for example the surface differences of the 

objects). Future studies will have to more clearly investigate the different haptic 

stimulus features that S1 activity during touch observation may transport to the 

observer. One may speculate that those stimulus features may resemble those which 

have previously been related to posterior S1 activity, as for instance hard-soft or rough-

smooth discriminations. 

To summarize, while posterior S1 (area 1 and 2) is part of the neuronal network 

activated during touch observation, anterior S1 (area 3a and 3b) is not. Whereas activity 

changes in area 3a were not expected in the present context, the absence of area 3b 

activity indicates that this area may be of more private character, and possibly not part 

of the shared substrate that links touch observation to physical touch perception. During 

touch observation, posterior S1 activity may help to recognize touch, and to convey 

information about complex stimulus features to the observer. Posterior S1 may 

therefore assist in understanding the tactile experiences of an observed person.  

(ii) The topography 

The second feature that was used to characterize neuronal representations in S1 during 

touch observation was the topographic arrangement of single finger RFs. Study 2 

showed that, within posterior S1, the three-dimensional arrangement of index and 

middle finger RFs evoked by touch observation was similar to their arrangement as 

evoked by physical touch perception. More precisely, the representation of the index 

finger was located more lateral, more anterior, and more inferior to the representation 
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of the middle finger. Although further studies will have to validate and extend this 

finding, it indicates that the topography of single finger representations in S1 during 

touch observation is distinct and spatially precise. 

Given its novelty, one may ask whether this finding is plausible at all. In order to offer 

plausibility, one prerequisite is that the neuronal network activated during touch 

observation should be able to control S1 activity in a spatially precise way, i.e., at the 

level of single finger RFs. In order to discuss this point, it is important to first think about 

the neuronal network involved. The most likely integration pathway from the visual 

cortex to S1 leads through higher order association cortices in the ventral intraparietal 

area (Colby et al. 1993; Duhamel et al. 1998), the PPC (Bremmer et al. 2001; Leinonen et 

al. 1979; Leinonen and Nyman 1979), and the superior temporal sulcus (Beauchamp 

2005; Blakemore et al. 2005; Bremmer et al. 2001; Bruce et al. 1981; Gentile et al. 2011; 

Macaluso et al. 2000; Sereno and Huang 2006). Whereas an integration pathway 

through the thalamus is also possible, this pathway is less likely. Given that area 3b is far 

stronger connected to the thalamus than area 1 (Kaas 2008), a stronger involvement of 

area 3b would be expected when the thalamus played an important role. Also a direct 

route from the visual cortex to S1 (Cappe and Barone 2005) is possible, but less likely, 

because information entering S1 via this route is assumed to be conveyed fast but not to 

carry spatially precise content (Macaluso and Driver 2005; Macaluso and Maravita 

2010).  

I therefore assume that an integration pathway through the parietal and temporal 

cortices to S1 is most likely in the present context. It this network able to control S1 

activity at the level of the single finger? This was indicated by a recent study of 

Gillmeister et al. (2012). Here, participants received electrical stimulation on their 

fingers while orienting their spatial attention either to the index finger or to the thumb 

of the same hand (Gillmeister and Forster 2012). Attending to the index finger resulted 

in different SEP modulations of the P45 and N80 components in contralateral S1 

compared to attending to the thumb (see Gillmeister et al. 2010 for similar findings). The 

fronto-parietal spatial attention network was assumed to mediate this precise 

modulatory effect. Also other evidence supports the view that this network is able to 

elicit precise control over S1 activity. By investigating blind people, Ptito et al. (2008) 

showed that TMS applied over the occipital cortex can induce tactile sensations in single 

fingers. This influence was even finger-specific, and followed a precise and reproducible 

pattern (Ptito et al. 2008). Most likely, occipital cortex activity here induced 

topographically precise activity changes in S1, possibly following a similar integration 

pathway as suggested for the present study results. 
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Importantly, such precise modifications seem also possible when social visual input is 

provided. Pavani et al. (2000) showed that light cues attached to single fingers of a 

rubber hand, placed in front of participants, influenced tactile abilities in a finger-specific 

way: Participants were faster reacting to touch when the light was presented at a 

congruent compared to an incongruent finger (Pavani et al. 2000; see also Austen et al. 

2004). Other evidence stems from clinical research: Limb amputees sometimes report 

tactile sensations at their own phantom limb when they merely observe another person 

being touched. At least in one of the investigated patients, this influence of touch 

observation on physical touch perception was finger-specific with respect to the thumb 

and pinky (Ramachandran and Brang 2009).  

In a study with healthy participants, Papeo et al. (2010) used the mirror-box illusion to 

create a conflict between physically felt touch and observed touch to single fingers. 

Participants looked to the left side of their body, where they did not see their left hand, 

but instead a mirror image of their right hand (Papeo et al. 2010). Their right hand was 

then stimulated either in congruence or in incongruence to the (unseen) left hand. 

Congruent stimulation implied that the same fingers of both hands were stimulated (i.e., 

middle finger seen – middle finger felt), incongruent stimulation implied that different 

fingers of both hands were stimulated (i.e., middle finger seen – ring finger felt). When 

participants had to report which finger of their (unseen) left hand was touched, they 

were slower and less accurate in the incongruent compared to the congruent conditions. 

Visuo-tactile interference therefore acted here at the level of the single finger. Another 

experiment provided similar evidence (Longo et al. 2012). Using the same set-up, 

participants now had to make a visual judgment, i.e., they had to report which finger of 

their left hand they saw being stimulated instead of reporting which they felt being 

stimulated. Also here, participants were significantly worse in the incongruent compared 

to the congruent single-finger conditions. The contralateral P300 component was 

identified as the neuronal correlate of this effect. This result was interpreted as 

providing behavioral and neuronal evidence for “ultraprecise” spatial constraints on 

visuo-tactile integration (Longo et al. 2012). This is in accordance with the effect 

reported in this thesis, and also in accordance with the study results as reported above.  

A precise modulation of single finger RFs in S1 by social visual input therefore seems 

plausible, given recent evidence pointing to a similar direction. But what does this tell us 

about the role of S1 in social cognition? On the one hand, it indicates that any effect that 

touch observation has on the observer’s somatosensory system may be spatially highly 

specific. This should hold for all reported effects, such as that touch observation 

decreases tactile thresholds (Ro et al. 2004; Serino et al. 2009a; Serino et al. 2009b; 
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Schaefer et al. 2005b), or that seeing lights flashing at another person’s body can speed 

up touch detection times in spatially congruent conditions (Thomas et al. 2006). On the 

other hand, and this may even be more interesting, it indicates that the body of any 

observed person is represented in an astonishingly precise way. When we see our friend 

being touched on the finger, S1 activity may allow us not only to mimic quite precisely 

how this stimulation may feel to him in terms of roughness or intensity (see previous 

chapter), but it may also allow us to mimic exactly where on his (or her) body he (or she) 

felt it. Rather than realizing that our friend has been touched ‘somewhere’, one may 

very specifically mimic, whether conscious or not, on which body site this touch 

occurred.  

This may link us in a very intimate and direct way to our social interaction partner. One 

may assume that we do not only hear what another person says, understand his (or her) 

reasoning, and link to another person’s actions, pain, or emotional perceptions, but we 

may also directly link to the other person’s body and its physical tactile experiences. 

(iii) The dynamics 

In order to characterize the dynamics of S1 neuronal representations during touch 

observation, suppressive interactions in S1 were chosen as the target mechanism in 

study 2. Suppressive interactions have often been characterized in S1 during physical 

touch perception, measured by dynamic shrinkages of adjacent single finger RFs when 

co-activated. The main question of study 2 was whether suppressive interactions in S1 

also occur when touch is observed. The results seem positive. A reduction of the BOLD 

signal in S1 was found when participants saw touch to two fingers at once, compared to 

when they saw touch to the same fingers in separation. This shrinkage of adjacent single 

finger RFs during their co-activation indicates that suppressive interactions may also 

regulate cortical RFs sizes when touch is not physically perceived but only observed.  

That said, we now enter the more speculative part of this thesis. This is so because the 

above outlined findings cannot yet be regarded as evidence for functionally equivalent 

mechanisms regulating RF sizes in S1 during physical and visual touch perception. In 

order to argue for functional equivalence, at least three control experiments needed to 

be conducted, which would have to show that (i) the suppressive interaction effect 

decreases, or diminishes, when touch to non-adjacent fingers is observed (Biermann et 

al. 1998; Hsieh et al. 1995; Severens et al. 2010), (ii) the suppressive interaction effect 

can be modulated by top-down factors (Braun et al. 2002; Cardini et al. 2011; Haggard et 

al. 2007), and (iii) the suppressive interaction effect positively relates to perceived 
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stimulus contrast (Moore et al. 1999; Puts et al. 2011). Whereas the latter point is at 

least indicated by the results of study 2 (where a positive correlation between the 

suppressive interaction effect and the ability to judge roughness by sight was shown), 

the former two aspects need to be addressed by future research.  

Although a functional equivalence between suppressive interactions during physical and 

visual touch perception is therefore not yet proven, I will now speculate about what 

such an equivalence could imply if supported by future studies.  

The term suppressive interactions is an umbrella term pooling together different 

mechanisms that can result in the above described signal reduction. Such signal 

reductions are driven by a combination of (or sometimes only by) subcortical inhibitory 

interactions, adaptation responses of the cortical neurons, convergent input pathways 

connecting the thalamus and S1, and GABA-ergic cortical inhibition (Dykes et al. 1984; 

Hicks and Dykes 1983; Hsieh et al. 1995; Li et al. 2002; Moore et al. 1999; Sachdev et al. 

