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Althoughwe feel, see, and experience our hands as our own (body or hand ownership), recent research has shown
that illusory hand ownership can be induced for fake or virtual hands andmay be useful for neuroprosthetics and
brain–computer interfaces. Despite the vast amount of behavioral data on illusory hand ownership, neuroimaging
studies are rare, in particular electrophysiological studies. Thus, while the neural systems underlying hand owner-
ship are relatively well described, the spectral signatures of body ownership asmeasured by electroencephalogra-
phy (EEG) remain elusive. Here we induced illusory hand ownership in an automated, computer-controlled
manner using virtual reality while recording 64-channel EEG and found that illusory hand ownership is reflected
by a body-specificmodulation in themu-band over fronto-parietal cortex. In a second experiment in the same sub-
jects, we then show that mu as well as beta-band activity in highly similar fronto-parietal regions was also mod-
ulated during a motor imagery task often used in paradigms employing non-invasive brain–computer interface
technology. These data provide insights into the electrophysiological brainmechanismsof illusory hand ownership
and their strongly overlapping mechanisms with motor imagery in fronto-parietal cortex. They also highlight the
potential of combining high-resolution EEG with virtual reality setups and automatized stimulation protocols for
systematic, reproducible stimulus presentation in cognitive neuroscience, and may inform the design of
non-invasive brain–computer interfaces.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Human self-consciousness has become an increasingly promi-
nent issue in the cognitive neurosciences in recent years (Blanke
andMetzinger, 2008; Christoff et al., 2011; Gallagher, 2000). Where-
as earlier research focusedmainly on higher-level aspects such as mem-
ory, personality, or language and how these functions relate to the self
and self-consciousness (Gillihan and Farah, 2005; Legrand and Ruby,
2009; Northoff et al., 2006), recent studies have started to investigate
more basic aspects of self-consciousness, especially how we experience
and perceive our body. Such mechanisms of bodily self-consciousness
consist of brain mechanisms encoding the different multisensory and
sensorimotor states of the body (Berlucchi and Aglioti, 1997, 2009;
Botvinick, 2004; Damasio, 2000; Jeannerod, 2006, 2007; Vogeley and
Fink, 2003).

One aspect that has been investigated intensively over the last decade
is the experience that our body and its parts belong to us and are not
those of other people, so-called body ownership. Ownership for one's
hand has been proposed to constitute a crucial aspect of bodily self-
consciousness (De Vignemont, 2011; Gallagher, 2000; Makin et al.,
2008; Tsakiris, 2010) and an increasing number of empirical data on
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the neural underpinnings of body ownership have pointed to the impor-
tance ofmultisensory integration of visual, tactile and proprioceptive sig-
nals (Botvinick, 2004; Botvinick and Cohen, 1998; Ehrsson et al., 2005;
Tsakiris and Haggard, 2005). A widely used paradigm to study the mul-
tisensory perception of upper limbs is the rubber hand illusion (RHI;
Botvinick and Cohen, 1998) where participants watch an artificial hand
(visual cue) being stroked by a paintbrush in synchrony with stroking
on their own corresponding and occluded hand (tactile cue). This
visuo-tactile manipulation alters bodily experience, inducing the illusion
that the artificial hand being touched is one's own hand (measured by
questionnaire ratings) and is generally associated with a measurable
mislocalization of the participant's hand towards the fake hand. The il-
lusion does not occur when the stroking provided to the real hand and
the artificial hand is not synchronous, when the fake hand does not
match the posture of the real hand, or when control objects are stroked
(Botvinick and Cohen, 1998; Ehrsson et al., 2004; Tsakiris and Haggard,
2005).

