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Summary 
Usually, we do not question that we possess a body and act upon the world. This pre-reflective 
awareness of being a bodily and agentive self may, however, be disrupted under different clinical 
conditions. Sense of ownership (SoO) is the feeling of mineness that we perceive towards our own body 
parts, feelings or thoughts. Sense of agency (SoA), in turn, is the experience of initiating and controlling 
an action. The investigation of SoO and SoA is not only philosophically interesting, but also clinically 
relevant. A better consideration of both phenomena is crucial for gaining a deeper understanding of 
various neuropsychological disorders and for advancing post-stroke motor rehabilitation. For instance, 
in the development of neurofeedback-guided motor imagery training (NF-MIT) it can be asked how the 
feedback needs to be presented such that it is experienced as self-caused and as self-owned. An 
important paradigm for studying SoO and SoA is the rubber hand illusion (RHI). In brief, this paradigm 
shows that an anatomically-plausibly positioned artificial hand can be perceived as one’s own hand, if 
the percept generated by the artificial hand bears enough perceptual similarity with that of the 
biological hand. 

This thesis examines the neurocognitive and clinical aspects of bodily and agentive self-experience. The 
thesis is conceptualized as a cumulative work and consists of three empirical studies. 

Study I investigated how SoO and SoA interact during the RHI. An interactive RHI design was 
developed in which the index finger of an artificial hand moved in synchrony with the index finger 
movements of the biological hand. Using a two-factorial study design, the enabling factors of SoO and 
SoA were systematically manipulated. SoO was controlled by the position of the artificial hand 
(congruent vs. incongruent hand positioning), SoA by the type of movement causation (experimenter-
generated vs. subject-generated finger movements). It was found that SoA mainly depended on the type 
of movement causation, whereas SoO on the positioning of the artificial hand. These results demonstrate 
that the experience of SoO and SoA is not only phenomenologically, but also empirically, dissociable. 

In Study II, an embodied NF-MIT was developed in which the enabling conditions of SoO and SoA 
received special consideration. In NF-MIT, participants receive online neurofeedback about some aspect 
of their own motor imagery (MI) related brain activity. Whereas the feedback has been mostly abstractly 
presented on a computer screen so far, in this study the neurofeedback was instead based on the 
movements of a phenomenally-incorporable anthropomorphic robotic hand. To evaluate the importance 
of SoO and SoA for NF-MIT, again a two-factorial study design was used, in which the robotic hand 
position (congruent vs. incongruent) and validity of the neurofeedback signal was systematically varied. 
For the congruent robotic hand position, it was found that not only SoO and SoA were experienced 
strongest, but also that the neurofeedback performance significantly improved. These results underscore 
the relevance of SoO and SoA for designing NF-MITs. 

Study III investigated which MI abilities are preserved after stroke. To this end, three different MI-tasks 
– a mental chronometry task, a mental rotation task and a NF-MIT task – were applied to a post-acute 
stroke group and a control group. One research question asked which of the applied MI tasks indicate 
MI impairment in stroke patients and whether the indicated impairments are restricted to the paretic 
side. Another research question was whether a relationship exists between MI impairment and sensory 
loss or paresis severity. While all three MI tasks showed significant differences between the stroke and 
control group, only the mental chronometry task and EEG analysis revealed paresis side-specific effects. 
Moreover, sensitivity loss contributed to a performance drop in the mental rotation task. These findings 
indicate that, although some aspects of MI remain preserved after stroke, most stroke patients retain the 
ability to follow a NF-MIT task. 

This thesis provides further insights on the interplay between SoO and SoA; it demonstrates the 
importance of enabling SoO and SoA during neurofeedback provision; and it reveals new insights into 
which MI abilities are preserved after stroke. The findings of this thesis might be of relevance both for 
the ongoing development of an empirically-informed theory of the self and for the advancement of post-
stroke motor rehabilitation.  
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Zusammenfassung (German language) 
Normalerweise hinterfragen wir nicht, dass wir einen Körper besitzen und damit auf die Welt 
einwirken können. Dieses präreflexive Erleben, ein körperliches und agentatives Selbst zu sein, kann 
jedoch unter verschiedenen klinischen Bedingungen beeinträchtigt sein. Sense of ownership (SoO) ist 
das Zugehörigkeitserleben eines Gedankens, Gefühls oder Körperteils zum eigenen Selbst. Sense of 
agency (SoA) dagegen ist das Erleben, dass man selbst es ist, der eine Handlung initiiert und im Vollzug 
dieser Handlung ist. Die Erforschung von SoO und SoA ist nicht nur philosophisch interessant, sondern 
auch klinisch relevant. Eine bessere Beachtung beider Phänomene ist wichtig für ein tieferes Verständnis 
verschiedener neuropsychologischer Störungen und um Impulse in der motorischen Schlaganfall-
Rehabilitation zu setzen. Im Bereich des Neurofeedback-gestützten Bewegungsvorstellungstrainings 
(NF-MIT) stellt sich beispielsweise die Frage, wie das Feedback dargeboten werden sollte, damit es als 
meinhaftig und selbst-verursacht empfunden wird. Ein wichtiges Paradigma zur Erforschung von SoO 
und SoA ist die Rubber-Hand-Illusion (RHI). Dieses Paradigma zeigt, dass eine künstliche Hand als die 
eigene Hand empfunden werden kann, wenn das erzeugte Handperzept der künstlichen Hand 
inhaltlich deckungsgleich zum Handperzept der biologischen Hand ist. 

Diese Arbeit untersucht die neurokognitiven und klinischen Aspekte körperlichen und agentativen 
Selbst-Erlebens. Sie ist als kumulative Arbeit konzipiert und besteht aus drei empirischen Studien. 

In Studie I wurde untersucht, wie SoO und SoA während der RHI interagieren. Hierzu wurde ein 
interaktiver RHI-Aufbau entwickelt, in welchem sich der Zeigefinger der künstlichen Hand in 
Synchronie zu den Zeigefinger-Bewegungen der biologischen Hand bewegt. In einem zweifaktoriellen 
Untersuchungsdesign wurde systematisch das Erleben von SoO und SoA variiert. SoO wurde durch die 
Handstellung der künstlichen Hand (kongruente vs. inkongruente Handstellung) gesteuert, SoA 
hingegen durch die Art der Bewegungsverursachung (Experimentator-generierte vs. Probanden-
generierte Fingerbewegungen). Es zeigte sich, dass SoA Erleben vorwiegend von der Art der 
Bewegungsverursachung abhing, dass SoO Erleben hingegen vorwiegend von der Platzierung der 
künstlichen Hand. Die Ergebnisse zeigen, dass das Erleben von SoO und SoA nicht nur 
phänomenologisch, sondern auch empirisch dissoziierbar ist. 

In Studie II wurde ein NF-MIT entwickelt, in welchem die Entstehungsbedingungen von SoO und SoA 
besondere Berücksichtigung finden. Durch Neurofeedback können dem Probanden in annähernder 
Echtzeit eigene, mit Bewegungsvorstellung (MI) assoziierte Gehirnaktivitäten zurückgemeldet werden. 
Wurde das Feedback bisher zumeist abstrakt auf einem Bildschirm präsentiert, basierte das Feedback in 
dieser Studie auf Bewegungen einer phänomenal inkorporierbaren anthropomorphen Roboterhand. Um 
die Bedeutung von SoO und SoA für NF-MIT zu ermitteln, wurde wieder ein zweifaktorielles 
Studiendesign verwendet, in welchem systematisch die Handstellung (kongruente vs. inkongruent) und 
Validität des Neurofeedbacksignals variiert wurde. Es zeigte sich, dass in der kongruenten 
Roboterhandstellung nicht nur SoO am stärksten war, sondern auch die NF-MIT– Performanz. Diese 
Ergebnisse demonstrieren die Relevanz von SoO und SoA für die Entwicklung von NF-MITs. 

In Studie III wurde untersucht, welche MI-Fähigkeiten nach einem Schlaganfall erhalten bleiben. Dazu 
wurden drei verschiedene MI-Aufgaben – eine mentale Chronometrie-Aufgabe, eine mentale 
Rotationsaufgabe und eine NF-MIT Aufgabe – mit einer postakuten Schlaganfall- und Kontrollgruppe 
durchgeführt. Eine Forschungsfrage war dabei, welche der angewandten MI-Aufgaben auf eine MI-
Beeinträchtigung bei Schlaganfallpatienten hinweisen und ob die Beeinträchtigungen auf die paretische 
Seite beschränkt sind. Eine weitere Forschungsfrage war, ob es eine systematische Beziehung zwischen 
MI-Beeinträchtigung, sensorischem Verlust und Parese-Ausmaß gibt. Während alle drei MI-Aufgaben 
signifikante Unterschiede zwischen der Schlaganfall- und Kontrollgruppe aufwiesen, zeigten lediglich 
die mentale Chronometrie-Aufgabe und die EEG-Analyse Parese-spezifische Effekte. Überdies trug der 
Sensitivitätsverlust zu einem Leistungsabfall in der mentalen Rotationsaufgabe bei. Diese Ergebnisse 
zeigen, dass, obwohl einige Aspekte von MI nach Schlaganfall erhalten bleiben, die meisten Patienten 
die Fähigkeit beibehalten, einer NF-MIT Aufgabe zu folgen. 

Diese Arbeit bringt weitere Erkenntnisse hinsichtlich des Zusammenspiel von SoO und SoA hervor; 
demonstriert, wie wichtig es ist, SoO und SoA bei der Neurofeedback-Darbietung zu berücksichtigen; 
und gibt weitere Hinweise, welche MI-Fähigkeiten nach Schlaganfall erhalten bleiben. Die Ergebnisse 
dieser Arbeit könnten relevant sein für die Weiterentwicklung einer empirisch-informieren Theorie des 
Selbst und für die motorische Rehabilitation nach Schlaganfall.
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1 Introduction 
The aim of this thesis is to examine the neurocognitive underpinnings and clinical 
relevance of bodily and agentive self-experience. More specifically, this thesis investigates 
how two different self-experiences, the sense of ownership (SoO) and the sense of agency 
(SoA), interact and in how far a better consideration of these two phenomena might be of 
value for improving neurofeedback-guided motor imagery training (NF-MIT) in the 
context of post-stroke motor rehabilitation. This publication-based thesis is structured as 
follows: 

First, in Section 1.1, the concepts of SoO and SoA are placed within the context of a science 
of self. This serves to provide some motivation as to why these two phenomena in 
particular are of relevance for the development of an empirically-informed theory of the 
self. 

In the next three sections, SoO and SoA are systematically introduced and their interplay 
is discussed. These sections review current knowledge and neurocognitive theories about 
SoO and SoA and highlight potential research gaps, which Study I and Study II will later 
address. 

Next, a brief overview of the embodied cognition account is given in Section 1.5. This 
section lays the foundation for some of the theoretical considerations presented in the 
subsequent section. 

After first introducing NF-MIT in general, Section 1.6 ends with a theoretical proposal of 
the thesis author, of how NF-MIT could potentially be improved by taking into account 
some ideas from the embodied cognition account and the concepts of SoO and SoA. 

Following the thesis objectives in Section 2, the next three sections present the three 
empirical studies conducted within the scope of this thesis. Section 3 and Section 4 present 
two peer-reviewed empirical studies and Section 5 an empirical study submitted for peer 
review. Study I reports an investigation of the interplay between SoO and SoA. Study II 
builds upon the conceptual and methodological insights of Study I and presents a NF-
MIT, in which the enabling conditions of SoO and SoA received special consideration. 
Study III presents an investigation into which MI abilities remain preserved after stroke. 

The last section summaries and discusses the results obtained from the three studies and 
presents ongoing and potential further investigations. Also, the limitations of the 
presented studies are discussed. 
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1.1 Agency, ownership and a science of the self 

“By grounding the self in the body, experimental psychology has taken the body as the 
starting point for a science of the self.” (Tsakiris, 2016, p. 1) 

Two defining properties of perhaps every conscious experience are that it carries 
phenomenal content and that it is bound to a subject experiencing it (Strawson, 2003). This 
subject of experience has also been called the self (Northoff, 2013). Despite this minimal 
consensus of definition, numerous theoretical accounts have been put forward of what 
exactly defines a self and of what ontological nature it is (Martin & Barresi, 2008). For 
instance, whereas in Cartesian philosophy, the self has been conceived of as a unitary and 
ontologically-distinct substance (i.e. an immaterial entity being capable of standing in 
existence by itself), empiricist philosophers have denied such substantiality of the self. 
Nowadays, many philosophers and cognitive neuroscientists working on the self favour 
physicalist approaches (Blanke, 2012; Damasio, 2010; LeDoux, 2003; Metzinger, 2003). As 
different as these approaches are, most of them share two scientific views: First, that 
selves are not ontologically-distinct, but only come into existence due to their physical 
realization by a nervous system. And second, that selves are not unitary in the Cartesian 
sense. According to the physicalist perspective, what a conscious organism identifies as 
mine, is nothing more than the phenomenal content of an episodically-activated self-
modelling process (Metzinger, 2007a). If the brain interrupts this self-modelling process 
(e.g. during dreamless sleep or anaesthesia), or ceases to exist, so the physicalist thinking 
goes, the stream of self-consciousness is also interrupted or ceases to exist (Metzinger, 
2007b). Likewise, although physicalists acknowledge that on the phenomenal level, an 
experience of a unitary, coherent, and transtemporally stable self may arise, they deny 
that this temporally emerging subject of experience is in any sense substantial (Dennett, 
1992; Metzinger, 2007a). Rather, they regard the self as an experiential conglomerate of 
many different and dissociable self-experiences, which altogether give the stream of 
consciousness its ‘narrative center of gravity’ (Dennett, 1992). 

1.1.1 Components of the self 
Driven by this modular thinking about the self, many different phenomenological and 
clinical examples have been presented over the last decades, documenting how the 
unitary experience of being a self may collapse (e.g. self-disorders in schizophrenia; 
Mishara et al., 2016) or how different aspects of self-experience can be selectively lost (e.g. 
the loss of inner speech in aphasia; Langland-Hassan, Faries, Richardson, & Dietz, 2015). 
Likewise, researchers have started to systematically document all the different ways a 
human-being or animal may experience it-self.  
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Table 1 summarizes some of the most frequently discussed self-experiences: 

Table 1: Different ways of experiencing one-self 

Self-experience Description Literature 

Higher-order forms of self-experience 
Cognitive first 
person perspective 

The emergence of an abstract and active 
mental representation of oneself as a subject 
of experience Blanke & 

Metzinger, 2009 
Self-reference The ability to mentally refer to oneself, for 

example by consciously thinking I-thoughts 
Self-recognition The mental ability to recognise oneself. Anderson & 

Gallup, 2015 
Psychological 
continuity 

The experience of being a transtemporally-
stable identity 

Olson, 2016 

Body-centred forms of self-experience (“body awareness”) 
Weak first person 
perspective 

The experience of the position from where 
‘I’ perceive the world Blanke, 2012; 

Blanke & 
Metzinger, 2009 

Self-location The experience of where ‘I’ am in space 
SoO The feeling of mineness towards one’s own 

body, feelings or thoughts 
SoA The experience of initiating and controlling 

an action 
J. W. Moore, 
2016 

Interoception The perception of physiological signals 
from within the body 

Sel, 2014 

Many important conceptual clarifications have been gained from this modular way of 
thinking about the self. The most important advantage has, however, been that by 
conceptually sectioning the global self into smaller (sub-personal) units of analysis, it has 
now become an empirically tractable construct for the natural sciences (Metzinger, 2007a). 

1.1.2 Relevance of bodily and agentive self-awareness 
Despite the just described increasing naturalization of the self, a unified theory of the self 
has not yet been derived and is also not in sight. This has led to considerable rethinking 
over the last years. Several philosophers and researchers have now decided to take a big 
step back by suspending the quest of how the rich and complex phenomenology of 
human self-experience comes about. Instead, they tackle the more modest question of 
what the minimal neurofunctional and phenomenal target properties are, which give rise 
to the emergence of what one is willing to call a ‘minimal self’ (Gallagher, 2000) or 
‘minimal phenomenal selfhood’ (Blanke & Metzinger, 2009). 

At present, there is some agreement among many philosophers and cognitive 
neuroscientists insofar as the phenomenal target properties of interest are those which 
contribute to the nonconceptual, prereflective and prelinguistic forms of self-experience 
(Gallagher, 2005; Metzinger, 2007a; Tsakiris, 2016). Bodily awareness, in particular, has 
been regarded as one of the key enabling factors of any self-instantiation (Limanowski & 
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Blankenburg, 2013; Metzinger, 2003; Tsakiris, Schütz-Bosbach, & Gallagher, 2007). One 
reason why it is ascribed such an important role, stems from the fact that our body is 
“always there” (James, 1890, p. 242) and that we cannot escape from it: “The body, in certain 
of its aspects, is the only perceptual object from which the brain can never run away” (Metzinger, 
2007a, p. 235). This inescapable and permanent perception of one’s own body is 
considered to be of key significance for any self-instantiation in at least three different 
respects. 

First, bodily awareness is thought to spatially ground the self (Blanke, 2012; Blanke & 
Metzinger, 2009; Gallagher, 2005). The ability to experience one’s own spatial borders 
seems important to situate the subject of experience into its own phenomenal space and to 
instantiate its ‘perspectivalness’ (Metzinger, 2003). That is, by experiencing the own body, 
the subject of experience not only becomes a ‘determinate volume in space’, but also the 
geometrical origin from where it perceives and acts upon the world (for critical 
discussions, see Blanke, 2012; Blanke & Metzinger, 2009). 

Second, bodily awareness is considered to temporally ground the self. The reasoning 
behind this idea is that one’s bodily sensory input is not only always there, but also is an 
important source of low-variance (Metzinger, 2003, 2007a). Whereas the representational 
contents derived from vision and audition constantly vary, the contents derived from 
somatoperception and interoception remain much more stable (Metzinger, 2007a; 
Tsakiris, 2016). That is, the body that one feels today, normally feels quite similar to as it 
did yesterday. It therefore seems reasonable to assume that this transtemporal stability of 
one’s own bodily signals is crucial for the development of any higher forms of self-
continuity, such as emergence of a cognitive first person perspective or an 
autobiographical memory. 

Third, bodily awareness is thought to be necessary for any higher-order interaction with 
the physical world. The background assumption behind this idea is that any form of 
higher-order interaction with the world (e.g. complex movements) requires (a) that the 
agentive organism possesses a global representation of itself as whole and (b) that this 
self-representation has to be embedded into the organism’s reality model (Limanowski & 
Blankenburg, 2013; Metzinger, 2007a). This view has also been theoretically supported by 
the good regulator theorem, according to which every good regulator of a system 
ultimately becomes a model of that system (Conant & Ashby, 1970). 

Two phenomenal experiences that are believed to play here a fundamental role for bodily 
awareness are SoO and SoA. As stated, this thesis experimentally investigates these two 
experiences and their interplay. In the following two subsections, both experiences will 
first be conceptually introduced. Then the experimental work conducted in this thesis to 
investigate the two experiences and their interplay will be presented.  
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1.2 Sense of ownership 
As stated above, SoO describes the feeling of mineness that we experience towards our 
own body parts, feelings or thoughts (Gallagher, 2000; Metzinger, 2007a). It is the feeling 
that we try to describe, when we say sentences like “The hand that I am currently seeing is 
‘my’ hand and feels like part of ‘my’ body”, “It is ‘me’ who is thinking this thought” or “‘I’ am the 
one who is having this feeling”. As such, although often experienced at the fringe of 
consciousness (De Vignemont, 2011b), the SoO has a complex and non-unitary 
phenomenal structure (Tsakiris, 2010, 2016). Providing a full descriptive characterization 
of the SoO’s inner phenomenal structure would be beyond the scope of this thesis, but the 
interested reader is referred to the theoretical works of Maurice Merleau Ponty (1945), 
Thomas Metzinger (2003) and Shaun Gallagher (1986, 2005), and to one recent 
empirically-informed review by Manos Tsakiris (2016). Henceforth, a rather parsimonious 
SoO definition as the sense of body ownership will be used: The experience that a whole 
body or some part of it feels like mine. Where necessary, a distinction will be made 
between limb-ownership (also called limb-identification) and body-ownership (also called 
self-identification). As the nomenclature suggests, whereas body-ownership refers to any 
“globalized form of identification with the body as a whole” (Blanke & Metzinger, 2009, p. 8), 
limb-ownership refers to the experience of mineness towards some specific body part. In 
the next subsections, clinical and experimental examples illustrating malleability of the 
SoO will first be given followed by phenomenological and neurocognitive theories of 
SoO. Finally, the neuroanatomical substrates of the SoO will briefly be reviewed. 

1.2.1 Altered states of SoO 
Under normal healthy conditions we typically have no problems in identifying our own 
body parts and do not question our body sensations. Various clinical conditions, however, 
exist under which this ordinary SoO experience may become disrupted. While an in-
depth discussion of all clinical conditions altering SoO would exceed the scope of this 
thesis (for a critical discussion, see Metzinger, 2007), a few particularly striking conditions 
shall be listed here. Table 2 describes isolated disruptions of limb-ownership that may 
occur after stroke or limb amputation: 

Table 2: Disruptions of limb ownership 

Clinical condition Clinical description Literature 

Asomatognosia Functional disintegration and 
unwareness of one’s own body part. Vallar & Ronchi, 

2009 (review) Somatoparaphrenia Denial of limb ownership or 
misattribution of limb to another person. 

Phantom limb Illusory feeling that an amputated or 
missing limb is still present and can be 
moved. 

Hill & Article, 1999 
(review) 
Ramachandran & 
Altschuler, 2009 

Supernumerary limb Illusory experience of the presence of an Cipriani, Picchi, 
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additional limb. Vedovello, Nuti, & 

Di Fiorino, 2011 
(review) 

Misoplegia Morbid dislike or hatred of a limb. Loetscher, Regard, 
& Brugger, 2006 
(review) 

As can be seen from Table 2, limb-ownership can become disrupted in many different 
ways. Whereas in some of these conditions, limb-ownership ceases to exist 
(asomatognosia, somatoparaphrenia) or has a negative affective connotation (misoplegia), 
in other conditions it persists, but its phenomenal content no longer relates to any 
physical counterpart (phantom limb). Similarly, it may happen that an additional SoO 
becomes instantiated in the absence of an additional physical limb (supernumerary limb). 
While these conditions all reflect circumscribed disruptions of limb-ownership, there are 
also clinical conditions that affect the global level of body-ownership, such as out-of-body 
experiences (Blanke, 2012; Blanke & Metzinger, 2009), autoscopic phenomena (Blanke, 
Landis, Spinelli, & Seeck, 2004) and depersonalization (Hunter, Sierra, & David, 2004). A 
description of these clinical conditions is given in the appendix (A.3 Clinical 
conditions affecting body-ownership). 

1.2.2 Experimental investigation 
The remarkable malleability in what we identify as part of our body is not only clinically 
evident, but is also experimentally demonstrable. Over the last decades, several 
experimental paradigms have been developed that allow a systematic manipulation of the 
SoO. While some of these paradigms target limb-ownership, other paradigms also target 
more global aspects of bodily self-awareness (for a review and criticial discussion, see 
Metzinger, 2007a). 

At present the most prominent paradigm is the rubber hand illusion (RHI; Botvinick & 
Cohen, 1998). In its original setting, a rubber hand is placed visibly, and in an 
anatomically-plausible position, in front of a participant, while the participant’s own hand 
is hidden from view (see Figure 1). The experimenter then repeatedly strokes both the 
rubber hand and the real hand in synchrony. In most participants this induces a strong 
illusory SoO over the rubber hand and leads to a subjective mislocalization of the real 
hand’s position towards the rubber hand, a phenomenon known as proprioceptive drift. 
Since its original conception, many different variants of the RHI have been developed. 
While the two variants relevant for the present thesis will be presented in Sections 1.4 and 
1.6.6, descriptions of other variants can be found elsewhere (Slater, Perez-Marcos, 
Ehrsson, & Sanchez-Vives, 2009; Tsakiris et al., 2007). 
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Figure 1: The classical rubber hand illusion. The participant’s hidden hand (lower 
shelf) and rubber hand (upper shelf) are synchronously stroked by the experimenter. 
In most participants this induces an illusory SoO over the rubber hand. 

1.2.3 How does SoO emerge? 
The question of how SoO emerges has been addressed by many disciplines, among them 
phenomenology, philosophy of mind and cognitive neuroscience (for reviews, see De 
Vignemont, 2011b; Tsakiris, 2010, 2016). Following the Tsakiris (2010) taxonomy, most of 
the present neurocognitive theories of SoO can be somewhere situated in a continuum 
between bottom-up and top-down accounts. In the following, the two extreme poles of 
this continuum will be briefly contrasted and then a phenomenological approach will be 
presented. 

1.2.3.1 Bottom-up accounts of SoO 
Bottom-up accounts of SoO assume that SoO mainly depends on multisensory integration 
and only marginally on any internal body maps (Tsakiris, 2010). In brief, the idea is that 
SoO results from intermodal synchrony (also called intermodal matching) in the sensory 
information coming from the different modalities. It is thus argued that in the RHI, the 
synchronous stroking of the rubber hand and participant’s real hand induces a 
multisensory conflict in that a touch is seen on the rubber hand, but felt on the hidden real 
hand. The idea is now that in trying to resolve this conflict, the brain infers that only one 
hand, the rubber hand, exists. As a consequence, the brain re-calibrates its proprioceptive 
sense such that it matches the visual input and the RHI then occurs. 

Perhaps the strongest bottom-up approach has been posited by Armel and Ramanchdran 
(2003) in arguing that visuotactile correlation is both necessary and sufficient to induce 
the RHI. According to this theory, any object can be experienced as part of one‘s body, as 
long as the visual and tactile information spatiotemporally correlates. To substantiate 
their theory, Armel and Ramachandran conducted an RHI-like study, in which the rubber 
hand or only a table without a rubber hand was either stroked in synchrony or in 
asynchrony with the stroking of the participant’s hidden real hand. What they found was 
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that participants also reported some SoO over the table, but only if the stroking was done 
synchronously (Armel & Ramachandran, 2003). This finding, however, has not been 
replicated and most other RHI studies argue for additional constraints beyond intermodal 
spatiotemporal synchrony. 

1.2.3.2 Top-down accounts of SoO 
In contrast to bottom-up accounts, top-down accounts assume that SoO depends only 
marginally on multisensory integration and much more strongly on internal body maps 
(Tsakiris, 2010). According to this view, SoO results from integrating the incoming 
somatosensory information into pre-existing and temporally-stable internal body maps. 
Evidence for such top-down accounts comes from a range of RHI studies, indicating that 
besides intermodal synchrony other constraints have also to be fulfilled. One anatomical 
constraint for instance is that the RHI is typically only observed for hand-shaped objects, 
but not for non-hand–shaped objects (Tsakiris, Carpenter, James, & Fotopoulou, 2010). 
Two postural constraints are that the strength of the RHI depends on the distance 
between the rubber hand and participant’s real hand (Kalckert & Ehrsson, 2014b) and on 
the anatomical alignment between each hand (Kalckert & Ehrsson, 2012). A textural 
constraint is that if the rubber hand skin texture looks natural, the RHI is experienced 
more strongly than if it looks unnatural (Haans, IJsselsteijn, & de Kort, 2008). 

In summary, while there is currently strong agreement that there are at least some internal 
body maps structuring our somatosensory input, the question remains as to how strong 
this top-down modulation is and whether the body maps are innate or acquired during 
childhood. 

1.2.3.3 Phenomenal transparency 
An interesting phenomenological note on explaining SoO can be found in Thomas 
Metzinger’s self-model theory of subjectivity (SMT; 2003, 2007b). In brief, Metzinger’s idea 
is that SoO occurs in the moment when a conscious mental self-representation becomes 
phenomenally transparent. According to Metzinger, a conscious mental representation is 
said to be transparent if only its content properties are introspectively accessible, and not 
its vehicle properties (Metzinger, 2007a). As an example of a transparent mental 
representation, consider the following phenomenological description of seeing an apple: 

“The apple in my hand is perceived not as a form of representational content, but 
simply as an object in the environment. It is as if I would ‘see through’ my own 
internal representation and as if I was directly and immediately in contact with the 
environment” (Metzinger, 2007b, Section 5). 

What the subject of experience describes here is how it directly looks ‘through’ its own 
mental representation – as if it was in immediate touch with reality. The mental 
representation described here is transparent in the sense that it does not co-represent the 
fact that it is only a representation of an apple and not the apple itself. In other words, the 



Introduction | p. 9 

 
representational character of the representation is not introspectively accessible  
(Metzinger, 2007b). 

Extrapolating from such introspective observations, Metzinger concludes that 
transparency is the phenomenal target property giving rise to our phenomenology of 
naïve realism and perceptual presence (2003, 2007b). While the concept of transparency is 
not new (G. E. Moore, 1903), the interesting new aspect in Metzinger`s SMT is the 
suggestion that transparency is also the enabling phenomenological mechanism 
underlying SoO (self-identification):  

“The central claim of the SMT is that a phenomenal self emerges if and only if a system 
operates under a transparent PSM [phenomenal self model]. The phenomenal 
property of selfhood is instantiated whenever a system has a conscious self-model that it 
cannot introspectively recognize as an internal model.”  
(Metzinger, 2007b, Section 5). 

The idea expressed here is that for a conscious self-representation to be experienced as 
mine, it has to be transparent. SoO in this sense may be regarded as a special form of 
naïve realism, namely the irrevocable feeling of being the inhabitant of a body and of 
being in infinite proximity to this body (Metzinger, 2007a). If this is the case, then 
Metzinger’s SMT should explain why under some clinical conditions, patients experience 
reduced, or even complete absence of limb or body ownership. A first intuitive answer 
would be that in these patients some of their self-representations are opaque, i.e. still co-
represent their representational character, and are therefore experienced as distant and 
alien (Metzinger, 2003). 