2012; Zarzecki and Wiggin 1982). These different mechanisms, when equivalent 

between physical touch perception and touch observation, all have different 

implications for social perception. While it would go clearly beyond the scope of the 

present thesis to discuss the implications of all these mechanisms if shared, I will focus 

on two of them: convergent input pathways and GABA-ergic cortical inhibition.  

The signal reduction during suppressive interactions, when caused by convergent input 

pathways connecting the thalamus and S1 (Zarzecki and Wiggin 1982), is driven by hard-

wired connections that transport neuronal signals differently when one or two RFs in the 

skin are stimulated. As outlined in the previous section, however, thalamic input is not 

suggested to play a major role in the generation of S1 activity during touch observation 

(although this of course cannot be excluded either). But it seems more likely that the 

input stems from higher-level cortical association areas in the parietal and temporal 

cortices. If we assume an influence of hard-wired connections on the suppressive 

interaction effect in the present context, we would therefore assume them to take place 

here, i.e., in the integration pathway between S1 and the parietal and temporal cortices. 

One resultant question therefore is whether multimodal body representations in the 

parietal cortex (Breveglieri et al. 2006; Leinonen et al. 1979; Mountcastle et al. 1975; 

Murray and Coulter 1981), for example, may offer hard-wired convergent inputs to 

topographically corresponding areas in S1. To the best of my knowledge, whether such 

connections exist is not yet known. But their existence would provide important 

information about the interactions between different body maps in the cortex.  
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In a recent study, it was shown that the location of touch and pain stimuli perceived at a 

hand is systematically distorted (Mancini et al. 2011). This was indicated by letting 

participants judge the location of physically perceived tactile stimuli on an image of a 

hand presented in front of them. This result was taken to argue that there must be some 

“supramodal” (Mancini et al. 2011) body representation in higher-order association 

cortices that mediates these distortions centrally. However, in case hard-wired 

convergent input from higher-order to sensory-specific body maps actually existed, an 

alternative explanation could be that the effect was driven by sensory-specific body 

maps, equally shaped by higher-order cortical input. However, at this stage, this remains 

pure speculation. 

Another mechanistic basis of the suppressive interaction effect is GABA-ergic cortical 

inhibition (Dykes et al. 1984; Hicks and Dykes 1983; Jones 1993). This mechanism also 

leads to a sharpening of S1 RFs, here, however, mediated locally in S1. Positive 

correlations between levels of GABA in primary brain regions and sensory discriminative 

abilities stress the importance of GABA in increasing the perceived contrast of sensory 

percepts (Puts et al. 2011). That such mechanisms may be influenced by visual body 

perception was indicated by studies showing that viewing the body increased spatial 

tactile abilities (Cardini et al. 2012; Cardini et al. 2011; Kennett et al. 2001; Taylor-Clarke 

et al. 2004b), but decreased tactile detection abilities (Harris et al. 2007; Zopf et al. 

2011). Both responses could be explained by an increase in GABA-mediated suppressive 

interactions in S1 when viewing the body. If GABA-ergic mechanisms sharpened RFs in 

S1 during touch observation, this would indicate not only a precise but also a specific 

representation of the observed touch events with respect to temporal dynamics. And 

indeed, a recent study indicated that neuronal representations in S1 elicited by haptic 

observation are fine-grained, but flexible (Kaplan and Meyer 2012). In this study, 

participants observed haptic explorations of different all-day objects, as a key or a tennis 

ball, while undergoing fMRI. The activity patterns in S1 were different in each viewing 

condition, but stable over repeated runs. One may hypothesize that GABA-ergic 

modifications may have played an important role in maintaining this “dynamic stability” 

(Fox 2009). Investigating the existence and modifyability of this dynamic stability in S1 

when representing others is for certain a topic of great interest for future research. 

In this respect, it is interesting that a single neuron recording study in monkeys recently 

showed for the first time that there are not only (mirror) neurons that respond 

positively (i.e., with an increase in firing rates) to action observation, but that there are 

also neurons which respond negatively (i.e., with a decrease in their firing rates, Kraskov 

et al. 2009). It has been assumed that such decreased activity changes may allow the 
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observer to disentangle observed action from performed action. Although this study 

recorded mirror neurons in the vPM during action observation, and not neurons in the 

somatosensory system during touch observation, this finding is nevertheless relevant for 

the present context. Recent theories proposed that disinhibitions in the somatosensory 

system during touch observation may lead to feeling observed touch on one’s own body 

(Fitzgibbon et al. 2010; Fitzgibbon et al. 2012). Disinhibiting previously inhibited 

responses may therefore lead to a much stronger mirroring response in the observer 

with accordingly stronger mental and behavioral reactions. Given that such a stronger 

mirroring response during touch observation has recently been connected to a less 

precise mirroring response in amputees (Goller et al. 2011), one may even assume that 

‘more mirroring’ may go along with ‘less precise mirroring’ in some situations.  

As may become apparent, inhibition, precision, and responsivity are characteristics of 

neuronal representations that are highly interconnected, and whose interaction is in 

many respects not understood during physical touch perception, let alone during touch 

observation. In order to shed light on this dark matter, it may be important to keep in 

mind that neuronal representations elicited by touch observation characterize 

themselves by certain features, rather than just by their presence or absence. Focusing 

on such features may allow investigating different mechanisms and their interactions in 

a carefully controlled way. Of course, the three features that were picked and described 

in the present thesis do not offer more than a first step in this direction, but I hope that 

they will inspire future research on this topic. 

6.3. Open body maps: A perspective 

“It is reasonable to think through the questions and use the current evidence, incomplete 

and provisional as it is, to build testable conjectures and dream about the future.”  

(Damasio 2010, p 5) 

So far, I have focused on single features to characterize neuronal representations in S1 

during touch observation. Those features were the substrate, the topography, and the 

dynamics of neuronal representations in the primary somatosensory cortex. Given that 

some of those features looked similar when the representations were elicited either by 

visual or physical touch perception, I discussed the plausibility and relevance of shared 

features in the previous chapter. Now, in the final part of this thesis, it may be time to 

take a more general perspective.  

The three selected features all characterize the body map in S1. More precisely, the 

body map characterizes itself by its location (the substrate), by its precise spatial 
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alignment (the topography), and by inhibitory interactions between RFs (the dynamics). 

The present evidence indicating shared features may therefore be taken to argue that 

not only S1 can be seen as an open system, but that also the body map in S1 is an open 

system. This would imply that body maps in S1 can no longer be seen as private and self-

centered entities, but instead as cortical representations that are open to social (visual) 

influence. 

Of course, this is a speculation. It may well turn out that some features of the body map 

in S1 are not at all influenced by our social environment. I already discussed that a 

certain part of the substrate, area 3b, may be far less open to social influence than other 

parts of S1. In addition, I said that it needs to be clarified which mechanisms caused the 

observed shrinkage of single finger RFs, and whether those are different or similar to 

those that regulate RF sizes during physical touch perception. Nevertheless, as the 

current study results indicate, and as also the evidence reviewed above clearly shows, 

the body map in S1 seems modifiable by social visual input, and this modifiability begins 

to reach a level that most researchers would not have considered possible a couple of 

years ago. I therefore assume that it is reasonable and important to think through the 

concept of open body maps a bit further in order to direct the view into the future.  

What do open body maps imply for social cognition? This question brings us back to the 

initial question posed in the introduction of this thesis: What may be the role of touch in 

social cognition? The last part of this thesis will be devoted to discussing and speculating 

about the possible role of touch in social cognition. The concepts as introduced in the 

beginning (1.3. Touch in human cognition) will be used for this undertaking, but will this 

time be transferred to the social domain.  

Importantly, before I start, I need to point out that I don't intend to suggest that all 

sensory functions are transferrable from self-perception to social perception (see for 

example Schütz-Bosbach et al. 2006 on self/other distinction). In addition, I don’t want 

to claim that S1 necessarily plays equivalent roles in self-perception and social 

perception (see Adolphs 2010a on the idea that qualitatively different processes may 

subserve perception and social interaction). When evidence allows, I will therefore try to 

distinguish between functions of S1 that may communicate rather private feelings, and 

those which may be open to social influence. However, often, such a distinction is not 

yet possible, and all I can do at this stage is trying to conceptualize current evidence in 

order to offer ideas for further research to undertake. 

In the introduction, a relation between touch and emotion was introduced. How could 

this relation be transferred to the social domain? It is well known that pain observation 
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activates the anterior insula, which is related to conveying emotional information to the 

observer (see Singer et al. 2009; Singer 2012 for review). Also touch observation has 

recently been shown to cause activity increases in the insula, although in its posterior 

parts (Morrison et al. 2011a). It was therefore assumed that touch observation does not 

only transport somatosensory-discriminate, but also motivational-affective information 

to the observer (see also Morrison et al. 2010). Even more interestingly, recent evidence 

indicates that this information may not only be conveyed via the insula, but also via S1. 

Vision-touch synaesthets, who show a higher reactivity of their somatosensory system 

during touch observation (Blakemore et al. 2005), seem to score higher in emotional 

empathy than controls. This was indicated by their higher ratings in emotion-related 

empathy questionnaires (Banissy and Ward 2007; Goller et al. 2011), and their better 

ability to judge emotional facial expressions (see Fitzgibbon et al. 2012 for review). It has 

thus been argued that “mirror-touch synesthesia may be linked to more general 

enhancements in emotion processing […] and implicate the somatosensory system in 

this process” (Banissy et al. 2011). But also in healthy control participants, disrupting S1 

activity impairs the ability to recognize emotional facial expressions in peers (Adolphs et 

al. 2000; Pitcher et al. 2008). S1 was recently even shown to play a role in recognizing 

emotional voices (Banissy et al. 2010). This was taken to argue that “there may be a 

modality-independent representation of emotion in somatomotor cortices: they form 

the substrate of our very concept of emotions” (Adolphs 2010b).  