To investigate the brain mechanisms of illusory hand ownership,
most neuroimaging studies have manipulated the synchrony of
experimenter-applied visuo-tactile stroking and the congruence of
posture or handedness of the fake and real hands. Using fMRI, illuso-
ry ownership as induced by synchronous visuo-tactile stroking on
congruent fake hand postures was found to be reflected by BOLD ac-
tivity in bilateral premotor cortices (Ehrsson et al., 2004), cerebel-
lum (Ehrsson et al., 2005), and intraparietal cortices (Ehrsson et al.,
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2004, 2005). If the fake hand is threatened by bringing a needle near
to it, other studies found that activity in the supplementary motor
area (Ehrsson et al., 2007) and posterior parietal regions (Lloyd et al.,
2006) reflects illusory ownership. In addition, activity in bilateral anterior
insular and anterior cingulate cortices (Ehrsson et al., 2007) or activity in
premotor cortex and cerebellum (Ehrsson et al., 2004) was found to
correlate with the strength of ownership illusion (as measured by ques-
tionnaire ratings). In a PET study, Tsakiris et al. (2007) reported that
activity in the right posterior insula, sensorimotor cortices (precentral
and postcentral gyri), as well as primary somatosensory cortex was asso-
ciatedwith illusory hand ownership.Moreover, activity in the right insula
and left somatosensory cortex correlated with the magnitude of proprio-
ceptive drift (Tsakiris et al., 2007), a phenomenon classically associated
with illusory hand ownership (Botvinick and Cohen, 1998; but see also
Rohde et al., 2011). Finally, clinical studies in stroke patients showed a re-
lationship between lesion location and damaged connections between
premotor, frontal operculum, basal ganglia, parietal, and prefrontal corti-
ces with the inability to experience illusory ownership for a fake hand
(Zeller et al., 2011). To summarize, neuroimaging studies across a variety
of RHI setups and imaging techniques (e.g. fMRI, PET, lesion mapping)
have revealed a wide network of brain regions associated with illusory
body ownership during the RHI. These regions include the intraparietal
cortex, primary somatosensory cortex (precentral and postcentral
gyri), the ventral premotor cortex, the right insular lobe, the anterior cin-
gulate cortex, and the cerebellum (Ehrsson et al., 2004, 2005, 2007; Lloyd
et al., 2006; Tsakiris et al., 2007; Zeller et al., 2011).

Concerning electrophysiological correlates of illusory hand own-
ership, several EEG studies using somatosensory evoked potentials
(SEPs) or frequency analysis have also been carried out. For example,
Kanayama et al. (2007, 2009) reported that gamma-band oscillations
over parietal scalp regions varied according to the strength of illuso-
ry hand ownership in a RHI-like paradigm. These authors observed
an increase in inter-electrode synchrony in the lower gamma-band
(30–50 Hz) over parietal scalp regions during the integration of tac-
tile and visual cues in peripersonal space. In an ERP study, Press et al.
(2008) showed enhancement of the N140 and late somatosensory
SEP components (evoked by hand tapping) after a period of synchro-
nous stroking of a rubber hand, likely reflecting activation in somato-
sensory regions of the parietal cortex and/or premotor cortex.
Related work using a different illusory hand ownership paradigm
(numbness illusion) measured SEPs and implicated primary somato-
sensory cortex (Dieguez et al., 2009) based on the observation that
the earliest cortical SEP component after median nerve stimulation
(N20 component) was enhanced and correlated in strengthwith illuso-
ry ownership. Across these electrophysiological studies employing di-
verse experimental procedures, these data reveal that premotor and
parietal cortex activity as well as gamma-band oscillations have most
consistently been linked to illusory hand ownership.

Yet, in a number of related sensorimotor tasks, neural oscillations
over central areas including premotor, motor, and somatosensory
cortices have been linked rather to the mu rhythm (8–13 Hz oscilla-
tions). Sensorimotor tasks (Pineda, 2005), motor action execution, inhi-
bition, and observation (Gastaut, 1952; Howe and Sterman, 1972;
Niedermeyer and Lopes da Silva, 1993) are reflected in suchmu oscilla-
tions. Additionally, both intracranial electrophysiology (Gastaut and
Bert, 1954; Mukamel et al., 2010; Tremblay et al., 2004) and surface
EEG (Cochin et al., 1999, 1998) consistently show comparable mu
rhythm suppression during both the execution and the observation of
different movements. Mu oscillations have also been investigated with
respect to motor imagery (review in Neuper et al., 2006) and have
been linked tomu suppression in parietal cortex, premotor, and prima-
ry sensorimotor areas (Pfurtscheller and Neuper, 1997; Pfurtscheller et
al., 1997a). These oscillations during hand motor imagery have also
been decoded online in non-invasive brain–computer interfaces
(Pfurtscheller et al., 1997b). The mu rhythm is also modulated by
touch (Pfurtscheller, 1981), the observation of touch of another person
(Cheyne et al., 2003), and covaries with the BOLD signal in dorsal
premotor, inferior parietal, and primary somatosensory cortices during
both action execution and observation (Arnstein et al., 2011). More re-
cently, it has also been shown that changes in body ownership for a full
body as seen in a virtual reality environment are reflected in
mu-activity in premotor, sensorimotor, and medial prefrontal cortices
(Lenggenhager et al., 2011).