1.2.4 Neuronal correlates 
The neuronal correlates of SoO have been reviewed in several studies (Blanke, 2012; 
Tsakiris, 2010, 2016). Although several brain regions have been proposed to contribute to 
SoO, a consistent picture in respect to the exact involvements of these areas is still 
missing. Most studies reviewed were either based on functional magnetic resonance 
imaging (fMRI), positron emission tomography (PET) or lesion mapping. However, 
invasive neurophysiological recordings in monkeys have also been carried out. In the 
neuroimaging studies, bilateral premotor cortex (PMC), sensorimotor cortex, subregions 
in the intraparietal sulcus (IPS), the putamen and the insula have been repeatedly 
reported to be activated during experimental SoO inductions (Blanke, 2012). For the PMC 
and IPS, it has been proposed that trimodal neurons – integrating tactile, visual and 
proprioceptive sensory information – may be responsible for the codification of one’s own 
phenomenal corporeal space. Such neurons have been repeatedly found in primates and 
are known to respond to stimuli applied to the skin of the contralateral arm and to visual 
stimuli approaching that hand or arm. Interestingly, in monkeys, these arm-centred 
trimodal IPS neurons could be made to encode for a seen fake arm, using a RHI-like 
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setting (Graziano, Cooke, & Taylor, 2000; see also Blanke, 2012 for a critical discussion). 
An involvement of the insula in the SoO also appears plausible, given the former’s 
functional role in affective self-awareness (for a review, see Bud Craig, 2009) and 
interoceptive integration (for a review see Craig, 2009). In fact, several theoretical accounts 
have been recently put forward, arguing that interoception plays a key role in grounding 
the phenomenal self (for a review and critical discussion, see Tsakiris, 2016). Moreover, 
two lesion studies exist that found the right posterior insular to be lesioned in stroke 
patients suffering from somatoparaphrenia (Baier & Karnath, 2008; Karnath & Baier, 
2010).  
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1.3 Sense of agency 
As stated above, SoA is the phenomenal experience of initiating and controlling an action 
(J. W. Moore & Fletcher, 2012). It is the feeling of authorship that we refer to when we say 
sentences like “I am the one who is in control of this car” or “’It must have been me who just 
pressed this button”. As such, SoA phenomenally distinguishes our own self-generated 
actions from those actions generated by others (David, Newen, & Vogeley, 2008; J. W. 
Moore, 2016). While SoA is sometimes exclusively linked to mere motor control, it may 
also entail intentional aspects ranging beyond our bodily boundaries (Gallagher, 2010). 
For instance, if I press a button (the motor aspect of my action), I usually do this for some 
purpose, like booking a flight online (the intentional aspect of my action). In this wider 
sense, SoA is the phenomenal target property upon which many ethical and juridical 
concepts such as moral responsibility, free will and guilt are based on (J. W. Moore, 2016). 
In the following, a conceptual distinction between two different SoA levels will first be 
introduced and then some clinical conditions under which SoA may be altered will be 
presented. Finally, recent experimental paradigms and neurocognitive theories on SoA 
will briefly be reviewed. 

1.3.1 Different SoA levels 
As is the case with SoO, SoA occupies a complex and non-unitary phenomenal structure. 
Recent empirical and theoretical works have therefore argued for distinct SoA levels (J. W. 
Moore, Middleton, Haggard, & Fletcher, 2012; Synofzik, Vosgerau, & Newen, 2008a). One 
influential distinction comes from Synofzik et al. (2008a), who proposed a multifactorial 
two-step account. According to this theory, an implicit SoA level can be distinguished 
from an explicit SoA level. The implicit SoA level is described as a ‘feeling of agency’, and 
is pre-reflective, lower-level and non-conceptual. It operates at the fringe of consciousness 
and occupies a rather ‘thin’ phenomenology. As David, Newen and Vogeley (2008) point 
out, the introduction of the implicit SoA level was conceptually important, since it 
complies with Gallagher’s notion of a minimal self, that is pre-reflective and not informed 
by conceptual thought (Gallagher, 2000). 

The explicit SoA level, by contrast, is characterized as a higher-order, belief-like process. 
Its phenomenology is more complex, may range beyond mere motor control and reflects a 
person’s judgment of being the author of an action. Besides motor information, it hinges 
on postdictive inference, contextual knowledge and background beliefs (J. W. Moore, 
2016; Synofzik, Vosgerau, & Voss, 2013). Although on a theoretical level, Synofzik et al.’s 
(2008a) account has widely received support, only one empirical study has so far 
investigated the interplay of the two different SoA levels (J. W. Moore et al., 2012) and 
indicated a dissociation of the two. For simplicity, in the remainder of this thesis, SoA will 
be used as a superordinate term, unless either the implicit or explicit SoA level is 
specifically addressed. 
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1.3.2 Altered states of SoA 
As stated above, on the phenomenal level, SoA informs the subject of experience about its 
causal influence on the world. It goes without saying, however, that this inner mental 
representation process is “not an infallible reproduction of objective reality” (J. W. Moore, 
2016, p. 2), but only the brain’s best hypothesis. In fact, in many different life situations 
people tend to over- or underestimate their own contribution to an action. The vigorous 
pressing of a causally-inefficient button at a pedestrian crossing is only one anecdotal 
example (J. W. Moore, 2016). At its strongest, this discrepancy between one’s experienced 
agency and factual agency is seen in certain clinical conditions. Table 3 exemplarily 
provides some clinical conditions where SoA becomes disrupted: 

Table 3: Disruptions of SoA 

Clinical condition Clinical description Literature 

Alien Hand Syndrome Experience of one’s own limb 
actions as alien. 

Sarva, Deik, & Severt, 2014 
(review) 
T. E. Feinberg, Schindler, 
Flanagan, & Haber, 1992 
(review) 

Anosogosia for 
Hemiparesis 

Unawareness of one’s own 
contralesional motor deficits. 

Pia, Neppi-Modona, Ricci, 
& Berti, 2004 (review) 

Sc
hi

zo
ph

re
ni

a 
sy

m
pt

om
s:

 Passivity 
symptoms 

E.g. The experience that one’s 
own actions are not self-
caused. 

Moore, 2016 (review) 
Graham-Schmidt, Martin-
Iverson, Holmes, & Waters, 
2016 

Grandiosity 
delusions 

Fantastical belief about being 
omnipotent and having 
inflated worth, power, 
knowledge or a special 
identity. 

Knowles, McCarthy-Jones, 
& Rowse, 2011 (review) 

As can be seen from these few examples, SoA may become disrupted in many different 
ways. In some of these conditions, SoA may become selectively lost (alien hand 
syndrome) or experienced inappropriately strongly (anosognosia for hemiparesis) for a 
specific body region. In others, SoA may also become more broadly disrupted, for 
instance inappropriately weakened in passivity symptoms or inappropriately 
strengthened in grandiosity delusions. 

1.3.3 Experimental investigation 
Many different experimental paradigms exist to study SoA. Following Moore’s  (2016) 
taxonomy, these paradigms might be broadly separated into whether they use implicit or 
explicit methods of assessing SoA. In the following, these measures will only be briefly 
described, while extensive reviews can be found elsewhere (David et al., 2008; De 
Vignemont & Fourneret, 2004; J. W. Moore, 2016; J. W. Moore & Obhi, 2012). 
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1.3.3.1 Implicit SoA measures 
Implicit SoA measures assess some behavioural or neurophysiological correlate of 
voluntary action (J. W. Moore, 2016). That is, in these paradigms the participants are not 
explicitly asked about their own agentic experience, but their experience is inferred from 
the measured correlate. As their name suggests, implicit SoA measures typically, but not 
exclusively, relate to the implicit SoA level. Besides sensory attenuation paradigms 
(Blakemore, Wolpert, & Frith, 1998), the most widely used implicit SoA measure is 
intentional binding (for a review, see Moore & Obhi, 2012). The intentional-binding effect 
refers to the subjective compression of time experienced between a voluntary action and 
its external sensory consequences (Figure 2). In one popular variant of the intentional 
binding paradigm, participants repeatedly estimate the perceived time interval between a 
button press and a subsequently played sound. A typical observation is that the time 
interval is only underestimated when the button press is voluntary, but not when it is 
involuntary (J. W. Moore et al., 2012; J. W. Moore & Obhi, 2012; Poonian & Cunnington, 
2013). 

 

Figure 2: The intentional binding paradigm 

1.3.3.2 Explicit SoA measures 
In contrast to implicit SoA measures, explicit measures directly assess some aspect of the 
participants’ SoA experience (J. W. Moore, 2016). Often, this is achieved through 
subjective questionnaires where the participants judge their contribution to an 
experimental task or describe their SoA vividness during that task. For instance, the 
participants may perform a motor task which they cannot directly observe (J. W. Moore, 
2016). Instead they only see some motor feedback on a screen which depicts either their 
own movements or the movements of someone (e.g. the experimenter) or something (e.g. 
a computer) else. The participants are then asked to judge whose movement is seen on the 
screen. 

1.3.4 How does SoA emerge? 
A number of neurocognitive theories on SoA have been proposed and reviewed multiple 
times (David et al., 2008; De Vignemont & Fourneret, 2004; J. W. Moore, 2016). Presently, 
the most influential theories are perhaps the comparator model and the retrospective 
inference view. 
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1.3.4.1 The comparator model 
Although originally developed as a theory of motor control, the ‘comparator model’ is 
increasingly used as an explanation of SoA (David et al., 2008; I. Feinberg, 1978; Frith, 
2005). According to this theory, the brain possesses an internal prediction model, which 
induces a corollary discharge or efference copy, whenever a new motor command is 
generated. If this efference copy matches the actual sensory input, the movement is 
perceived as self-caused and a SoA arises. If the efference copy and sensory input don’t 
match, no SoA is generated. A graphical illustration of the comparator’s assumed 
workflow is given in Figure 3. 

 

Figure 3: A simplified illustration of the comparator system.  
(Adapted from: David et al., 2008) 

As a theory of motor control, the comparator model is nowadays well-supported by 
empirical studies (David et al., 2008; Gallagher, 2010; Synofzik et al., 2008a). As to how far 
the comparator model also explains the neurocognitive mechanisms underlying SoA is, 
however, less clear (David et al., 2008; J. W. Moore, 2016). 

1.3.4.2 The retrospective inference view 
The retrospective inference view, or ‘theory of apparent mental causation’ (Wegner & 
Wheatly, 1999), dates back to David Hume (1711-1776), but has seen a renewed popularity 
over the last decades. This view approaches the question of how SoA arises from a quite 
different perspective than the comparator system. As clarified by Moore (2016, 2012), 
whereas the comparator model assumes motor prediction to be the major neuronal 
mechanism behind SoA, the retrospective inference view rejects such a strong 
involvement of the motor system in SoA. Instead, it suggests that SoA is generated by a 
‘general-purpose inferential mechanism’ that infers the causal influence onto an observed 
action from the sensory input (J. W. Moore & Obhi, 2012). According to this model, SoA 
occurs from retrospective inference and arises if (1.) an intention precedes an observed 
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action, (2.) the intention is compatible with this action and (3.) the intention is the most 
plausible cause of this action (J. W. Moore & Obhi, 2012; Wegner & Wheatly, 1999). 

If the retrospective inference view is right, an interesting consequence would be that SoA 
is in fact illusory, in the sense that our intentions precede our actions, but do not cause 
them. Instead, neuronal circuits upon which we have no phenomenal access would be the 
real causes of our actions (J. W. Moore, 2016). Some empirical studies support the 
retrospective inference view. By priming subjects with auditory words just before viewing 
cursor movements, Wegner and Wheatley (1999) for instance showed that subjects may 
experience SoA over movements that they do not make themselves. In this study the 
cursor movements were actually made by a third person, but the subjects attributed them 
to themselves. Similar over-attributions of one’s own agency have also been documented 
for other self-recognition experiments where the subjects have to decide whether the 
visual feedback of an action reflects their own movement or the movement of someone 
else (for a review, see David et al., 2008). 

1.3.5 Neuronal correlates 
The neuroimaging correlates of SoA have been reviewed by David et al. (2008) and most 
of the reviewed studies either used fMRI or PET. Following David et al. (2008), the 
identified brain areas may be distinguished into two groups. The first group comprises 
brain regions known to be involved in the motor system, such as the supplementary 
motor areas, the ventral PMC and the cerebellum. The second group encompasses 
heteromodal association cortices, including the posterior parietal cortex, the dorsolateral 
prefrontal cortex, the posterior segment of the superior temporal sulcus and the insula. As 
David et al. (2008) point out, how all these different brain regions contribute to the 
emergence of SoA, remains speculative. A functional involvement of the sensorimotor 
areas, however, appears plausible in face of the comparator model (Tsakiris et al., 2007). 
Likewise, an involvement of the insular appears comprehensible, given its general 
involvement in bodily self-awareness (Baier & Karnath, 2008; Bud Craig, 2009; Karnath & 
Baier, 2010). 

  



Introduction | p. 16 

 
1.4 Interplay of agency and ownership 
In the last two sections SoO and SoA have been presented in strict isolation. These 
isolated presentations of each phenomenon, however, may conceal the fact that in many 
of our everyday-life situations, we experience both SoO and SoA together. For instance, if 
I lift my leg, then I experience not only SoO for my leg, but also SoA for my movement. 
This raises the question of whether SoO and SoA just arbitrarily co-occur in our 
experiences, or whether they also interact with each other. As illustrated next, an 
influence has been suggested in either direction. 

As regards an influence of SoA on SoO, it has been suggested that SoA might promote 
SoO (De Vignemont, 2011a; Kalckert & Ehrsson, 2012). In brief, the idea is that voluntary 
action is an important source of information for self-recognition (Synofzik, Vosgerau, & 
Newen, 2008b; Van Den Bos & Jeannerod, 2002). That is, by moving the body, the brain 
can test its predictions about which sensory events reflect the own body and which not 
(Synofzik et al., 2008b). Moving the body might therefore sharpen one’s own bodily 
boundaries and induce a more vivid SoO experience. 

Similarly, SoO has been considered to be important for SoA (De Vignemont, 2011a; Wong, 
2009, 2010). Here, the argumentation is that although our actions often range beyond our 
bodily boundaries, they always originate in our body (Wong, 2010). As a consequence, the 
brain attributes higher certainty levels of authorship to our immediate body actions than 
to their less foreseeable effects on the world. 

While on the theoretical level these considerations appear plausible, only a few 
experimental investigations have actually been carried out to study both concepts at the 
same time (Kalckert & Ehrsson, 2012, 2014a; Sanchez-Vives, Spanlang, Frisoli, 
Bergamasco, & Slater, 2010; Tsakiris, Longo, & Haggard, 2010; Zeller, Gross, Bartsch, 
Johansen-Berg, & Classen, 2011).  

One promising approach comes from Kalckert and Ehrsson (2012) who developed an 
active version of the RHI. In this RHI variant, the artificial hand`s index finger is movable 
and becomes connected to the real hand`s index finger by a tiny rod that goes through the 
upper plate (see Figure 4). As a result, whenever the participant’s move their own index 
finger up or down, or alternatively the rod is moved up or down by the experimenter, the 
artificial hand`s index finger moves correspondingly. Using this general setup, the 
enabling mechanisms of SoO and SoA can systematically be investigated by varying the 
mode of agent (i.e. whether the artificial finger movements are self-generated or 
experimenter-generated) and the position of the artificial hand (i.e. whether the artificial 
hand is placed in anatomical alignment or misalignment to the participant’s real hand). 
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Figure 4: The active rubber hand illusion.  The participant’s index finger and 
artificial index finger are connected via a small rod that goes through the table. As a 
result, whenever the participant moves his or her own index finger up or down, or 
alternatively the rod is moved up or down by the experimenter, the artificial hand`s 
index finger moves correspondingly. The occurrence of SoO and SoA can be 
systematically investigated by varying the mode of agent (i.e. whether the artificial 
finger movements are self-generated or generated by the experimenter) and by the 
positioning of the artificial hand. 

One important result that Kalckert and Ehrsson (2012) found by this paradigm was that 
both SoO and SoA were inducible by this paradigm and that both experiences partially 
double dissociated. A more detailed description of this paradigm, and SoO and SoA 
insights so far been yielded by this paradigm, will be presented in Study II. 
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1.5 Embodied cognition 

“Biological brains are first and foremost the control systems for biological bodies” 
(Clark, 1998, p. 506) 

Since its beginnings in the 1950s, cognitive science has traditionally regarded the mind as 
an “abstract information processor, whose connections to the outside world are of little theoretical 
importance” (M. Wilson, 2002, p. 625). According to this view, the motor and sensory 
systems are merely peripheral output and input devices with no conceptual relevance to 
understanding cognition  (Foglia & R. A. Wilson, 2013; M. Wilson, 2002). Since the 1990s 
this view has, however, increasingly been criticized as being too simplistic and as being 
too ignorant about the body’s functional relevance for cognition. As an alternative, a new 
research program evolved, known as the embodied cognition account. This account holds 
that cognitive processes are deeply rooted in the agent’s physical body and its interactions 
with the environment (M. Wilson, 2002; R. A. Wilson & Foglia, 2016). As M. Wilson (2002) 
notes, the embodied cognition account encompasses a number of distinct ideas that can be 
loosely grouped into six major views. Four of these views, considered to be of relevance 
for the present thesis, will now be briefly presented and later be taken up in subsequent 
sections. 

The first of these views is that “cognition is situated” (M. Wilson, 2002, p. 626). According 
to this view, cognitive activity always “takes place in the context of a real-world environment, 
and it inherently involves perception and action” (M. Wilson, 2002, p. 626). That is, in most 
everyday life situations, we interact with the things that our cognitive activity is about. 
Typical examples would be driving a car, holding a conversation or “moving around a room 
while trying to imagine where the furniture should go” (M. Wilson, 2002, p. 626). In these 
situations, so the embodied cognitivists thinking goes, the information flow between the 
mind and environment is so dense that the mind alone is not a scientifically useful unit of 
analysis (M. Wilson, 2002). 

The second view is that “cognition is for action” (M. Wilson, 2002, p. 626). According to this 
view “biological brains are first and foremost the control systems for biological bodies” (Clark, 
1998, p. 506). Cognitive functions such as perception, abstract thinking, attention and 
memory should therefore be analysed in respect to their functional purpose for the 
organism (M. Wilson, 2002). For instance, the dorsal visual stream should not just be 
understood as a ‘where’ pathway, i.e. a neuronal mechanism for representing spatial 
relations, but rather as a ‘how’ pathway, i.e. an affordance mechanism that encodes for 
possible reaching and grasping actions (Goodale & Milner, 1992; M. Wilson, 2002). 
Likewise, self-modelling might be regarded as a necessary prerequisite for any higher-
order interaction with the physical world (Section 1.1.2). As a consequence, the theoretical 
starting block of a researcher investigating the mind should not be “a mind working on 
abstract problems, but a body that requires a mind to make it function” (M. Wilson, 2002, p. 625).  
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The third view is that “we off-load cognitive work onto the environment” (M. Wilson, 2002, p. 
626). According to this view, our cognitive abilities are typically quite limited, and to 
overcome these limitations we often spread the computational and representational load 
for a given cognitive task between neural and non-neural structures – a phenomenon also 
known as ‘distributed cognition’ (Behrmann, Zemel, & Mozer, 1998; Foglia & R. A. 
Wilson, 2013). For instance, we use a notepad to overcome our memory limitations or a 
calculator to overcome our arithmetical limitations. While this kind of cognitive 
offloading is probably acknowledged by most traditional cognitivists, some embodied 
cognitivists go a step further by arguing that even parts of our self may become 
cognitively distributed between the representational structures of our brain and 
surrounding environment (Clark & Chalmers, 1998). As an example, consider 
Ramachandran’s famous ‘mirror box’ (for a review, see Ramachandran & Altschuler, 
2009). In this experiment, a phantom limb patient places his healthy limb in front of a 
mirror, such that from the patient’s view the mirror reflection (i.e. mirror visual feedback; 
MVF) is superimposed on the felt location of the phantom limb (Deconinck et al., 2015; 
Ezendam, Bongers, & Jannink, 2009; Ramachandran & Altschuler, 2009; Ramachandran & 
Rogers-Ramachandran, 1996). If the patient then conducts predefined movements with 
the healthy limb and thereby focuses on the mirror reflection, a vivid ‘mirror-induced 
visual illusion’ is often induced, in that the patient vividly experiences the amputated 
limb to be there again and to be voluntarily movable again. The illusion however abruptly 
diminishes, as soon as the healthy limb stops moving, or is pulled away (Ramachandran 
& Rogers-Ramachandran, 1996). Hence, in this experiment the mirror reflection, or rather 
limb motion feedback, provides the necessary sensory information to re-instantiate a full-
blown experience of limb ownership for the amputated body part. 

The fourth view is that “off-line cognition is body-based” (M. Wilson, 2002, p. 626). 
According to this view, many allegedly higher-order cognitive functions originally 
evolved for action or perception and are still deeply rooted in the brain’s sensorimotor 
system. From this perspective, many, if not all, cognitive functions are offline simulations 
of covert motor functions (Svensson, Lindblom, & Ziemke, 2007). Evidence for this 
hypothesis comes from many different directions. The intimate linkage between language 
and sensorimotor representations (Howell, Jankowicz, & Becker, 2005), the known 
involvement of autonomic and peripheral nervous system activity in abstract reasoning 
and decision making (Damasio, 1996) and the strong neurofunctional equivalence 
between motor imagery (MI), motor execution and motor observation (Jeannerod, 2001) 
are only a few findings that shall be exemplarily mentioned here.  
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1.6 Neurofeedback-guided motor imagery training 
NF-MIT is a special kind of MI training, in which the participant receives online 
neurofeedback about some – otherwise covert – aspect of his or her own MI-related brain 
activity (Pichiorri et al., 2015; Zich, De Vos, Kranczioch, & Debener, 2015). As in classic MI 
training, NF-MIT aims to induce neuronal plasticity and reorganization in the 
sensorimotor areas. However, unlike in classic MI training, in NF-MIT the manner in 
which sensorimotor areas are recruited during MI is controlled. The aim of neurofeedback 
is to feed back to the patients when they are performing well, that is, showing a beneficial 
neuronal activation pattern in regard to the anticipated motor genesis, and when not. 
Which neuronal activity patterns are actually beneficial for motor rehabilitation, and 
which are maladaptive, is a matter of debate. One prominent idea is the abnormal 
interhemispheric inhibition hypothesis according to which persisting motor deficits are 
partially due to maladaptive cortical reorganization (Grefkes & Fink, 2014; Murase, 
Duque, Mazzocchio, & Cohen, 2004; Takeuchi, Oouchida, & Izumi, 2012). The idea is that 
the contralesional sensorimotor areas become dominant and they suppress adaptive 
reorganization of the perilesional sensorimotor areas (Grefkes & Fink, 2014). One 
therapeutic strategy of NF-MIT may therefore be to bring back into balance the 
unbalanced inhibition ratio between perilesional and contralesional sensorimotor areas 
(Boe et al., 2014). 

1.6.1 Neurophysiological markers 
To date most NF-MIT protocols have relied on EEG but, more recently, other functional 
imaging methods have also been tested (for a review, see Chaudhary, Birbaumer, & 
Ramos-Murguialday, 2016). One EEG measure typically used is event-related 
desynchronization (ERD), a MI-related decrease of 8-30 Hz oscillatory brain activity 
measured over the sensorimotor areas (Pfurtscheller, Brunner, Schlögl, & Lopes da Silva, 
2006). An ERD occurs in both actually-executed and only-imagined movements 
(McFarland, Miner, Vaughan, & Wolpaw, 2000) and it is typically most pronounced over 
the sensorimotor areas that are contralateral to the moved limb (Pfurtscheller & Lopes da 
Silva, 1999). For most subjects, the ERD can be reliably detected on the single-trial level 
and be fed back as a neurofeedback signal (Pfurtscheller et al., 2006). 

1.6.2 Brain computer interfaces for NF-MIT 
To technically realize NF-MIT, a MI-based brain computer interface (MI-BCI) is typically 
used. A brain computer interface (BCI) may be defined as a pattern recognition system 
that infers mental states from brain activity and generates some output based on its 
moment-by-moment inferences. Besides their usage in neurofeedback training regimes, 
BCIs have been used in a variety of control functions, for instance for communication-
purposes (Birbaumer, 2006), wheelchair control (Kaufmann, Herweg, & Kübler, 2014) or 
robotic hand control (Fukuma et al., 2016). An in-depth discussion of the different types of 
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BCIs available and their application areas is beyond the scope of this thesis. In the 
following, only a brief summary of the kind of BCI used for NF-MIT will therefore be 
provided. Recent reviews of BCIs in general, however, can be found elsewhere 
(Chaudhary et al., 2016; Coyle, Ward, & Markham, 2012; Naseer & Hong, 2015; Nicolas-
Alonso & Gomez-Gil, 2012).  

1.6.3 Online data flow 
In the typical online data flow of a NF-MIT (see Figure 5), five steps may be distinguished: 
signal acquisition, signal preprocessing, feature extraction, classification and feedback. 

 

Figure 5: Typical online workflow of a NF-MIT.   
(adapted from: García-Laencina, Rodríguez-Bermudez, & Roca-Dorda, 2014) 

In the signal acquisition step, suitable brain signals are acquired using an appropriate 
neuroimaging modality. Several modalities have been tried out for NF-MIT, including 
fMRI (Subramanian et al., 2016), magnetoencephalography (Foldes, Weber, & Collinger, 
2015), epidural electrocorticography (Gomez-Rodriguez et al., 2010) and functional near-
infrared spectroscopy (Naseer & Hong, 2015). However, by far the most frequently used 
modality remains EEG. Its major advantages are that its temporal resolution is high and 
that it is low-cost, non-invasive, easy-to-apply and portable – especially the new 
generation of mobile EEG systems (Debener, Minow, Emkes, Gandras, & De Vos, 2012). 
Its major downsides are its poor signal-to noise ratio and its moderate spatial resolution. 
For a review of the strengths and weaknesses of the different modalities in the BCI 
context, see Nicolas-Alonso and Gomez-Gil (2012). 

Since the acquired raw signal often has a poor signal-to-noise ratio and is dimensionally 
high, some signal preprocessing is commonly required, to prepare the signal for the ensuing 
feature extraction step. Typical preprocessing involves segmenting of the data as well as 
artifact removal and/or filtering of the data, in order to amplify the signal of interest. 
Additionally, the high-dimensional data space is sometimes mapped to a lower-
dimensional data space, in order to reduce data complexity and computational demands 
(García-Laencina et al., 2014).  
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After the signal has been preprocessed, it is forwarded to the feature extraction step. In this 
step, useful pieces of data – so-called “features” – are extracted that provide enough 
discriminative information required for the subsequent classification step. A 
discriminative feature that could be extracted for EEG-based left-vs.-right MI-BCI, for 
instance, would be the average band power of the 8-30 Hz sensorimotor rhythm over the 
electrode sites of the left and right sensorimotor areas (Zich, De Vos, et al., 2015; Zich, 
Debener, Thoene, Chen, & Kranczioch, 2016). 

In the fourth step, the extracted features are forwarded to a classification algorithm. This 
algorithm tries to identify to which of a set of classes (mental states) the new piece of data 
(extracted brain pattern) belongs. To accomplish this task, the algorithm (which has to be 
calibrated beforehand, see next section) takes as input the extracted feature values and 
then makes an estimate about the most likely mental state the extracted brain signal 
comes from. Many classification algorithms have been proposed over recent years, 
including support vector machines, k-nearest neighbour classifiers or neural networks (for 
a review, see Nicolas-Alonso & Gomez-Gil, 2012). The most frequently used classification 
algorithms, however, are still linear discriminant analysis (LDA) and logistic regression. 
While LDA is optimized for linear classification problems, logistic regression is more 
flexible in regard to feature outliers and non-normality violations. Another advantage of 
logistic regression is that it provides probabilistic estimates, rather than just a measure of 
the distance from the hyperplane (for a comparison of the two classifiers, see Pohar, Blas, 
& Turk, 2004). 

Finally, in the fifth stage, the classified signal is transmitted to a computer or other 
external device for generating the desired neurofeedback (details below). 

1.6.4 Calibration of a BCI system 
As every BCI-user is individual, a good BCI has to be highly adaptive and to take inter-
individual variability into account. To achieve this, individualized processing strategies 
are typically used in the signal preprocessing, feature extraction and classification step. 

As regards the signal preprocessing step, individualized spatial filters are often used, 
instead of fixed electrode positions. To derive such spatial filters, several algorithms exist. 
Among the most common is common spatial pattern (CSP) analysis. In brief, given two 
time windows of a multivariate signal (e.g. a multichannel EEG), this algorithm searches 
for spatial filters that maximize the variance for one class and simultaneously minimize 
the variance for the other (for reviews, see Blankertz et al., 2008; Ramoser H, 2000). 

During the feature extraction step, feature transformation may be applied, for instance by 
principal component analysis (Bashashati, Fatourechi, Ward, & Birch, 2007). By this 
procedure, the original high-dimensional feature space is mapped to a lower-dimensional 
feature space, before the new feature space is transformed to the classification algorithm 
(García-Laencina et al., 2014). 
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Additionally the classification algorithm is typically individualized in that it is calibrated 
on a previously-collected training dataset from the same person. Ideally, due to non-
stationarity issues, this training dataset is collected just before the real neurofeedback run 
(Shenoy, Krauledat, Blankertz, Rao, & Müller, 2006). 

To evaluate neurofeedback performance, many different performance metrics are 
available, among them the classification accuracy, sensitivity and specificity  (for a review, 
see Sokolova & Lapalme, 2009). 