A role of S1 in social emotion processing is also indicated by a recent study by 

Nummenmaa et al. (2012). In this fMRI study, participants watched video sequences 

with varying emotional content. After scanning, they watched the videos again while 

rating their emotional valence and arousal levels. It was found that the higher the 

arousal levels were when watching the videos, the higher were intersubject correlations 

of activity changes in the somatosensory cortices (Nummenmaa et al. 2012). The 

authors concluded that higher levels of arousal may trigger a higher synchronization of 

the somatosensory cortices across individuals when exposed to emotional situations. 

Although this finding needs further experimental support, it again indicates that touch 

may play a far more affective role in social cognition than previously suggested. This may 

question the rather dichotomic division of emotional and somatosensory processing in a 

social context, as proposed previously (e.g., Bufalari et al. 2007; Singer 2012). 

In the introduction, I explained that the body map in S1 creates a body-centered 

reference frame for sensory perception. It was outlined that this is often seen in 

opposition to an external spatial reference frame generated by the parietal and 

temporal cortices (Ionta et al. 2011; Macaluso and Maravita 2010). One way of 
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transferring this concept to the social domain is to assume that touch observation 

activates the observer’s own body-centered reference frame; another is that it triggers a 

shift in reference frames from the self towards the other person. In this respect, it is 

interesting that most neural evidence shows that touch observation is matched in an 

anatomical rather than spectral frame (Blakemore et al. 2005; Schaefer et al. 2009; 

Wood et al. 2010; study 1 and 2 of this thesis; but see Banissy and Ward 2007). More 

precisely, viewing another person’s right hand being touched typically activates left S1, 

and not right S1. This indicates that social perception does not merely activate self-

centered body representations, as when one looks in the mirror, but that some spatial 

rotation may take place.  

May S1 activity during touch observation thus trigger the ability to “put yourself into the 

shoes of others” (Gazzola and Keysers 2009)? The positive correlation between S1 

activity during touch observation and perspective taking abilities as accessed by 

questionnaires (Schaefer et al. 2012; see similar results in Gazzola and Keysers 2009) 

may be interpreted in this direction. Although speculative, the cognitive ability to take 

over the other person’s perspective could be related to a physical bodily basis, possibly 

linked to S1 activity. Physical touch perception, on the other hand, could prevent 

undertaking such a shift in reference frames. This is indicated by a recent study by 

Palluel et al. (2011). In this study, a virtual reality set-up was chosen that allowed 

showing participants their own back in front (Palluel et al. 2011). More specifically, they 

saw their own back being stroked by brushes, either synchronously or asynchronously to 

the stroking they felt on their real back. This situation typically triggers participants to 

feel that the virtual back is their own back, which induces a strong visuo-tactile 

interference effect (see also Aspell et al. 2009). When participants were stimulated by 

vibration stimuli on their leg, however, they did not feel the illusion anymore, and they 

also did not show the visuo-tactile interference effect (Palluel et al. 2011). One may 

argue that the perceived leg vibration caused an activation of their own body-centered 

reference frame, which prevented them from taking over the other person’s reference 

frame. However, more studies are clearly needed to clarify the interaction between self-

centered and other-centered bodily reference frames, and the role touch observation 

may play in this respect.  

Another interesting question is whether touch observation relates to structural body 

representations, either of the self or of others. In a recent study, Goller et al. (2011) 

showed that when limb amputees observe another person being touched at different 

body sites, some of them start feeling touch on their own phantom limb (Goller et al. 

2011; see also Ramachandran and Brang 2009). Importantly, this did not only occur in 
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patients who frequently experienced phantom limb sensations, but also in patients who 

reported experiencing phantom limb sensations only occasionally, or not at all. Because 

touch observation triggered patients to experience sensations on an absent limb, one 

may argue that touch observation influenced the structural representation of the 

patients’ bodies, and may have even altered body ownership (cf., Haggard and Wolpert 

2005; Kinsbourne 1995). In this respect, it is also interesting that congenital limb 

amputees do not show S1 activity when observing another person in pain (Aziz-Zadeh et 

al. 2012). This indicates that an intact body map may be necessary for certain kinds of 

interactions between structural body representations of the self and their modification 

during touch or pain observation.  

Also in healthy participants, viewing touch may influence structural body 

representations. In one study, Tsakiris et al. (2008) showed videos of a morphing face to 

participants. The face in the video either looked like the participant’s own face, another 

person’s face, or like one of several morphed versions in between. In the videos, the 

faces morphed from looking more like the self to looking more like another person, or 

vice versa. The participants’ task was to press a button as soon as they had the feeling 

that the morphed face looked more like the self or more like another person, 

respectively. It was shown that seeing a face being congruently touched to one’s own 

face prior to the task altered these facial identity judgments, although not in a 

consistent way (i.e., sometimes they pressed earlier for “self” and sometimes they 

pressed earlier for “other”, Tsakiris 2008). Although very speculative, touch observation 

could have altered structural body representations, which in turn might have triggered 

the altered response profiles.  

How could one imagine such an influence to happen? One may assume that particularly 

structural information about body parts nearby may be influenced by touch observation 

(Haggard et al. 2006; Roder et al. 2002). Observing touch to single fingers could for 

example allow a representation of the other person’s single fingers in the observer. This 

may not only allow a more precise representation of the other person’s body structure 

(compared to when the other person is not touched), but may also interact with the 

person’s own structural representations of the fingers. One may speculate that this, in 

turn, could alter visual hand recognition tasks (or face recognition tasks, Tsakiris et al. 

2008), or judgments about body shape. 

A more frequently investigated question is whether touch observation influences body 

ownership. Many studies evidenced the occurrence of full-body illusions (Lenggenhager 

et al. 2007), or the RHI (Botvinick and Cohen 1998) after watching tactile stimulation to a 

rubber body, a virtual body, or a rubber hand, respectively. During the RHI, not only do 
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participants report that a synchronously stroked rubber hand is perceived as belonging 

to their own body, but their real (hidden) hand may even cool down, lower its tactile 

processing speed (Moseley et al. 2008), and be perceived at a spatial location shifted 

towards the rubber hand (Botvinick and Cohen 1998). At first sight, one may therefore 

conclude that body ownership is modifiable by touch observation in a social context.  

However, the RHI is strongly linked to temporally congruent stroking between the 

rubber hand and the hidden hand (Botvinick and Cohen 1998), to spatial alignment 

between both hands (Tsakiris and Haggard 2005b; Lloyd 2007), and to seeing a rubber 

hand that is same-sided with the own hidden hand (Tsakiris and Haggard 2005b). 

Ownership illusions may therefore not offer a high all-day relevance for social cognition, 

and such shifts in ownership likely do not occur in normal social interactions.  

Nevertheless, small alterations in body ownership can also occur in situations of reduced 

congruency. For instance, proprioceptive drifts (Rohde et al. 2011; Tsakiris and Haggard 

2005b), or altered reaching movements (Holmes et al. 2006) also occur in conditions of 

reduced spatio-temporal congruency. In addition, the feeling of ownership is still 

altered, albeit to a reduced degree, when the rubber hand is seen in a distance of 30 cm 

or more (Lloyd 2007). Thus, one may conclude that small alterations in proprioception or 

ownership may occur in a social context, and one may speculate that they particularly 

occur in conditions where similar tactile input is received by a group of people, as during 

group dance or military formations.  

Touch observation, as we are beginning to guess, may play more complex roles in social 

cognition than only transporting information about another person’s tactile experience. 

One last central aspect, which also underlines this assumption, is the link between S1 

activity and action observation.  

Responsivity of the somatosensory system during action observation (Caspers et al. 

2010; Dinstein et al. 2007; Evangeliou et al. 2009; Gazzola and Keysers 2009; 

Nummenmaa et al. 2012; Oosterhof et al. 2010; Raos et al. 2007; Turella et al. 2012), or 

during the observation of facial expressions (Hennenlotter et al. 2005; van der Gaag et 

al. 2007) is commonly reported. A strong functional connectivity between S1, motor 

areas, and visual areas during action observation has been assumed to underlie these 

findings (Kokal and Keysers 2010; Schippers and Keysers 2011; Wood et al. 2010). S1 has 

therefore been recently integrated into the “putative [action] mirror neuron system” 

(Gazzola and Keysers 2009; Gazzola et al. 2007; Kokal and Keysers 2010; Schippers and 

Keysers 2011), or the “action observation network” (Turella et al. 2012), respectively. It 

is assumed that S1 activity during action observation helps the observer to understand 
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the somatosensory dimension of observed actions (Avenanti et al. 2007; Bosbach et al. 

2005; de Vignemont and Haggard 2008; Gazzola and Keysers 2009; Keysers et al. 2010; 

Pitcher et al. 2008). This somatosensory dimension may offer proprioceptive details 

about observed actions, as for example about stretched joints (Avenanti et al. 2007), 

and may also offer embodied information about which part of the body is involved in the 

action, as for example about whether the whole hand or single fingers are involved 

(Avenanti et al. 2007; Oosterhof et al. 2010; see also Costantini et al. 2005; Kokal and 

Keysers 2010). In addition, S1 may transport information to the observer about whether 

the observed action included object (Buccino et al. 2001; Molnar-Szakacs et al. 2006; 

Pierno et al. 2009; Turella et al. 2012) or social contact (Bolognini et al. 2011; Rossetti et 

al. 2012). It may additionally help the observer to estimate how the object interaction 

may have been perceived by the observed person (Bosbach et al. 2005), to predict 

forthcoming action events (Schippers and Keysers 2011), or to participate in joint-action 

tasks (Kokal and Keysers 2010). The role of S1 in action observation and performance 

therefore seems manigfold and diverse, and should, for further research, clearly not be 

underestimated.  