To summarize, despite this frequential and anatomical convergence
of illusory hand ownership and hand motor imagery, the spatial and
spectral relationship betweenmotor imagery and illusory hand owner-
ship has not been studied directly in the same individuals. Moreover,
hand motor imagery is often used in non-invasive brain–computer in-
terfaces (e.g. Pfurtscheller and Neuper, 2001) and it has recently been
speculated that illusory ownership over virtual and prosthetic limbs
may benefit neuroprosthetics and neuro-rehabilitation (Ehrsson et al.,
2008; Marasco et al., 2011). Here, we designed a virtual reality environ-
ment with automatized, machine-controlled visuo-tactile stimulation to
induce changes in illusory hand ownership while recording 64-channel
EEG. Using this setup, we first analyzed cortical oscillations and their
neural generators reflecting changes in illusory body ownership. Next,
we investigated – in the same subjects – brain oscillations and their neu-
ral generators during a handmotor imagery paradigm (e.g. Pfurtscheller
et al., 1997b) and directly compared ownership-related brain activations
with oscillations present during motor imagery.

Materials and methods

Participants

12 healthy, right-handed participants were recruited (ages 22.7±4.1
mean±SD; 3 females). All participants had normal or corrected-to-
normal vision and gave informed consent prior to participation. The
studywas undertaken in accordancewith the ethical standards as defined
in the Declaration of Helsinki and was approved by the local ethics re-
search committee at the University of Lausanne.

Tactile stimulation

Tactile stimulation was provided with a total of eight button-style vi-
brationmotors (PrecisionMicrodrives, London, UK) affixed in a line to the
palms of the participants' hands (Fig. 1A). On each hand, a custom-made
set of four vibration motors (12 mm diameter; 1.7 g; maximum rotation
frequency 150 Hz) was placed with an inter-vibrator distance of 2 cm.
The motors were programmed to vibrate in sequence to simulate a con-
tinuous, stroke-like movement lasting 450 ms (75 ms per motor; 50 ms
inter-motor vibrationpause). This type of sequencewas chosen to autom-
atize the stroking patterns that are generally used tomanually stroke par-
ticipants' hands to induce the RHI (i.e. Botvinick and Cohen, 1998;
Ehrsson et al., 2004). The direction of the stroking sequencewas either in-
ward, toward a central fixation cross (6 subjects), or outward, away from
the fixation cross (6 subjects). An inter-stroke interval of 400 ms was
inserted between strokes to aid in perceiving the sequence of vibrations
as a single motion.

Stimuli and virtual reality

Visual stimuli were rendered in stereo (XVR; VRMedia, Pisa, Italy) on
a FakespaceWide5head-mounted display (HMD; Fakespace Labs,Moun-
tain View, CA, USA). The HMD displayed a virtual scene with either two
virtual arms or two virtual non-body control objects visually projected
as extending from the body and resting on a tabletop (Figs. 1B, C). Four
virtual spheres on each palm of the two virtual arms (or two virtual con-
trol objects) visually represented the four vibration motors on the real
hands. Visual “vibrations” were represented by changing the virtual
motor's color fromwhite to red and animating it to visually jitter between



Fig. 1. Experimental setup and visuo-tactile stimulation. A, 64-channel EEG (small inset) was recorded while visual stimuli were presented on a head-mounted display. Tactile stim-
ulation was provided by vibration motors affixed to the palm of the left and right hands. B, Participants saw either stereoscopic virtual arms or C, virtual non-body objects projecting
from their body onto a virtual table (~20 cm above where they felt their hands to be on their laps).
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±1 cm from its original position for the entire duration of the physical
vibration.

Procedure

Participants were seated at a table with their arms resting (palms
up) on their legs (Fig. 1A). Head movements were restrained with a
chin rest and the experiment took place in a darkened room. The
HMD fully blocked the subject's vision of the table, the physical
arms and vibrators, and the rest of the room. In order to approximate-
ly calibrate the perspective of the virtual scene to that of the physical
scene, the HMD was individually fitted to each participant such that
the virtual and physical tables aligned. The two virtual arms (or two
virtual control objects) were projected above the participant's physi-
cal arms (elevated by approx. 20 cm).

Synchronous visuo-tactile stimulation was defined such that visual
and tactile vibrations occurred with no temporal delay and with spatial
congruency between visual and tactile stimuli. To achieve asynchro-
nous visuo-tactile stimulation for a given stroke (i.e. pattern of four vi-
brations), we inserted a random delay of 50 to 150 ms of the onset of
the visual stimulationwith respect to the onset of the tactile stimulation
and randomly varied the direction of visual stroking (inward or out-
ward; see Costantini and Haggard, 2007) while maintaining the same
physical vibration sequence.