1.6.5 Limitations in current NF-MIT protocols 
Currently, there are probably more BCI researchers in the world than there are patients 
using a BCI. Although to a lesser extent, this ratio probably also applies to NF-MIT as one 
therapeutic application of BCI. The question, thus, is why most BCI applications remain 
prototypes and do not enter the clinic. One reason is that the decoding of mental states 
from brain activity is still quite unreliable (Lotte, Larrue, & Mühl, 2013). In fact, even for 
rudimentary classification tasks such as distinguishing left hand MI from right hand MI, 
the available classification algorithms still only achieve far from perfect decoding (Zich, 
Debener, De Vos, et al., 2015; Zich, Debener, Kranczioch, et al., 2015; Zich et al., 2016). 
Consequently, much effort has been spent over the last years on signal processing 
optimization, leading to an abundance of newly developed machine learning algorithms 
(for reviews, see Chaudhary, Birbaumer, & Ramos-Murguialday, 2016; Coyle, Ward, & 
Markham, 2003). The success of this effort has, however, been rather moderate. While the 
complexity and computational demands of the algorithms have steadily increased, the 
algorithms’ decoding accuracies have only moderately improved. This raises the question 
whether signal processing is the only relevant BCI parameter requiring attention. As Lotte 
et al. (2013) recently noted, despite the fact that no algorithm can ever identify a BCI-
user’s mental state if the BCI-user is unable to produce a reliable neuronal pattern, the 
BCI-user him- or herself has so far received much less attention. Lotte et al. (2013) 
therefore proposed that the BCI-community should focus much more on the BCI-user’s 
subjective needs. In particular, the authors suggested regarding BCI performance as an 
individual skill that needs to be learnt by the BCI-user like any other skill. Consequently, 
the authors reviewed the instructional design literature and assessed to what extent the 
currently available BCI/NF-MIT protocols offer a good learning environment for 
acquiring this new skill. By this procedure, they identified many limitations in current 
protocols and could derive some valuable suggestions for improvement. For instance, (1) 
that the provided neurofeedback should be positive in early training stages and only 
disconfirmatory in later stages; (2) that instructions should specifically target one learning 
objective; and (3) that the training tasks should be adaptive with increasing complexity 
and difficulty levels. 

Lotte et al.’s (2013) suggestions have certainly advanced the BCI field and inspired the 
rethinking of learning aspects for BCI-users. Yet, other subjective needs a BCI-user might 
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have have remained unaddressed. For instance, one aspect that has not been investigated 
are the special needs a stroke-patient may have for using a BCI. In these patients, motor 
impairment seldom comes in isolation, but is typically accompanied by cognitive 
impairment (Cengic, Vuletic, Karlic, Dikanovic, & Demarin, 2011) or sensibility loss 
(Scalha, Miyasaki, Lima, & Borges, 2011; Winward, Halligan, & Wade, 2007). Moreover, 
there is some evidence that stroke patients also have MI impairment (De Vries et al., 2013; 
Dettmers, Benz, Liepert, & Rockstroh, 2012; Liepert, Büsching, Sehle, & Schoenfeld, 2016; 
Liepert, Greiner, Nedelko, & Dettmers, 2012; Malouin, Richards, Desrosiers, & Doyon, 
2004), although other studies have found no MI impairment (S. H. Johnson, 2000; S. H. 
Johnson, Sprehn, & Saykin, 2002). If stroke patients have MI impairment, this then raises 
the question, in how far these patients are actually still able to follow a NF-MIT task and 
whether their MI efforts can be facilitated. In the next section, an attempt shall be made to 
extend Lotte et al.’s (2013) work by identifying further subjective needs of a BCI-user – 
especially if the user is not a 20-years-old psychology student but rather a motorically- 
and cognitively-impaired 70-year-old stroke patient. The focus will thereby be on how the 
neurofeedback should be presented. 

1.6.6 Arguments for an embodiable neurofeedback signal 
The presentation of neurofeedback can be achieved in several ways (Lotte et al., 2013). 
Until now the neurofeedback has typically been presented on a computer screen and 
thereby often been embedded in a playful context. For example, the neurofeedback has 
been presented in the form of a moving ball on the screen, with the task of moving the 
ball in a given direction by thought alone (Zich, Debener, De Vos, et al., 2015; Zich, 
Debener, Kranczioch, et al., 2015; Zich et al., 2016). Taking into account the embodied 
cognition perspective (Section 1.5) and the concepts of SoO (Section 1.2) and SoA (Section 
1.3), however, the question arises whether this form of neurofeedback provision is 
optimal and whether a neurofeedback signal closely matching the mental act performed 
wouldn’t be more natural and intuitive. Such neurofeedback could for instance be 
realized via an RHI-setting, in which the neurofeedback is implicitly encoded in the 
movements of an anthropomorphic robotic hand. That is, in an idealized scenario, the 
BCI-user would imagine some kind of hand movement, which is immediately recognized 
by the computer and instantaneously translated into a factual, content-identical robotic 
hand movement. What would be the advantages of providing such an embodiable 
neurofeedback signal? 

One benefit could be that if the provided neurofeedback signal resembles closely enough 
the MI act performed, in both time and space, the MI percept and the visual percept 
induced by the neurofeedback signal could be perhaps better fused. If causal inference is 
the major neurocognitive mechanism underlying perception (Shams & Beierholm, 2010), 
then the temporal and spatial similarity between each percept should led the brain to infer 
that they have a common cause, and thus should be fused. At best, both percepts would 
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no longer be experienced as two disparate perceptual objects, as is necessarily the case 
during abstract feedback, but as one unified limb percept. Given the evidence for a 
prioritized neurocognitive processing between the sensory features of one perceptual 
object as compared to two different objects (Behrmann et al., 1998), such perceptual fusion 
could potentially facilitate the information flow between the – now unified – percepts. 

A second advantage could be that – as a consequence of the perceptual fusion just 
described – SoO could also perhaps be induced over the neurofeedback signal. That SoO 
is inducible by merely imagining limb movements in approximate temporal synchrony to 
observed hand movements has been recently indicated by two virtual hand illusion 
studies (Perez-Marcos, Slater, & Sanchez-Vives, 2009; Sanchez-Vives et al., 2010). A SoO 
induction over the neurofeedback signal could thereby be beneficial in several ways. First, 
if the BCI-user phenomenally identifies the provided neurofeedback signal as mine, the 
compliance with the NF-MIT should theoretically increase. The feedback would then not 
be experienced as something abstract and external anymore, but as something being 
inherently linked to the BCI-user’s own body and its movements. Second, the experience 
of SoO for the neurofeedback signal could potentially also increase the BCI-user’s SoA 
over the neurofeedback signal. As pointed out (Section 1.4), although rather little is 
known about the interplay between SoO and SoA, the existing evidence suggests that SoA 
is increased if its phenomenal content is experienced as mine. A more vivid SoA 
experience over the neurofeedback signal would probably help to convince the BCI-user 
about the effectiveness of the training and to keep up his or her motivation. 

A third benefit might be that an embodiable neurofeedback signal could potentially 
reduce the patient’s cognitive workload, since the kind of cognitive offloading earlier 
described for MVF (Section 1.5) should also be realizable by an embodiable 
neurofeedback signal. That is, if the presented neurofeedback closely enough resembles 
the MI act performed, the cognitively-demanding task of mentally rehearsing limb 
movements could perhaps be bottom-up facilitated by the phenomenally-rich and 
perceptually-congruent neurofeedback signal. To be clear, for normal healthy participants 
such cognitive offloading might be unnecessary or perhaps even a hindrance. However, it 
should be remembered here that NF-MIT has been mainly developed for stroke patients 
where MI abilities might be impaired (Section 1.6.5). Hence, in this population a bottom-
up induced motor percept might be actually facilitating. 

A fourth benefit might be that the patient’s phenomenal content during MI would 
perhaps also be better controllable with an embodiable rather than an abstract 
neurofeedback signal. Often, much uncertainty exists as to what BCI-users actually 
imagine and how they can be best guided in their MI. With an embodiable neurofeedback 
signal, the user could be intuitively acquainted with the MI task. For instance, during a 
first calibration run, the same type of limb-motion feedback later being used for the actual 
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neurofeedback provision could already be given and the participant would just be 
required to imagine exactly the same movements that he or she sees. 

A fifth potential advantage is that an embodiable neurofeedback signal may require less 
abstract thinking by the BCI-user than an abstract neurofeedback signal. Whereas with an 
abstract neurofeedback signal the BCI-user has to conceptually understand that the signal 
shown on the computer screen relates to the user’s own MI-act, this act of abstraction 
would not be needed with an embodiable neurofeedback signal. As this embodiable 
neurofeedback signal would resemble the performed MI act, in time and space, the 
perceptual linkage to be established between the MI-act and the perceived neurofeedback 
would not require much higher-order cognition, but in theory should be pre-conceptually 
and pre-linguistically graspable. 

To sum up this section, many arguments may be found in favour of an embodiable rather 
than abstract neurofeedback signal. The author of this thesis, however, acknowledges that 
his arguments assume an idealized scenario, in which the neurofeedback signal closely 
enough matches the mental act performed. How far such a neurofeedback signal can be 
realized in practice, awaits empirical validation.  
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2 Thesis objectives 
In the previous section, the concepts of SoO, SoA, embodied cognition and NF-MIT were 
introduced and their current state of research reviewed. While there is presently a lot of 
research on either SoO or SoA, only a few experimental studies have investigated both 
phenomena concurrently (Section 1.4). One important methodological step towards a 
concurrent investigation of SoO and SoA has been Kalckert’s and Ehrsson’s (2012) active 
RHI variant. However, until now, this paradigm has only allowed the explicit, and not the 
implicit, SoA level to be assessed. 

While there is growing evidence that cognition is embodied and in part offloadable onto 
the environment (Section 1.5), the functional relevance of embodiment for NF-MIT has 
hardly been addressed. As suggested in this thesis, an embodiable neurofeedback signal 
might be more intuitive for stroke patients than an abstract neurofeedback signal (Section 
1.6.6). One argument presented is that an embodiable neurofeedback signal might be 
especially helpful for those stroke patients having an impairment, not only in their 
executive motor functioning, but also in their MI abilities. However, the extent to which 
MI abilities are impaired after stroke, and whether stroke patients are still able to follow a 
NF-MIT task, is presently still quite unknown (Section 1.6.5). 

The aims of the present thesis are threefold: first, to investigate the neurocognitive 
mechanisms underlying SoO and SoA; second, to explore on how far NF-MIT can be 
improved by an embodiable neurofeedback signal; and third, to investigate which stroke 
patients are actually still able to phenomenally access their own body and to conduct 
imaginary movements with it. This thesis has been conceptualized as a cumulative work 
and consists of three separate empirical studies. 

Study I investigates the interplay between SoO and SoA. Inspired by Kalckert’s and 
Ehrsson’s (2012) active RHI variant, a similar vertical RHI-setting was built, in which the 
artificial index finger can be moved in temporal synchrony with the participant’s or 
experimenter’s index finger and used for button presses. However, unlike as in Kalckert’s 
and Ehrsson’s (2012) study, the present paradigm also allows the implicit SoA level to be 
investigated. Using a two-factorial study design, the enabling factors of SoO and SoA are 
systematically manipulated. Whereas SoA is manipulated by the type of movement 
causation (experimenter-generated vs. subject-generated finger movements), SoO is 
manipulated by the artificial hand’s position (congruent vs. incongruent hand position). 

Study II builds upon the methodological insights of Study I. The aim is to create a new 
NF-MIT, in which the neurofeedback signal matches the mental act performed and can be 
felt like part of one’s own body. To this end, an anthropomorphic robotic hand was 
handcrafted and integrated into a closed-loop BCI to be used for neurofeedback 
provision. Having a similar two-factorial study design as in the first study, SoO is 
manipulated by the position of the artificial hand (congruent vs. incongruent hand 
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position), whereas SoA is manipulated by the reliability of the neurofeedback signal 
(actual neurofeedback vs. sham feedback). 

Study III addresses the question of whether stroke patients are actually still able to 
mentally access and move their own body, and may follow a NF-MIT task. This study is 
more loosely connected to the study designs of the first two studies, but considered to be 
a necessary intermediate step, in order to bring the paradigm developed in Study II into 
the clinic. Using a number of behavioral and electrophysiological MI measures, three 
research questions are addressed: Firstly, which of the applied MI tasks indicate MI 
impairment in stroke patients, and are these impairments specific to the paretic side? 
Secondly, for the MI-tasks indicating impairment, do these impairments depend on 
sensibility loss and on paresis severity? And thirdly, how does the performance in each of 
the MI-tasks converge in the healthy and unhealthy brain?  

In the discussion, the results from these three studies are then assessed as a whole in 
respect to, firstly, their relevance for the ongoing development of an empirically-informed 
unified theory of the self, and secondly, their relevance for the clinic.  
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Interplay of agency and ownership: The intentional binding and rubber 
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Abstract The sense of agency (SoA) refers to the phenomenal experience of 
initiating and controlling an action, whereas the sense of ownership (SoO) 
describes the feeling of myness an agent experiences towards his or her own 
body parts. SoA has been investigated with intentional binding paradigms, 
and the sense of ownership (SoO) with the rubber-hand illusion (RHI). We 
investigated the relationship between SoA and SoO by incorporating 
intentional binding into the RHI. Explicit and implicit measures of agency 
(SoA-questionnaire, intentional binding) and ownership (SoO-questionnaire, 
proprioceptive drift) were used. Artificial hand position 
(congruent/incongruent) and mode of agent (self-agent/other-agent) were 
systematically varied. Reported SoO varied mainly with position (higher in 
congruent conditions), but also with agent (higher in self-agent conditions). 
Reported SoA was modulated by agent (higher in self-agent conditions), and 
moderately by position (higher in congruent conditions). Implicit and explicit 
agency measures were not significantly correlated. Finally, intentional binding 
tended to be stronger in self-generated than observed voluntary actions. 
Results provide further evidence for a partial double dissociation between 
SoA and SoO, empirically distinct agency levels, and moderate intentional 
binding differences between self-generated and observed voluntary actions. 
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3.1 Introduction 
We usually take it for granted that our bodies are spatially extended in the world and that 
we are agents, acting upon the world. The sense of agency (SoA) refers to the phenomenal 
experience of initiating and controlling an action in order to bring about a change in the 
world (Gallagher, 2000; J. W. Moore et al., 2012): for instance voluntarily lifting one`s arm 
(the motor aspect of an action) in order to pick up a glass (the intentional aspect of an 
action) (Gallagher, 2007). As such, the SoA can be distinguished from the sense of 
ownership (SoO), which describes the feeling of myness or ownership an agent 
experiences towards his or her own body parts (Tsakiris, 2010). For voluntary actions (e.g. 
an agent voluntarily lifts his or her arm) the SoA and SoO naturally coincide, but both 
experiences can also be made in isolation. If someone else lifts an agent’s arm, the agent 
still experiences a SoO for the arm but not a SoA. Hence, while under normal conditions a 
SoA is experienced only for voluntary actions, a SoO can exist for both voluntary actions 
and passive sensory experience (Gallagher, 2000). It may also be that a perfectly adapted 
prosthetic device requires a SoO and SoA for the prosthesis. A better understanding of 
how these experiences relate to each other seems important in basic research and may also 
govern progress in different fields of neurorehabilitation. 

Investigations of the SoO are often carried out using the rubber hand illusion (RHI) 
(Botvinick & Cohen, 1998). In the standard RHI paradigm, an artificial hand is placed 
visibly and in an anatomically plausible position in front of a participant, while the 
participant`s own hand becomes hidden from view. The experimenter then repeatedly 
strokes both the artificial hand and the real hand in synchrony. In the majority of 
participants this results in a strong illusory SoO over the artificial hand and to a subjective 
mislocalization of the real hand’s position towards the artificial hand, which is called 
proprioceptive drift. Interestingly, the illusion diminishes when the artificial hand is 
placed in misalignment to the real hand (Ehrsson, Spence, & Passingham, 2004) or when 
the visual and tactile stroking is done asynchronously (Botvinick & Cohen, 1998). 
Moreover, it has been shown that an illusory SoO and proprioceptive drift can also be 
induced over a virtual 3D projection of a hand (the so called virtual hand illusion; VHI) 
and that here the strength of the illusion also depends on visuotactile synchrony (Slater, 
Perez-Marcos, Ehrsson, & Sanchez-Vives, 2008; Slater et al., 2009) and on different 
anatomical plausibility factors (Kilteni, Normand, Sanchez-Vives, & Slater, 2012; Perez-
Marcos, Sanchez-Vives, & Slater, 2012). 

Studies on the SoA are frequently based on variants of the intentional binding paradigm 
(for a review, see Haggard, Clark, & Kalogeras, 2002). The intentional-binding effect refers 
to the subjective compression of time experienced between a voluntary action and its 
external sensory consequences (see e.g., Moore & Obhi, 2012, for a review). A popular 
variant of this paradigm is the interval estimation approach. Participants report the 
perceived time interval between an action, such as a button press, and its subsequent 
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sensory effect, such as a tone. A typical observation is that the time interval is only 
underestimated when the action is voluntary, but not when it is involuntary (J. W. Moore 
et al., 2012; J. W. Moore, Teufel, Subramaniam, Davis, & Fletcher, 2013; J. W. Moore & 
Obhi, 2012; Poonian & Cunnington, 2013). Whereas one study found intentional binding 
only for self-generated voluntary actions and not for observed voluntary actions (Engbert, 
Wohlschläger, & Haggard, 2008), others have reported that intentional binding occurs 
regardless of whether an action is self-generated or only observed, as long as the act is 
interpreted as voluntary and a biological agent clearly identifiable (Poonian & 
Cunnington, 2013; Wohlschläger, Engbert, & Haggard, 2003; Wohlschläger, Haggard, 
Gesierich, & Prinz, 2003). Moreover, whereas some studies have clearly revealed stronger 
binding effects for self-generated than observed voluntary actions (Engbert et al., 2008; 
Engbert, Wohlschlager, Thomas, & Haggard, 2007), others reported no difference in the 
strength of intentional binding between self-generated and observed voluntary actions, 
although both action types showed higher binding compared to a neutral no agent 
condition (Poonian & Cunnington, 2013; Wohlschläger, Engbert, et al., 2003; 
Wohlschläger, Haggard, et al., 2003). In contrast to this latter finding, some studies have 
also reported binding effects in the absence of an identifiable biological agent, suggesting 
that causal interference in general rather than voluntary action is the central explanatory 
factor of binding (Buehner, 2012; Buehner & Humphreys, 2009; Guterstam, Petkova, & 
Ehrsson, 2011). At present it is therefore not well understood to what extent self-
generated and observed voluntary actions share similar binding mechanisms (i.e. how 
self-specific intentional binding actually is) and how much binding reflects causal 
inference.  Moreover, we are not aware of any peer-reviewed study that has 
experimentally tested for the relevance of embodiment for intentional binding. 

Although originally conceived as a unitary concept, recent theoretical and empirical 
works have argued for distinct SoA levels (J. W. Moore et al., 2012; Synofzik et al., 2008a). 
For instance, Synofzik et al. (2008a) proposed a multifactorial two-step account, in which 
an implicit SoA level might be distinguished from an explicit SoA level. The implicit SoA 
level is a lower-level, pre-reflective and non-conceptual “feeling of agency”. Its 
phenomenology seems rather “thin”, only allowing for a rudimentary self-other 
distinction and not for an explicit attribution of who has caused an action, and it has been 
assessed by measures of intentional binding (J. W. Moore et al., 2012). An internal 
prediction model has been suggested to contribute in this level of agency (Blakemore, 
Wolpert, & Frith, 2002; Engbert et al., 2008; Miall & Wolpert, 1996; Synofzik et al., 2008a; 
Wolpert & Ghahramani, 2000), according to which every voluntary movement induces an 
efference copy or corollary discharge. If efference copy and actual sensory input match, a 
movement is perceived as self-generated and a feeling of agency arises. In the case of a 
mismatch between efference copy and sensory input, no feeling of agency occurs. The 
explicit SoA level in contrast reflects a higher-order, belief-like process that refers to a 
person`s interpretation of being the agent of an action (Synofzik et al., 2008a). The explicit 
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SoA level enables an explicit attribution of an action to an agent to be made as well as a 
reflection about who has caused an action. It is for instance assessed through retrospective 
agency evaluations that require participants to indicate their perceived level of 
contribution to an action (Chambon, Wenke, Fleming, Prinz, & Haggard, 2013). The 
interplay of these two different SoA levels has however only been reported in one study 
so far (J. W. Moore et al., 2012). 

Whereas the SoA has often been investigated with intentional binding paradigms, SoO 
studies frequently capitalize on the RHI or, more recently, VHI. Only a few studies have 
investigated both concepts concurrently (Kalckert & Ehrsson, 2012; Sanchez-Vives et al., 
2010; Tsakiris et al., 2006; Zeller et al., 2011). Several studies by the Sanchez-Vives Group 
have used an active virtual hand that either moved in synchrony or moved in asynchrony 
with the participant`s own movements and have thereby shown that visuomotor 
synchrony is sufficient in order to induce an illusory SoO and proprioceptive drift over a 
virtual hand, even in the absence of tactile stimulation (Sanchez-Vives et al., 2010; Slater et 
al., 2009). However, despite the virtual hand`s movability in these studies, no explicit 
assessment of the SoA was conducted in these studies. Another, more recent, report 
investigated the SoA with the RHI paradigm. Kalckert and Ehrsson (2012) used an active 
version of the RHI where the artificial hand was placed on an upper plate and the 
participant`s real hand was placed directly below it, on a lower plate. The artificial hand`s 
index finger was connected to the real hand`s index finger by a tiny rod that went through 
the upper plate. As a result, whenever the participant moved the index finger up or down 
in a self-agent condition, or the rod was moved up or down by the experimenter, 
constituting an other-agent condition, the artificial hand`s index finger moved 
correspondingly. Using this paradigm, Kalckert and Ehrsson (2012) found a partial 
double dissociation between the SoA and SoO. Whereas an incongruent positioning of the 
artificial hand eliminated the SoO and did not affect the SoA, observed movements of the 
artificial hand diminished the participants SoA but left their SoO for the artificial hand 
intact. In this study, however, no implicit agency measure was used and the action 
scenario consisted only of autotelic rhythmic finger tapping, so any further intentional 
aspects (e.g. an external sensory event that results from the finger movement) could not 
be addressed. 

By incorporating the intentional binding paradigm into the RHI paradigm, the general 
goal of the present study was to further investigate the complex interplay between SoA 
and SoO on subjective and behavioural levels. Specifically, our first aim was to replicate 
the findings of Kalckert and Ehrsson (2012) by inducing a SoA and SoO for an artificial, 
moving hand, however this time with a more complex action task than autotelic finger 
tapping. Secondly, we asked whether intentional binding can be provoked by an artificial 
hand, and if so, how self-specific this action-effect binding would be and whether it 
would depend on embodiment. To this end, self-agent, other-agent and no agent 
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conditions were realized for two artificial hand positions which were congruent or 
incongruent to the real arm position. Regarding the agent factor, it was hypothesized that 
self-generated and observed voluntary actions would show strong intentional binding 
when compared to a neutral control condition (Poonian & Cunnington, 2013; 
Wohlschläger, Engbert, et al., 2003; Wohlschläger, Haggard, et al., 2003). Moreover, based 
on the two aforementioned studies (Engbert et al., 2008, 2007), a (small) difference 
between the two action types was also predicted. Due to the lack of empirical evidence, no 
specific hypothesis was formulated regarding the role of hand position. Finally, a third 
research question investigated how the implicit and explicit SoA levels related to each 
other, and how the relationship between the two SoA levels was affected by the agent and 
position factors. The associations between intentional binding and proprioceptive drift, 
between the SoO and proprioceptive drift and between intentional binding and the SoO 
were also analysed. 

3.2 Materials and Methods 
3.2.1 Participants 
Twenty-eight right-handed participants (age range: 20-30) were recruited for the study. 
All participants were female, since no male artificial hand model was available. 
Participants were required to have normal or correct-to-normal-vision, no known history 
of psychiatric or neurological disorders, and were not taking any psychoactive 
medication. All participants gave written informed consent and were paid for their 
participation. None of them had previously participated in an intentional binding or RHI 
experiment and all participants were naive to the purpose of the study. The experiment 
was conducted in accordance with the current version of the Declaration of Helsinki and 
approved by the local ethics committee of the University of Oldenburg (University 
Oldenburg: Kommission für Forschungsfolgenabschätzung und Ethik).  Three 
participants were excluded from statistical analyses, two due to technical reasons and one 
for failing to follow instructions. 

3.2.2 Apparatus 
The experimental set-up is depicted in Figure 6. Participants sat in front of a rectangular 
table (50 x 60 cm) consisting of a tabletop and a lower shelf. The vertical distance between 
the tabletop and lower shelf was 7.5 cm. One button press device was placed in the 
middle of the tabletop and another one directly below on the lower plate. The upper 
button was connected to a notebook so that button-presses could be recorded. 
Presentation software (version 14.9; Neurobehavioral Systems Inc., Albany, USA) was 
used for stimulus presentation. A life-sized plaster cast of a female human hand (18 cm in 
length, from the tip of the middle finger to the end of the wrist) was covered with a thin-
gauge garden glove and served as our artificial hand. The hand was placed in the middle 
of the table top, parallel to the short sides. The artificial index finger was equipped with a 
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rebounding joint and fixed to the upper response button, such that index finger 
movements could be realistically mimicked. A small string was attached to the lower side 
of the artificial finger’s tip (invisibly covered under the glove) and was threaded through 
a hole in the tabletop to the area below, where it was split into two strands. The two 
strands were connected to the outer edges of the lower button, such that the participant’s 
index finger could be comfortably placed on the lower key without touching the string. 
Attached to the string above the lower key was a small ring used by the experimenter in 
the other-agent conditions to move the string up and down. Hence, whenever either the 
lower button or the ring was moved up or down, the index finger of the artificial hand 
moved up or down accordingly.  

 

Figure 6: Experimental design. The experimenter’s arm was also hidden under a 
cover so that the participant could not see when the experimenter was pulling the ring 
to synchronously move the artificial index finger and the participant’s real index 
finger. Participants were instructed to leave their index finger on the lower button 
throughout the conduction of each condition. The lower button did not have any 
lifting force of its own, and only moved upwards when the string was also moved 
upwards. This arrangement ensured that the visual feedback was identical between 
self-generated and experimenter-generated button presses. In addition, this setup 
enabled near identical proprioceptive and tactile feedback for the two experimental 
conditions. It could thereby be assured that potential intentional binding differences 
would be attributable not to perceptual differences, but rather to the action type. 

Participants were instructed to wear a garden glove identical to the glove on the artificial 
hand and to place their right hand onto the lower shelf with the index finger placed on the 
lower button. Depending on the experimental condition (details in the next section), 
participants sat either on the long table side where the artificial hand was in alignment 
with their own right hand (congruent conditions) or on the long table side where the 
artificial hand was rotated through 180°, thus was in disalignment to their own right hand 
(incongruent conditions). In the congruent conditions, participants were instructed to 
place themselves in such a way that it appeared plausible for them that the artificial hand 
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could be part of their body. In the incongruent conditions, participants were instructed to 
place themselves in a way that it appeared plausible for them that the artificial hand could 
be part of their body, if it were rotated by 180°. Throughout the experiment, a blanket was 
placed over the participant’s shoulders and arm so as to cover the space between the 
artificial hand and the participant’s body thereby facilitating the impression that the 
artificial hand was the participant’s own outstretched hand (see Figure 6).  

3.2.3 Design and procedure 
A 2 x 2 factorial design was used. The two factors of the main experiment were position 
(congruent vs. incongruent) of the artificial hand relative to the participant`s perspective, 
and agent (self-agent vs. other-agent) relative to the participant`s perspective. The four 
experimental conditions were therefore (1.) congruent–self-agent: the artificial hand was 
in alignment with the participant`s hand and finger movements were executed by the 
participant; (2.) congruent–other-agent: the artificial hand was in alignment with the 
participant`s hand, but the experimenter was executing the finger movements; (3.) 
incongruent–self-agent: the artificial hand was not in alignment with the participant`s 
own hand (rotation by 180°), but the participant was executing the finger movements; (4.) 
incongruent–other-agent: the artificial hand was not in alignment to the participant`s 
hand and the experimenter was executing the finger movements. The main experiment 
consisted of four blocks, one for each of the four experimental conditions. To avoid order 
effects, block order was counterbalanced across participants using a Latin square 
approach. 

All four blocks were identically structured in the following way. First, an intentional 
binding phase was implemented, and this was followed by a free pressing phase. 
Afterwards proprioceptive drift was measured, and finally a questionnaire was used to 
assess the participant`s experience of SoA and SoO. Throughout the intentional binding 
and free pressing phases, participants were instructed to look at the artificial hand and 
focus on the moving artificial index finger. The experimenter sat opposite the participant 
with his right hand covered under the blanket. In the incongruent conditions, the 
experimenter effected the index finger movements by moving the ring up and down (see 
Figure 6). After each block, a break of approximately two minutes was included. During 
this break, participants relaxed before the experimenter gave instructions for the next 
upcoming block and the table was, where necessary, rotated by 180°. Raw data files and 
preprocessing scripts are available under the following link: 
http://journals.plos.org/plosone/article/file?type=supplementary&id=info:doi/10.1371/journal.pone.0111967.s001. 