Taken together, I have introduced multiple concepts that help to clarify the role of touch 

in social cognition. Touch observation could influence emotion, self- and other-related 

body-centered reference frames, self- and other-related structural body 

representations, body ownership, and action perception. When these multiple roles are 

investigated by future research, it may become step-wise evident which processes may 

underlie terms as “visuotactile empathy” (e.g., Wood et al. 2010), and what the concept 

of open body maps may add to current evidence. Concepts from classical psychology 

need to be transferred to cognitive neuroscience, taking into account the increasing 

amount of data stemming from neuroimaging, to conceptually define the role of touch 

in social cognition in greater depth (see also Zaki and Ochsner 2012 on the difficulty 

relating the concept of empathy to neuroimaging data). In addition, I assume that novel 

concepts need to be derived directly from neuroimaging and neurophysiological data in 

order to build biologically grounded and mechanistic models about the role of touch, 

and the body map in S1, in social cognition. While I assume that this process will take a 

considerable amount of time, the evidence reviewed here indicates that this enterprise 

might be worth to undertake. 
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6.4. A reference to open minds 

I like to end this thesis in the same way as I started it: With a reference to open minds.  

This thesis introduced the concept of open systems, and used it to discuss the possible 

implications of open body maps in social cognition. As I already pointed out in the 

beginning, the way I describe open systems in this thesis does not directly correspond to 

the term open minds as introduced by Prinz. This is particularly true because Prinz 

strongly emphasizes the importance of social interactions (“mirror games”, p 91) for the 

formation of open minds. With this account, he is in accordance with recent claims that 

call for the introduction of social interaction paradigms in the study of social cognition 

(Singer 2012; de Bruin et al. 2012). The experiments of this thesis, however, did not use 

social interaction paradigms. Instead, visual stimuli were shown to passive participants, 

who were not given the possibility to interact with the observed person. The 

experiments of this thesis, and also the way the experiments were discussed, therefore 

did not take reciprocal communication into account. Whereas I assume that focusing on 

this one-way interaction is suitable as a first step of investigation, for certain, studying 

the two-way interaction between recipient and interaction partner is vital for future 

research (Schütz-Bosbach and Prinz 2007). 

In addition, Prinz strongly focuses on action (observation) as a means to communicate 

with and link to others; this thesis focuses on the domain of touch. This approach, 

however, should not be regarded as opposing the concept of Prinz, but rather as 

complementing it. Future research should clearly aim at integrating the different 

domains in which humans can link to their social environment. This implies not only 

integrating the domains of action and touch, but additionally the domains of pain and 

emotion. Only such a combined view may be able to explain the functioning of open 

minds, or open systems, and to also understand the borders of self-determinism. 

In this respect, there is yet a long way to go. So far, it is not conceptually clear in which 

ways social factors are influencing human sensation, emotion, or action. Far more 

research needs to be done before we can threaten concepts such as human privacy, 

autonomy, or the intimacy of feelings. For such an approach to be successful, cognitive 

neuroscience has to work in concert not only with psychology, but also with philosophy 

and neurology in order to discover the luminous range experimental results offer. And 

even then, resulting theories will not be able to capture reality in all its facets, but may 

step-wise uncover yet another aspect of truth.  
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That said, I like to end this thesis with a statement of Damasio targeting this very point 

of fluid complexity theories about the mind always tend to offer: 

“One way is to feel somewhat discouraged by so much booming, buzzing confusion and 

despair that a clear, well-lighted pattern can ever be gleaned from the biological mess. 

But one might also embrace complexity wholeheartedly and realize that the brain needs 

the seeming mess in order to generate something as rich, smooth, and adaptive as 

mental states. I chose the second option.” 

(Damasio 2010, p 88) 
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_______________________________________________________________________ 

Touch is an underrepresented topic in social cognition. In social neuroscience, most 

current theories strongly focus on the domains of action, pain, or emotion when 

explaining how human individuals link to their social environment.  

This neglect may have two reasons: Firstly, touch is in many respects less well-studied 

than action or pain. As a consequence, it is often difficult to convey the importance of 

touch to other researchers in the field of cognitive neuroscience, and its appearance in 

new sub-fields of the discipline, such as social neuroscience, is delayed. Secondly, when 

the investigation of touch is to be considered in the realms of social cognition, it is 

important to accept that the primary somatosensory cortex (S1) is in principle open to 

social influences. For a long time, S1 has been regarded as a closed system, self-centered 

in its function, and not influenced by higher cognitive processes.  

In my thesis, I argue for the importance of investigating touch in social cognition. 

Consequently, I start in the introduction of my thesis by summarizing evidence that 

(i) touch plays an important role in human cognition, and 

(ii) S1 can be regarded as an open system. 
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Open systems are here defined as brain areas that are part of a neuronal network, open 

to visual influences, and in particular open to social visual influences.  

After providing evidence that these two prerequisites are fulfilled (touch plays an 

important role in social cognition, and S1 can be regarded as an open system), I argue 

that it is both important and valid to investigate touch in the realm of social cognition.  

How could this investigation take place? Observing somebody acting, in pain, or in an 

emotional state has often been shown to trigger activity changes in similar brain areas as 

when we ourselves act, experience pain, or feel emotions (Rizzolatti and Craighero 2004; 

Buccino et al. 2001; Calvo-Merino et al. 2005; Bernhardt and Singer 2012; Brown and 

Brune 2012). This is explained by a concept known as “neuronal resonance”, which 

assumes activity changes in partly equivalent brain areas during (action, pain, emotion) 

perception and observation (Zaki and Ochsner 2012). This neuronal resonance response 

is assumed to underlie our ability to understand others actions, pain, or emotional 

experiences, respectively, in an immediate and embodied way (Gallese 2007).  

In the present thesis, the concept of neuronal resonance was used to investigate S1 

activity both during physical touch perception and during touch observation. It was 

assumed that when a neuronal resonance response in S1 during touch observation could 

be shown, touch observation could convey similar information to the observer than to 

the perceiver. This would indicate that we can link to our social interaction partner also 

in the domain of touch. 

On which features of neuronal representations in S1 should one focus when 

investigating neuronal resonance responses in S1? At this point, it is important to 

introduce the concept of body maps. The body map in S1 represents the contralateral 

side of the human body in a mediolateral sequence (Blankenburg et al. 2003; Kaas 2008; 

Krause et al. 2001; Sato et al. 2002). It is characterized by building a relationship 

between receptive fields (RFs) in the skin and cortical RFs in S1. I review evidence 

pointing in the direction that three features of the body map in S1 are of particular 

interest to characterize during touch observation. Their special status arises from their 

well-established link to human behavior. These three features are: 

(i) The substrate (i.e., area 3a, 3b, 1, 2) 

(ii) The topography (i.e., the spatial alignment of single finger RFs) 

(iii) The dynamics (i.e., suppressive interactions between single finger RFs) 
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In the experimental part of the present thesis, these three features were used to 

describe the functional architecture of S1 representations during touch observation in 

fine spatial detail. For this approach, a neuroimaging method was needed that combines 

high signal detection power with high spatial resolution. Both advantages are offered by 

functional magnetic resonance imaging (fMRI) at ultra-high field (7 Tesla (T)) (Bandettini, 

2009; Stringer et al. 2011; van der Zwaag et al. 2009). The experimental part is therefore 

composed of two 7T fMRI studies, which characterize neuronal representations in S1 

during touch observation along the three above named features.   

More precisely, the first study aimed at investigating the substrate, i.e., which of the 

four subareas of S1 (i.e., area 3a, 3b, 1, 2) are activated during touch observation. For 

this purpose, participants in the MR scanner observed short video sequences of static 

hands that were either touched (observed touch) or not touched (no touch) by different 

sandpaper samples. In both conditions, the task was to judge the roughness levels of the 

different sandpaper samples by sight. A focal region of interest approach was chosen 

and functional imaging data were obtained from bilateral S1. This allowed increasing the 

spatial resolution of the resulting functional images without compromising on signal 

strength. By comparing observed touch to no touch conditions, the substrate where S1 

neuronal representations were elicited by touch observation could be identified. 

In the second study, the topography and dynamics of S1 representations were in the 

focus of interest. The aim was to see whether observing touch to single fingers would 

elicit distinct and topographically aligned activity foci in S1, and whether those would 

dynamically shrink when touch to two adjacent fingers was observed. Participants were 

therefore again scanned while observing video sequences of hands being touched or not 

touched, respectively (here, paintbrushes were used for stimulation). Again, participants 

had to decide on the roughness levels of the tactile stimulation by sight. However, this 

time, the middle finger, the index finger, or both, the index and the middle finger, were 

observed to be touched in the videos (rather than seeing touch always to the same 

finger, like in the first study). In this way, neuronal representations in S1 evoked by 

observing touch to single fingers could be characterized in their topography (i.e., spatial 

alignment) and their dynamics (i.e., suppressive interactions). In a second scanning 

session, participants felt physical touch applied to the corresponding fingers of their 

hands. In this way, it could be investigated how similar the functional architecture of S1 

representations was during physical touch perception and touch observation. 

The results of both studies show that the functional architecture of S1 representations 

during touch observation and physical touch perception is highly similar. 
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(i) Shared substrate 

The results of both studies show that posterior parts (i.e., area 1 and 2) of contralateral 

S1 were active when touch to hands was observed compared to when the same hands 

were observed but touch was applied to the table-top. Study 2 additionally showed that 

there were overlapping activity changes in posterior contralateral S1 during physical 

touch perception and touch observation. Activity changes in anterior parts (i.e., area 3a 

and 3b) of contralateral were only found at sub-threshold levels, or not found at all. The 

shared substrate between touch observation and physical touch perception was 

therefore identified in posterior contralateral S1. 

(ii) Shared topography 

The results of study 2 show that observing touch to single fingers (i.e., middle finger, 

index finger) activates spatially aligned single finger RFs in contralateral S1. The spatial 

alignment of single finger RFs during touch observation was similar to their alignment 

during physical touch perception. This was shown not only at the group-level, but also at 

the single-subject level. This study therefore identified shared topographical 

arrangements of single finger RFs in contralateral S1 during touch observation and 

physical touch perception. 