Pilot study

In a pilot study, using the same automated experimental setup as used
in the main experiment, we induced changes in subjective (self-reports)
and behavioral measures (proprioceptive drift) that are compatible with
previous RHI experiments using unilateral visuo-tactile stimulation (see
Supplementary material). In particular, our pilot results indicate that
illusory hand ownership and perceived hand position were shifted to-
ward the virtual hand for synchronous as compared to asynchronous
visuo-tactile stroking (i.e. significant change in proprioceptive drift;
Botvinick and Cohen, 1998; Tsakiris and Haggard, 2005). In contrast to
the bilateral inductionof the RHI (illusory ownership experiment) andbi-
lateral presentation of visual hands (both illusory ownership and motor
imagery experiments), the pilot study involved unilateral induction of
the RHI. In the main experiments, we only measured subjective
responses (illusory body ownership) as we were mostly interested in il-
lusory hand ownership and its relation to motor imagery, and because
we wished to avoid augmenting the already long experimental protocol.

Hand ownership

Following the behavioral pilot study confirming that our automatized
and virtual reality setup induces comparable changes in hand ownership
to those described in previous RHI studies usingmanually applied strok-
ing, we carried out an EEG study to investigate the neuralmechanisms of
illusory hand ownership. We manipulated the strength of illusory hand
ownership using a 2×2 factorial designwith the factors Stroking andOb-
ject. The Stroking factor consisted of two levels of visuo-tactile stimula-
tion (synchronous and asynchronous; as defined above). The Object
factorwas composed of two levels: virtual arms or virtual non-body con-
trol objects. An additional baseline conditionwas recorded, resulting in a
total of five conditions. Each experimental condition was repeated three
times and their presentation orderwas randomized and balancedwithin
and across subjects.

Participants were asked to fixate on a cross that was placed centrally
between the hands/objects located at a visual angle of 37° to the left and
right. For 10 s, participants received visuo-tactile stimulation according
to one of the experimental conditions. For the baseline condition, no tac-
tile stimulation was provided to the hands and EEGwas recorded at rest
as participants fixated between the hands/objects as in the experimental
conditions. To quantify hand ownership (Botvinick and Cohen, 1998;
Slater et al., 2008) participants were asked to verbally respond to four
questions (on a 1–7 Likert scale) immediately following visuo-tactile
stimulation. The four questions were projected on the virtual table: 1)
It seemed as if I were feeling the vibrations in the location where I saw the
virtual hands being vibrated, 2) It seemed as though the vibrations I felt
were caused by the vibrations I sawon the virtual hands, 3) I felt as if the vir-
tual handsweremy ownhands, and 4) I felt as if my (real) handsweremov-
ing or drifting towards the virtual hands' position.

Motor imagery

We wished to additionally investigate how the neural mecha-
nisms behind motor imagery of hand movements overlap with the
neural systems activated during the experience of hand ownership.



Table 1
Significant electrodes used in whole-scalp cluster analyses. Electrode labels (10–20 sys-
tem) for scalp electrodes surviving statistical correction in the mu-band (8–13 Hz) for
the illusory hand ownership and motor imagery of hands studies. Contiguous, significant,
individual electrodes were then grouped, resulting in two sensorimotor clusters (see Ma-
terials and methods section).

Individual electrodes Clustered

Illusory ownership
Body sync C6, CP6, T8 Left cluster:

C1, C3, CP1, CP3Body async C3, C4, T8, CP6
Object sync C1, C3, CP1, CP3,

FT8, FC6, C4, CP4,
CP6

Right cluster:
C4, C6, CP4, CP6

Object async C4, C6

Motor imagery
Left imagery C1, C3, C5, CP1,

P9, PO7, C4, C6,
CP6, CP2, P2, P4,

P6, PO4

Left cluster:
C1, C3, CP1, C5

Right imagery C1, C3, C5, CP1,
P9, PO7, C4, C6,
CP6, CP2, P2, P4,

P6, PO4

Right cluster:
C4, C6, CP6,

CP2, P2, P4, P6,
PO4
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Participants were asked to fixate on a green fixation cross that was
shown for 500 ms and was located centrally between the hands
or the control objects. The fixation cross was briefly replaced by a
centrally presented left or right arrow cue for 500 ms and finally re-
placed by another central fixation cross in red that was shown for
4.5 s. While fixating on the red fixation cross, participants were
asked to imagine clasping and unclasping the cued hand (right or
left hand; Pfurtscheller et al., 1997b). It is important to note that
while performing motor imagery, participants received the same vi-
sual scene as during the RHI procedure (bilateral visual hand stimuli;
e.g. Neuper et al., 2009). Each experimental block consisted of 30
randomized trials (15 left hand imagery, 15 right hand imagery tri-
als) and was repeated three times, resulting in 90 trials.