3.2.4 Intentional binding 
As in previous studies (J. W. Moore et al., 2012), intentional binding was used for the 
assessment of the implicit SoA level. Participants were instructed to estimate the time 
interval in ms between the onset of a button press and a subsequently played sound. Time 
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interval estimations had to be verbally given to the experimenter. Whereas in the two self-
agent conditions the participants effected the artificial index finger movements 
themselves, in the two other-agent conditions they experienced visually, by touch and 
proprioception, how the artificial hand’s index finger moved without their voluntary 
contribution. Participants performed 45 trials in each of the four conditions. Following 
previous studies (J. W. Moore & Obhi, 2012; J. W. Moore, Wegner, & Haggard, 2009), beep 
sounds were randomly presented via a headphone either 100 ms (15 trials), 400 ms (15 
trials) or 700 ms (15 trials) after the onset of each button press. Participants were told that 
beep tones would occur at random within the range of 0 to 1000 ms. In order to take 
sufficient time for RHI induction into account, the first 15 trials of each intentional 
binding phase were excluded from the statistical analysis. This figure was derived from 
our piloting studies that suggested that, despite some individual differences, most 
participants had perceived the illusion by this point. Each participant performed a 
practice run and a control condition before the experiment. In the practice run, 15 trials 
were presented, in which participants had to estimate the time interval between two 
sounds and received feedback after each trial. This was done to acquaint the participants 
with the estimation of small time intervals and reduce effects of time misestimation 
unrelated to the intentional binding effect. The same latencies that were used in the main 
experiment were also used for the practice run. A control condition was adopted from 
Pooninan and Cunnington (2013) and served as a no-agent condition, in that no agent was 
clearly identifiable. This condition was introduced in order to detect potential systematic 
effects of time misestimation unrelated to the intentional binding itself. The no-agent 
condition consisted of 45 trials (as in the four main experimental conditions) in which 
participants had to estimate the time interval between two sounds (as in the practice run, 
but without any feedback). Intentional binding was defined as the average 
underestimation of the actual time interval in percentage ([actual value–estimated value] / 
actual value) across all 45 trials.  

3.2.5 Free pressing phase 
For comparability reasons, free pressing phases were also included into our experiment, 
as in Kalckert`s and Ehrsson`s study (2012). During these phases, participants either 
moved the artificial hand’s finger up and down in a 1 Hz semi-regular rhythm themselves 
(self-agent conditions) or they “experienced” how the artificial hand’s index finger moved 
up and down in this rhythm but without their contribution (other-agent conditions). The 
free pressing phases lasted one minute. 

3.2.6 Proprioceptive Drifts 
As in previous studies (Ferri, Chiarelli, Merla, Gallese, & Costantini, 2013; Kalckert & 
Ehrsson, 2012; Schutz-Bosbach, Avenanti, Aglioti, & Haggard, 2009; Tsakiris & Haggard, 
2005b), proprioceptive drift was used as an implicit measure of limb ownership. After 
each free pressing phase, participants were instructed to close their eyes, stretch out their 
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left arm and indicate with their left index finger the perceived height of their right hand. 
The height of the participant`s left index finger was then marked by the experimenter 
onto a board with scale paper attached to each side of the table (see Figure 6). 
Proprioceptive drift was defined as the amount of shift in centimeters from the real hand 
towards the artificial hand. Positive values indicated an upward drift towards the 
artificial hand, negative values a downward drift away from the real hand.  

3.2.7 Questionnaire data 
A 12-item questionnaire adopted from Kalckert and Ehrsson (2012) was used for the 
explicit assessment of the SoA and SoO (Table 4).  

Table 4: Questionnaire for the SoA and SoO 

Category Statement Order of 
questions 

SoO-judgment I felt like I was looking at my own hand. 3 
I felt like the artificial hand was part of my body. 6 
It seemed as if I were sensing the movement of my 
finger in the location where the artificial finger moved. 

8 

I felt as if the rubber hand were my hand. 10 
SoA-judgment The artificial hand moved just like I wanted it to, as if 

it were obeying my will.  
1 

Whenever I moved my finger, I expected the artificial 
finger to move in the same way. 

4 

I felt as if I were causing the movement that I saw. 7 
I felt as if I were controlling the movements of the 
artificial hand. 

11 

SoO-control It appeared as if the artificial hand were drifting 
towards my real hand. 

5 

It felt as if I no longer had a right hand, as if my right 
hand disappeared. 

2 

SoA-control I felt as if the artificial hand were controlling my will. 9 
It seemed as if the rubber hand had a will on its own. 12 

The questions were read by the experimenter at the end of each block and the participants 
indicated their level of agreement on a 7-point Likert scale, ranging from –3 (“totally 
disagree”) to +3 (“totally agree”). Four statements referred to the SoA (e.g. “The artificial 
hand moved just like I wanted it to, as if it were obeying my will.”) and four statements 
referred to the SoO (e.g. “I felt like the artificial hand was part of my body.”). The 
remaining four statements served as control statements. Two of these related to the SoA 
(e.g. “I felt as if the artificial hand was controlling my will”) and two to the SoO (e.g. “It 
felt as if I no longer had a right hand, as if my right hand had disappeared.”). The control 
statements included illusion-related statements that did not capture the phenomenal 
experience of agency or ownership. Hence, with successful SoA induction, the SoA-
related questions should have high affirmative ratings in the two self-agent conditions, 
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and low or negative ratings in the SoA control questions, as responses to these questions 
should not specifically be affected by the agency manipulation. Likewise, with successful 
SoO induction, the SoO related questions should have high affirmative ratings in the two 
congruent conditions, whereas the ratings for the SoO-control questions should be low or 
negative. All questions appeared in a pseudo-randomized order. Questionnaire 
evaluation followed Kalckert and Ehrsson (2012). The four SoA statements were averaged 
to obtain a single value for the perceived SoA level and the four SoO statements to obtain 
a single value for the perceived SoO level. Moreover, the SoO control scores and SoA 
control scores were calculated by averaging the two control statements for agency and 
ownership. As in former studies (Ehrsson et al., 2004; Kalckert & Ehrsson, 2012; Petkova & 
Ehrsson, 2009), the illusion criterion was set to >=+1. Hence, an average score >=+1 was 
interpreted on the group level, as participants having affirmed the statement (i.e. they had 
experienced a SoA or SoO). 

3.2.8 Statistical analysis 
The current experiment included four main experimental dependent variables (perceived 
SoA level, perceived SoO level, proprioceptive drift and intentional binding) and three 
control variables (SoO control scores, SoA control scores and the no agent control 
condition for intentional binding). Prior to data analyses, all variables were checked for 
normal distribution using the Kolmogorov-Smirnov test. Where appropriate, parametric 
statistics were used. The main experiment consisted of a 2 x 2 factorial design (see Section 
2.3). Hence, for each main dependent variable, two-way repeated measures ANOVAs 
with the two factors position (congruent vs. incongruent) and agent (self-agent vs. other-
agent) were conducted. 

For the explicit assessment of the SoA and SoO, control questions were available. This 
allowed us to test how specific the experimental manipulations were, whether for 
example, they would only affect the illusion-specific questions or those questions that 
went beyond the mere phenomenal experience of agency or ownership. In order to 
statistically validate this, pairwise comparisons of the perceived SoA levels and the SoA-
control scores were conducted in the two self-agent conditions by means of t-tests. 
Likewise, the perceived SoO levels were compared to the SoO control scores in the two 
congruent conditions, using a t-test for the congruent–other-agent condition and a 
Wilcoxon signed-ranked test for the congruent–self-agent condition. 

In order to evaluate binding in the absence of an explicit agent, t-tests between each 
experimental condition and the no-agent condition were conducted. Moreover, in order to 
study the relationships between the outcomes of the questionnaire-based evaluation of the 
SoA and SoO, the intentional binding measure and the proprioceptive drift, we calculated 
Pearson correlation coefficients for each possible combination of these four variables. 
Correlation coefficients were calculated for each of the four experimental conditions 
separately and also as a single value for all conditions combined. The combined 
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correlation coefficients were obtained by calculating the mean value for each variable for 
each participant and then calculating the correlation coefficient of these mean values. 
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3.3 Results 
3.3.1 Perceived SoA level 
The perceived SoO and SoA levels are depicted in Figure 7. The designated illusion 
criterion (+1) was met for the perceived SoA level in the congruent self-agent condition (M 
= 2.38; SD = 1.01) and incongruent self-agent condition (M = 1.68; 1.25), but not for the 
perceived SoA level in the incongruent other-agent condition (M= -1.38; SD = 1.36) and 
congruent other-agent condition (M = 0.04; SD = 1.76) and also not in any conditions for 
the SoO control score (all below 0.1). Planned comparisons between the perceived SoA 
levels and SoA control scores were significant both for the congruent self-agent condition 
(T(24) = 7.88; p < .001) and for the incongruent self-agent condition (Z = -4.38; p < .001), 
confirming the illusion-specificity of the experimental manipulations. A 2 x 2 repeated 
measures ANOVA revealed a significant main effect for the factor agent (F(1,24) = 60.54; p 
< .001) reflecting that the perceived SoA level was higher in the two self-agent conditions 
as compared to the two other-agent conditions. This finding reflects the expected 
occurrence of a SoA in these two conditions. Moreover, the ANOVA revealed a main 
effect for the factor position (F(1,24) = 15.09; p = .001), confirming that the perceived SoA 
level was higher in the two congruent conditions compared to the two incongruent 
conditions. The interaction between agent and position factors was significant as well 
(F(1,24) = 4,67; p = .041). Post hoc t-tests were significant for all pairwise comparisons, that 
is, congruent self-agent vs. congruent other-agent (T(24) = 5.68; p < .001), congruent self-
agent vs. incongruent self-agent (T(24) = 2.71; p = .012), congruent self-agent vs. 
incongruent other-agent (T(24) = 11,44; p < .001), congruent other-agent vs. incongruent 
self-agent (T(24) = -3.09; p = .005), congruent other-agent vs. incongruent other-agent 
(T(24) = 3.82; p = .001) and incongruent self-agent vs. incongruent–other-agent (T(24) = 
8.84; p < .001). 
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Figure 7: Explicit assessment of the SoA and SoO. Mean (+SEM) questionnaire 
ratings for different experimental conditions are shown. Values above a criterion of 1, 
illustrated by a dashed line, reflect report of the illusion. Congruent/incongruent 
refers to positioning of the artificial hand relative to the participants hand, self/other 
refer to the mode of agency. SoA = sense of agency; SoO = sense of ownership. 

3.3.2 Perceived SoO level 
The designated illusion criterion was met for the perceived SoO level in the congruent 
self-agent (M = 1.97; SD = 1.31) and congruent other-agent condition (M = 1.52; SD = 1.64) 
but not for the perceived SoO level in the incongruent–self-agent (M = -0.75; SD = 1.69) 
and incongruent–other-agent condition (M = -1.50; SD = 1.46) and also not in any 
condition of the SoO control score (all below zero).  Planned comparisons between the 
reported SoO-levels and SoO control scores were significant both for the congruent self-
agent condition (T(24) = 6.02; p < .001) and for the congruent other-agent condition (T(24) 
= .373; p < .001), confirming the illusion-specificity of the experimental manipulations.  

A 2 x 2 repeated measures ANOVA revealed a main effect of position (F(1,24) = 95.76; p < 
.001) in that a higher perceived SoO level was evident in the congruent compared to the 
incongruent conditions. The questionnaire results thus confirmed the predicted 
occurrence of a SoO in the relevant conditions. Moreover, a significant main effect for the 
factor agent (F(1,24) = 5.54; p = .027) was found, showing that the perceived SoO level was 
higher in the two self-agent conditions than in the two other-agent conditions. The 
interaction between agent and position factors was not significant (F(1,24) = 0.43; p = 
.517)). 

3.3.3 Proprioceptive drifts 
The proprioceptive drift results are illustrated in Figure 8.  

 

Figure 8: Proprioceptive drift. Values show mean (+SEM) proprioceptive drift in 
centimeters. Congruent/incongruent refers to positioning of the artificial hand relative 
to the participants hand, self/other refer to the mode of agency. 
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A 2 x 2 ANOVA revealed a main effect of position (F(1,24) = 38.44; p < .001) in that the 
proprioceptive drift was on average larger for the two congruent compared to the two 
incongruent conditions. There was no main effect of agent (F(1,24) = 3.24; p = .084) and no 
interaction between the factors (F(1,24) = 1.16; p = .291). On average, the proprioceptive 
drift were most pronounced for the congruent self-agent condition (M = 5.27; SD = 3.33) 
and congruent other-agent condition (M = 4.81; SD = 2.96), whereas only a weak drift was 
found for the incongruent self-agent condition (M = 1.02; SD = 4.76) and no drift for the 
incongruent-other condition (M = -0,34; SD = 4.22). 

3.3.4 Intentional binding 
Figure 9 illustrates the intentional binding results. In all of the four main experimental 
conditions, participants underestimated the actual time intervals between button presses 
and subsequent sounds by at least 13%. As predicted, no underestimation occurred for the 
“no-agent” control condition. Here, the time interval estimation was, on average, very 
accurate. Planned pairwise comparisons showed that in three out of the four main 
experimental conditions the time interval estimations were significantly shorter than in 
the neutral control condition. Significant differences were found for congruent self-agent 
vs. neutral (T(24) = 2.05; p = .025), congruent other-agent vs. neutral (T(24) = 2.04; p = .026) 
and incongruent self-agent vs. neutral (T(24) = 2.83; p = .004) comparisons, whereas no 
significant effect occurred for the incongruent other-agent vs. neutral (T(24) = 1.25; p = 
.110) comparison. A 2 x 2 repeated measures ANOVA revealed a trend for the main effect 
of agent (F(1,24) = 4.03; p = .056) in that the two self-agent conditions were stronger 
compared to the two corresponding other-agent conditions. There was no main effect for 
position (F(1,24) = 0.01; p = .892) and no significant interaction (F(1,24) = 0.04; p = .325). 
Hence, whereas being an agent vs. observing an agent (self-agent vs. other-agent) was 
reflected in the intensity of intentional binding, the position of the hand did not affect 
intentional binding. 
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Figure 9: Intentional binding.  Values show mean (+SEM) underestimation of time 
intervals in percentage. Congruent/incongruent refers to positioning of the artificial 

hand relative to the participants hand, self/other refer to the mode of agency. 
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3.3.5 Relationships between the measures 
Additional analyses explored the associations between the main variables; Table 5 
summarizes the corresponding results.  

Table 5: Correlations between different SoA and SoO measures. 

Pair of correlation  Blocks 

  Congruent  
self-agent 

Congruent  
other-agent 

Incongruent  
self-agent 

Incongruent  
other-agent 

total 

Perceived SoA level 
vs. Perceived SoO 
level 

r
  

.642 .594 .386 .616 .625 

p .001 .002 .057 .001 .001 

Perceived SoO level 
vs. Proprioceptive 
Drift 

r .052 -.067 .003 .341 .066 
p .804 -749 .987 .095 .752 

Perceived SoA level 
vs. Intentional binding 

r -.260 .072 -.070 .386 .188 
p .210 .733 .739 .057 .367 

Perceived SoO level 
vs. Intentional binding 

r .027 .068 -.011 .006 .115 
p .897 .748 .960 .977 .586 

Intentional Binding vs. 
Proprioceptive Drift 

r .354 .334 -.343 .007 .201 
p .082 .103 .093 .975 .334 

* Cells with italic font indicate correlations testing for specific hypotheses. After 
correction for multiple comparisons, a critical p-value of p = .0083 (.05/6) was used. 

Regarding a possible relationship between perceived SoA-levels and perceived SoO-
levels, strong and significant correlations were found for the congruent self-agent (r = 
.642; p = .001), congruent other-agent (r = .594; p = .002) and incongruent other-agent (r = 
.616; p = .001) conditions. A marginal correlation was found for the incongruent self-agent 
condition (r = .386; p = .057). Also the all-condition correlation revealed a strong 
association between the two explicit measures (r = .625; p = .001). The correlation 
coefficients between intentional binding and proprioceptive drift were marginally 
positive in the congruent self-agent (r = .354; p = .082), congruent other-agent conditions (r 
= .334; p = .103) and marginally negative in the incongruent self-agent condition (r = -.343; 
p = .093). In the incongruent other-agent condition no association was found (see Table 5). 
A significant relationship between the two SoO measures (proprioceptive drift, perceived 
SoO-level) could not be confirmed by the correlation analysis. Associations were very 
weak and non-significant in three out of the four conditions and on the total level. Only in 
the incongruent other-agent condition a marginal correlation between the two measures 
was found (r = .341; p = .095). With respect to the relationship between the implicit 
(intentional binding) and explicit (perceived SoA level) SoA measures, the correlation 
coefficients were very low in three of the four conditions and did not reach significance. 
Again, only in the incongruent other-agent condition a marginal correlation emerged (r = 
.386; p = .057). No indication for significant associations between the perceived SoO level 
and intentional binding was found. 
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3.4 Discussion 
The aim of this study was to further investigate the complex interplay between SoA and 
SoO by combining the intentional binding paradigm with the RHI-paradigm. Replicating 
Kalckert and Ehrsson (2012) a SoO was clearly observed in our study, since the perceived 
SoO level was high in congruent and low in incongruent conditions. This finding confirms 
that an illusory SoO can not only be induced by an inanimate, artificial hand but also by a 
moving artificial hand (Kalckert & Ehrsson, 2012), and that tactile stimulation is not 
necessary to induce this illusion (Sanchez-Vives et al., 2010). Importantly, a continual 
updating of proprioceptive information resulting from the participant’s moving index 
finger did not destroy the proprioceptive drift and illusory feeling of ownership. This 
suggests that even in the presence of constant postural changes, no recalibration of the 
proprioceptive system towards the participant’s real hand position takes place, as long as 
the intermodal matching between vision and proprioception can be maintained. 
Moreover, the perceived SoA level was high in the two self-agent conditions but low in 
the two other-agent conditions. Taking both findings together, we thus confirm the 
double dissociation between the SoA and SoO, as previously reported by Kalckert and 
Ehrsson (2012). Incongruent positioning of the artificial hand eliminated the SoO but did 
not destroy the SoA, whereas observed movements of the artificial hand reduced the SoA 
but left the SoO for the artificial hand intact. 

Importantly, the dissociation between the SoA and SoO was partial and incomplete. As 
was the case in the study of Kalckert and Ehrsson (2012), the perceived SoO level was also 
modulated by the agent factor and the perceived SoA was also modulated by the position 
factor. The perceived SoO level varied in regard to the agent factor in that the experience 
of “owning” a limb was reported to be stronger in the self-agent conditions as compared 
to the other-agent conditions. This effect has also been observed in previous studies 
(Dummer, Picot-Annand, Neal, & Moore, 2009; Kalckert & Ehrsson, 2012; Tsakiris, Longo, 
et al., 2010). As the visual, proprioceptive and tactile feedback was very similar in the self-
agent and other-agent conditions, the effect can probably not be easily attributed just to 
differences in sensory input per se. The only obvious difference that existed between the 
conditions was the presence or absence of self-agency. Hence, it is possible that the effect 
relates to voluntary action and its phenomenal experience. This interpretation concurs 
with traditional phenomenological accounts (Merleau-Ponty, 1945), more recent enactivist 
approaches (Noe, 2006; O’Regan & Noe, 2001; Siewert, 2005; Thompson, 2005) and 
neurocognitive theories (Tsakiris & Haggard, 2005a; Tsakiris, Haggard, Franck, Mainy, & 
Sirigu, 2005; Van Den Bos & Jeannerod, 2002) that stress the importance of bodily actions 
for the constitution of bodily awareness and recognition. From a neurocognitive 
perspective, one simple potential explanation would be that efference copy mechanisms 
(see introduction) may play a role not only for the recognition of an initiated action, but 
also for the sensory processing involved in this action (Kalckert & Ehrsson, 2014a; Tsakiris 
et al., 2005). However, it should be noted that some studies did not find stronger SoO 
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ratings under active than passive movements conditions (Kalckert & Ehrsson, 2014a; 
Riemer, Kleinbohl, Holzl, & Trojan, 2013), or even found the reported SoO to be higher 
under passive than under active movement conditions (Walsh, Moseley, Taylor, & 
Gandevia, 2011). Kalckert and Ehrsson (2014) for instance compared the RHI’s inducibility 
under exclusively visuotactile stimulation, active movements, and passive movements, 
but did not find any differences in RHI strength between the three conditions. The 
authors concluded from this null finding that the RHI might be not only phenomenally 
similar, but also equally strong under all three tested RHI induction types. Additionally 
some neuroimaging evidence exists for rather separate neuronal networks being involved 
in the SoA and SoO (Tsakiris, Longo, et al., 2010). The exact functional role of bodily 
actions for bodily awareness and recognition therefore remains a matter of ongoing 
research (for a more in-depth discussion, see Kalckert & Ehrsson, 2014). 

Further, in accordance with Kalckert and Ehrsson (2012) the perceived SoA level was 
modulated by the position factor in that the SoA level was higher in congruent and lower 
in incongruent conditions. Note that the only difference between these conditions was 
whether the artificial hand could be incorporated into the participant`s body schema or 
not. It thus seems that the SoA becomes more vivid when it is directed towards 
movements of body parts perceived as ours rather than when it relates to external, 
disembodied objects. From a phenomenological perspective, this finding confirms the 
privileged role of bodily actions: “The body is at the centre of physical action. Even when one`s 
action ranges beyond the boundaries of one`s body, as it often does, one is (typically) acting with 
one`s body in some way” (Wong, 2010, p. 272). Accordingly embodiment may modulate the 
experience of agency. 

The incompleteness of the double dissociation between the SoA and SoO is also 
supported by the correlation analysis. Clear associations were not only found for the 
congruent self-agent and incongruent other-agent condition, but also for the congruent 
other-agent and incongruent self-agent condition. If the SoA and SoO were independent 
from each other, one would only have expected high correlations for the former two 
conditions, reflecting concomitant presence or absence of SoA and SoO, but not for the 
latter two.  

The second research question addressed was whether intentional binding occurs when an 
artificial hand is used instead of a real hand, and if so, how intentional binding is 
expressed in the different experimental conditions. Except for the incongruent other-agent 
condition, strong binding effects that differed significantly from the neutral control 
condition were found. Please however note that these comparisons with the no-agency 
control condition should be taken with some caution, as the sensory stimulation in this 
condition was slightly different (interval estimation between two sounds, instead of 
interval estimation between a button press and a sound), and thus the observed strong 
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binding effects could potentially also be due to some other binding mechanism (e.g. 
multisensory processing) unrelated to agency and intentionality. 

Nevertheless, our results indicate that intentional binding is not limited to the use of one’s 
own real hand but can also be induced by the use of an artificial hand. The known 
variability in results, where in some cases observed voluntary actions elicited intentional 
binding (Poonian & Cunnington, 2013; Wohlschläger, Engbert, et al., 2003; Wohlschläger, 
Haggard, et al., 2003), while in others it did not (Engbert et al., 2008), is also reflected in 
the present study. Whereas intentional binding was present in the congruent other-agent 
condition, intentional binding in the incongruent other-agent conditions, if present at all, 
was much weaker. Further research is necessary to address this issue in more detail. 
Interestingly, the degree of intentional binding did not vary in response to the position 
factor. Congruency of the artificial hand thus does not seem to be particularly important 
for the occurrence of intentional binding. This finding is contrary to the SoA questionnaire 
results where the perceived SoA level also depended on the position factor. Why hand 
positioning only affected explicit SoA evaluation but not intentional binding remains 
unclear, but may reflect that the concept of SoA was addressed differently on explicit and 
implicit levels. Whereas the intentional binding measure solely reflected the perceived 
time interval between button press and subsequent sound, the SoA questionnaire covered 
the experience of the finger movement itself. Hence, whereas embodiment may not be 
that crucial for pure action-onset/action-outcome registrations, it certainly contributes to 
the rich experience of action control. 

Another interesting aspect of the intentional binding investigation was the influence of 
the agent factor. We found a trend (p=.056) indicating that intentional binding was 
stronger in self-agent compared to other-agent conditions. While this effect awaits 
independent confirmation before firm conclusions can be drawn, we speculate that it 
reflects some aspect of the difference in the processing of self-generated vs. observed 
voluntary actions. This interpretation would corroborate Engbert et al.`s (2007; 2008) 
findings of stronger intentional binding in self-generated than observed voluntary actions, 
but would be in contrast to the previous evidence that reported no difference between the 
two action types (Poonian & Cunnington, 2013; Wohlschläger, Engbert, et al., 2003; 
Wohlschläger, Haggard, et al., 2003). Notably, the observed trend seemed to be mainly 
driven by differences in the two incongruent, that is disembodied, action conditions. 
Therefore it could be speculated that intentional binding is composed of some general 
causal inference mechanism  and some minor self-specific aspect and that this self-specific 
aspect of binding more strongly comes into play in disembodied situations where it is 
commonly harder to infer one`s own contribution into an action. 

The third research question investigated the association between implicit and explicit SoA 
levels. Overall, the two relevant measures were only weakly correlated. In our 
experiment, the major difference between implicit and explicit SoA assessment was that, 
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whereas time estimations were made immediately after each trial and thus did not 
involve any form of explicit agency reflection, the perceived SoA level was only assessed 
once after each block and therefore strongly relied on reflection, retrospection and long-
term memory usage. To be sure, the present work did not allow direct testing of 
dissociability between the two SoA levels. However, the poor association found is 
consistent with the idea of an implicit SoA level that primarily reflects pre-reflective, non-
conceptual monitoring of ongoing agency and an explicit SoA level that transcends the 
immediate situational context and implies reflective and postdictive aspects, such as long-
term memory processes and contextual cues (Synofzik et al., 2008a). There are potentially 
other reasons for the poor association found between the SoA measures. In addition to the 
hierarchical SoA levels, the two SoA measures also targeted different aspects of agency. 
Whereas the intentional binding measure reflects the time experienced between an action 
and its sensory outcome, the SoA questionnaire reflects those SoA aspects relating to the 
action performance itself, and not to what is accomplished by the action. Hence, whereas 
intentional binding captures intentional aspects of agency, the SoA questionnaire focusses 
more on experiences of motor control (Gallagher, 2007). A direction of future work may 
be the development of a questionnaire also tackling the experienced relationship between 
action and action outcome. 

Finally, we also investigated the relationship between the perceived SoO level and 
strength of the proprioceptive drift. The weak associations found are incompatible with 
former studies (Botvinick & Cohen, 1998; Kalckert & Ehrsson, 2012, 2014a; Sanchez-Vives 
et al., 2010) that actually found moderate to strong associations in similar RHI settings. 
Interestingly, other studies have reported only weak associations (see e.g. Carruthers, 
2013 for a discussion), or even dissociations between the two measures. Additionally 
functionally distinct brain areas have been reported for the SoO and for proprioceptive 
drift (Brozzoli, Gentile, & Ehrsson, 2012). Moreover, several theoretical accounts exist that 
argue in favour of at least two distinct components contributing to bodily self-
consciousness (Blanke, 2012; Blanke & Metzinger, 2009; Carruthers, 2013; Serino et al., 
2013). One refers to the “experience of owning a body”, or body ownership, as measured 
by the SoO questionnaire, and the other refers to the “experience of being a body with a 
given location within the environment”, or self-location, as measured by the 
proprioceptive drift (Serino et al., 2013). Although we normally perceive our bodily self in 
a unique and coherent way, the phenomenal unity of self-consciousness may not be 
monolithic (Longo & Haggard, 2012). We may for example subjectively identify ourselves 
with the artificial hand, but still perceive the position of the embodied artificial hand at 
the position of our real hand. The present work did not allow body ownership to be 
dissociated from self-location. Nevertheless, several studies have reported links between 
the two measures suggesting at least some degree or overlap in these two concepts. 
Therefore whether our two SoO measures indeed reflect two (partially) distinct concepts, 
or whether the apparent discrepancies in reported results relate more to differences in 
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operationalization or other methodology, remains unclear. While body ownership could 
not be explicitly dissociated from self-location, the reported SoO levels and the measured 
degrees of proprioceptive drifts were unrelated. Hence, our results appear plausible and 
consistent with the idea of separate or distinct facets of bodily self-consciousness. 

3.4.1 Conclusion 
This study demonstrates the feasibility of combining the intentional binding paradigm 
with the RHI. A vertical RHI-version was adapted in which the artificial hand`s index 
finger could move and was used for executing purposeful button presses. The results 
provide further evidence for a partial double dissociation between the SoA and SoO, for 
empirically distinct and non-reducible SoA levels and for differences of intentional-
binding processing between self-generated and observed voluntary actions. 
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Abstract Neurofeedback-guided motor imagery training (NF-MIT) has been 
suggested as a promising therapy for stroke-induced motor impairment. 
Whereas much NF-MIT research has aimed at signal processing optimization, 
the type of sensory feedback given to the participant has received less 
attention. Often the feedback signal is highly abstract and not inherently 
coupled to the mental act performed. In this study, we asked whether an 
embodied feedback signal is more efficient for neurofeedback operation than a 
non-embodiable feedback signal. Inspired by the rubber hand illusion, 
demonstrating that an artificial hand can be incorporated into one’s own body 
scheme, we used an anthropomorphic robotic hand to visually guide the 
participants’ motor imagery act and to deliver neurofeedback. Using two 
experimental manipulations, we investigated how a participant’s 
neurofeedback performance and subjective experience were influenced by the 
embodiability of the robotic hand, and by the neurofeedback signal’s validity. 
As pertains to embodiment, we found a promoting effect of robotic-hand 
embodiment in subjective, behavioural, electrophysiological and 
electrodermal measures. Regarding neurofeedback signal validity, we found 
some differences between real and sham neurofeedback in terms of subjective 
and electrodermal measures, but not in terms of behavioural and 
electrophysiological measures. This study motivates the further development 
of embodied feedback signals for NF-MIT. 
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4.1 Introduction 
Stroke is the leading cause of chronic motor impairment in adults, often resulting in hand 
weakness and loss of upper limb fine motor skills (Mirshoja, Pahlevanian, & Amoozadeh 
Khalili, 2015). To aid upper limb motor recovery, various interventions have been 
developed (Langhorne, Coupar, & Pollock, 2009). Constrained induced movement 
therapy is among the most thoroughly evaluated and most effective interventions. It 
encourages goal-directed, highly-repetitive movement with the paretic limb, while 
constraining the non-affected limb (Corbetta, Sirtori, Castellini, Moja, & Gatti, 2016; Taub 
& Wolf, 1997). It is, however, only applicable in patients with residual motor skills. For 
fully plegic patients, alternative interventions are needed, such as mirror visual feedback 
(MVF) (Ramachandran & Altschuler, 2009) or neurofeedback-guided motor imagery 
training (NF-MIT) (Soekadar, Birbaumer, Slutzky, & Cohen, 2015). These interventions do 
not require residual motor function, as they address motor recovery through mere motor 
simulation. Based on neurofunctional evidence demonstrating similar cortical activation 
patterns during motor execution and motor simulation, the common goal of these 
approaches is to induce motor-specific brain plasticity and reverse maladaptive, non-use 
based reorganization patterns, thereby contributing to motor recovery (Avanzino et al., 
2014; Ietswaart et al., 2011; Ramachandran & Altschuler, 2009).  