(iii) Shared dynamics 

The results of study 2 additionally show that dynamic shrinkages of single finger RFs in 

contralateral S1 do not only occur during physical touch perception, but also during 

touch observation. For the first time, this study therefore indicates that suppressive 

interactions may regulate the size of single finger RFs in S1 also during touch 

observation. Shared dynamics of S1 representations during physical touch perception 

and touch observation were thus indicated by study 2. 

In summary, the results of the two studies of this thesis show that three key features of 

neuronal representations in S1 (the substrate, the topography, the dynamics) do not 

only characterize S1 representations during physical touch perception, but also during 

touch observation. This has important implications for our understanding of S1 

functioning, and for the role of touch in social cognition.  

With respect to our understanding of S1 functioning, the results imply that particularly 

posterior S1, but possibly not anterior S1, may be seen as an open system. Whereas the 

substrate, the topography, and the dynamics of neuronal representations in posterior S1 

were highly similar during physical touch perception and touch observation, anterior S1 



                                                                           7. Summaries 

124 

 

showed only sub-threshold responsivity. This implies that particularly functions that are 

conveyed by posterior S1 (i.e., the perception of complex tactile stimulus properties as 

rough-smooth or hard-soft discriminations) can be shared amongst individuals.  

With respect to the role of touch in social cognition, one may argue that body maps in 

S1 can no longer be seen as private and self-centered entities, but instead as cortical 

representations that are open to social influence. In the last part of the general 

discussion, I use the concept of open body maps to speculate on the possible role of 

touch in social cognition. I review evidence which indicates that touch observation may 

not only change one’s own body map, but may also allow a direct link to the body (map) 

of others.  

I conclude by saying that touch brings along all necessary prerequisites to play an 

important role in social cognition: Touch is important for human cognition, S1 can be 

seen as an open system, and also three features of the body map in S1 are open to social 

influence. Preliminary evidence already suggests that touch observation may allow a 

direct interaction between self-related and social body perception, and may therefore 

allow us to link to our social environment in yet another domain: The domain of touch.  

Clearly, far more research needs to be conducted in order to investigate the relation 

between touch observation, body perception, and social perception in greater detail, 

and also to integrate these findings with existing theories of social cognition.  
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7.2. Summary German 

_______________________________________________________________________ 
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Universität Leipzig 

Dissertation 

_______________________________________________________________________ 

Berührung ist in der sozialen Kognitionsforschung ein vernachlässigtes Themengebiet. 

Im Fokus der Betrachtung liegt meist die Handlung, der Schmerz oder die Emotion, wenn 

in der kognitiven Neurowissenschaft zwischenmenschliche Interaktionen untersucht 

werden. 

Für diese Vernachlässigung mag es zwei Hauptgründe geben: Zum einen wird in der 

kognitiven Neurowissenschaft generell die Wichtigkeit der Berührung oft unterschätzt. 

Während Handlungen oder andere Sinneswahrnehmungen eine relativ klar definierte 

Rolle in der menschlichen Kognition besitzen, ist die Relevanz der Berührung weniger 

gut untersucht. Dies führt dazu, dass Berührung auch in neu entstanden Teilbereichen 

der kognitiven Neurowissenschaft, wie den sozialen Neurowissenschaften, später 

integriert wird. Ein anderer Grund für die Vernachlässigung der Berührung in der 

sozialen Kognitionsforschung mag sein, dass der primäre somatosensorische Cortex (S1) 

lange als ein geschlossenes System betrachtet wurde, d.h. selbstbezogen in seiner 

Funktionalität und nicht beeinflussbar von höherer Kognition. Um den S1 als relevantes 

Forschungsthema in der sozialen Kognition zu erkennen, ist es daher wichtig, die 

Relevanz der Berührung in der menschlichen Kognition herauszustellen, sowie den S1 als 

ein prinzipiell zugängliches System für soziale Einflussfaktoren zu betrachten.  

In meiner Dissertation möchte ich die Relevanz von Berührung als Thema in der sozialen 

Kognitionsforschung herausstellen. 

Daher argumentiere ich in der Einleitung meiner Dissertation, dass 

(i) Berührung eine wichtige Rolle in der menschlichen Kognition spielt und dass 
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(ii) S1 ein offenes System ist. 

Als offene Systeme werden solche Gehirnareale betrachtet, die Teil eines neuronalen 

Netzwerkes sind und zugänglich sind für visuelle Einflüsse, insbesondere für soziale 

visuelle Einflüsse. 

Nachdem ich in der Einleitung darlege, warum diese beiden Voraussetzungen erfüllt sind 

(Berührung spielt eine wichtige Rolle in der menschlichen Kognition und S1 ist ein 

offenes System), resümiere ich, dass es sowohl relevant als auch valide ist, Berührung im 

sozialen Kontext zu untersuchen. 

Wie könnte diese Untersuchung aussehen? Es wurde oftmals gezeigt, dass die 

Beobachtung von Handlungen, Schmerzen oder Emotionen einer anderen Person die 

Aktivität ähnlicher Gehirnareale hervorruft wie wenn wir selbst handeln oder Schmerzen 

oder Emotionen erfahren (Rizzolatti and Craighero 2004; Buccino et al. 2001; Calvo-

Merino et al. 2005; Bernhardt and Singer 2012; Brown and Brune 2012). Diese Befunde 

werden oft mit dem Konzept der „neuronalen Resonanz“ erklärt (Zaki and Ochsner 

2012), bei dem angenommen wird, dass bei dem Beobachten und dem eigenen 

Durchleben von Handlungen, Emotionen und Schmerzen ähnliche Gehirnareale aktiviert 

werden (Zaki and Ochsner 2012). Diese neuronale Resonanz, so wird angenommen, liegt 

unserer Fähigkeit zu Grunde, Handlungen, Schmerzen oder Emotionen von anderen 

Menschen unmittelbar und verkörpert (embodied) zu verstehen (Gallese 2007).  

In der vorliegenden Dissertation wird das Konzept der neuronalen Resonanz genutzt, um 

die neuronale Aktivität in S1 bei gefühlter und beobachteter Berührung zu beschreiben. 

Es wird angenommen, dass, wenn eine solche neuronale Resonanz für Berührung in S1 

gezeigt werden kann, die Beobachtung von Berührung dem Beobachter ähnliche 

Informationen vermitteln müsste wie das tatsächliche Fühlen der Berührung. Dies ließe 

vermuten, dass wir mit unserem sozialen Interaktionspartner auch über die Ebene der 

Berührung kommunizieren können, selbst wenn diese nur beobachtet ist.  

Eine zentrale Frage ist, auf welche Eigenschaften der neuronalen Repräsentationen in S1 

man sich konzentrieren sollte, wenn die neuronale Aktivität in S1 bei beobachteter 

Berührung untersucht wird. An dieser Stelle ist es wichtig, das Konzept der body map 

einzuführen. Die body map in S1 repräsentiert die kontralaterale Seite des menschlichen 

Körpers in einer mediolateralen Anordnung (Blankenburg et al. 2003; Kaas 2008; Krause 

et al. 2001; Sato et al. 2002). Es ist eine der zentralen Eigenschaften der body maps, dass 

sie eine Relation zwischen den rezeptiven Feldern (RFs) der Haut und den kortikalen RFs 

in S1 herstellt. In meiner Einleitung zeige ich evidenzbasiert, dass insbesondere drei 
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Charakteristika der body map in S1 bei der Beschreibung der neuronalen Aktivität in S1 

bei beobachteter Berührung von besonderem Interesse sind. Dieses besondere Interesse 

rührt von deren nachgewiesener Verbindung zum menschlichen Verhalten. Diese drei 

Eigenschaften sind: 

(i) Das Substrat (d.h. Areal 3a, 3b, 1, 2) 

(ii) Die Topographie (d.h. die räumliche Anordnung der RF von einzelnen Fingern)  

(iii) Die Dynamik (d.h. inhibitorische Interaktionen zwischen den RF einzelner Finger)  

Im experimentellen Teil der Arbeit werden diese drei Eigenschaften genutzt, um die 

funktionelle Architektur neuronaler Repräsentationen in S1 bei beobachteter Berührung 

detailliert zu beschreiben. Für diesen Ansatz war ein neuro-bildgebendes Verfahren 

notwendig, welches hohe Sensitivität mit hoher räumlicher Auflösung verbindet. Beide 

Vorteile werden von der funktionellen Magnetresonanztomographie (fMRT) an einem 

ultra-Hochfrequenzscanner (7 Tesla (T)) bereitgestellt (Bandettini, 2009; Stringer et al. 

2011; van der Zwaag et al. 2009). Zwei fMRT-Studien, durchgeführt an einem 7T MRT, 

die die neuronalen Repräsentationen in S1 bei beobachteter Berührung 

charakterisieren, bilden den experimentellen Teil der vorliegenden Dissertation.   

Im Detail wurden die Studien wie folgt durchgeführt: Die erste Studie hatte zum Ziel, das 

Substrat (d.h. Areal 3a, 3b, 1, 2) der neuronalen Repräsentationen in S1 bei 

beobachteter Berührung zu beschreiben. Zu diesem Zweck beobachteten Probanden, 

während sie im MRT lagen, kurze Videosequenzen, in denen statische Hände gezeigt 

wurden. Auch wurden verschiedene Sandpapierstücke in den Videos gezeigt, die 

entweder die Hände berührten (dies bildete die Bedingung „beobachtete Berührung“) 

oder sie nicht berührten (dies bildete die Bedingung „keine Berührung“). Unter beiden 

Bedingungen war es die Aufgabe der Versuchsteilnehmer, nach der Betrachtung von 

zwei Videos zu entscheiden welche der verschiedenen Sandpapierstücke die rauere 

Oberfläche hatte. Währenddessen wurden funktionelle MRT Daten von S1 (beidseitig) 

erhoben. Die Beschränkung der Datenaufnahme auf S1 erlaubte uns die räumliche 

Auflösung der funktionellen Daten zu erhöhen, ohne stark an Signalstärke zu verlieren. 