EEG: Preprocessing

64-channel EEG was sampled at 2048 Hz (Biosemi Inc, Amsterdam,
Netherlands), downsampled to 512 Hz, and subjected to visual inspec-
tion in the time and frequency domains (e.g. Tadi et al., 2009). Electrodes
with >50 μV DC-offset were rejected. The mean percentage of elec-
trodes included was 92% (59±1 electrodes; mean±SD). Timeframes
with eye blinks and transient conductance shifts were marked as
artifacted in a semi-automated manner (see Lenggenhager et al., 2011).

To analyze the RHI data, thirty total seconds of recorded EEG per
condition were broken into 2 s epochs (14±1 s; mean±SD per sub-
ject, per condition). For motor imagery, 2 min of total EEG data was
collected for the period immediately following the imagery cue and
was further broken into 2.25 s epochs (60±19 epochs; mean±SD
per subject, per condition). Note that the motor imagery EEG data
were part of a larger study (Evans & Blanke; unpublished results),
leading to the difference in number of data epochs analyzed for RHI
and motor imagery periods. To maximize usage of non-artifacted
data, epochs were fit with 25% overlap between timeframes marked
as artifacted (see above). Prior to computing power spectral densities
(PSD), scalp potentials were re-referenced with respect to the aver-
age reference, the linear trend was removed, and a Hann window
was applied to each epoch (Blackman and Tukey, 1959). PSDs were
then computed at a 0.5 Hz resolution for each epoch with a Fast Fou-
rier Transform (Matlab, Mathworks, Natick, Massachusetts, USA) in
the following three frequency bands alpha/mu (8–13 Hz), beta
(14–25 Hz) and gamma (25–55 Hz). Finally, PSD values for each sub-
ject s, experimental condition c, frequency band f, and electrode e,
Pe(s,c,f), were averaged across epochs and a log power ratio (LPR)
was computed by taking the logarithm of the result of dividing each
PSD by the subject's mean baseline PSD, Me(s,f), (i.e. Oberman et al.,
2005). The LPRs, Le(s,c,f), thus took the form:

Le s; c; fð Þ ¼ ln Pe s; c; fð Þð Þ–ln Me s; fð Þð Þ

EEG: Statistical analysis

Hand ownership during visuo-tactile stimulation

Single electrode analysis. We analyzed EEG signals recorded at elec-
trodes C3 and C4, located over left and right hand sensorimotor cor-
tex (Oberman et al., 2005; Pfurtscheller and Neuper, 1994). These
electrodes were selected on the basis of the hypothesized location
of the overlap between brain activity associated with illusory hand
ownership and hand motor imagery (e.g. Kanayama et al., 2009;
Munzert et al., 2009) and because somatosensory evoked potentials
at electrodes C3 and C4 have been shown to be modulated by illusory
ownership (Peled et al., 2003; Press et al., 2008). We note, however,
that EEG changes at scalp electrodes C3/C4 may result from neural
generators at close and distant locations in the brain (Michel and
Murray, 2012). LPRs were contrasted across the four experimental
conditions using a 2×2 repeated-measures ANOVA and were further
analyzed with post-hoc t-tests corrected for multiple comparisons
(Bonferroni correction).

Cluster analysis. Next, we searched for scalp electrodes where LPRs
reflected changes in illusory ownership. For this, we first determined
for each electrode, each experimental condition, and each frequency
bandwhether the LPRs significantly differed from the baseline condition
(i.e. LPR of 0) using two-tailed, paired t-tests (see Oberman et al., 2005).
This resulted in one scalp distribution of p-values for each experimental
condition (Bonferroni corrected for multiple comparisons; Maris and
Oostenveld, 2007). In the case when electrodes had been rejected dur-
ing preprocessing for one or more subjects (see EEG: Preprocessing sec-
tion), the statistical tests were performed with fewer measurements
(i.e. a smaller sample size). Neighboring significant electrodes were
then formed into spatial clusters by taking the union of the sets of all sig-
nificant electrodes across the four experimental conditions and requir-
ing that each member electrode have at least two neighbors (for a
similar method, see Lenggenhager et al., 2011; Mitsis et al., 2008). This
clustering technique resulted in the formation of clusters of electrodes
that significantly differ from the baseline condition in at least one, but
not necessarily all of the experimental conditions. Potential neighbors
were defined as electrodes falling within a radius of 3 cm and, under
this definition, themean number of neighbors per electrode was 4. Elec-
trode labels for all significant electrodes and the resulting clusters in the
mu band (8–13 Hz) are presented in Table 1. Finally, for each experi-
mental condition, a per-subject LPR was computed within each cluster
by taking the mean LPR of the cluster's member electrodes. Statistical
differences between experimental conditions were gaged using a 2×2
repeated-measures ANOVA on the distribution of LPRs across subjects.
We additionally analyzed whether subjective questionnaire ratings for
the ownership question (item 3) correlated (Pearson correlation) with
the per-subject, mean LPRs in the electrode clusters for mu-, beta-,
and gamma-bands.