In MVF, the motor percept is bottom-up induced by the sensory stimulation of visual 
motion feedback (Ramachandran & Altschuler, 2009). The patient’s healthy limb is placed 
in front of a mirror with the paretic counterpart behind it, such that from the patient’s 
view, the healthy limb’s mirror reflection is superimposed on the paretic limb (Deconinck 
et al., 2015; Ezendam et al., 2009; Ramachandran & Altschuler, 2009). When asked to 
conduct predefined movements with the healthy limb and attend to the mirror reflection, 
many patients report a vivid movement illusion, in that they experience the paretic limb 
to be moving again. Apparently, the illusory experience of a sense of ownership (SoO) 
and sense of agency (SoA) for the moving hand in the mirror may transiently replace the 
paretic limb experience. The illusion however diminishes as soon as the healthy limb 
stops moving, or is pulled away. In classical MVF, limb motion feedback thus can only 
occur in the presence of concomitant movements with the contralateral, non-affected limb 
(Ramachandran & Altschuler, 2009). It is therefore also desirable to develop training 
regimes that provide unilateral isolated limb motion feedback without a mirror. Inspired 
by the rubber hand illusion (RHI) (Botvinick & Cohen, 1998), which shows that visuo-
tactile stimulation can induce a SoO over a static artificial hand, Caspar et al. (Caspar et 
al., 2014) developed an active RHI variant, in which limb motion feedback is provided via 
the movements of an anthropomorphic robotic hand. Likewise, several virtual reality 
studies have been reported, in which limb motion feedback is provided via head-mounted 
displays (Sato et al., 2010; Slater et al., 2009). 
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In NF-MIT, the desired motor percept is top-down generated by cognition, since here the 
participants self-induce the motor percept by mental rehearsal alone (Sharma, Pomeroy, & 
Baron, 2006). The online feedback is typically based on event-related desynchronization 
(ERD), a MI-related decrease in 8-30 Hz oscillatory brain activity over the sensorimotor 
areas (Pfurtscheller et al., 2006). While popular in the context of brain-computer interfaces, 
the type of sensory feedback provided to the participant during MI has received less 
attention. In most NF-MITs, the feedback signal is rather abstract and not inherently 
coupled to the mental act performed (Lotte et al., 2013). Only recently, virtually-presented 
limbs, ortheses or rehabilitation robots have been used to convey the neurofeedback 
signal (Gomez-Rodriguez et al., 2010; Ono, Kimura, & Ushiba, 2013; Perez-Marcos et al., 
2009; Pichiorri et al., 2015; Ramos-Murguialday et al., 2012), but how strongly these setups 
induce SoO and SoA, and how important these concepts are for NF-MIT is poorly 
understood. 

As stated above, in NF-MIT the motor percept is self-constructed by mental imagery 
whereas in MVF it is bottom-up induced by the sensory input. Whereas in MVF, much of 
the cognitive workload can be offloaded onto the mirror, more mental effort is required in 
NF-MIT (M. Wilson, 2002). Given the fact, that stroke-induced motor impairment seldom 
comes in isolation, but is typically accompanied by cognitive impairment (Cengic, Vuletic, 
Karlic, Dikanovic, & Demarin, 2011), sensibility loss (Scalha, Miyasaki, Lima, & Borges, 
2011; Winward, Halligan, & Wade, 2007) or MI ability impairment (De Vries et al., 2013), 
the question thus is which patients are actually still able to perform MI with their paretic 
body side (Dettmers et al., 2012; Liepert et al., 2012), and when is a bottom-up motor 
percept induct more applicable. Whereas in NF-MIT the patient is supported by a 
neurofeedback signal, which helps to perform the mental act and facilitates imagery-
induced motor cortex activation (Zich, Debener, De Vos, et al., 2015; Zich, Debener, 
Kranczioch, et al., 2015), no neurofeedback signal can typically be provided in MVF. The 
aim of the present study was therefore to develop a new NF-MIT that integrates the 
positive aspects of MVF. Inspired by the RHI, we developed an anthropomorphic robotic 
hand to visually guide the participant’s MI act and deliver embodied neurofeedback. We 
predicted that an embodied feedback signal closely resembling the mental act performed 
should be more intuitive for neurofeedback operation than non-embodiable feedback and 
therefore should also lead to a better NF-MIT performance (Ono et al., 2013). As an 
artificial hand is known only to induce SoO, if it is placed in an anatomically-congruent 
position (Braun, Thorne, Hildebrandt, & Debener, 2014; Kalckert & Ehrsson, 2012, 2014a), 
we tested the hypothesized benefit of embodied feedback by comparing neurofeedback 
delivered by the artificial hand in a congruent position with that delivered in an 
incongruent position. We also asked whether NF-MIT performance and SoA depend on 
the validity of the neurofeedback signal. This was done by including a sham feedback 
condition in which the provided feedback was not based on real-time brain activity. 
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4.2 Materials and Methods 
4.2.1 Participants 
Twenty-five participants (9 females; all aged 20-30) were recruited for the study. 
Individuals were required to have normal or corrected-to-normal vision, a relatively large 
hand size (hand breath > 10 cm; hand length > 17.5 cm), no known history of psychiatric 
or neurological disorders, and were not taking psychoactive medication. All participants 
gave written informed consent, were paid for their participation and were naive to the 
purpose of the study. In addition, none of the participants had previous experience with 
neurofeedback or the RHI. The experiment was conducted in accordance with the 
Declaration of Helsinki and was approved by the University of Oldenburg ethics 
committee. Four participants had to be excluded from the statistical analysis, three due to 
technical malfunctioning and one for failing to follow task instructions. 

4.2.2 Overview 
The full experiment consisted of two recording sessions conducted on two separate days 
within one week. On the first day, several questionnaires were administered and 
participants became acquainted with the overall MI task (see Section 4.2.6). On the second 
day, the actual NF-MIT took place. 

4.2.3 Apparatus 
The experimental set-up was adapted from the RHI-paradigm (Botvinick & Cohen, 1998) 
and is depicted in Figure 10. The participant sat in front of a rectangular table (50 x 60 
cm), resting both arms on a table. The right hand and lower arm were covered with a 
black box so that they were not visible. The anthropomorphic robotic hand was placed 
directly medially aside the participant’s real right hand, adjacent to the black box. 
Depending on the conditions, the robotic hand was placed in either an anatomically 
correct position (congruent condition) or was rotated by 180°, with the fingers pointing 
towards the participant (incongruent condition). The horizontal distance between the 
robotic hand and the participant’s real right hand was kept as small as possible and 
amounted to approximately 7.5 cm. The robotic hand was covered with a thin-gauge 
garden glove and the participants wore an identical glove on their right (unseen) hand. 
On the left side, the participants either also wore a glove, or the hand was covered by a 
towel. Throughout the experiment, a blanket covered the participant’s shoulders and arm 
and the space between the robotic hand and the participant’s body, thereby facilitating the 
visual impression that the robotic hand could be the participant’s own hand (see Figure 
10). 
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Figure 10: Study design. As in the classical rubber hand illusion, participants placed 
their right hand into a black box, whereas the robotic hand was placed in direct vision 

in front of the participant. During training, participants kinaesthetically imagined 
flexion-extension movements in spatio-temporal synchrony to the flexion-extension 
movements of the robotic hand. A small LED thereby announced the beginning of 

each new MI trial. During feedback, the participants again imagined flexion-extension 
movements. This time, however, the robotic hand only moved, if the classification 
algorithm detected the participant’s momentary MI brain state, or 5 seconds were 

over. The neurofeedback loop was thus implicitly encoded in the robotic hands 
movements. To test whether the participants had incorporated the robotic hand into 

their own body schema, a syringe was pricked into the robotic hand after each 
feedback run, and the participant’s subjective level of authorship and ownership 

towards the robotic hand was documented. 

The robotic hand was assembled by one of the authors (NB) using mechanical 
components, mostly created using 3D printing technology based on an online 3D hand 
template (Langevin, 2016) (for further details, see http://inmoov.fr/hand-and-forarm/). 
Fully opened the robotic hand measured 18 cm in length. Effort was made in optimizing 
the robotic hand, aiming for both a realistic appearance and realistic motion behaviour. 
The finally used version of the robotic hand closely resembled a typical male human hand 
in terms of shape and size, and natural open-close movements could be realistically 
mimicked. The robotic hand movements were mechanically realized by five small 6V 
servos, one for each digit. The servos were located approximately 1 m away in a separate, 
sound shielded box. To prevent residual mechanical noise to be audible, participants wore 
earplugs throughout the experiment. The microcontroller (Arduino mega 2560) 
controlling the servos was connected to a control computer via serial port (baudrate: 
9600), and allowed us to control the robotic hand movements directly from Matlab R2012a 
(Mathworks, Natick, MA, USA). A time delay of less than 200 ms was achieved between a 
Matlab motor command and actual robotic hand movement onset. 
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4.2.4 Design 
A 3 x 2 factorial design was used for the behavioural analysis and most remaining 
analyses were fractional subsets of this overall design. The two within-subjects factors 
were condition and phase. The condition factor consisted of the levels congruent, 
incongruent and sham, the phase factor of the levels training and feedback. The congruent 
level only differed from the incongruent level in the positioning of the robotic hand; it 
was either placed in anatomical congruency to the participant’s real hand, or rotated by 
180°. The sham feedback condition was identical to the congruent feedback condition, 
except that here the provided neurofeedback was based on a replay of previously 
recorded data from the same participant (details below).  

4.2.5 Procedure 
Day 1, as stated above, consisted of questionnaires and familiarization. For task 
familiarization, participants completed one full training phase (see below) for each 
condition. No neurofeedback, however, was provided. The experiment on day 2 took 
place in a dimly-lit, sound-attenuated recording booth. The experiment consisted of three 
experimental blocks, each of them following the same within-block structure. Each block 
began with a training phase where the participants conducted the MI task in temporal 
synchrony with computer-controlled robotic hand movements. This was done to allow 
the participants to perceptually bind together the mental act and the robotic hand 
movement. Afterwards a short structured interview was conducted, to document the 
participant’s subjective experience during this phase. After the interview, which lasted 
approximately three minutes, the feedback phase started. Here the participant continued 
with the same MI task as before, except that now the robotic hand movements depended 
on the current (or replayed) brain activity; or, more precisely, on the mental state 
estimations of the classification algorithm. Finally, immediately after the feedback phase, 
the experimenter came again into the recording booth and pricked the robotic hand with a 
medium-sized syringe (length of needle: 2.5 cm). Afterwards the same interview as 
following the previous block was conducted. Block order effects were counterbalanced 
across participants, although the sham block was never conducted before the congruent 
block. This was necessary, because in the sham feedback phase, the robotic hand’s 
movement behaviour was implemented as a replay of the preceding congruent feedback 
phase. 

4.2.6 Training phase 
The training phase was conducted on days 1 and 2. On day 1, it was used to acquaint the 
participant with the overall MI task. On day 2, a training phase (see Section 4.2.2) was 
included not only for training the classifier, but also for RHI-induction and as a mental 
preparation for the subsequent feedback phase. To enable successful RHI induction and at 
the same time keep the trial structure between the training and feedback phase as similar 
as possible, robotic hand movements were included in the training phase. Apart from the 
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experimental manipulation of the condition factor, each training phase was identically 
structured with a duration of 12 min and consisting of approximately 85 trials. Each trial 
lasted around 8.5 seconds and began with a jittered 4-6 seconds rest period during which 
the participant was instructed to relax. These values were chosen based on our lab 
experience, pilot data and former studies (Zich, Debener, De Vos, et al., 2015; Zich, 
Debener, Kranczioch, et al., 2015). The robotic hand was in the open state during this 
period and did not move. After the rest period, a small LED indicated to the participant to 
prepare for the following MI period, which began 300 ms later. The MI period lasted 3 
seconds. During the MI period, the robotic hand first flexed and immediately extended 
again its fingers, and the participant was required to concomitantly imagine the same 
movement with his or her right hand. One flexion-extension cycle of the robotic hand 
lasted 3 seconds. The instruction was to imagine the movement kinaesthetically from a 
first person perspective, in spatio-temporal synchrony with the robotic hand movement. 

4.2.7 Feedback phase 
The trials within the feedback phase were identically structured to the trials in the 
training phase, except that now the robotic hand movements depended on the classifier’s 
ongoing brain state estimations. During the rest period, no robotic hand movement 
occurred and the period was prolonged until the classifier detected the desired resting 
brain state, or 5 seconds had passed. Thus after a maximum of 5 seconds rest period 
prolongation, the LED was switched on again, cueing the beginning of the next MI period. 
During the MI period the robotic hand movement onset was delayed until the classifier 
detected the desired MI brain state, or alternatively, 5 seconds had passed. Afterwards the 
robotic hand started moving again, even if the classifier had not (yet) detected the MI 
brain state. This was done to keep the participants motivated even if the MI brain states 
could not be detected. Overall, the neurofeedback loop was thus implicitly encoded in the 
delay between the participant’s MI-act and the resulting robotic hand movement. The 
better the performance was, the shorter was the introduced time interval between the MI 
act and the robotic hand movement, and thus, the more favourable was the temporal 
congruency, which helps in inducing the RHI (Kalckert & Ehrsson, 2012; Samad, Chung, 
& Shams, 2015). 

4.2.8 EEG-based feature extraction and classifier training 
To enable neurofeedback, one classifier discriminating rest from MI periods was used for 
each feedback phase. Each classifier was based on the EEG data of the corresponding 
training phase and was calculated just before the start of the feedback phase. The classifier 
for the sham feedback phase was not used for online neurofeedback, but later used for 
performance evaluation. EEG data were collected from 59 scalp sites using an elastic cap 
(EASYCAP, Herrsching, Germany). Using two BrainAmp DC amplifiers (BrainProducts 
GmbH, Herrsching, Germany), the continuous EEG signal was digitized via Lab 
Streaming Layer (LSL; https://code.google.com/p/labstreaminglayer) with a sampling rate 
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of 200 Hz. The nose-tip served as reference and a central fronto-polar electrode as ground. 
EEG data were analysed with EEGLAB (Delorme & Makeig, 2004) and BCILAB (Kothe & 
Makeig, 2013). An adaptation of BCILAB’s pre-built ParadigmCSP class (Kothe & Makeig, 
2013) was used as the learning algorithm. In this paradigm, class-specific changes in the 
sensorimotor rhythm are extracted by means of common spatial pattern (CSP) analysis. 
Given two time windows of a multivariate signal, the CSP algorithm seeks to find spatial 
filters that maximize the variance for one class and simultaneously minimize the variance 
for the other class (Blankertz et al., 2008; Ramoser et al., 2000). To derive these CSP filters, 
the EEG data were first split into one dataset containing rest period segments (last 2 
seconds) and one dataset containing MI period segments (first 2 seconds). Artifactual 
trials (around 20%) were identified and rejected using built-in EEGLAB functions, because 
the CSP algorithm is known to be sensitive to outliers (Blankertz et al., 2008). After artifact 
rejection, the two datasets were 8-30 Hz bandpass-filtered, and their covariance matrices 

were calculated. Defining RΣ and MΣ as the covariance matrices of the rest and MI 
segments, the CSP filters were derived by solving the following generalized eigenvalue 
problem:  

DWW MRR ⋅⋅Σ+Σ=⋅Σ )( , 

Where D is a diagonal matrix containing the generalized eigenvalues of RΣ and MΣ on its 

diagonal, and W is a matrix containing the generalized eigenvectors of RΣ and MΣ , i.e. the 
CSP filters. 59 CSP filters were derived by this procedure and their corresponding CSP 
patterns by the pseudoinverse of .W  The first four and last four CSP components 
(promising high class-discriminability) were manually inspected based on their spatial 
filter and pattern topography and associated time course. Physiologically plausible CSP 
components showing a clear ERD-pattern (Pfurtscheller & Lopes da Silva, 1999) were kept 
(group average: 1.76 components) and CSP-filtered time series segments (CSP segments) 
were calculated by multiplying each EEG segment from the two datasets with each 
selected CSP-filter. The log-variance of each CSP segment was used as a feature value. 
The number of feature values in the feature vector was thus the same size as the number 
of CSP filters used. To obtain probabilistic class estimates, a regularized logistic regression 
model was used for classifying rest periods vs. MI periods. 

4.2.9 Online data flow and classification 
For online data flow and classification during the congruent and incongruent feedback 
phase, LSL and BCILAB were used. EEG online data were acquired by LSL and accessed 
from within BCILAB. During the neurofeedback interval, the classifier was repeatedly 
consulted every 50 ms (operating on the most recent 2-second EEG segment) until it 
reliably detected the desired brain state, or 5 seconds had passed. Feature values were 
calculated as before during classifier training. To reduce the likelihood that the classifier 
randomly guessed the right state, the classifier vote for a correct brain state estimate was 
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only accepted if its probability estimate was higher than 70%. For feedback provision 
during the sham feedback phase, the participant’s individual neurofeedback performance 
during the preceding congruent feedback phase was replayed. This resulted in near 
identical feedback between the congruent and the sham feedback condition. 

4.2.10 Performance evaluation 
Online classification accuracies were calculated for all three feedback conditions using the 
same time windows as used for classifier training. In addition, sensitivity and specificity 
values were calculated. Sensitivity was defined as the percentage of correctly identified 
MI phases and specificity as the percentage of correctly identified rest phases. Moreover, 
for the congruent and incongruent feedback phases, the average detection time, which 
was defined as the time that elapsed from period onset until the classifier detected the 
desired brain state in the EEG, was separately documented for rest and MI periods. Only 
those trials were considered where the classifier detected the respective rest or MI period 
within 3s (approx. 70% of the trials). 

4.2.11 Questionnaire data 
A 10-item questionnaire was adopted from previous studies (Braun et al., 2014; Kalckert & 
Ehrsson, 2012) and used for the assessment of subjective experience (Table 6).  

Table 6: Questionnaire for assessment of subjective experience. 

Category Statement 

Sense of Ownership I felt as if the robotic hand was my own hand. 
I felt as if the robotic hand was part of my body. 

Sense of Ownership 
(control question) 

I felt as if I no longer had a right hand, as if I my right hand 
had disappeared. 

Sense of Agency I felt as if I was controlling the movements of the robotic 
hand. 
Whenever I imagined a movement, the robotic hand started 
moving. 

Sense of Agency 
(control question) 

I felt as if the robotic hand were controlling my will. 

Experiential Realness My imagined movements felt as vivid and real as if they had 
actually happened. 
My imagined movements appeared as clear and detailed to 
my mind’s eye, as if they actually happened. 

MI-action binding I felt as if my imagined movements were happening at the 
position where the robotic hand was actually located. 
I experienced my imagined movements and the movements 
of the robotic hand to be inseparably linked with each other. 

The questions were read by the experimenter at the end of each block and the participants 
indicated their level of agreement on a 7-point Likert scale, ranging from –3 (“totally 
disagree”) to +3 (“totally agree”). Four phenomenal target properties were 
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operationalized: The SoO, SoA, Experiential Realness (ER) and MI-action binding (MIAB). 
The SoO was defined as the illusory feeling of “mineness” towards the robotic hand and 
the SoA as the subjective amount of authorship over the robotic hand behaviour. ER was 
defined as how vivid and real the own MI act was experienced and MIAB as how strongly 
the self-induced MI percept and the robotic hand motion percept felt being bound 
together. Two statements were used for each phenomenal target property (see Table 6) 
and later averaged to obtain a single value for each property, subject and condition. The 
remaining two statements served as control statements. One related to the SoA (“I felt as 
if the robotic hand were controlling my will.”) and one to the SoO (“I felt as if I no longer 
had a right hand, as if I my right hand disappeared."). The control statements included 
illusion-related statements, but did not specifically capture the phenomenal experience of 
self-agency or limb ownership. Hence, with successful SoA induction, the SoA-related 
questions should have high affirmative ratings whereas the SoA control question should 
not be specifically affected by the respective experimental manipulation. Likewise, with 
successful SoO induction, the SoO related questions should have high affirmative ratings, 
whereas the ratings for the SoO-control question should remain unaffected. All statements 
appeared in a pseudo-randomized order. As in former studies (Braun et al., 2014; Ehrsson 
et al., 2004; Kalckert & Ehrsson, 2012) the illusion criterion for the SoO and SoA was set to 
>=+1. Hence, an average score >=+1 was interpreted as affirmation of the respective SoO or 
SoA experience for the respective participant. 

4.2.12 EEG offline analysis 
EEG offline analysis focused on temporo-spectral differences between the congruent and 
incongruent conditions. EEG data artifact attenuation was performed using extended 
infomax independent component analysis (Bell & Sejnowski, 1995; Delorme & Makeig, 
2004) (ICA). The ICA-corrected data were segmented from -2.4 to 4.4s, relative to the 
onset of the MI period. Segments containing unique, non-stereotyped artifacts were 
identified by built-in EEGLAB functions and rejected. From each remaining EEG 
segments, a corresponding CSP segment was calculated by multiplying the data with a 
chosen, cross-conditional CSP-filter. Cross-conditional CSP-components were used 
instead of condition-specific CSP components to avoid condition differences in the ERD 
that were due to different spatial filters. To obtain a unique CSP-component for each 
participant, all 59 potential CSP components were first derived from the congruent-train 
and incongruent-train phase segments (as described above) and then only the 
physiologically most plausible CSP component was kept. A time-frequency (TF) analysis 
was performed on the CSP segments. Using a continuous Morlet wavelet transform 
(Debener et al., 2005; Thorne, De Vos, Viola, & Debener, 2011), two-dimensional TF 
windows were calculated for each CSP segment. The obtained frequency bins ranged 
from 5 to 50 Hz in 1 Hz frequency steps. To avoid edge-artifacts, the original TF data were 
reduced from -2s to +4s relative to MI onset. Percent power change from baseline values 
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were calculated for each pixel by squaring the vector length, scaling it to decibels (10 x 
log10) and calculating its change in power, relative to the mean power of its respective 
frequency bin between -2s to -0.5s. For the statistical analysis, ERD values were extracted 
for each condition and phase by taking the mean percent log power changes across trials 
between 10 and 25 Hz (the frequency range, where most of our participants showed the 
strongest desynchronization), averaged over a 2 seconds time interval beginning 250ms 
after MI onset. 

4.2.13 Phasic electrodermal activity 
Electrodermal activity (EDA) was recorded during syringe application and used as an 
implicit measure of robotic hand embodiment (Alimardani, Nishio, & Ishiguro, 2013, 
2014; Ocklenburg, Rüther, Peterburs, Pinnow, & Güntürkün, 2011). Based on previous 
work, we expected a stronger skin conductance response in the congruent than 
incongruent feedback phase. EDA recordings were conducted by following previously 
established criteria (Boucsein et al., 2012). Two sintered silver/silver chloride (Ag/AgCl) 
electrodes were filled with a sodium chloride (NaCl) paste and were attached to the index 
and middle fingers of the right hand. Electrode contact areas were approximately 7 mm in 
diameter. The continuous EDA signal was analog filtered from 0 to 200 Hz and digitized 
with a sampling frequency of 200 Hz (0.006 μS resolution). EDA data were analysed with 
the software LEDALAB v3.4.3 (Benedek & Kaernbach, 2010a, 2010b), which implements a 
continuous decomposition analysis (CDA). CDA deconvolves the data and decomposes 
phasic from tonic portions of EDA (Benedek & Kaernbach, 2010a, 2010b). The resulting 
phasic EDA was considered and segmented from -6s to +11s relative to the application of 
the syringe. The segments were baseline-corrected by calculating the percent amplitude 
change, relative to the average EDA of the first 2-second time interval. For statistical 
analysis, the mean phasic EDA response (in %) was calculated for the +3 to +9 seconds 
interval, relative to syringe application. 

4.2.14 EMG analysis 
To confirm that participants followed task instructions and avoided condition-specific 
limb movements electromyography (EMG) activity was recorded with two EMG channels 
(Musculus flexor digitorum superficialis, antecubital fossa) using a bipolar montage and 
compared between rest and MI phases. For each subject, single-trial RMS values were 
separately calculated for each rest and movement period and then a t-test was performed 
to explore statistical differences (α = 0.01) between conditions. Condition-specific 
movements were found in one subject (t(86) = -3.40; p < .001) who was consequently 
removed from further analysis. 

4.2.15 Statistical analysis 
The experiment included eight dependent variables (accuracy, detection time, SoA, SoO, 
ER, MIAB, ERD and phasic EDA) and two control variables (SoO control scores, SoA 
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control scores). To statistically test whether classification accuracies were above chance-
level a binomial statistic with a confidence limit of p = 0.05 was used (Billinger et al., 
2012). For the group analysis, classification accuracies were statistically analysed by a 
nonparametric one-way Friedman test with the factor condition (congruent, incongruent, 
sham), and then followed up by pairwise Friedman comparisons. Detection times were 
analysed by a two-way repeated measures ANOVA with factors condition (congruent vs. 
incongruent) and period (rest vs. MI). Phasic EDA responses were analyzed using a one-
way repeated-measures ANOVA with the factor condition (congruent, incongruent, 
sham). For SoA and SoO, evaluation control statements were available. These statements 
allowed us to test how specific the experimental manipulations were, that is, whether the 
manipulations only affected the illusion-specific statements or also those statements that 
went beyond the mere phenomenal experience of ownership or agency. To statistically 
validate this, t-tests were performed comparing the SoO values and SoO control values of 
the congruent, incongruent and sham training phases and the SoA and SoA control values 
of the congruent, incongruent and sham feedback phases. For each phenomenal target 
property (SoO, SoA, ER, MIAB), a two-way repeated measures ANOVAs with the two 
factors condition (congruent, incongruent, sham) and phase (training vs. feedback) was 
conducted. Where applicable, interaction effects were followed up by pairwise t-tests. 
Additionally, to study the relationship between these measures, correlation coefficients 
were calculated across condition levels for each possible pair (21) of measures. The 
coefficients were obtained by calculating the mean value across conditions for each 
variable and participant, and then calculating the correlation coefficient for these mean 
values. To avoid type 1 errors due to multiple comparisons, Bonferroni correction was 
applied (alpha = 0.05/21 = .0024). 

4.3 Results 
4.3.1 Classification accuracies 
Overall classification accuracies and detection times are depicted in Figure 2.  
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Figure 11: Performance analysis.  Upper panel. Classification accuracies of each 
participant for each feedback phase. Asterisks indicate, whether the respecting 
classification accuracy was above the statistical chance (p = .05) level, or not. Lower 
left panel. Boxplots of median classification accuracies, sensitivity rates and specifity 
rates across subjects and for each feedback phase. Lower right panel. Mean detection 
times across subjects, separated for rest and MI periods. 

Classification accuracies were significantly above chance level (α = 0.05) in 48 of the 63 
cases (76%). On average, the classification accuracies were 72% for the congruent feedback 
phase, 65% for the incongruent feedback phase and 67% for the sham feedback phase. A 
Friedman test revealed no significant effect for condition (Chi-quadrat = 4.09; df = 2, n = 
21; p = .129). To get a better understanding of the classifier’s strengths and weaknesses, 
the classifier’s sensitivity and specificity rates were also calculated (see Figure 11). The 
specificity rates were around 65% in all three conditions, whereas the sensitivity rate 
amounted to around 77% in the congruent, 69% in the sham and 64% in the incongruent 
feedback condition. A 3 x 2 repeated-measures ANOVA with the factors condition and 
performance (sensitivity, specifity) revealed a main effect of condition (F(1,20) = 6.02; p = 
.023) and an interaction (F(2,40) = 5.43; p = .030), but no main effect of performance (F(1,20) 
= 0.47; p = .500). The interaction was followed up by pairwise comparisons of the 
sensitivity rates, which revealed that sensitivity rates were higher in the congruent than 
incongruent condition (t(20) = 3.11; p = .005). No significant differences were found 
between congruent and sham (t(20) = 1.49; p = .150) or between incongruent and sham 
(t(20) = -.713; p = .484). 

4.3.2 Detection times 
Detection times were relatively low in the congruent (M = 0.51 s; SD = 0.28 s) and 
incongruent rest periods (M = 0.52 s; SD = 0.37 s) and higher in the congruent (M = 2.35 s; 
SD = 1.06 s) and incongruent MI periods (M = 2.80 s; SD = 1.19 s). A 2 x 2 repeated 
measures ANOVA revealed a main effect of period (F(1,20) = 4.52; p < .046) indicating that 
the detection times for the rest periods were lower than for the MI periods. Likewise, a 
main effect of condition (F(1,20) = 73.21; p < .001) was found indicating that the detection 
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times were lower in the congruent than incongruent condition. In addition, a significant 
interaction between period and condition was found (F(1,20) = 4.38; p = .049). The 
interaction was followed up with post hoc t-tests. Significant effects were found for 
congruent-rest vs. congruent-move (t(20) = -7.59; p < .001), incongruent-rest vs. 
incongruent-move (t(20) = -7.97; p < .001), congruent-move vs. incongruent-move (t(20) = -
2.21; p < .039), but not for congruent-rest vs. incongruent-rest (t(20) = -0.132; p < .896). 