Bei der späteren Analyse konnten dann die funktionellen Daten zwischen den 

Bedingungen „beobachtete Berührung“ und „keine Berührung“ direkt verglichen 

werden, um das aktivierte Substrat, das spezifisch für die beobachtete Berührung ist, in 

S1 zu identifizieren. 

Die zweite Studie konzentrierte sich auf die Beschreibung der Topographie und der 

Dynamik von neuronalen Repräsentationen in S1 bei beobachteter Berührung. Hier war 
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es das Ziel zu untersuchen, ob Berührung, beobachtet an einzelnen Fingern, zu 

abgrenzbaren und topographisch angeordneten Aktivitätsbündeln in S1 führt, und ob 

sich diese Aktivitätsbündel dynamisch verkleinern, wenn die Berührung von zwei 

benachbarten Fingern gleichzeitig beobachtet wird. Erneut wurde daher eine Gruppe 

von Versuchsteilnehmern dem fMRT unterzogen, während sie ähnliche Videosequenzen 

beobachteten wie in der ersten Studie. Nun wurden allerdings Pinsel verschiedener 

Stärke anstelle von Sandpapier für die Berührung genutzt. Die Versuchsteilnehmer 

hatten wiederum die Aufgabe, die Rauheit der taktilen Stimulation anhand der Videos 

einzuschätzen. Allerdings wurde in den Videos diesmal die Berührung entweder nur am 

Mittelfinger, nur am Zeigefinger oder an beiden Fingern zugleich gezeigt (anstelle der 

beobachteten Berührung immer des gleichen Fingers in der ersten Studie). Auf diese 

Weise konnte die zweite Studie die neuronalen Repräsentationen in S1, die durch die 

Beobachtung der Berührung entstanden, auf zweierlei ergänzende Weise 

charakterisieren: Nämlich auf der Ebene der Topographie (d.h. der räumlichen 

Anordnung der Einzelfinger-RFs) und auf der Ebene der Dynamik (d.h. der 

inhibitorischen Interaktionen zwischen Einzelfinger-RFs). In dieser zweiten fMRT-Studie 

wurde noch ein zweites Experiment durchgeführt, in dem dieselben Versuchspersonen 

an denselben Fingern ihrer Hand tatsächlich berührt wurden. So konnte die funktionelle 

Architektur der neuronalen Repräsentationen in S1 bei beobachteter und gefühlter 

Berührung direkt verglichen werden. 

Die Ergebnisse beider Studien zeigen, dass die funktionelle Architektur der neuronalen 

Repräsentationen in S1 bei beobachteter und bei gefühlter Berührung sehr ähnlich ist. 

(i) Geteiltes Substrat 

Beide Studien zeigen, dass die posterioren Teile (d.h. Areal 1 und 2) des kontralateralen 

S1 aktiviert werden, wenn Berührung von Händen beobachtet wird, verglichen zu der 

Bedingung, unter der keine Berührung der Hände beobachtet wird. Die zweite Studie 

zeigt zudem überlappende Aktivitätsmuster im posterioren Teil von S1 zwischen 

beobachteter und gefühlter Berührung. Aktivitätsunterschiede im anterioren Teil (d.h. 

Areal 3a und 3b) des kontralateralen S1, ausgelöst von beobachteter Berührung, wurden 

nicht gefunden, oder nur in Intensitäten, die unter dem kritischen Schwellenwert lagen. 

Der posteriore Teil des kontralateralen S1 wurde daher als das geteilte Substrat 

zwischen beobachteter und gefühlter Berührung identifiziert. 
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(ii) Geteilte Topographie 

Die zweite Studie zeigt, dass beobachtete Berührung von einzelnen Fingern (d.h. 

Mittelfinger, Zeigefinger) räumlich angeordnete Einzelfinger-RFs im kontralateralen S1 

hervorruft. Die räumliche Anordnung der Einzelfinger-RFs während der beobachteten 

Berührung war dabei ähnlich der Anordnung während der gefühlten Berührung. Dieses 

Ergebnis wurde nicht nur auf Gruppenebene, sondern auch auf Einzelprobandenebene 

gezeigt. Die zweite Studie zeigt daher, dass Einzelfinger-RFs des kontralateralen S1 bei 

beobachteter und gefühlter Berührung eine geteilte Topographie aufweisen. 

(iii) Geteilte Dynamik 

Die zweite Studie zeigt zudem, dass sich Einzelfinger-RFs in S1, wenn ko-aktiviert, nicht 

nur dynamisch zusammenziehen wenn Berührung tatsächlich erfolgt, sondern auch, 

wenn Berührung nur beobachtet wird. Diese Studie zeigt somit erstmalig, dass 

inhibitorische Interaktionen nicht nur bei gefühlter Berührung, sondern auch bei 

beobachteter Berührung die Größe von rezeptiven Feldern modulieren können. Somit 

deutet diese Studie an, dass, wenn Berührung erfahren oder beobachtet wird, ähnliche 

dynamische Regulationen in S1 erfolgen. 

Zusammenfassend lässt sich sagen, dass die beiden Studien der vorliegenden 

Dissertation andeuten, dass drei Kernelemente (das Substrat, die Topographie, die 

Dynamik) neuronaler Repräsentationen, die S1 bei gefühlter Berührung charakterisieren, 

diesen auch bei beobachteter Berührung charakterisieren. Dies hat wichtige 

Implikationen für unser Verständnis von S1 und für die Rolle von Berührung in sozialer 

Kognition.  

Das Verständnis von S1 wird durch diese Ergebnisse dahingehend verändert, als dass 

man nun annehmen kann, dass insbesondere der posteriore Teil von S1 als offenes 

System zu betrachten ist. Während das Substrat, die Topographie und die Dynamik der 

neuronalen Repräsentationen im posterioren Teil von S1 sehr ähnlich waren zwischen 

beobachteter und gefühlter Berührung, zeigten anteriore Teile von S1 geringe 

Aktivitätsunterschiede. Dies impliziert, dass insbesondere mentale Prozesse, die von 

dem posterioren Teil von S1 vermittelt werden (wie etwa die Perzeption komplexer 

taktiler Stimuluseigenschaften, wie rau-glatt- oder hart-weich-Unterscheidungen), mit 

anderen Menschen durch Beobachtung geteilt werden können.  

Die vorliegenden Ergebnisse verändern zudem unser Verständnis von der Rolle der 

Berührung in der sozialen Kognition. Sie stellen Ansätze in Frage, die die body map in S1 

als privates und selbstbezogenes Gehirnareal definieren. Im Gegenteil scheint es, dass 
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die kortikalen Repräsentationen in S1 zugänglich sind für visuelle soziale Einflüsse. Im 

letzten Teil der generellen Diskussion benutze ich daher das Konzept der open body 

maps, um über die Rolle von Berührung in der sozialen Kognition zu spekulieren. Ich 

fasse wissenschaftliche Erkenntnisse zusammen, die vermuten lassen, dass beobachtete 

Berührung nicht nur die eigene body map modifizieren kann, sondern auch eine direkte 

Relation zu dem Körper (oder auch der body map) einer anderen Person zulässt. 

Am Ende der Dissertation resümiere ich, dass Berührung alle notwendigen 

Voraussetzungen erfüllt, um eine wichtige Rolle in der sozialen Kognition zu spielen: 

Berührung ist wichtig für die menschliche Kognition, S1 kann als offenes System 

betrachtet werden und auch drei Kernelemente der body map in S1 sind zugänglich für 

soziale Einflüsse. Erste Experimentalergebnisse zeigen auf, dass beobachtete Berührung 

eine direkte Interaktion zwischen selbstbezogener und fremdbezogener 

Körperwahrnehmung ermöglicht. Damit könnte sich uns eine weitere Domäne der 

sozialen Interaktion offenbaren: Die der Berührung.  

Es ist allerdings noch weitere Forschung nötig, um die Relation zwischen beobachteter 

Berührung, Körperwahrnehmung und sozialer Wahrnehmung im Detail zu verstehen 

sowie dessen Bezug zu aktuellen Theorien der sozialen Kognition. 
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9. Appendix 
 

9.1. Supplementary material study 1 

 

Table S1 Reaction times (RT) and standard deviations (SD) of hand recognition 

task in all experimental conditions 

Condition RT (mean) in ms SD in ms 

Egocentric (Self+Other) 864.3 276.6 

Allocentric (Self+Other) 926.7 267.5 

Self Egocentric 861.3 270.1 

Self Allocentric 976.1 276.8 

Other Egocentric 867.2 315.0 

Other Allocentric 877.4 301.1 
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Table S2 Neuronal responses of individual participants in left S1 for the Main Effect 

of Observed Touch > No Touch: Listed are subjects (12/14) who showed a 

significant effect at p<0.001 (uncorrected) 

Contrast Subject 
no. 