Motor imagery
Motor imagery has been shown to exhibit lateralized effects over sen-

sorimotor cortex, particularly in the mu- and beta-bands (Pfurtscheller
and Neuper, 1997), and also in the gamma band (Miller et al., 2010;
Pfurtscheller andNeuper, 2001). To verifywhether our paradigmand ex-
perimental setup using automated stroking and virtual reality was also
associated with these EEG changes, we analyzed LPRs in mu, beta, and
gamma bands over left and right sensorimotor scalp regions (at the



Fig. 2. Illusory hand ownership. Mean questionnaire scores probing the subjective ex-
perience of illusory ownership during visuo-tactile stimulation (Question 3; error bars
SEM). Two types of stimulation (synchronous, asynchronous) were performed on two
different visual objects (hands or control objects). * indicates a significant difference
between experimental conditions (pb0.05; Wilcoxon matched pairs test; corrected).
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level of single electrodes, C3 and C4, and at the cluster level) during left
and right motor imagery. We used these classical neurophysiological re-
sponses to motor imagery as a biomarker that participants performed
the motor imagery task. No further questionnaire or behavioral mea-
sures related motor imagery process was performed, because the exper-
iment was already long. As a baseline condition, we calculated the
average of left and right motor imagery on a per-electrode (scalp) or
per-voxel (inverse solution) basis. Statistical differences were assessed
using a 2×2 repeated-measures ANOVA with the factors Imagery (left
or right hand) and Electrode side (left or right scalp hemisphere). Finally,
post-hoc, two-tailed t-tests were used to further analyze any main ef-
fects or interactions (Bonferroni corrected).

Source localization
Cortical neural generators for scalp potentialswere computedwith a

pseudo-inverse of the electrical lead field (sLORETA; Pascual-Marqui,
2002) using a head model extracted from a “standard” brain template
(MNI152; Fuchs et al., 2002). Raw EEG data were preprocessed as in
the scalp-level analysis. Electrodes previously rejected from scalp level
analysis were replaced with a linear interpolation. Cross-spectra were
computed in mu-, beta- and gamma-bands, were averaged per-
subject and per-condition, and an inverse transformation matrix was
applied to the cross spectra. Finally, an F-ratio was computed at the
voxel level to statistically contrast each experimental condition to the
baseline condition, as performed in an earlier work on body ownership
(e.g. Lenggenhager et al., 2011) and relatedwork (Oberman et al., 2005;
Pineda, 2005). This contrast was also used for our analysis at the level of
the scalp electrodes. Statistical mapswere log transformed, participant-
wise normalized, and corrected for Type I errors (SnPM; Nichols and
Holmes, 2002). All reported coordinates are in MNI (Montreal Neuro-
logical Institute) space.

We additionally wished to verify that differences between the
body synchronous and body asynchronous conditions observed at
the single trace and cluster levels remained consistent at the voxel
level. For this, we first determined two spherical ROIs based on the
contrasts obtained separately from the inverse solution for the body
synchronous and the body asynchronous conditions versus the base-
line condition. The center of each ROI was defined as the left and right
hemispheric centroids of the union of all supra-threshold voxels
(F-ratiob−0.175) and the volume of the ROI defined by a 10 mm ra-
dius. The mean log power across voxels in these two ROIs was then
determined for both body conditions.

Overlap analysis
To assess spectral and spatial commonalities between hand own-

ership and hand motor imagery at the scalp level, a meta-set of elec-
trodes was composed for both study 1 and for study 2. To build these
two electrode meta-sets, the union of the clustered electrodes from
each study was taken (c.f. Table 1, rightmost column). These clustered
electrodes originated from the set of electrodes differing from the
baseline condition in at least one, but not necessarily all experimental
conditions from each respective study.

We analyzed similarities in the spectral profiles by taking the
per-subject peak power frequency from the mean power spectra in
the twometa-sets. Differences in peak power frequencywere separate-
ly assessed for the left and right hemispheres using paired, two-tailed
t-tests. Next, we computed spatial overlap at the scalp level by counting
overlapping electrodes from the two meta-sets separately in the left
and right hemispheres.