4.3.3 Sense of Ownership 
Questionnaire data are shown in Figure 12. The a priori defined SoO induction criterion 
(+1) was met in the congruent train phase (M = 1.40; SD = 1.03), congruent feedback phase 
(M = 1.54; SD = 1.40), sham train phase (M = 1.30; SD = 1.56) and sham feedback phase (M 
= 1.30; SD = 1.17). Aversive illusion ratings were given for the incongruent train phase (M 
= -1.14; SD = 1.68) and incongruent feedback phase (M = .83; SD = 1.94). The t-tests 
between the SoO values and SoO control values were significant for the congruent (t(20) = 
2.48; p = .017) and sham training condition (t(20) = 2.48; p = .017), but not for the 
incongruent training condition (t(20) = 0.85; p = .395). This confirms the illusion-specificity 
of the experimental manipulation. A 3 x 2 repeated measures ANOVA revealed a 
significant main effect for condition (F(2,40) = 39.49; p < .001), but no main effect for phase 
(F(1,20) = 0.57; p = .456) nor an interaction effect (F(2,40) = 0.43; p = .653). A planned t-test 
revealed a significant effect for congruent vs. incongruent conditions (t(20) = 7.14; p < 
.001), in that the SoO was reported to be higher in the two congruent conditions as 
compared to the two incongruent conditions. No significant effect was found for 
congruent feedback vs. sham feedback (t(20) = 1.05; p = .303). 
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Figure 12: Subjective analysis.  Mean (+SEM) questionnaire ratings for each 
experimental condition. For the sense of ownership and agency assessment, control 

questions were available. The results for these questions are indicated by light colours. 

4.3.4 Sense of Agency 
The a priori defined SoA induction criterion was reached in the congruent training phase 
(M = 1.11; SD = 1.03), congruent feedback phase (M = 1.59; SD = 1.22) and sham training 
phase (M = 1.07; SD = 1.58), but not in the incongruent train phase (M = .66; SD = 2.21), 
incongruent feedback phase (M = -.35; SD = 1.76) or sham feedback phase (M = .78; SD = 
1.98). The t-tests between the SoA values and SoA control values were significant for the 
congruent feedback (t(20) = 6.04; p < .001), incongruent feedback (t(20) = -2.67; p = .010) 
and sham feedback condition (t(20) = -3.67; p < .001). This indicates that under all forms of 
feedback, the participants clearly mentally isolated their SoA experience from other 
experiential forms of agency. A 3 x 2 repeated measures ANOVA revealed a significant 
main effect for condition (F(2,40) = 5.60; p = .007), but no main effect of phase (F(1,20) = 
0.01; p = .911) nor an interaction effect (F(2,40) = 2.32; p = .111). A planned t-test revealed a 
significant difference between congruent and incongruent conditions (t(20) = 3.22; p<.004), 
reflecting that the SoA was higher in the two congruent as compared to the two 
incongruent conditions. Only a trend effect was found for congruent feedback vs. sham 
feedback (t(20) = 1.88; p = .075).  

4.3.5 Sham feedback detection 
After the experiment, we disclosed to the participants that one of the two feedback 
conditions in which the hand was in anatomical alignment was a sham feedback 
condition. Fourteen of the 21 participants correctly identified the sham condition (67%; 
one-tailed binomial test: p = .094). 
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4.3.6  Experiential Realness 
ER was reported to be high (between 1.21 and 1.80) in all conditions. A 3 x 2 repeated-
measures ANOVA with the factors condition and phase revealed a significant main effect 
of condition (F(2,40) = 5.71; p = .007), but no main effect of phase (F(1,20) = 0.13; p = .716) 
and no interaction (F(2,40) = 0.14; p = .866). A planned t-test revealed a significant 
difference between congruent and incongruent conditions (t(20) = 2.74; p < .013), in that 
the ER was reported to be higher in the two congruent conditions (M = 1.80; SD = .74) as 
compared to the two incongruent conditions (M = 1.27; SD = 1.31). No significant 
difference was found between congruent and sham feedback (t(20) = 0.56; p = .576). 

4.3.7 MI-action binding 
MIAB was reported to be affirmative in the two congruent conditions (M = 1.26; SD = .95) 
and in the two sham conditions (M = 1.34; SD = 1.20) and to be around zero in the two 
incongruent conditions (M = -0.21; SD = 1.65). A 3 x 2 repeated-measures ANOVA 
revealed a significant main effect of condition (F(2,40) = 33.60; p = .001), but no main effect 
of phase (F(1,20) = 2.03; p = .169) and no interaction effect (F(2,40) = 0.27; p = .759). A 
planned t-test revealed a significant difference between congruent and incongruent 
conditions (t(20) = 5.54; p < .001), in that the MIAB was higher in the two congruent 
conditions as compared to the two incongruent conditions. No significant difference was 
found for congruent feedback vs. sham feedback (t(20) = 0.00; p = .999). 
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4.3.8 Electrophysiological results  
ERD time frequency plots and ERD values across subjects are shown in Figure 13.  

 

Figure 13: Time frequency analysis. Top panels. Time frequency plots showing 
percentage change in power from baseline for the training phase of the congruent 
condition (first column), incongruent condition (second column) and the difference 
(third column). Bottom panels. Time frequency plots for feedback phase showing 
congruent and incongruent conditions and the difference, as for the training phase. 
Vertical dashed red lines indicate time window of interest. Line plots below the time 
frequency plots indicate power averaged across frequencies from 10 to 25 Hz. Bottom 
right. Summary data averaged across latencies from 0.25 ms to 2.25 seconds and 
frequencies from 10 to 25 Hz. 

As can be seen from Figure 13, a clear reduction of ERD power from 8 to 30 Hz is evident 
at onset of the MI period. Thus, the expected ERD pattern was clearly evident in both 
congruent and incongruent conditions. A condition x phase repeated-measures 2 by 2 
ANOVA revealed a main effect of condition (F(1,20) = 12.09; .002), with stronger ERD in 
the congruent than incongruent conditions. A main effect of phase (F(1,20) = 4.30; p = .051) 
was also found, with stronger ERD during the training phase as compared to the feedback 
phase. No significant interaction effect was found (F(1,20) = 2.78; p = .111).  

4.3.9 Phasic EDA 
Phasic EDA responses are shown in Figure 14. As can be seen, a phasic increase of EDA 
shortly after the injection of the syringe was present in all three conditions. In the 
congruent condition the phasic EDA increase was 1038% (SD = 1318), in the incongruent 
condition 432% (SD = 664) and in the sham condition 640% (SD = 817). A one-way 
repeated-measures ANOVA revealed a main effect of condition (F(2,32) = 4.95; p=.013). 
Planned pairwise comparisons were conducted for each condition pair. A significantly 
stronger phasic EDA response was found in the congruent condition as compared to the 
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incongruent condition, (t(16) = 2.67, p=.016). A trend effect was found for a stronger phasic 
EDA response in the sham condition than in the incongruent condition (t(16) = 1.87; 
p=.079), but no significant difference emerged between the congruent and sham condition 
(t(16) = -1.52; p = .148). 

 

Figure 14: Phasic EDA responses. Left panel. Phasic EDA responses during syringe 
application. Although a phasic EDA response was observable in all conditions, the 
strongest increase (fear response) was clearly observed in the congruent feedback 

condition. Right panel. Mean phasic EDA response between 3 and 9 seconds. 

4.3.10 Relationships between the measures 
Significant correlations passing the Bonferroni adjustment (alpha = 0.0024) were found 
between SoO and ER (r = .793; p < .001), SoO and MIAB (r = .878; p < .001), SoA and ER (r = 
.740; p < .001), SoA and MIAB (r = .776; p < .001), and between ER and MIAB (r = .878; p <. 
001). Descriptively, high correlations were also found between SoO and SoA (r = .577; p = 
.006), detection time and SoA (r = -.503; p = .020), and classification accuracy and detection 
time (r = -.583; p = .005), but here the p-values did not survive Bonferroni correction. No 
significant correlations were found for any of the remaining measures. 

4.4 Discussion 
We developed a new NF-MIT that employs an embodiable neurofeedback signal. Inspired 
by the RHI, we used an anthropomorphic robotic hand to visually guide the participant’s 
MI act and to deliver neurofeedback. Using two experimental manipulations, we 
investigated how the participants’ neurofeedback performance and subjective experiences 
were influenced, firstly, by embodiment of the robotic hand and, secondly, by the validity 
of the neurofeedback signal. In the following, the general feasibility of the study will first 
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be briefly summarized and then the results of the two experimental manipulations 
discussed in detail. 

The general feasibility of the present approach is shown in three ways. First, a SoO for the 
robotic hand could clearly be induced in 71% of our subjects. This shows that a RHI does 
not necessarily require synchronous stroking or movement of the artificial and 
participant’s real hand, but can also be induced by imagined limb movements in 
approximate synchrony to observed robotic-hand movements. This effect has so far only 
been systematically documented for a virtually-presented hand (Alimardani et al., 2013; 
Perez-Marcos et al., 2009), but it bears similarity to the movement illusions described for 
MVF (Ramachandran & Altschuler, 2009). Second, the expected ERD pattern of a right-
handed MI task was evident in most individuals and served as the physiological basis for 
the classification algorithm. Third, in line with previous studies (Ono et al., 2013), most 
individuals (76%) achieved a modest but higher than the statistical chance level online 
classification accuracy. 

We systematically compared the effects of neurofeedback when provided by the 
movements of an anatomically congruently positioned robotic hand with those using an 
incongruently-positioned robotic hand. Clear effects of the embodiment manipulation 
were found in subjective, electrodermal, behavioural and electrophysiological measures, 
as described below.  

Higher affirmative SoO ratings were given for the congruent than incongruent conditions. 
This confirms that anatomical alignment between the artificial and participant’s real hand 
is crucial to induce the illusion (Braun et al., 2014; Kalckert & Ehrsson, 2012, 2014a; 
Tsakiris & Haggard, 2005b). A novel result here is that this anatomical requirement also 
holds when the RHI is induced by limb movement imagination rather than by visuotactile 
stimulation (Tsakiris & Haggard, 2005b) or by motor execution (Braun et al., 2014; 
Kalckert & Ehrsson, 2012, 2014a). Why an anatomical alignment is necessary to induce the 
illusion is still unresolved, but several theoretical accounts may apply (for a review, see 
De Vignemont, 2011b). The Bayesian causal inference model, assumes that the RHI comes 
about by Bayesian sensory inference (Samad et al., 2015; Seth, 2013). In its search for the 
most likely cause of its sensory input, the brain compares the evidence for whether its 
unimodal limb sensations have a common cause or independent causes, based on the 
similarity of sensations and the prior probability of a common cause. If the evidence for a 
common cause prevails, the disparate limb sensations are fused together and the RHI 
occurs (Samad et al., 2015). 

With regard to SoA, the participants rated their authorship experience over the robotic 
hand’s movements higher when it was anatomically aligned. Notably, this effect also 
occurred during the training phase where the robotic hand movements were identical 
between the congruent and incongruent conditions. The robotic hand position alone thus 
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affected the SoA. A promoting effect of SoO on SoA has been previously reported (Braun 
et al., 2014; Kalckert & Ehrsson, 2012), but not in the context of movement imagination. 
Apparently, a neurofeedback signal facilitating embodiment not only produces a SoO 
experience, but also enhances the participant’s subjective experience of control over the 
neurofeedback signal. 

With regard to MIAB, we are not aware of any previous RHI studies that have 
operationalized this construct before. With this measure, we evaluated how strongly the 
participants perceptually fused their self-induced MI percept with the robotic hand 
motion percept, in time and space. In our view, a complete fusion of percepts – i.e. an 
idealized scenario, where the mental act becomes phenomenally indistinguishable from 
the action achieved – would be indicative of a perfectly embodied neurofeedback signal 
(or brain-machine interface). None of our participants experienced such a complete 
perceptual fusion, but more MIAB was clearly reported for the congruent than 
incongruent conditions. This finding is compatible with the above-mentioned Bayesian 
framework, according to which perceptual fusion is more likely to occur the better the 
limb percepts match in time and space. 

Our ER measure assessed how vividly and real the participants experienced their own MI 
act. Here we reasoned that on the subjective level, ER is the phenomenal target property 
that distinguishes motor execution from MI and that in a perfectly embodied NF-MIT (or 
brain machine interface), the MI act would be experienced as real, as if the mentally 
simulated movement was actually being executed. For this measure, participants also 
gave higher affirmative ratings for the congruent than incongruent conditions. This 
confirms our hypothesis that a participant’s MI experience can be enriched if it is 
accompanied by congruent robotic hand motion feedback – or by MVF. Assuming that 
the level of realness we attribute to a mental representation at least partly depends on its 
perceptual detail (M. K. Johnson, Foley, Suengas, & Raye, 1988), our explanation would be 
that the current finding may be attributed to the MIAB effect. Whereas in the congruent 
condition, the MI percept could be fused with the “high-resolution” robotic hand motion 
percept, and thus was enriched in perceptual detail, in the incongruent condition the MI-
percept and robotic hand motion percept remained separate. 

Our EDA results are also in support of a successful embodiment of the robotic hand, since 
the strongest phasic EDA response occurred in the congruent feedback condition. Human 
EDA is known to be under exclusive control of the sympathetic nervous system (Dawson, 
Schell, & Filion, 2007). The sympathetic arousal was strongest in the congruent feedback 
condition, possibly because here the participants had incorporated the robotic hand into 
their own body schema and thus fearfully expected to experience a painful needle-prick. 
The interpretation of robotic hand embodiment in the congruent hand condition, as 
indicated by the EDA results, is also supported by the trend effect for a larger EDA 
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response in the sham compared to the incongruent condition, since the hand was placed 
in a congruent condition during sham as well.  

The neurofeedback performance was rather specifically modulated by the embodiment 
manipulation. The overall detection times were shorter in the congruent than incongruent 
condition, but the overall classification accuracies were not significantly different. In other 
words, the participants switched more quickly – but not with higher reliability – into the 
respective classifier state. Interestingly, a closer look into the period-specific performances 
revealed a more distinct embodiment effect. Whereas the specificity rates were similar 
between conditions, the sensitivity rates turned out to be higher in the congruent than 
incongruent condition. Likewise, whereas the resting period detection times were almost 
identical, the MI period detection times were shorter in the congruent than incongruent 
condition. These findings indicate that a congruent robotic hand motion feedback does 
not help to stay in a relaxation state, but it facilitates the MI act. This interpretation is in 
accord with our MIAB and ER findings, because during rest periods the robotic hand 
remained completely still and hence at this stage the two conditions did not 
systematically differ. Future studies should investigate how the embodiment effect 
behaves if during the rest period false positive feedback, i.e., robotic hand movement, is 
introduced. 

Throughout the training and feedback phase, stronger ERDs were found during the MI 
periods in the congruent than incongruent conditions. Keeping in mind that the robotic 
hand movements occurred during the training phase, this finding illustrates how the ERD 
can be modulated by robotic hand motion feedback. Typically, an ERD occurs during MI, 
whereas during relaxation the sensorimotor rhythms idle (Pfurtscheller & Lopes da Silva, 
1999). The present finding fits well to the ER result of a more vivid MI experience in the 
congruent conditions and to the better MI-period detectability under congruent than 
incongruent feedback. It also confirms that the condition differences in neurofeedback 
performance were driven by the condition differences in the ERD and not by some 
classifier artefact.  

Our second experimental manipulation pertained to the controllability of the 
neurofeedback signal. By contrasting real neurofeedback with sham feedback, we 
investigated whether the neurofeedback performances and subjective experiences were 
influenced by the validity of the neurofeedback signal. Relative to the embodiment 
manipulation, our findings for the controllability manipulation were more divergent. On 
the one hand, we found some indication that the participants experienced a higher SoA 
under actual than under sham feedback. When explicitly asked, 14 out of 21 participants 
(67%) correctly identified the sham feedback block. Likewise, stronger EDA increases 
were found under actual than under sham feedback. However, this ERD effect could also 
result from habituation, as the sham feedback always came after the congruent feedback. 
On the other hand, no other differences between the two forms of feedback were found in 
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any of the remaining measures. Our overall interpretation is that, with the current 
experimental setting, it made little difference whether participants received real or sham 
feedback. It is possible that our sham feedback was too difficult to detect as such, as it was 
almost identical to the actual neurofeedback of the preceding congruent block. In fact, the 
only difference was that the real feedback depended on the current trial performance, 
whereas the sham feedback was based on the replayed performance of a past trial. 
Assuming that the participants faithfully followed the task instructions, the only chance to 
recognize that sham feedback was given was to detect a mismatch between the trial-by-
trial-varying MI phenomenology and the trial-by-trial-varying robotic hand movement 
behaviour.  

The correlational analysis revealed consistently high correlations between all subjective 
measures. This suggests that our subjective measures did not relate to disparate, but 
rather to overlapping subsets of phenomenal experience and that they interacted with 
each other. In the following, we discuss some of the commonalities and interrelations 
between the different measures applied. 

As regards the relationship between SoO and SoA, it has already been noted that the SoA 
is experienced more strongly if its phenomenal content is interpreted as part of the self. 
Given that all our actions originate in our body, although their impact often ranges 
beyond our body boundaries, it seems reasonable that the brain attributes higher certainty 
levels of authorship to our immediate body actions than to their less foreseeable effects on 
the world. Voluntary action however also seems to have an influence on the SoO (Braun 
et al., 2014; Dummer et al., 2009; Kalckert & Ehrsson, 2014a). An intuitive explanation, 
which fits well with the Bayesian brain idea (Limanowski & Blankenburg, 2013; Seth, 
2013), would be that if the body is moved, the brain can test its predictions about what is 
part of the body and what is not. 

An intrinsic relationship also appears to exist between MIAB and SoO, in that under 
certain circumstances MIAB may be important to enable SoO. According to the Bayesian 
account, the RHI occurs whenever the brain infers that its disparate limb sensations must 
have a common cause and consequently fuses them together. In our experiment, a 
perceptual fusion of the MI percept and robotic hand motion percept therefore seems 
crucial to induce the RHI.  

With regard to the relationship between SoO and ER, we are not aware of any previous 
empirical studies dealing with this question, but an interesting theoretical account exists 
(Metzinger, 2007b, 2014). According to Metzinger’s self-model theory of subjectivity, both 
phenomenal experiences share a common requirement to be experienced, namely that 
their underlying mental representations have to be “phenomenally transparent”. A 
conscious mental representation is said to be transparent if its “vehicle properties” 
become introspectively inaccessible. As an example, consider the difference in 
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phenomenal experience between MI and motor execution. Whereas in MI the subject of 
experience, in philosophical terminology, still remains conscious about the 
representational character of its mental representation, in motor execution it “forgets” that 
it is only dealing with a mental representation (i.e. the vehicle properties have become 
inaccessible). It therefore necessarily takes its representational content as something 
“irrevocably real” (Metzinger, 2007b) – namely a truly executed movement. The 
conceptual difference between ER and SoO is that whereas any transparent 
representational content (e.g. any sensory perception) can be experienced as real, a SoO 
may only arise for transparent self-representational content: “The phenomenal property of 
selfhood is instantiated whenever a system has a conscious self-model that it cannot introspectively 
recognize as an internal model” (Metzinger, 2007b, Section 5). In our view, the SoO may thus 
be regarded as a special form of ER, namely as the irrevocable feeling of being the 
inhabitant of a body and of being in infinite closeness to this body. 

In summary, this study encourages the development of embodied feedback signals for 
neurofeedback applications. Using a feedback signal that closely resembles the mental act 
performed may help to embody the feedback signal into the own body scheme and 
improve neurofeedback task-performance. Future studies should systematically test the 
role of embodied feedback signals on neurofeedback-guided motor rehabilitation. 
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Abstract Not much is known about how well stroke patients are able to 
perform motor imagery (MI) and which MI abilities are preserved after stroke. 
We therefore applied three different MI-tasks (one mental chronometry task, 
one mental rotation task and one EEG-based neurofeedback task) to a sample 
of post-acute stroke patients (n=20) and age-matched healthy controls (n=20) 
for addressing the following questions: First, which of the MI tasks indicate 
impairment in stroke patients and are impairments restricted to the paretic 
side? Second, is there a relationship between MI impairment and sensory loss 
or paresis severity? Third, do the results of the different MI tasks converge? 
Significant differences between the stroke and control group were found in all 
three MI tasks. However, only the mental chronometry task and EEG analysis 
revealed paresis side specific effects. Moreover, sensitivity-loss contributed to 
a performance drop in the mental rotation task. The findings indicate, that 
although MI abilities may be impaired after stroke, most patients retain their 
ability for MI EEG-based neurofeedback. Interestingly, performance in the 
different MI measures did not strongly correlate, neither in stroke patients nor 
in healthy controls. We conclude that one MI measure is not sufficient to fully 
assess an individual’s MI abilities. 
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5.1 Introduction 
Stroke is a leading cause of chronic motor impairment in adults. To aid motor recovery, 
various interventions have been developed (Langhorne et al., 2009). A widely known 
example is constraint induced movement therapy or CIMT (Taub & Wolf, 1997), for which 
a number of studies have demonstrated improvements in motor an functional outcomes 
(Corbetta et al., 2016). A severe limitation of CIMT is however that it requires residual 
movement (Claflin, Krishnan, & Khot, 2015). Motor imagery (MI) training has been 
suggested as a promising alternative or add-on therapy to CIMT and other physical 
therapies (for a review, see Sharma, Pomeroy, & Baron, 2006). Based on neurofunctional 
evidence for similar activation patterns during motor execution and MI (Jeannerod, 2001), 
this intervention seeks for a “backdoor to the motor system” (Sharma et al., 2006). MI-
based activation of sensorimotor areas is thought to support cortical reorganization and 
thereby to aid motor recovery (Avanzino et al., 2014; Ietswaart et al., 2011). 

Different MI training protocols have been suggested for motor rehabilitation (De Vries & 
Mulder, 2007; Sharma et al., 2006). Common to all of them is the (implicit) assumption 
that stroke patients can still perform MI, or that they are at least able to regain this ability 
during training. Not much is, however, known about whether stroke patients are able to 
conduct MI, and if so, whether clinical subgroups differ in their ability to conduct MI. 
While some studies found MI in general to be impaired after stroke (Malouin et al., 2004), 
others found specific MI aspects to be impaired (De Vries et al., 2013; Liepert et al., 2016) 
or no MI impairment at all (S. H. Johnson, 2000; S. H. Johnson et al., 2002). This 
heterogeneity of results may be partly explained by the different stroke populations 
investigated. For instance, Liepert et al. (2016; 2012) found that an impairment of the 
chronometric aspects of MI is specifically observed in stroke patients with a severe 
somatosensory deficit. Another important factor potentially contributing to this 
heterogeneity, however, are the different MI measures used. Whereas some groups used 
subjective questionnaires (Isaac, Marks, & Russell, 1986; Malouin et al., 2007), others 
applied objective MI tasks (S. H. Johnson, 2000; S. H. Johnson et al., 2002; Liepert et al., 
2016, 2012; Malouin, Richards, Durand, & Doyon, 2008). The two most commonly used 
objective, implicit assessments of MI are mental chronometry and mental rotation tasks. 
In mental chronometry tasks the degree to which imagined and executed movements 
share similar temporal profiles is quantified (Liepert et al., 2016, 2012; Marchesotti, 
Bassolino, Serino, Bleuler, & Blanke, 2016). In mental rotation tasks the participant’s 
ability to identify the laterality of spatially-rotated limb pictures is assessed (De Vries et 
al., 2013). Another objective way of MI assessment, is to investigate the individual’s 
neuronal profile during an explicit MI task (Kimberley et al., 2006). Similar to motor 
execution, explicit MI results in a decrease in 8-30 Hz oscillatory brain activity over 
contralateral sensorimotor scalp sites (for a review, see Pfurtscheller & Lopes, 1999). This 
pattern, described as event-related desynchronization (ERD), is a reliable neuronal 
indicator of whether MI is conducted properly or not, and it can be utilized for MI-based 
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neurofeedback training regimes (for a review, see Chaudhary, Birbaumer, & Ramos-
Murguialday, 2016). 

The aim of the present study was to better understand how the different MI tasks relate to 
each other, and whether they can be used interchangeably to assess a patient’s MI ability. 
We conducted three different MI tasks in a sample of post-acute stroke patients and age-
matched healthy controls. By comparing different objective behavioural and 
electrophysiological MI measures, we addressed three research questions: First, we asked 
which of the MI tasks indicate MI impairment in stroke patients and whether these 
impairments are specific to the paretic side. Second, we determined whether MI 
impairments are related to sensitivity loss and/or severity of paresis. And third, we 
examined whether performance in the different MI tasks converges in healthy individuals 
and stroke patients. 

5.2 Materials and methods 
5.2.1 Participants 
Twenty-three stroke patients and the same number of age-matched healthy controls were 
recruited for the study (see Table 7 for demographic and clinical data).  

Table 7: Demographic data of stoke patients and controls 

Demographics Stroke (N = 20) Control (N = 20) 

Sex (male : female) 11 : 9 11 : 9 
Age (SD) 59.1 (9.94) 60.1 (7.67) 
Handedness (left : right) 3 : 17 1 : 19 
Motor dexterity 2.00 (1.11) 1.00 (0.10) 
Sensitivity (affected : not-affected) 12 : 8  - 
Months since stroke (SD) 9.85 (12.03) - 
Infarct side (left : right) 8 : 12 - 
Infarct location  
(cortical : subcortical : mixed) 

2 : 9 : 9 - 

Paresis side (left : right) 12 : 8 - 
MOCA 22.5 (5.63) - 

All participants were required to have normal or corrected-to-normal vision and no 
known history of a psychiatric disorder. Stroke patients were in a subacute or chronic 
stroke state (at least 1 month after stroke). Inclusion criterion was a moderate to severe 
hand paresis due to the stroke. Patients were required to have no epileptic seizures, no 
dementia and no severe aphasia or neglect that would impair their ability to follow task 
instructions. Controls were matched for age and sex. None of the participants had 
previous experience with neurofeedback or MI training. Controls were paid for their 
participation. All participants gave written informed consent and were naive to the 
purpose of the study. The experiment was conducted in accordance with the Declaration 
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of Helsinki and approved by the University of Oldenburg ethics committee. Three stroke 
patients had to be excluded from the statistical analysis, two for failing to follow task 
instructions and one for withdrawing during the experiment. The corresponding matched 
control subjects were also excluded. 

5.2.2 General procedure 
The MI tasks were conducted in a silent room. Participants sat in front of a table, on which 
a computer screen was placed. At the beginning of the experiment, the experimenter 
prepared the EEG measurement, while the participants filled in questionnaires. For stroke 
patients a sensorimotor assessment followed. Afterwards participants first performed the 
mental chronometry task (5-10 minutes), followed by the mental rotation task (10 
minutes) and finally the MI-based neurofeedback task (45 minutes). The different MI tasks 
were always conducted in this order. The complete session lasted around 2 hours. 

5.2.3 Motor assessment 
Upper-limb motor dexterity was assessed with the Box and Block Test (BBT; Desrosiers, 
Bravo, Hébert, Dutil, & Mercier, 1994). The BBT consists of a flat box with two separate 
compartments and a barrier in the middle, and a number of blocks. Measured is the time 
needed to pick up the blocks from one compartment, carrying them over the barrier, and 
then dropping them into the other compartment. In the present implementation, the BBT 
box was 30 cm in width, 38 cm in length and 4 cm in height, and the barrier protruded 10 
cm out of the box. The BBT was oriented on the table in front of the participant such that 
the barrier was in line with the participant’s midsagittal plane. Fifteen wooden blocks (2 
cm in diameter) were positioned in a 3 x 5 matrix within the left or right compartment, 
depending on which side the test was conducted. Upon the experimenter’s start signal the 
participant started to pick up the blocks one after another and to place each block in the 
other compartment. For picking up the blocks the participants had to follow a fixed 
sequence, beginning with the first block in the most upper row and ending with the last 
block in the most lower row. For putting the blocks down no sequence was predefined. 
Patients performed the task two times on each side, always starting with the paretic side. 
Mean performance times were separately calculated for paretic and non-paretic side and a 
motor dexterity index was derived by the ratio between both performances. Five stroke 
patients were unable to perform the BBT with their paretic hand. 

5.2.4 Sensitivity assessment 
Sensitivity assessment was separately performed for the paretic and non-paretic body-
side and focused on stereognosis, proprioception and thermoception. Stereognosis was 
tested by pseudorandomly by touching each of the patient’s fingers twice. The proportion 
of correctly classified touches out of the ten touches on each hand was then used as a 
stereognosis score. Likewise, proprioception was assessed by pseudo-randomly moving 
each of the patient’s fingertips either up or down, and then calculating the proportion of 
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correctly classified finger movements out of all ten finger movements. Thermoception was 
tested by interchangeably giving the patient a glass with hot or cold water into the hand 
(again, 10 times on each side), and then calculating the proportion of correct cold/warm 
responses out of all responses. An overall sensitivity score for each side was calculated by 
taking the average of all three individual scores. 

5.2.5 Nine Hole Peg Test 
To assess the chronometric aspects of MI, the Nine Hole Peg Test (NHPT) (Kellor, Frost, 
Silberberg, Iversen, & Cummings, 1971) was used. In this task, the participant has to 
remove nine pegs as quickly as possible out of a pegboard and put them into a container. 
Depending on the condition, this action is either physically executed or imagined 
(Dettmers et al., 2012). The performance times of both conditions are then put into a ratio 
to calculate a mental chronometry score (MC score; see below). In the present study the 
NHPT consisted of a plastic console (23 cm in length, 10 cm in width, 2 cm in height) with 
a depression on one end of the console and nine holes (arranged in a 3 x 3 matrix) holding 
the pegs (8 mm in diameter, 3 cm in length) on the other end (Figure 15A). Participants 
performed four runs per hand, two with the executed movement and two with the 
imagined movement. Test instructions were given along with a brief demonstration. For 
the execution runs, all participants were instructed to start removing each of the pegs one 
by one with the “Go” signal given by the experimenter and to put them into the 
depression. Participants were instructed to remove the pegs as quickly as possible and in 
a fixed sequence, starting with the first upper left peg and ending with the last lower right 
peg. The end of each run was indicated by the participant saying “stop”. For the MI runs, 
the participant was instructed to conduct exactly the same task, but this time the 
movements were only mentally performed. Patients were reminded to take the 
impairment of the paretic hand into consideration when imagining the movement. Before 
the beginning of the task all participants were given the opportunity to hold a peg to 
acquaint themselves with its surface and weight. Each run was timed with a stopwatch 
from the moment the experimenter said “Go” until the moment the participant said 
“Stop”. For patients, the NHPT always began with the MI run on the paretic side, for the 
matched healthy control it started with the side corresponding to the paretic side in the 
matched patient. The pegboard was placed in front of the participant such that the 
depression was in line with the participant’s midsagittal plane and the peg holes were on 
the paretic body side or the side corresponding to the paretic body side. After the MI run 
the physical execution run followed. Then, the pegboard was rotated by 180 degrees such 
that the peg holes were now on the opposite side and the depression was again aligned to 
the midsagittal plane. As before, the MI run was performed first, followed by the physical 
execution run. The procedure was repeated twice, resulting in a total of eight runs. Five 
stroke patients were unable to perform the physical execution runs with their paretic side. 
An MC score was calculated for each limb side in accordance to the formula (motor 
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execution –  motor imagery) / motor execution (Liepert et al., 2016, 2012). Values of zero 
indicate a perfect isochronism between MI and motor execution, whereas values higher 
than zero indicate that the task was performed faster during MI than during motor 
execution and values lower than zero indicate that the task was performed slower during 
MI than during motor execution. 