Brain Region MNI location  

(x, y, z) 

Peak t-value No of 
voxels 

Touch > No 
Touch 

1 L Area 1 -58, -16, 42 4.81 5 

 2 L Area 1 -58, -24, 47 8.07 95 

 3 L Area 1 -56, -25, 52 9.07 230 

 4 L Area 3a -22, -36, 47 4.22 12 

 5 L Area 2 -39, -44, 64 11.48 345 

 6 L Area 3a -39, -26, 42 5.28 89 

 7 L Area 2 -51, -25, 41 9.02 489 

 8 L Area 2 -56, -20, 44 10.38 192 

 9 L Area 2 -56, -19, 41 10.03 217 

 10 L Area 2 -52, -20. 40 5.86 11 

 11 L Area 2 -48, -31, 44 5.90 21 

 12 L Area 1 -28, -48, 59 4.55 5 

p < 0.001 (uncorrected), SVC, k > 5 
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9.2. Supplementary material study 2 

S3. Behavioral pre-experiment: Roughness discrimination of paintbrushes 

Rationale 

In a behavioral pre-experiment, we tested whether the four paintbrush pairs displayed 

in the video clips for the observed touch experiment (see Stimuli section main 

document) could be reliably distinguished in their roughness levels by physical touch.  

Participants  

Nine healthy volunteers (5 females) participated in this experiment. None of them 

participated in the two fMRI studies. They were all right-handed (mean handedness 

score: 92.9, Oldfield 1971) and between 20 and 30 years of age (mean age: 25.5 years ± 

2.7 [SD)). They were paid for their attendance and informed consent was obtained from 

all participants.  

Experimental Design  

During the experiment, participants sat on a chair and looked at a fixation cross in front 

of them. They comfortably placed their right hand on a table next to them. They were 

told to completely relax their hand and fingers throughout the experiment. Between the 

participant and the table, a paper wall was mounted which prevented participants from 

seeing their hand, the paintbrushes, or the experimenter. The experimenter sat on the 

other side of the paper wall and applied tactile stimulation to the participants’ right 

index fingers using different paintbrushes. The same experimenter also applied tactile 

stimulation during the video recordings (see Stimuli section main document) and was 

trained to always apply tactile stimulation with equal strength and pressure. Analogous 

to the video recordings, tactile stimulation was applied to the index finger via two 

continuous strokes using the same paintbrushes (3 s per stroke, 6 seconds in total). An 

auditory signal indicated to the experimenter the temporal sequence of stimulation. 

After 4 s pause, a second paintbrush was used to apply tactile stimulation to the same 

finger in the same temporal sequence and with equal pressure. Three s after the second 

stimulation was finished, a tone motivated the participants to respond via left hand 

button press which paintbrush they felt was rougher. Half of the participants pressed 

the button with their left index finger when they thought the first paintbrush was 

rougher and with their left middle finger when they thought the second was rougher, 

the other half responded vice versa. Participants were required to answer within a two-

seconds time window. After a pause of 7 s the next trial began. Altogether, four different 

paintbrush pairs were used during tactile stimulation trials ([1] versus [4], [2] versus [5], 
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[1] versus [2], and [3] versus [5]; for specifications of the paintbrushes see Stimuli 

section main document). The experiment consisted of 40 trials in total, thus each 

paintbrush pair was used for stimulation 10 times. In half of the trials, the smoother 

paintbrush was used first, in the other half the rougher paintbrush was used first. The 

trial order was randomized and was indicated to the experimenter via a screen in front 

of him.  

Analyses and Results 

To see whether participants would be able to reliably differentiate between roughness 

levels of the different paintbrushes, we calculated the mean percentage of correct 

responses given for each paintbrush pair and tested them against chance using one-

sample t-tests (two-tailed, Holm-Bonferroni corrected). Our results showed that all 

participants could detect roughness differences between the two paintbrushes of each 

paintbrush pair could be detected with high levels of accuracy. The percentage of 

correct performances significantly differed from chance in all experimental conditions 

([1] versus [2]: 100.0% correct ± 0.0 (SD); [3] versus [5]: 85.6% correct ± 19.4 (SD), t8 = 

5.49, p < 0.001; [1] versus [4]: 93.3% correct ± 7.1 (SD), t8 = 18.38, p < 0.0005; [2] versus 

[5]: 70.0% correct ± 21.2 (SD), t8 = 2.83, p < 0.02).   
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Table S4. List of sub-threshold activity changes for main contrasts 

 Contrast Peak Area MNI location                

(x, y, z) 

Peak t-

value 

No  of 

voxels 

 Physical  

  Touch 

MF touch + IF touch 

+ BF touch - rest 

L IPC 

L Area 3b 

L Area 3b 

R Area 3b 

-55   -24   40 

-48   -21   57 

-42   -28   42 

 53   -18   34 

8.31 

4.30 

4.29 

4.05 

685 

8 

6 

9 

 MF touch - rest L IPC 

L Area 2 

-55   -24   40 

-44   -33   57 

7.33 

6.78 

185 

215   

 IF touch - rest   L Area 3b 

R Area 3b 

R Area 1 

-37   -39   63 

 54   -16   32 

 65   -14   32 

9.03 

4.50 

4.41 

562 

28 

8 

 BF touch - rest L IPC -56   -22   42 9.37 991 

 SI physical touch  L IPC -54   -26   39 7.47 123 

Observed  

  Touch 

obs. touch MF + obs. 

touch IF + obs. touch 

BF – no-touch   

L Area 2 

L Area 2 

L Area 2 

L SPL 

R Area 2 

R Area 2 

R Area 3b 

R Area 1 

R Area 2 

-37   -44   54 

-55   -24   44 

-26   -51   57 

-26   -54   66 

 17   -50   62 

 32   -48   66 

 30   -40   56 

 64   -15   39 

 23   -46   56 

4.35 

4.04 

5.47 

5.04 

5.31 

4.81 

4.33 

4.17 

3.93 

245 

179 

19 

6 

5 

33 

25 

6 

8 
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 obs. touch MF - no-

touch  

L SPL 

L Area 2 

R Area 2 

R Area 3b 

L Area 2 

L IPC 

-26   -54   66 

-26   -51   57 

 24   -44   54 

 46   -24   40 

-54   -27   45 

-60   -18   36 

5.02 

5.00 

4.92 

4.68 

3.45 

3.29 

6    

17 

36 

8  

19    

9 

 

 

 

obs. touch IF - no-

touch 

L IPC 

L Area 2 

R Area 2 

L Area 2 

L IPC 

R Area 2 

-58   -21   40 

-36   -44   57 

 22   -48   60 

-26   -51   57 

-36   -36   44 

 35   -50   66 

6.05 

5.75 

4.70 

4.58 

4.49 

4.47 

139 

104 

14 

6 

13 

5 

 obs. touch BF - no-

touch 

L  Area 2 

R Area 2 

-34   -44   57 

 32   -48   66 

6.27 

6.02 

127 

57 

  L Area 2 

L SPL 

L Area 2 

R Area 3b 

R Area 1 

R Area 2 

-54   -24   44 

-26   -54   66 

-25   -50   60 

 58   -16   33 

 62   -15   40 

 29   -40   56 

5.56 

5.34 

5.05 

4.89 

4.63 

4.23 

128 

6 

18 

46 

15 

16 

 SI observed touch L Area 2 

L IPC 

-55   -26   46 

-36   -36   44 

4.54 

4.51 

8 

5   

 SI observed touch 

self 

L Area 2 -49   -36   57 4.93 9 
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L Area 2 -42   -40   62 4.62 15 

Observed 

 Touch 

∩ Physical  

    Touch 

obs. touch MF + obs. 

touch IF + obs. touch 

BF – no-touch ∩ MF 

touch + IF touch + BF 

touch - rest 

L Area 2 

L Area 3b 

-55   -24   44 

-38   -40   60 

5.70 

4.46 

162 

19 

obs. touch MF - no-

touch ∩ 

MF touch – rest 

L Area 2 

L OP4 

-54   -27   45 

-61   -16   33 

4.45 

4.15 

15 

10   

 obs. touch IF - no-

touch ∩ 

IF touch - rest 

L IPC -58   -21   40 6.05 123 

 obs. touch BF - no-

touch ∩ 

BF touch - rest 

L Area 2 -54   -24   44 5.56 114 

Note: Listed clusters contain voxels thresholded at p < 0.001 that contain a minimum of 

5 voxels; obs. = observed, MF = middle finger, IF = index finger, BF = both fingers, SI = 

suppressive interactions, IPC = inferior parietal cortex, SPL = superior parietal lobule, OP 

= parietal operculum. 
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Figure S5. Relation between suppressive interactions in S1 and behavioral performance 

in visual roughness discrimination task 

 

Relation between suppressive interaction effect when touch to a self-hand is 

observed and performance levels in a visual roughness discrimination task. Shown 

are positive correlations between the interaction ratio (IR) during self-related 

observed touch and the percentage of correct responses in the visual roughness 

discrimination task when self-related touch to both fingers (BF) and the index 

finger (IF) was observed (r = 0.78 for IF, and r = 0.76 for BF self, p < 0.05, Pearson-

correlation, two-tailed). There was no such relation between the individual IRs 

during observed touch and percentage of accuracy across conditions. Note, 

however, that the number of subjects to calculate this correlation (n = 9) was too 

small, such that this relation has to be replicated and verified by future studies.   
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9.3. List of figures 

 

Figure 1  A: Video stimuli of an example pair. Different types of video sequences 

were varied in a 2 x 2 x 2 factorial design with the factors Touch 

(Observed Touch, No-Touch), Hand Identity (Self, Other), and Viewing 

Perspective (Ego=Egocentric, Allo=Allocentric); B: Activity changes in S1 

for the contrast Observed Touch > No-Touch across experimental 

conditions superimposed on the MNI reference brain (visualized at p< 

0.005 (uncorrected) and masked with left S1) 

Figure 2  Trial structure of scanning session 

Figure 3  Activity changes in S1 for the contrasts Self Allo (=Allocentric) Observed 

Touch > No-Touch and Other Allo Observed Touch > No-Touch 

superimposed on coronal and axial slices of an individual’s normalized T1-

image (visualized at p<0.005 (uncorrected) and masked with left S1) 