A similar method was used to compute spatial overlap at the voxel
level. Supra-threshold voxels were taken from the respective inverse
solutions using the same mask (F-ratiob−0.175) for each experi-
mental condition. In order to then compare the significant voxels as-
sociated with motor imagery with those associated with illusory hand
ownership in each of the four experimental conditions, we collapsed
left and right motor imagery data sets into a single data set of
significant voxels. To do so, we applied the supra-threshold mask to
the inverse solutions for both left and right imagery and then took
the union of the significant voxels from these two sets. Left hemi-
spheric (MNI X coordinateb0) and right hemispheric (MNI X coordi-
nate>0) overlaps were quantified separately by counting the number
of overlapping and non-overlapping voxels. To assess the overall over-
lap in each experimental condition from the illusory hand ownership
study, the mean of the left and right hemispheric overlap was taken,
resulting in one percentage overlap value per condition.

Results

Self-reported illusory hand ownership

A Friedman non-parametric ANOVA revealed a significant effect
of the experimental condition on subjective ratings for each item of
the questionnaire (Q1: χ2

(12,3)=18.82; Q2: χ2
(12,3)=16.78; Q3:

χ2
(12,3)=20.01; Q4: χ2

(12,3)=20.87; all pb0.001). Fig. 2 shows
that illusory hand ownership (Q3) was largest in the synchronous,
body stroking condition (henceforth referred to as illusion condi-
tion). Post-hoc, non-parametric Wilcoxon matched pair tests (all com-
parisons were Bonferroni corrected) revealed, as predicted, that only
the illusion condition significantly differed from all other conditions
(all pb0.01). Importantly, only the illusion condition resulted in posi-
tive illusory hand ownership and no significant difference was found
between the non-body control objects (p>0.05).

For items 1 and 2, post-hoc Wilcoxon matched pair tests revealed a
significant difference between synchronous and asynchronous stroking
for both body and non-body objects (both pb0.01). No significant dif-
ference in subjective ratings between body and non-body objects was
observed for synchronous (both p>0.10) or for asynchronous stroking
(both p>0.10). For item 4, the post-hoc tests showed a significant dif-
ference between synchronous and asynchronous stroking for bodily ob-
jects (pb0.02), but no such difference for non-body objects (p>0.10).
The full questionnaire results are plotted in Supplemental Fig. S1.

Electrophysiology of illusory hand ownership

Single electrode analysis (electrodes C3/C4)
Formu-band activity at electrode C4, a repeated-measures ANOVA re-

vealed a significant two-way interaction between Synchrony and Object
(F1,11=6.43, pb0.05) but no main effects of Synchrony or Object (both
p>0.20). The mu-band power in the illusion condition was found to be
less strongly suppressed than in the remaining conditions and thus dif-
fered significantly from the asynchronous body condition (pb0.01) as
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well as the synchronous object condition (pb0.05; Fig. 3B). No such dif-
ference was found between synchronous and asynchronous stroking
for the non-body control objects (p>0.05). At electrode C3, mu-band
power did not show any significant interaction or main effects (all
p>0.10).

In beta- and gamma-bands at electrode C4, no significant main ef-
fects or interactions were found (all p>0.05). Beta and gamma-band
analysis at electrode C3 revealed no interaction or main effect of Ob-
ject (all p>0.05), but a main effect of Synchrony in the beta-band
(F1,11=8.58; pb0.01) and the gamma-band (F1,11=4.73, pb0.05). A
full summary of the mean LPRs is presented in Table 2.

Cluster analysis
For each experimental condition, at least one electrode (mean: 5)