 

Figure 15: Test material of the different MI-tasks. A. Nine Hole Peg Test. 
Participants were required to physically/mentally remove each of the 9 pegs from the 
holes and put them into the depression. B. Visualization of the two-dimensional 
neurofeedback display. The location of the blue shape signalled the hand to be used 
for MI and the ball represented the neurofeedback signal. The horizontal ball position 
is determined by the classification of MI contralateral vs. ipsilateral and the vertical 
ball position is determined by the classification of contralateral baseline vs. 
contralateral MI C. Example stimuli from the limb lateralization task. Left hand, right 
hand, left foot or right foot pictures were presented from varying angles and 
participants had to judge their laterality. 

5.2.6 Limb Lateralization Task 
For assessing the mental rotational aspects of MI, the Limb Lateralization Task (LLT) was 
used. In this task, limb pictures are presented from different angles and participants have 
to judge their laterality (Ter Horst, Van Lier, & Steenbergen, 2010; Vannuscorps, Pillon, & 
Andres, 2012). Based on a realistic 3D hand model and a realistic 3D foot model 
(TurboSquid, Louisiana, USA), limb pictures were created for the left hand, right hand, 
left foot and right foot. For deriving the stimulus material we followed the procedure 
described by Ter Horst et al. (2010), according to which limb pictures are rotated over 
three axes (in-plane, longitudinal, and in-depth). Examples of the stimuli are shown in 
Figure 15C. In total, 136 stimuli were created, with an equal number of stimuli (n = 34) for 
each of the four limbs. Stimulus presentation was controlled with NBS-presentation 18.1 
(Neurobehavioral Systems Inc., Albany, USA). The 136 pictures were presented in 
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randomized order. Each trial began with the 1s fixation cross, followed by the 
presentation of a picture. As soon as the picture appeared on the screen, participants were 
asked to indicate as quickly and as accurately as possible whether a left or right limb was 
shown. Participants responded verbally by saying “left” or “right” and the responses 
were directly entered in the ongoing LLT by the experimenter. A verbal response mode 
was chosen because manual response modes have been shown to interfere with the LLT 
(Cocksworth & Punt, 2013). As soon as the experimenter had entered a participant’s 
response or when seven seconds had passed the limb picture disappeared and the screen 
became blank again until a button press by the experimenter started the next trial. No 
feedback about performance was provided. Participants were not allowed to move their 
hands throughout the task. For LLT performance evaluation, overall classification 
accuracies and classification accuracies for each limb side (i.e., true positive rates) were 
calculated. 

5.2.7 MI EEG-based neurofeedback 
To investigate the neural aspects of MI, a MI EEG-based neurofeedback training was 
conducted. A modified version of the Graz MI-protocol was used (Zich et al., 2016). In the 
used implementation, run in OpenViBE Designer 0.16.2 (Renard et al., 2010), participants 
imagine left or right hand movements while receiving online neurofeedback about their 
current ERD pattern. For the present study an initial calibration block was combined with 
two subsequent feedback blocks, each block lasting 8 minutes. A block included 20 left 
hand MI and 20 right hand MI trials, presented in a pseudo-randomized order. The 
training block was introduced to acquaint the participants with the overall MI task and 
for calibrating the classifiers for the first neurofeedback block. Each trial started with a 
fixation cross, which was joined after 2.5 s by a triangle-like geometric shape (Figure 15B), 
appearing either on the upper left or upper right side of the screen for 5 s. The spatial 
location of the shape indicated the hand to be used for the MI task. Participants were 
instructed to kinaesthetically imagine two flexion-extension movements with the 
respecting hand from a first person perspective while the shape was on-screen. After the 
MI period, a blank screen was presented for 4.5 to 6 s (in steps of 0.5 s), indicating the 
participant to relax. In the two neurofeedback blocks the display included a ball that was 
moving on the screen during the 5 s MI periods. The position of the ball reflected the 
neurofeedback signal and was determined by two classifier outputs. Whereas the vertical 
position of the ball was determined by classification of the contralateral ERD during MI 
vs. baseline, the horizontal position resulted from the classification of contra- vs. 
ipsilateral ERD during MI (i.e., ERD laterality). To avoid accidental movements, the 
experimenter visually inspected the participant’s hands throughout the neurofeedback 
task, and, whenever necessary, reminded the participant to not actually move. Two stroke 
patients were unable to follow the neurofeedback task due to cognitive impairment and 
two additional datasets (one stroke and one control dataset) had to be excluded due to 
poor signal quality. 
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5.2.8 Classifier training and online data flow 
EEG data were collected with a wireless EEG system (mBrainTrain GmbH, Belgrad, 
Serbia) from 24 scalp sites using an elastic cap (EASYCAP, Herrsching, Germany). The 
electrode montage was a subset of the 10-20 system and included positions FP1, FP2, F7, 
F8, FZ, FC1, FC2, T7, C3, CZ, C4, T8, TP9, CP5, CP1, CPz, CP2, CP6, TP10, P3, PZ, P4, O1 
and O2. FCz served as reference (CMS) and AFz as ground (DRL). The continuous EEG 
signal was recorded with OpenViBE acquisition server 1.1.0 (Renard et al., 2010) with a 
sampling rate of 500 Hz. To provide neurofeedback, EEG data were analysed on site using 
a two-step procedure. The first step was performed between blocks using OpenViBE and 
EEGLAB (Delorme & Makeig, 2004). To derive individual spatial filter coefficients, the 
EEG data were offline band-pass filtered (8-30 Hz) and segmented from 0.5 to 4.5 s, 
relative to the onsets of the MI periods. After artifact rejection (pop_jointprob.m, SD = 3), 
the segments were submitted to common spatial pattern (CSP) analysis. Given two time 
windows of a multivariate signal, this algorithm finds spatial filters that maximize the 
variance for one class and simultaneously minimize the variance for the other class (for 
reviews, see Blankertz et al., 2008; Ramoser, Müller-Gerking, & Pfurtscheller, 2000). To 
derive one CSP filter for left hand MI and one for right hand MI, the first four and last 
four CSP filters (promising high class-discriminability) were evaluated for their spatial 
topography and associated time course. The two CSP filters best reflecting the expected 
sensorimotor cortex activity for left and right hand MI were selected. The CSP coefficients 
were exported to OpenViBE. Here, the EEG data were temporally filtered (8-30 Hz), 
spatially filtered using the two chosen CSP filters and segmented into baseline (7 – 3 s 
before graphic onset) and MI intervals (0.5 – 4.5 s after graphic onset) for right and left 
hand separately. These segments were then subdivided into 56 time bins, each containing 
a 1 s time window, shifted in time by 62.5 ms. From each bin, one training example was 
calculated by taking its log-variance across time, resulting into two features values. 
Different subsets of these training examples were then carried over to linear discriminant 
analysis (LDA), to derive three classifiers (left MI vs. right MI, right MI vs. baseline and 
left MI vs. baseline). For the left MI vs. right MI classifier, the examples resulting from the 
MI periods were used, for the right MI vs. baseline classifier, the examples resulting from 
the right MI periods and its preceding baseline periods, and for the left MI vs. baseline 
classifier, the examples resulting from the left MI periods and its preceding baseline 
periods. For the second step of the on-site analysis, the online data flow, feature values 
were derived in the same manner as during classifier training, whereby the classifier was 
consulted every 62.5 ms, always operating on the most recent 1-second EEG segment. 
Borders of the feedback display were kept constant within each block and were defined as 
the upper quartile of the classifier outputs from the previous block. 
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5.2.9 Neurofeedback performance evaluation 
Neurofeedback performance evaluation was carried out off-line on artefact-corrected EEG 
data. EEG artifact attenuation was performed using extended infomax independent 
component analysis (ICA) (Bell & Sejnowski, 1995; Delorme & Makeig, 2004) on data 
aggregated across all three blocks. Artefactual independent components were identified 
by visual inspection and the corresponding activity was removed by excluding the 
respective components from back-projection. The ICA-corrected data were segmented 
from 0.5 to 4.5s, relative to the onsets of the MI and baseline periods. Segments containing 
unique, non-stereotyped artifacts (e.g. swallowing, movements of electrode cable etc.) 
were identified by built-in EEGLAB functions (pop_jointprob.m, SD = 3; pop_rejkurt.m, 
SD = 3) and rejected. The remaining segments were 8-30 Hz bandpass-filtered and then 
sorted into training and feedback segments. Based on the segments of the training block 
only, two classifier models were calculated, one for baseline vs. left MI classification and 
one for baseline vs. right MI classification. To derive the baseline vs. left MI classifier, the 
baseline and left MI segments were first submitted to the CSP-algorithm and the most 
physiologically-plausible CSP component was selected following the same procedure as 
described above. Then, the resulting CSP-filtered 4 s segments were further segmented 
into four consecutive 1 s time intervals, and for each interval a feature value was 
calculated by taking its log-variance. For each segment (baseline or left MI period), the 
number of feature values was thus four, and a regularized LDA (as implemented in Lotte 
& Guan, 2011) was trained on the resulting feature vector. To obtain the baseline vs. left 
MI classification accuracy during feedback, this classifier was then applied to the 
respective segments of the two (collapsed) feedback blocks. Exactly the same procedure 
was conducted for the baseline vs. right MI classifier, with the exception that here the 
baseline and right MI periods were used. 

5.2.10 ERD analysis 
ERD analysis focused on temporo-spectral differences between the different experimental 
conditions and hemispheres. EEG data artifact attenuation and removal was done as 
described for the neurofeedback performance evaluation, but this time the EEG data was 
segmented from -2.5 to 7.5 s, relative to the onset of the MI periods. A time-frequency (TF) 
analysis was performed on these segments using a continuous Morlet wavelet transform 
(Debener et al., 2005; Thorne et al., 2011). The obtained frequency bins ranged from 5 to 35 
Hz in 1 Hz frequency steps. To account for edge-artifacts, TF data were only considered 
from -2.2 s to 7.2 s, relative to MI onset. Percent power change relative to baseline power 
was calculated. For each frequency bin this was achieved by squaring its belonging data, 
scaling it to decibels (10 x log10) and calculating its change in power, relative to the first 
1.5 s mean baseline power. For the statistical analysis, ERD values were extracted for 
electrode sites C3 and C4 by taking the mean percent log power changes across trials 
between 8 and 30 Hz, averaged over a 3.5 s time interval beginning 500 ms after MI onset. 
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These electrode sites were used because it has been shown that for the group average, 
these locations show the strongest ERD effects (Zich, Debener, Kranczioch, et al., 2015). 
ERD lateralization was calculated as the difference between the contralateral (C3 or C4) 
and ipsilateral (C4 or C3) ERD with respect to the hand used. 

5.2.11 Statistical analysis 
The main statistical analyses focused on four dependent variables: MC score, LLT 
performance, classification accuracy and ERD lateralization. To statistically test whether 
LLT performance and classification accuracies were above chance level a binomial statistic 
with a confidence limit of p = 0.05 was used (Billinger et al., 2012). 

To address the first research question, a 2 x 2 analysis of variance (ANOVA) with the 
between-subjects factor Group (stroke vs. control) and the within-subject factor Side 
(paretic vs. non-paretic) was conducted. All measurements were assigned to the paretic or 
non-paretic side – regardless of whether the paresis was on the left or right hand. For the 
matched controls the corresponding assignment was used, meaning that here the term 
‘paretic’ was assigned to the side for which the paresis was evident in the respective 
stroke patient. For example, for a control matched to a patient with a paresis of the left 
hand, a left-hand movement was assigned to the ‘paretic’ side and a right-hand 
movement to the ‘non-paretic’ side. The Group x Side mixed-model ANOVA was 
performed for each dependent variable. Significant interactions were followed up by post-
hoc t-tests. 

The second research question focused on the stroke data of the paretic side. To test for an 
influence of sensibility loss stroke patients were grouped into those with sensibility loss 
and those without sensibility loss. This grouping was based on the sensibility score with 
only patients achieving the sensibility score’s maximum (10) being assigned to the group 
without sensibility loss. Likewise, to test for the influence of severity of motor loss 
patients were divided into those with severe motor impairment and those with less severe 
motor impairment, as based on a median split of the motor dexterity score. A summary of 
the demographics and clinical characteristics of the four different subgroups is given in  
Table 8.  

Table 8: Demographic and clinical characteristics of the different subgroups. 

 Sensitivity Paresis 

 Affected  
(N = 12) 

Retained  
(N = 8) 

Severe  
(N = 10) 

Moderate  
(N = 10) 

Sex (male : female) 4 : 8 7 : 1 5 : 5 6 : 4 
Age (SD) 58.66 

(11.79) 
59.75  
(7.00) 

59.50 
(12.25) 

58.70  
(7.63) 

Months since stroke (SD) 9.43  
(9.65) 

13.43 
(15.90) 

10.92  
(12.46) 

11.14 
(12.79) 
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Infarct side (left : right) 5 : 7 3 : 5 4 : 6 4 : 6 
Infarct location  
(cortical : subcortical: mixed) 

1 : 5 : 6 1 : 4 : 3 1 : 3 : 6 1 : 6 : 3 

For each of the four main experimental variables two t-tests were calculated, one 
comparing patients with sensitivity affected vs. sensitivity unaffected and one comparing 
patients with severe paresis vs. moderate paresis. These t-tests will be referred to as 
sensitivity comparisons and paresis comparison, respectively. 

In order to identify the possible association between the MI measures, Pearson’s r 
correlation coefficients were calculated for each pair of measures. Correlation coefficients 
were separately calculated for each group and limb side (paretic vs. non-paretic).  

5.3 Results 
5.3.1 Group differences in MI performance and paresis-side specifity. 
Our first study aim was to investigate which measure derived from three objective MI 
tasks indicate MI impairment in stroke patients and whether these impairments are 
specific to the paretic side.  

Starting with the NHPT results (Figure 16A), a positive MC score, i.e., a shorter time to 
complete the task during MI than during motor execution, was observed for the stroke–
paretic condition (M = 0.27; SD = 0.32), whereas negative MC scores where observed for 
the stroke–non-paretic (M = -0.18; SD = 0.46), control-‘paretic’ (M = -0.11; SD = 0.21) and 
control–‘non-paretic’ conditions (M = -0.08 SD = 0.21). The 2 x 2 mixed-model ANOVA 
revealed a significant main effect of Group (F(1,33) = 5.54; p < .024), a significant main 
effect of Side (F(1,33) = 12.59; p < .001) and an interaction between Group and Side (F(1,33) 
= 18.88; p < .001). Post hoc t-tests were significant for stroke–paretic vs. stroke–non-paretic 
(t(30) = 3.16; p =.003) and stroke–paretic vs. control–‘paretic’ (t(33) = 4.23; p <.001), but not 
for control–‘paretic’ vs. control–‘non-paretic’ (t(38) = -0.56; p =.573) and stroke–non-paretic 
vs. control–‘non-paretic’ (t(35) = -0.87; p =.387). 

 

Figure 16: Group differences in MI performance and paresis-side specifity. Error 
bars represent one standard error. 

LLT performance (Figure 16B) was significantly above chance level (α = 0.05) in 76 of the 
(20 patients + 20 controls) * 2 hands = 80 cases. LLT performance amounted to on average 
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80.20% in the stroke-paretic condition (SD = 15.91), 79.16% in the stroke–non-paretic 
condition (SD = 14.43), 87.70% in the control-‘paretic’ condition (SD = 8.08) and to 87.29% 
in the control-‘non-paretic’ condition (SD = 8.10). A 2 x 2 mixed-model ANOVA revealed 
a significant main effect of Group (F(1,36) = 4.41; p < .042) in that the stroke group 
performed lower (M = 79.68%; SD = 14.98) than the control group (M = 87.50%; SD = 7.99). 
No main effect of Side (F(1,36) = 0.39; p = .532) and no Group x Side interaction (F(1,36) = 
0.07; p =.788) was found. 

Overall offline classification accuracies for the neurofeedback task are depicted in Figure 
16C. Classification accuracies were significantly above chance level (α = 0.05) in 68 of the 
(17 patients + 19 controls) * 2 hands = 72 cases. In all of the four conditions (stroke–paretic, 
stroke–non-paretic, control–‘paretic’, control–‘non-paretic’), the overall classification 
accuracies across subjects were around 80%. The ANOVA did not reveal any significant 
main effect of Group (F(1,35) = .189; p < . 666) or Side (F(1,35) = .081; p =.777). Also, there 
was no significant Group x Side interaction (F(1,35) = 0.93; p = .340). 

Results of the ERD analysis are depicted in Figure 17.  

 

Figure 17: Event-related desynchronization during MI-based neurofeedback. Event-
related desynchronization during MI-based neurofeedback. A. Time frequency plots 
of the contralateral electrode site (C3 or C4) showing percentage change in power 
from baseline for MI with the paretic side. MI started at time point zero and was 
performed for 5 seconds (solid vertical lines). The two dashed vertical lines indicate 
the time interval used for the statistical analysis (0.5 s to 4.0 s). B. Mean ERD% during 
MI with the paretic and non-paretic side. Topographies show the grand average 
ERD% for the time interval of interest. Topographic data for left paretic patients 
(controls) were horizontally flipped at the midline, such that the ipsilesional 
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hemisphere is always shown on the left. Please note that in the controls the term 
‘paretic side’ refers to the same side in the healthy control participant as the actual 
paresis side in the matched stroke patient. Red points indicate the two electrode 
positions (C3 and C4). 

In the upper panel, ERD time frequency plots across subjects are shown for MI with the 
paretic hand. As can be seen, a clear reduction of power from 8 to 30 Hz relative to MI-
onset was observed in both groups. Similar ERD patterns were also observed in the other 
experimental conditions and are summarized in the two lower panels. As can be seen, 
throughout conditions, ERDs were evident not only for the hemisphere contralateral to 
the hand for which MI was performed, but also for the ipsilateral side.  However, whereas 
positive ERD differences between the contra- and ipsilateral hemisphere were found in 
the two control group conditions, as well as in the non-paretic stroke condition, a negative 
ERD-difference was found in the paretic stroke condition. A positive ERD difference 
indicates the expected ERD lateralization towards the hemisphere contralateral to the 
imagined hand movement, while a negative ERD-difference indicates an ERD 
lateralization towards the hemisphere ipsilateral to the imagined hand movement. It 
should, however, be noted that the positive ERD difference in the ‘non-paretic’ control 
condition was very small.  

Statistically ERD lateralization was investigated using a 2 x 2 mixed-model ANOVA. The 
analysis revealed no significant main effect of Group (F(1,37) = 0.00; p < .946) or Side 
(F(1,37) = 1.97; p = .168), but a significant Group x Side interaction emerged (F(1,37) = 5.62; 
p =.023). Pairwise comparisons were significant between the stroke-paretic and stroke–
non-paretic condition (T(36) = -3.48; p =.001) and between the stroke–non-paretic and 
control–‘non-paretic’ condition (T(37) = 2.36; p =.023). A trend was found between the 
stroke-paretic and control–‘paretic’ condition T(37) = -1.79; p =.080) and no effect was 
found between the  control–‘paretic’ and control–‘non-paretic’ group conditions T(36) = 
0.78; p =.439). 

5.3.2 Dependency of MI on sensitivity and motor deficit 
Our second question was whether MI impairments are related to sensitivity loss and 
degree of paresis. Analyses were restricted to the paretic side. Results are presented in 
Figure 18.  

The NHPT (Figure 18A) indicated that severely paretic patients showed a higher MC 
score (M = 0.57; SD = 0.21) than moderately paretic patients (M = 0.07; SD = 0.20) (t-test 
t(13) = 4.66; p <.001). That is, severely paretic patients performed the task during MI 
considerably faster than during physical execution. Moderately affected patients tended 
to do this as well, but to a smaller degree. No significant difference was found regarding 
the sensitivity comparison (t(13) = 1.73; p =.106). 
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LLT performances are illustrated in Figure 18B. Whereas the degree of paresis did not 
affect LLT performance (t(16) = -0.06; p =.952), a significant effect was found in the 
sensibility comparison (t(16) = -2.38; p =.029). Here, patients with sensitivity loss had a 
significantly lower LLT performance (M = 73.12; SD = 15.18%) than patients without 
sensitivity loss (M = 89.06%; SD = 17.29%). 

 

Figure 18: MI performances of the different subgroups. Error bars represent one 
standard error. Grey shaded area represent control group performances. 

The MI-based neurofeedback classification accuracies (Figure 18C) were significantly 
higher (t(15) = 2.28; p =.037) in severely paretic (M = 86.90%; SD = 6.18%) than moderately 
paretic patients (M = 74.28%; SD = 14.42), but did not significantly differ in the sensitivity 
comparison (t(15) = 0.81; p =.425). 

For ERD lateralization (Figure 18D), no significant effect was found for the degree of 
paresis (t(17) = -1.71; p =.105) or for the sensory deficit (t(17) = 0.14; p =.887). 

5.3.3 Relationship between the measures 
Results of the correlation analyses are summarized in Table 9.  

Table 9: Results of correlation analysis 

 Stroke (N = 20) Control (N = 20) 

Pair of correlation Paretic Non-
Paretic 

Paretic Non-
Paretic 

Mental Chronometry vs. LLT performance .145 .643** -.413 .038 
Mental Chronometry vs. Classification accuracy  .028 -.265 -.099 -.293 
Mental Chronometry vs. ERD lateralization -.203 -.581* .120 -.280 
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LLT performance vs. Classification accuracy .166 -.090 -161 .046 
LLT performance vs. ERD lateralization .355 -.265 -354 -.234 
Classification accuracy vs. ERD lateralization -.355 .408 .110 -.024 

In the non-paretic stroke condition, a significant positive correlation (r = .643; p = .007) was 
found between the MC score and LLT performance. That is, in stroke patients but only for 
the non-paretic side, high LLT performance was associated with imagining a movement 
faster than executing it. Moreover, for the same condition a negative correlation (r = -.581; 
p = .018) between the MC score and ERD lateralization was found. This correlation reflects 
that a low ERD lateralization during MI with the non-paretic side was associated with 
imagining a movement faster than executing it. No significant correlations were found for 
any of the remaining comparisons. 

5.4 Discussion 
Aiming to assess the viability of MI as diagnostic or rehabilitative approach following 
stroke, we investigated to which extend different aspects of MI are preserved following 
post-acute stroke. Behavioural and neural correlates of MI were assessed in three objective 
MI tasks with a group of stroke patients and age-matched healthy controls. 

Our first research question asked whether any of the MI tasks used in the present study 
indicated an impairment in stroke patients and if so, whether the impairment was specific 
to the paretic side. For the NHPT, we found that whereas in the healthy subjects the MC 
score was slightly below zero on either side, in the stroke patients it was below zero on 
the non-paretic side, but clearly above zero on the paretic side. That is, on the non-paretic 
side MI was slightly slower than motor execution, whereas on the patient’s paretic side 
MI was clearly faster than motor execution. This finding is in line with the results of a 
previous study (Dettmers et al., 2012), where a similar mental chronometry task was 
conducted with stroke patients. Dettmers and colleagues (2012) found that on the 
patient’s non-paretic side, MI and motor execution took about the same duration, whereas 
on the paretic side, the duration for MI was typically much shorter than actual motor 
execution. Different aspects may account for faster MI than motor execution on the 
patient’s paretic side. First, it may be that patients underestimate the time that is needed 
for physically conducting the motor task with a paretic limb. That is, although they are 
already in their post-acute or chronic stroke phase, their mental movement trajectory still 
represents their pre-stroke movement capacity. In this case the high MC scores would be 
predominantly caused by the slowing of motor execution. Second, it could also be that as 
a result of the stroke, or non-use of the limb, conducting MI with a paretic limb is less 
detailed in phenomenal experience and therefore performed faster. 

Regarding the LLT, we found that stroke patients generally performed this mental 
rotation task less accurate than controls. To our knowledge, this is the first study showing 
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such general LLT accuracy drop in post-acute stroke patients. Other studies, however, 
have reported similar LLT accuracy drops for earlier stroke stages or under more specific 
circumstances. De Vries et al. (2011) for instance found an LLT accuracy drop three, but 
not six, weeks after stroke, whereas Daprati et al. (2010) reported a LLT accuracy drop in 
right-, but not left-, lesioned stroke patients. On the other hand, there are some studies 
that found no LLT accuracy differences between stroke patients and controls at all (De 
Vries et al., 2013), including one of our own studies (Liepert et al., 2016). How can these 
conflicting results be explained? One potential reason might be the different stimulus 
materials used. For instance, whereas in our former study the presented limb pictures 
were only rotated along one rotational axis, in the present study the stimulus material was 
more complex, and therefore perhaps more sensitive for detecting impairments in mental 
rotation ability. Another difference was the response mode being used. Whereas in the 
present study participants responded verbally, in the study by Liepert et al. (2016) 
responses were collected through button presses with the non-paretic hand. This suggests 
that the verbal response mode might be more sensitive for detecting mental rotational 
impairments than the manual response mode (for a comparison of both response modes, 
see Cocksworth & Punt, 2013). 

Interestingly, none of the stroke studies including the present one reported a paresis-side 
specific LLT performance reduction. This suggests that after stroke mental limb rotation is 
impaired, but very comparable for paretic and non-paretic sides. One reason for this 
could be that at least some of the representational networks required for mental limb 
rotation are effector-independent (i.e. are recruited by left and right limb mental 
rotations), and that if one of these structures is impaired deficits can occur irrespective of 
the side of paresis. This interpretation would be in line with “motor equivalence”-studies 
demonstrating that movements learnt by one effector can also often be performed in a 
remarkably similar manner by another effector (Rijntjes et al., 1999; Swinnen et al., 2010; 
Wing, 2000). 

Regarding neurofeedback performance, most of our participants achieved a classification 
accuracy above the statistical chance level. That is, in most participants an ERD pattern 
emerging from MI was not only evident across trials as reflected in the ERD results, but 
also at the single trial level. This provides clear electrophysiological single-trial evidence 
that in general, patients and healthy controls followed the instructions and were able to 
perform the MI task. Notably, a difference in the MI EEG-based neurofeedback 
performance was neither found between the patient and control group, nor between the 
paretic and non-paretic side. That stroke patients had apparently no bigger difficulty in 
following the task instructions with their paretic than with their non-paretic side might 
either indicate that they never lost the ability to imagine the requested movement with 
their paretic hand, or, that that they regained this ability through post-stroke cortical 
reorganization (Hallett, 2001). Although our cross-sectional design does not allow to 
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directly address this question, our ERD results provide some indication for the latter 
possibility. 

The control group showed a bilateral to contralateral ERD pattern during MI. In contrast, 
the stroke group was characterized by a predominantly contralateral ERD pattern for MI 
with the non-paretic side and a predominantly ipsilateral ERD pattern for MI with the 
paretic side. Similar results, especially with respect to a post-stroke predominance of the 
contralesional hemisphere, have been reported in previous MI and motor execution 
studies (Cao, D’Olhaberriague, Vikingstad, Levine, & Welch, 1998; Takeda, Gomi, & Kato, 
2014; Xerri, 2012). Such predominance has been attributed to a compensatory cortical 
reorganization after stroke, in which the contralesional sensorimotor areas take over the 
motor functions of their ipsilesional counterparts (Grefkes & Ward, 2014; Hallett, 2001; 
Takeuchi & Izumi, 2013). That the altered lateralization pattern observed in the present 
study did not negatively affect classification accuracies is likely due to the fact that even 
though CSP filters were chosen based on physiological plausibility, the classification 
algorithm as used here is blind regarding the laterality of the classified brain activity. That 
is, accuracies will be good as long as there is a reliable difference between baseline and MI 
task segments even if this difference is most reliable at ipsilateral, contralesional scalp 
sites. 

While early work on neuroplasticity focused on the advantageous aspects of cortical 
reorganization for motor rehabilitation, more recent work has also revealed maladaptive 
patterns (Grefkes et al., 2008; Grefkes & Ward, 2014). It is widely accepted nowadays that 
a compensatory, stroke-induced over-usage of the contralesional hemisphere may further 
strengthen the maladaptive under-usage of the ipsilesional hemisphere (Chaudhary et al., 
2016). Evidence in favour of this account comes for instance from several longitudinal 
neuroimaging studies, showing that an initial predominantly ipsilesional pattern of brain 
activity in motor tasks is associated with a better motor recovery than a predominantly 
contralesional pattern (for reviews, see Calautti & Baron, 2003; Ward & Cohen, 2004). 