Figure 4  Contrast estimates extracted from left posterior (Area 1+2) and left 

anterior (Area 3a+3b) S1 for the contrast Observed Touch > No-Touch in 

different experimental conditions i.e., for the main effect (ME), and for 

the self egocentric (SE), self allocentric (SA), other egocentric (OE), and 

other allocentric (OA) conditions 

Figure 5 Individual activity profiles of all participants’ (n=14) unsmoothed 

functional data for the main effect of Observed Touch > No-Touch 

superimposed on coronal and axial slices of an individual’s normalized T1 

image (visualized at p ≤ 0.001 (uncorrected) and masked with left S1); A: 

Spatial consistency map of individual participants, bright yellow colors 

represent areas of high overlap, dark orange colors areas of low overlap 

between participants; B: Individual participants’ activity profiles are 

shown separately, each color represents active voxels of an individual 

subject  

Figure 6  Design and example trial of the observed touch experiment. (A) Example 

trial as shown to participants in the scanner. Each trial started with the 

same question (“Which paintbrush is rougher?”) followed by two video 

clips presented in direct succession that belonged to the same 

experimental condition, but showed two different paintbrush pairs for 

tactile stimulation; while seeing a question mark on the screen, 
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participants then had to indicate via left-hand button-presses which of 

the two paintbrush pairs was rougher. Half of the participants responded 

with their left index finger when they thought the first paintbrush pair 

was rougher and with their left middle finger when they thought the 

second was rougher, the other half responded vice versa; the pause 

between two trials was 6 seconds in two-thirds of the trials and 20 

seconds in one-third of the trials, and this was counterbalanced across 

conditions. (B)  Participants saw either their own hand in the first person 

perspective or another person’s hand in the third person perspective on 

video; in the observed touch conditions, touch was applied to either the 

middle finger (MF), the index finger (IF), or to both fingers (BF) of the 

right hand; in the no-touch condition, the paintbrush pair stroked the 

white surface on which the hand was positioned 

Figure 7  Selected slices for functional imaging of one example subject. Shown is a 

sagittal slice of the anatomical MP2RAGE scan which was used to select 

30 axial slices covering bilateral S1 on the basis of the individual subject’s 

brain anatomy (i.e., hand knob area) 

Figure 8  Suppressive interactions (SI) in contralateral S1 during physical touch 

perception (A) and touch observation (B). (A) Activity changes of 

contralateral S1 during physical touch applied to the index finger (IF) and 

the middle finger (MF); additionally, the suppressive interaction (SI) effect 

for physical touch is displayed using voxel-wise statistics in the upper 

panel (IF touch–rest + MF touch–rest – BF touch–rest), and using contrast 

estimates in the lower panel; the bar labeled “Expected activity” 

describes the added contrast estimates of physical touch to the IF and MF, 

whereas the bar labeled “Actual activity” describes the contrast estimates 

when both fingers were stimulated together; the bar graphs show mean 

contrast estimates ± standard deviation (SD) of all (N = 15) participants; 

(B) Activity changes of contralateral S1 during observed touch to the IF 

and MF; additionally, the SI effect for observed touch is displayed using 

voxel-wise statistics in the upper panel (obs. touch IF–no-touch + obs. 

touch MF–no-touch – obs. touch BF–no-touch), and using contrast 

estimates in the lower panel; the bar labeled “Expected activity” 

describes the added contrast estimates of touch observation to the IF and 

MF, whereas the bar labeled “Actual activity” describes the contrast 

estimates when touch to both fingers together was observed; the bar 
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graphs show mean contrast estimates ± standard deviation (SD) of n = 10 

participants (see section “suppressive interaction” for details on why not 

all participants were part of this analysis); functional images are masked 

with an anatomical mask covering contralateral S1 and are thresholded at 

p < 0.0005 (uncorrected) (A) and p < 0.001 (uncorrected) (B); the data are 

displayed on a normalized T1-image of an individual subject; Pre = 

precentral gyrus, Post = postcentral gyrus  

Figure 9  Overlap between activity changes during physical touch perception and 

touch observation in contralateral S1. Overlapping voxels between 

physical touch perception and touch observation are displayed in purple; 

overlaps are shown separately for the index finger (upper panel) and the 

middle finger (lower panel); functional images are masked with an 

anatomical mask covering contralateral S1 and thresholded at p < 0.001 

(uncorrected); functional data are visualized on a normalized T1 image of 

an individual subject; Pre = precentral gyrus, Post = postcentral gyrus  

Figure 10  Receptive field (RF) topography of the index finger (IF) and middle finger 

(MF) in contralateral S1 during physical touch perception and touch 

observation. Shown are five axial slices ordered from inferior (z = 42) to 

superior (z = 47) of N = 15 participants; the borders of the MF RFs are 

indicated using blue lines; functional images are masked with an 

anatomical mask covering contralateral S1 and visualized at an 

individual’s normalized T1 image; to make both conditions better 

comparable, a slightly more conservative threshold was chosen for 

physical touch perception (p < 0.0001 (uncorrected)) than for touch 

observation (p < 0.001 (uncorrected)); Pre = precentral gyrus, Post = 

postcentral gyrus  

Figure 11  Contralateral S1 activity during physical touch perception and touch 

observation of n = 5 individual subjects. The left side of the figure shows 

functional data of physical touch to the index finger (IF), the middle finger 

(MF), and the suppressive interaction (SI) effect for physical touch; the 

right side of the figure shows functional data of observed touch to the IF, 

the MF, and the SI effect for observed touch; note that the same axial and 

coronal slices of the same subject can here be visually compared; 

functional data are presented at the individual’s normalized T1-

anatomical scans; to make both conditions better comparable, a slightly 

more conservative threshold was chosen for physical touch perception (p 
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< 0.001 (uncorrected)) than for touch observation (p<0.005 

(uncorrected)) 

Figure S5  Relation between suppressive interactions in S1 and behavioral 

performance in visual roughness discrimination task 
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9.4. List of tables 

Table 1 Neuronal responses in S1 for Observed Touch > No-Touch and No-Touch > 

Baseline in different experimental conditions 

Table 2 S1 activity changes during physical touch perception and touch 

observation in different experimental conditions 

Table S1 Reaction times (RT) and standard deviations (SD) of hand recognition task 

in all experimental conditions  

Table S2  Neuronal responses of individual participants in left S1 for the Main Effect 

of Observed Touch > No Touch: Listed are subjects (12/14) who showed a 

significant effect at p<0.001 (uncorrected) 

Table S4  List of sub-threshold activity changes for main contrasts 
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9.5. Abbreviations 

aIPS anterior inferior parietal cortex 

BF both fingers 

BOLD blood oxygen level-dependent 

EEG electroencephalography 

fMRI functional magnetic resonance imaging 

GLM general linear model 

IF index finger 

IPC inferior parietal cortex 

M1 primary motor cortex 

MEG magnetencephalography 

MF middle finger 

PET positron emission tomography 

PM premotor cortex 

PPC  posterior parietal cortex 

PV parvocellular area 

RF receptive field 

RHI rubber hand illusion 

ROI region of interest 

S1 primary somatosensory cortex 

S2 secondary somatosensory cortex 

SD standard deviation 

SEP somatosensory evoked potential 

SI suppressive interactions 
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SPC superior parietal cortex 

T Tesla 

TMS transcranial magnetic stimulation 

TPJ temporo-parietal junction 

vPM ventral premotor cortex 
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In the experimental part of this thesis, two functional magnetic resonance imaging 

(fMRI) studies were presented, which described neuronal representations in S1 during 

touch observation. S1 representations were characterized along three features: (i) the 

substrate, (ii) the topography, and (iii) the dynamics. These features were chosen 

because they offer well-described links to mental states both in humans and animals. In 

both studies, groups of participants, while lying in the MR scanner, observed short video 

clips where hands were either touched or not touched by sandpaper samples (study 1), 

or paintbrushes (study 2). While watching the video clips, the participants themselves 

did not receive any tactile stimulation. In this way, the pure influence of touch 

observation on S1 activity could be investigated in both studies. Whereas in study 1, 

touch of the index finger was observed, in study 2, touch to different fingers (middle 

and/or index) was observed. Study 1 therefore allowed to characterize the substrate of 

S1 where neuronal representations during touch observation were evoked (i.e., area 3a, 

3b, 1, or 2), whereas study 2 allowed to additionally characterize the topographic 

arrangement and dynamic shrinkage of single finger receptive fields (RFs) in S1 evoked 

by touch observation. In study 2, we additionally implemented an experimental session 

where physical touch was applied to participants’ fingers. This allowed comparing S1 

representations elicited by visual and physical touch perception directly. Both fMRI 

experiments were conducted at a 7 Tesla MR scanner. This allowed us characterizing the 

S1 representations in considerable spatial detail and with high signal intensity.  
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Both studies showed that touch observation elicits robust activity increases in 

contralateral S1. These activity increases could be characterized along three features: (i) 

the substrate, (ii) the topography, and (iii) the dynamics. The results showed that (i) the 

activity increases in both studies were located particularly in posterior S1 (i.e., area 1 

and 2), where they also overlapped with activity changes evoked by physical touch 

perception, and (ii) observing touch to the index finger elicited activity changes in S1 

that were located more anterior, more lateral, and more inferior than activity changes 

elicited by observing touch to the middle finger. This topography strongly resembles the 

spatial arrangement of index and middle finger RFs elicited by physical touch perception. 

(iii) Third, it was found that single finger RFs in S1 dynamically shrank when activated 

simultaneously. Suppressive interactions between co-activated RFs in S1 were therefore 

not only found during physical touch perception but also during visual touch perception.  

Taken together, the two fMRI studies suggest that (i) posterior S1 is active during touch 

observation (shared substrate), (ii) the alignment of index and middle finger RFs in S1 

during touch observation follows a topographic order (shared topography), and (iii) 

dynamic shrinkages of RFs in S1 also occur during touch observation (shared dynamics).  
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