Our second research question asked whether MI impairment was related to sensitivity 
loss or severity of the paresis. An influence of paresis severity was found for the NHPT 
and the MI-based neurofeedback task. For the NHPT it was found that moderately paretic 
patients exhibited a lower MC score – that is, a stronger temporal isochronism between 
MI and motor execution – than for the severely paretic patients. This result extends our 
above NHPT finding in showing that the extent of MC impairment depends on the degree 
of paresis. No significant difference in MC was found between our patients with sensory 
loss and those without. This is in contrast to some of our own former studies where we 
found worse mental chronometry performances in those patients with sensory loss 
(Dettmers et al., 2012; Liepert et al., 2016, 2012), but most likely the result of low statistical 
power for the present analysis due to small sample sizes in the two subgroups. 
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Concerning the MI EEG-based neurofeedback performance, it was found that more 
severely paretic patients performed better than moderately paretic patients. This finding 
is incompatible with the embodied cognition account according to which offline cognition 
including MI is body-based and requires physical action (M. Wilson, 2002). We are not 
aware of any other study investigating the influence of paresis severity on MI-based 
neurofeedback performance. For this reason and because in the present study subgroups 
were small this observation should be interpreted with due care. One could speculate that 
the two subgroups of patients did not only differ in their paresis severity, but also in their 
lesion pattern. We explored the idea that the severely paretic patients had more 
circumscribed lesions directly affecting the descending motor pathways (e.g. lesions in the 
capsula interna), whereas in the moderately paretic patients the descending motor 
pathways remained intact, but the sensorimotor areas themselves became lesioned. As a 
result, the more severely paretic patients with the intact sensorimotor areas would have 
been able to produce a more pronounced and consistent ERD pattern than the moderately 
paretic stroke patients without intact sensorimotor areas. However, our admittedly 
coarse-grained infarct categorization into cortical, subcortical and mixed (see Table 8), 
does not support this view. Rather, it indicates that the moderately paretic stroke patients 
tended to have subcortical strokes, whereas the severely paretic patients tended to have 
mixed strokes. Future multimodal studies combining MI EEG-neurofeedback with 
structural and functional MRI will be important to investigate the relationship between 
MI EEG-neurofeedback performance and type, location and size of the lesion. 

An influence of the sensory deficit was only found for the LLT. Patients with sensory loss 
performed worse than those without. This finding goes in line with previous experimental 
work showing that short-term upper limb deafferentation by regional anesthesia leads to 
a drop in LLT performance (Silva et al., 2011). It should, however, be noted that in this 
former study the sensory loss was experimentally induced shortly before LLT 
conductance, whereas in our study the stroke-induced sensory loss already existed for 
several weeks to months. The present finding therefore extents the previous one by 
showing that a LLT performance drop is still observable after long-term sensory loss. 

Finally, we conducted a correlation analysis to evaluate how performance in the different 
MI tasks is related. Only few significant correlations between the different MI measures 
were found, resulting in the overall impression that the different measures were not 
strongly related. Although a lack of convergence between different MI measures has been 
reported before (De Vries et al., 2013; Kasahara, DaSalla, Honda, & Hanakawa, 2015; 
Lequerica, Rapport, Axelrod, Telmet, & Whitman, 2002; Zich, De Vos, et al., 2015), we had 
expected at least some associations in the healthy control group. As it is, the absence of 
correlations supports the view that MI is not a unitary cognitive function, but comes along 
in many different facets (De Vries et al., 2013; Guillot et al., 2009). 
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5.4.1 Conclusion 
In the present study we investigated different aspects of MI in post-acute stroke patients. 
Even though differences between the stroke and control group were observed for most MI 
measures, only some of these differences were specific to the paretic side. MC scores and 
neurofeedback performances were found to differ for patients with mild and severe 
paresis. The absence or presence of sensitivity loss was related to mental rotation task 
performance. No clear pattern emerged from correlating the obtained MI measures. 
Apparently, MI is not a unitary cognitive function and one MI test alone may not be 
sufficient to fully assess a stroke patient’s or even a healthy person’s MI abilities. This 
conclusion underlines the need for MI assessment tools that take into consideration this 
diversity.  

From a therapeutic perspective it is remarkable that about 80% of the stroke patients were 
able to perform the EEG neurofeedback task without much training. This supports the 
hope that MI as a “backdoor to the motor system” may mature into a therapeutic option 
in particular for patients with severe paresis. However, our ERD data suggest that the 
good neurofeedback performance for the paretic side resulted from a potentially 
maladaptive activation pattern. Clearly, this possibility and its consequences should be 
taken into consideration in the design of future MI neurofeedback training studies. 
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6 General Discussion 
In this thesis, three studies were carried out to examine the neurocognitive aspects and 
clinical relevance of bodily and agentive self-experience. In what follows, the main 
findings of the reported studies will briefly be recapitulated and then discussed with 
respect to, firstly, their relevance for a science of the self, and secondly, their clinical 
relevance. Finally, limitations of the studies and future directions will be discussed. 

6.1 Summary 
Study I investigated the interplay between SoO and SoA. An active RHI design was used 
and the enabling factors of SoO and SoA were systematically varied using the artificial 
hand’s position and the type of movement. Regarding SoO, one main finding is that RHI 
vividness depended, not only on anatomical hand congruency, but, to a lesser extent, also 
on whether the finger movements were self-caused, or not. An important SoA finding, in 
turn, is that SoA was not only experienced more strongly for self-generated than for 
experimenter-generated button presses, but also, when the rubber hand was in anatomical 
alignment to the participant’s real hand. Taking the SoO and SoA findings together, the 
conclusion thus is that SoO and SoA may partially double dissociate, but, if they co-occur 
in experience, they may also strengthen each other. 

Study II was motivated by the thesis author’s theoretical arguments for embodied 
neurofeedback. Taking into account the methodological and conceptual insights gained 
from Study I, a new NF-MIT protocol was developed, in which an embodiable 
anthropomorphic robotic hand provides the neurofeedback. Using two experimental 
manipulations similar to those in Study I, the effects on participants’ subjective 
experiences and neurofeedback performance were investigated. As regards SoO, a similar 
RHI effect as in Study I was observed, in that stronger embodiment (including SoO) was 
observed under anatomically-congruent than under anatomically-incongruent robotic 
hand-motion feedback. Interestingly, the neurofeedback performance was also better 
under anatomically-congruent robotic hand-motion feedback. This suggests that 
participants not only embodied the neurofeedback signal, but that this embodiment also 
facilitated the neurofeedback task. Regarding the controllability of the neurofeedback 
signal, some differences between real and sham neurofeedback in terms of subjective and 
electrodermal measures were found. The overall picture, however, was that, with the 
current experimental setting, it made only a little difference whether participants received 
real or sham feedback. In sum, Study II clearly motivates the further development of 
embodied feedback signals for NF-MIT. 

Study III investigated which MI abilities remain preserved after stroke by employing 
three different MI-tasks to a stroke and a control group. One research question asked 
which of the applied MI tasks indicate MI impairment in stroke patients and whether the 
indicated impairments are specific to the paretic side. While all three MI tasks revealed 
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differences between the stroke and control group, only the mental chronometry task and 
EEG analysis revealed paresis side-specific effects. Another research question asked how 
far the indicated MI impairments depend on sensibility loss and on paresis severity. Here 
the finding was that whereas a sensitivity-loss affected mental rotation abilities, better 
neurofeedback performances were (surprisingly) observed for the motorically more 
severely affected patients. Although almost every stroke patient within the study 
demonstrated some form of MI impairment, most of the patients were nonetheless able to 
follow the given NF-MIT task (MI EEG-based neurofeedback task). 

6.2 Implications for a science of the self 
One result common to Study I and Study II is that a RHI can be induced not only by 
synchronous visuotactile stimulation of the participant’s real and artificial hand, but also 
by executing or imagining hand movements in synchrony to observed artificial hand 
movements. This result indicates that SoO not only depends on multisensory integration, 
but also on (emulated) motor signalling. If this was the case, this would limit the 
explanatory power of the neurocognitive SoO theories so far proposed (Section 1.2.3), 
since these theories only take into account somatosensory integration and internal body 
maps. 

A second finding from Study I and Study II is that although SoO and SoA may partially 
double dissociate, under most circumstances they promote each other. This raises the 
question as to how far these phenomenal experiences depend on common underlying 
neurocognitive mechanisms. Astonishingly, as reviewed in the introduction, whereas 
phenomenological accounts have argued for a strong interaction between each 
phenomenon, most existing neurocognitive theories only offer an explanation for either 
SoO  (Section 1.2.3) or SoA  (Section 1.3.4), but not for both phenomena together. 

Another question remaining open from Study I and Study II is whether SoA results from 
motor prediction, as suggested by the comparator model (Section 1.3.4.1), or from 
postdictive inference, as suggested by the retrospective inference view (Section 1.3.4.2). 
While the results of Study I suggest that motor execution is sufficient to induce SoA, the 
findings of Study II indicate that SoA can also occur in the absence of actual motor 
execution. This raises the question of whether SoA is invoked by a flexible inferential 
mechanism that does not exclusively rely on motor prediction, but also takes into account 
other sources of information. 

In sum, the overall question arises as to whether a neurocognitive theory can be 
developed that seeks to explain both SoO and SoA, allows for the integration of multiple 
sources of information, and is flexible enough to integrate current and future findings. In 
what follows, some argumentation shall be given that perhaps a Bayesian framework of 
self-awareness might serve as a theoretical starting point, upon which such a unified, 
empirically-informed theory of the self could be gradually developed. 
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In general, Bayesian frameworks regard the brain as a prediction machine that tries to 
infer the hidden causes of its sensory input (Friston, 2010, 2012). The idea is that the brain 
constructs generative models about the hidden causes of its sensory input and continually 
attempts to minimize its models’ prediction errors. To this end, the brain derives sensory 
predictions from its models, and then tests these predictions against its incoming sensory 
input (Clark, 2013; Friston, 2010). Speaking in Bayesian terms, it could also be stated that 
such generative models consist of a likelihood (the probability of sensory data, given their 
causes) and a prior (the a priori probability of these causes), and the most likely causal 
structure of the world is then inferred from these antecedents by Bayesian inference 
(Friston, 2010). If there is a match between the predicted and actual sensory input, the 
model is confirmed. If there is a mismatch, prediction error occurs and the model needs to 
be updated (Friston, 2010, 2012; Friston et al., 2013). 

While Bayesian frameworks are not new, dating back at least to Helmholtz (1821-1894), 
what is novel is their currently-considered relevance for understanding cortical function 
in general (for reviews and critical discussions, see Clark, 2013; Friston, 2010; Hohwy, 
2014). Relevant in the present context is that Bayesian frameworks have recently also been 
developed for explaining bodily and agentive self-awareness (Apps & Tsakiris, 2014; 
Limanowski & Blankenburg, 2013; Tsakiris, 2016). The common idea of these frameworks 
is that not only perception, but also self-awareness, arises by Bayesian inference. 
According to these frameworks, generative models may not only generate hypotheses 
about the causal structures of the world, but also about the causal structures of the self. 

An intuition about how a generative model potentially might bring about SoO, has 
already briefly been sketched out in Study II, using the RHI as an example. More 
formally, the idea is that the brain needs to infer whether its current multisensory input 
has one common cause (i.e., only a self-owned hand) or two causes (i.e. a self-owned hand 
and an additional artificial hand) (Kilteni, Maselli, Kording, & Slater, 2015). To solve this 
task, the brain calculates and compares the probabilities for whether its unimodal limb 
sensations have common or independent causes, thereby taking into account the 
similarity of the sensations and the prior probability of a common cause (Kilteni et al., 
2015; Samad et al., 2015). If the estimated probability for a common cause is higher than 
the estimated probability for two different causes, the brain fuses the two disparate limb 
sensations together – that is, the brain reduces its prediction error by updating its 
generative model. As a consequence, the brain interprets the artificial hand to be part of 
the self. If the evidence for two separate causes prevails, however, the brain does not 
update its generative model. Hence, in this case the disparate limb sensations remain 
perceptually apart and the artificial hand is not experienced as mine. 

SoA is also proposed to result from Bayesian inference. Here, the idea is that SoA comes 
about by the weighted integration of various cues, together with prior beliefs (J. W. Moore 
& Fletcher, 2012). One advantage of this model is that it resolves the conflict between the 
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comparator model and retrospective inference view, by assuming a contribution of both 
internal motor signals and external situational cues. As an example, consider a simplified 
case, in which an agent has access only to sensorimotor (SM) and visual (V) cues about the 
agentic origin of an action. In this example, agency (A) becomes inferred by the 
integration of these two individual cue estimates of agency, together with prior beliefs: 

 

The likelihood is thereby the product of the likelihood functions associated with each of 
the cues: 

 

That is, the likelihood functions of each type of cue (sensorimotor, visual etc.), “under a 
given set of circumstances, contribute to the overall ‘‘hypothesis’’ (posterior)” about the agentic 
origin of the signal (J. W. Moore & Fletcher, 2012; p. 61). The number of cues (information 
channels) can thereby be arbitrarily extended, giving the model much flexibility to 
incorporate current and future SoA findings. 

If the above Bayesian frameworks on self-awareness are adequate, what theoretical 
implication can then be deduced from these models? One potential implication might be 
that action helps to confirm SoO. As argued above, the RHI comes about by updating the 
generative model – a mechanism known as perceptual inference. However, as Friston et 
al. (Friston, 2010; Friston et al., 2013) emphasizes, perceptual inference is not the only way 
the brain may reduce its prediction errors. The alternative is to perform an action, to bring 
about a new sensory state in line with the model’s predictions – a mechanism known as 
active inference (Friston, 2010). That is, if the brain is uncertain whether its model’s 
predictions are right, it may conduct a “reality check” by conducting an action, whose 
sensory consequences are easier to predict than the current sensory state (Limanowski & 
Blankenburg, 2013). This would be in line with the mentioned phenomenological 
accounts, according to which action helps to identify one’s own bodily borders. 

Another implication from the Bayesian frameworks would be that it is not only 
perception that is probabilistic, but so too is self-awareness (Limanowski & Blankenburg, 
2013). That is, the phenomenal content identified as mine, is then nothing more than the 
most likely cause of the current sensory input. As stated, this assumption nicely fits with 
the known – experimental and clinical – malleability of SoO, and is also compatible with 
Metzinger’s SMT, according to which the content of a self-model is only the brain’s best 
assumption (Limanowski & Blankenburg, 2013; Metzinger, 2000). 

If the Bayesian framework is compatible with Metzinger’s SMT, this then raises the 
question of how Metzinger’s concept of phenomenal transparency (Section 1.2.3.3) might 
be understood in the context of a Bayesian model. One first assumption of the thesis 

𝑝(𝐴|𝑆𝑆,𝑉) =
𝑝(𝑆𝑆,𝑉|𝐴) 𝑝(𝐴)

𝑝(𝑆𝑆,𝑉)
 

𝑝(𝑆𝑆,𝑉|𝐴) = 𝑝(SM|A) 𝑝(V|A) 
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author would be that phenomenal transparency encodes for the epistemic certainty of the 
generative model: If the model’s prediction error is low, the mental representation 
becomes transparent and if the error is high, the representation becomes opaque. Future 
studies need to be carried out to test whether this hypothesis withstands empirical 
scrutiny. 

In summary, Bayesian frameworks of self-awareness provide an elegant, flexible, and 
theoretically parsimonious way to describe the enabling and modulatory mechanisms 
underlying SoO and SoA. Admittedly, a weakness so far is that many Bayesian 
frameworks remain quite vague as to how exactly the brain carries out Bayesian-like 
inferences, but instead only state that such mechanisms exist. A promising exception here 
is Friston and colleagues’ hierarchical predictive coding account, which entails a quite in-
depth neurobiological theory on how Bayesian-like inference mechanisms might be 
implemented in the brain (Friston, 2010; Friston et al., 2013; Friston & Kiebel, 2009). A 
discussion of this account would, however, be beyond the scope of this thesis and also 
beyond the thesis author’s intellectual abilities. 

6.3 Clinical implications 
The embodied NF-MIT developed in Study II, has so far only been tested with healthy 
participants. This clearly limits the generalizability of the results obtained so far. While 
the present results demonstrate the general feasibility of using an anthropomorphic 
robotic hand for neurofeedback provision and demonstrate that healthy participants 
might benefit from embodied neurofeedback, much further work is needed to explore 
whether stroke patients might also benefit from this type of feedback. 

The clinical results obtained from Study III only provide some indirect evidence with 
respect to this question, due to the different study design. On the one hand, it was shown 
that most stroke patient demonstrated MI impairments, especially with respect to mental 
rotation and MC abilities. This finding clearly supports the idea that MI impairment 
should be taken into account when designing NF-MIT protocols – for instance by guiding 
the MI act and providing the opportunity to offload parts of the MI workload onto the 
environment. On the other hand, for the NF-MIT task conducted, no difference was found 
with respect to the neurofeedback performances between the stroke patients and healthy 
controls. An optimistic interpretation of this null finding is that stroke patients have 
actually no greater difficulty in following a NF-MIT task than do healthy participants, and 
thus, there is no need to facilitate the patient’s MI process. However, one should be 
careful in drawing such conclusions from this null finding. First, as shown, although the 
patients achieved a similar neurofeedback performance as the healthy controls, the 
patient’s ERD-patterns were clearly distinct from the healthy control’s ERD patterns. As 
discussed, it remains uncertain as to how far the observed ERD patterns are maladaptive. 
Second, just because the stroke patients were able to produce an identifiable ERD pattern 
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on the single-trial level, this does not imply that their underlying MI phenomenology was 
comparably detailed to that of the healthy controls. Third, the stoke patients being 
investigated were rather moderately affected with respect to their cognition and motor 
abilities and their stroke was already quite a while ago. How far more severely affected 
stroke patients, for which NF-MIT is ultimately intended for, are able to follow a NF-MIT 
can unfortunately not be answered by the results of Study III. If the given theoretical 
arguments for embodiable neurofeedback (Section 1.6.6) are adequate, it appears likely 
that the beneficial effects of embodiable NF-MIT should be most strongly manifested in 
the more severely impaired patients. 

Taken together, although this thesis does not provide direct evidence that stroke patients 
might benefit from embodied NF-MIT, the results so far obtained clearly motivate the 
further development of embodied NF-MIT for post-stoke motor rehabilitation. As a first 
step, one pilot study with 10 stroke patients is currently being carried out to test the 
embodied NF-MIT’s clinical applicability (Section 6.5.2). 

6.4 Limitations and unaddressed issues 
This thesis has many limitations and has necessarily to leave important issues 
unaddressed. While some specific limitations and unaddressed issues have already been 
reviewed in the preceding study-related discussions, the present section focusses on four 
more general, across-study limitations and unaddressed issues. 

One criticizable aspect of the present thesis is that Study I and Study II rely on 
introspective data. Many researchers, especially methodological behaviourists, regard 
introspective data as problematic. In particular, it is critiqued that introspective data are 
often highly confounded by many different response biases such as social desirability 
(Nederhof, 1985), confirmation bias (Nickerson, 1998) or acquiescence (Hinz, Michalski, 
Schwarz, & Herzberg, 2007). While the thesis author agrees upon many of the raised 
objections against introspective data, he does not concur with the behaviourist conclusion 
that introspective data should therefore not be used at all (Hauser, 2016). Instead, the 
thesis author consents with Dehaene (2014) in regarding introspective data as valuable 
raw data, that first need to be prepared for being interpretable, as with any other type of 
raw data. In the present thesis, the author attempted to improve the validity and 
reliability of the assessed phenomenal target properties by aggregating across multiple 
questions, using control questions and defining illusion criteria. For the future, however, 
it would be interesting to determine whether the reliability and validity of introspective 
data can be further increased.  

A second limitation of the present thesis is that it has only marginally investigated SoO 
and SoA on the neuronal level. To be sure, Study II reveals some EDA- and ERD-related 
embodiment effects. However, it remains unclear whether these effects reflect a neuronal 
substrate of artificial hand embodiment itself or only a neuronal change being initiated by 
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embodiment, but not representing embodiment. The more reasonable interpretation is 
perhaps the latter one, in that the EDA effect reflects a fear response in consequence to the 
embodied robotic hand being pricked and the ERD effect an enriched MI experience in 
consequence of robotic hand embodiment. Further, the conducted EDA and ERD analyses 
did not systematically investigate the interplay between SoO and SoA. However, a 
noteworthy positive feature of the study design developed in Study I is that, due to the 
insertion of the intentional binding task into the RHI, a trial structure now exists. This 
makes this RHI design different to most other RHI designs where there is no trial 
structure. This new feature might facilitate the conductance of event-related 
neuroimaging RHI studies. 

Another issue of the NF-MIT developed in this thesis is that the required equipment is 
still technically quite extensive and far from being “end-user ready”. In its current state, 
the experimental design would not be usable by a clinician in a clinical routine. This is 
due to several reasons: First, the robotic hand is custom-made. Although, in theory, the 
costs for the robotic hand are quite low (<1000€), a lot of working time would actually be 
needed to build a comparable (left or right) robotic hand, and the thesis author is not 
aware of any available robotic hand mass product in an affordable price class. Second, the 
software and scripts necessary for running the experiment still require an experimenter 
with scripting experience. And third, the EEG system used in Study II takes about 30 to 45 
minutes preparation time before a reliable signal can be recorded. This problem, however, 
could be reduced by using a mobile EEG system, such as the one used in Study III. 

A fourth weakness of the embodied NF-MIT developed in this thesis is that its underlying 
signal processing and classification procedure is quite simplistic. While much effort has 
been spent on ensuring that the extracted EEG signal truly reflects the sensorimotor 
rhythm and not just artefact, less effort has been spent on optimizing the classification 
algorithm itself. As a consequence, the currently achieved reliability of the neurofeedback 
provided is still quite, if not too, low. Future studies may test whether the present 
classification procedure can be further optimized. For instance, a more informative feature 
vector taking into account additional spectral and temporal information could be used, or 
some online artefact correction procedure. Additionally, the mental states being classified 
could be varied. If it were for instance possible to not only discriminate mental rest phases 
from MI, but also imagined flexion movements from imagined extension movements, 
different classifiers could be combined. This then would also allow the current paradigm 
to be transformed into a more self-paced NF-MIT, as described below. The next section 
shows how some of the limitations and pitfalls just mentioned are currently being 
addressed. 
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6.5 Ongoing and future work 
6.5.1 Electrophysiological investigation of agency and ownership 
As stated above, one issue remaining unaddressed in this thesis is an investigation of the 
electrophysiological correlates of SoO and SoA, and their interplay. This issue is now 
being partly explored in a current study in our lab (Thorne, Korka, Braun, & Debener, in 
preparation). Using EEG, this study is investigating, among other things, the influence of 
agency and ownership on auditory sensory suppression. To this end, a RHI setting quite 
similar to the one from Study I is being used and the enabling factors of SoO and SoA 
systematically manipulated by varying the artificial hand’s position and type of 
movement. Focusing on the tones being generated during performance of the 
incorporated intentional binding task (Section 1.3.3.1), the N1 sensory suppression effects, 
thought to relate to SoA, are compared across the different SoO and SoA conditions. 
Preliminary analyses so far indicate two principal findings. First, that there is attenuation 
with both self and experimenter-generated tones, in comparison to computer-generated 
tones. And second, that attenuation for conditions where the artificial hand is non-
embodiable is higher than when the artificial hand is embodiable. How this latter finding 
in particular is to be interpreted remains uncertain, as the data suggest that SoO and SoA, 
though substantially overlapping in concept (Section 1.4), are exerting opposite influences 
on sensory attenuation in this paradigm. 

6.5.2 Towards self-paced NF-MIT 
The NF-MIT paradigm presented in Study II is being followed up by two Master’s theses 
under the thesis author’s supervision, one recently finished (Nadine Spychala; Spychala, 
2016, unpublished work) and one in progress (Edith Bongartz). The two primary aims of 
this joint project are to further develop the current NF-MIT paradigm into a more self-
paced training procedure and to test its clinical applicability. One reasoning for making 
the paradigm more self-paced is to take into account the ‘cognition is situated’-argument 
(Section 1.5), according to which, the information flow between the perceptual and motor 
systems is normally so closely knit that these systems constitute one inseparable 
‘sensorimotor’ system. If this is the case, a more self-paced NF-MIT, in which the 
participants may freely try out their MI acts and observe how their mental acts 
immediately translate into robotic hand actions, should facilitate the participant’s BCI 
skill-learning process (Section 1.6.5). Implementing such a self-paced NF-MIT is, however, 
methodologically challenging, especially due to the low discriminatory power of EEG-
based MI classification procedures. 

As a first attempt to make NF-MIT more self-paced, we used the (congruent) NF-MIT 
design from Study II, but completely restructured the neurofeedback phase. A fixed trial 
structure is no longer given, but instead, participants may now much more freely attempt 
to control the robotic hand’s movements by their MI thoughts alone. That is, throughout 
the neurofeedback phase, the robotic hand carries out flexion or extension movements 
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whenever the classification algorithm concludes that the participant is currently 
imagining the respective flexion or extension movement. 

To control the robotic hand’s movements (flexion, extension) and resting states (opened, 
closed), a new classification algorithm has been developed, in which the ultimate classifier 
output depends on the weighted estimates of three individual classifiers. The weighting 
of the three classifier estimates is thereby situationally adjusted by the current robotic 
hand state (for details, see Spychala, 2016). The three individual classifiers are based on 
similar signal processing steps as the ones used in Study II, but are applied to different 
time windows. That is, one classifier is calibrated for discriminating flexion from 
extension movement imagination, another for discriminating flexion movement 
imagination from relaxation, and a third for discriminating extension movement 
imagination from relaxation.  

In brief, the feedback phase consisted of four different NF-MIT tasks, each of them lasting 
4 minutes (for details, see Spychala, 2016). The first task was an ‘adaptation task’ during 
which the participant was asked to try to get into control of the robotic hand’s behaviour 
via MI. This task served to acquaint the participant with the task and to fine-tune the 
classification algorithm. 

The second task was a ‘rest vs. move task’, during which the participants should attempt 
moving the robotic hand as often as possible during 45 s move phases and as little as 
possible during 45 s rest phases. 

The third task was a ‘follow commands task’, during which the participants should 
attempt to execute commands given by the experimenter with the robotic hand. The 
experimenter thereby freely chose between three explicit commands and one implicit 
command. The three explicit commands were “open”, “close” and “grasp” the robotic 
hand, whereby grasp meant to open and immediately close again the robotic hand.  
Whenever the experimenter gave no command, the implicit command counted, which 
was to keep the robotic hand calm. 

The fourth task was a ‘announce commands task’, which was identical to the second task, 
with the exception, that this time the participants self-announced their next anticipated 
robotic hand movement. That is, whenever the participants decided, they either said 
“open”, “close” or “grasp”, and then they immediately tried to initiate the announced 
movement. During the times where the participants remained silent, it was assumed that 
the participants currently did not intend to move the robotic hand. 

Results are so far only available for the healthy participants and three stroke patients. A 
brief summary in form of a scientific poster presented on the ‘4th Mind, Brain & Body 
Symposium’ is found in the appendix (A.2 Conference poster for self-paced NF-MIT), 
whereas the whole analysis so far conducted is described in Spychala’s master thesis 
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(2016). Whereas the rest vs. move task worked out expectably well, in that most of the 
participants were able to conduct more robotic hand movements during the move than 
rest phases, the other two tasks could only be performed above chance level by some 
participants. In the next months, some more elaborated performance and subgroup 
analyses will be carried out to get a more comprehensive picture of the data, and also the 
data of the stroke patients will be analysed. At the present state of analysis, it is too early 
to draw strong conclusions; however, what the present data so far indicate, is that “free 
robotic hand control” could not be achieved by the current setting, but a first step towards 
a more self-paced NF-MIT has been undertaken. 

6.6 Conclusion 
This thesis examined the neurocognitive aspects and clinical relevance of bodily and 
agentive self-experience. The findings hereby obtained shed some more light on the 
interplay between SoO and SoA, demonstrate the importance of enabling SoO and SoA 
during NF-MIT and reveal some new insights onto which MI impairments occur after 
stroke. The thesis author hopes that some of the thesis findings will be of help for the 
ongoing development of an empirically-informed theory of the self and for advancing 
post-stroke motor rehabilitation. 
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Appendix 
A.1 Electrical circuit for robotic hand and LED 
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A.2 Conference poster for self-paced NF-MIT 
This poster has been presented on the ‘4th Mind, Brain & Body Symposium’. 
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A.3 Clinical conditions affecting body-ownership 
Table 10: Clinical disruptions of body ownership 

Clinical condition Description Review articles 

A
ut

os
co

pi
c 

ph
en

om
en

a:
 

Out-of-body 
experiences 

Hallucinatory sensation of 
floating outside one's own body. 
First person perspective and 
self-identification in the 
“illusory” body. 

Blanke, 2012 
Blanke & 
Metzinger, 2009 
Blanke, Landis, 
Spinelli, & Seeck, 
2004 
Metzinger, 2007 

Autoscopic 
hallucination 

Hallucinatory sensation of a 
duplicate of one’s own body in 
extrapersonal space. First 
person perspective and self-
identification, however, remains 
in the “physical” body. 

Heautoscopy  Hallucinatory sensation of a 
duplicate of one’s own body in 
extrapersonal space. First 
person perspective and self-
identification either in 
“physical” body, “illusory” 
body or in both bodies. 

Hemispatial personal 
Neglect 

Hemispatial unawareness and 
inability to process and perceive 
stimuli on one side of the body. 

Caggiano, Beschin, 
& Cocchini, 2014  

Malevolent shadows Feeling of presence of a person 
nearby. 

Arzy, Seeck, 
Ortigue, Spinelli, & 
Blanke, 2006 

Depersonalization Experiences of unreality, 
detachment, or being an outside 
observer with respect to one’s 
thoughts, sensations, actions or 
feelings. 

Hunter, Sierra, & 
David, 2004 
(review) 
Lambert, Sierra, 
Phillips, & 
Anthony S. David, 
2002 (review) 

Cotard’s syndrome Delusional belief that one is 
dead or no longer exists. 

Debruyne, Portzky, 
Peremans, & 
Audenaert, 2011 
(review) 
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