was found to significantly differ from the baseline condition in the
mu-band (Table 1; left column). Using our clustering technique, we
Fig. 3. Electrophysiological results for illusory ownership. A, Statistical scalp maps in top-vie
differ from the baseline condition in the mu-band (8–13 Hz). Blue indicates power suppre
ratios in the mu-band (mean±SEM) for the four visuo-tactile conditions at single ele
synchrony-dependent mu-band suppression whereas C3 showed a similar but non-signific
selective, synchrony-dependent mu-band modulation in the right cluster and a similar but
lusion condition against the baseline condition shows mu-band suppression to be localized t
left and right, log power is plotted in voxel-level ROIs (as defined in Materials and method
found the electrode clusters (assembled across the experimental con-
ditions; see Materials andmethods section) to be localized to scalp re-
gions over right and left sensorimotor cortex (Fig. 3A; left cluster: 4
electrodes, right cluster: 4 electrodes; Table 1, right column). Statistical
analysis for the rightmu-band cluster revealed a two-way interaction be-
tween Synchrony and Object (F1,11=6.59, pb0.05) but no main effects
(both p>0.2). Mu-band power in the illusion condition was found to be
less strongly suppressed than the remaining conditions and to be signifi-
cantly different than the asynchronous body condition (pb0.05; Fig. 3C)
as well as the synchronous object condition (pb0.05). No such difference
was found between synchronous and asynchronous stroking for the
non-body control objects (p>0.05). For the left cluster, a trend towards
significance was found for the interaction term (p=0.09) without any
main effects (all p>0.35). Beta and gamma-band analysis in both left
and right mu-defined clusters did not reveal any significant interactions
or main effects (all p>0.05). The mean mu-band LPRs in the left and
w for each visuo-tactile condition showing the location of electrodes that significantly
ssion with respect to baseline and gray indicates non-significance. B, Mean log power
ctrodes over sensorimotor cortex. In electrode C4, we observed a body-selective,
ant pattern. C, left and right electrode clusters (4 electrodes left; 4 right) show a body
non-significant trend in the left cluster. D, Source localization for the contrast of the il-
o bilateral sensorimotor cortex (centered at the left and right postcentral gyrus). To the
s section) for body synchronous and body asynchronous conditions.
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right clusters for the illusion condition were not found to correlate with
the questionnaire responses for question 3 (all p>0.05). In the beta and
gamma bands, no electrodes were found to significantly differ from the
baseline condition. Thus, no electrode clusters were defined for beta- or
gamma-bands.

Source localization
The mu-band suppression found at the single electrode and

cluster levels in the illusion conditionwas localized to the sensorimotor
cortex and extended from premotor to posterior parietal cortex. Its
maximal focus was found at the right and left postcentral gyrus (right:
F=−0.35; Brodmann areas 3/4; peak MNI coordinates: X=40,
Y=−25, Z=55; left: F=−0.30; Brodmann areas 3/4; peak MNI coor-
dinates: X=−45, Y=−20, Z=55).

To confirm the log power difference observed at the single trace and
cluster levels at the voxel level, we defined two ROIs (seeMaterials and
methods section). The left hemispheric ROI had its centroid at X=−41,
Y=−26, Z=49 and the right ROI at X=40, Y=−28, Z=45. In agree-
mentwith single trace and cluster analyses, log powerwas found to dif-
fer between the body synchronous and body asynchronous conditions
in the right hemispheric ROI (pb0.05) but not in the left hemispheric
ROI (p>0.05). In Fig. 3D, log power for the synchronous body condition
and asynchronous body conditions is plotted for both ROIs and is plot-
ted alongside the inverse solution for the illusion condition.

In summary, illusory hand ownership was reflected in the suppres-
sion ofmu-band power at the postcentral gyrus extending into premotor
cortex and posterior parietal cortex. These localized oscillatory modula-
tions were absent for control conditions under otherwise identical
visuo-tactile conditions. Beta and gamma-band activity did not reflect il-
lusory ownership, visuo-tactile synchrony, or the sight of a virtual arm at
the cluster level. Rather, these frequency bands were modulated by
visuo-tactile synchrony at scalp electrode C3, and were not found to be
body-specific.

Motor imagery of hands

Using single trace (electrodes C3, C4), cluster, and source localization
analyses, we next studied whether mu, beta and gamma-band power
yields contralateral suppression (event-related desynchronization) and
ipsilateral enhancement (event-related synchronization) during lateralized
motor imagery tasks (Pfurtscheller and Neuper, 1997; Pfurtscheller et al.,
1997b) and how this compares to the observed changes in illusory hand
ownership. For this, we applied a 2×2 repeated-measures ANOVA with
the factors Imagery (left or right imagery) and Electrode side (left or
Table 2
Log power ratios for each experimental condition in single trace and cluster analyses.
Mean and standard error of log power ratios (illusory ownership) and log power
(motor imagery). Values are provided for single trace analyses (electrodes C3 and
C4) as well as cluster analyses (left and right clusters; see Materials and methods sec-
tion, Figs. 3 and 4).

Electrode C3 Electrode C4 Left cluster Right cluster

Illusory ownership
(mu)
Body sync −0.53±0.10 −0.31±0.05 −0.51±0.09 −0.35±0.05
Body async −0.64±0.10 −0.57±0.07 −0.55±0.11 −0.54±0.08
Object sync −0.63±0.11 −0.53±0.10 −0.66±0.10 −0.55±0.10
Object async −0.55±0.10 −0.50±0.09 −0.50±0.10 −0.44±0.09

Motor imagery (mu)
Left imagery 0.14±0.04 −0.20±0.05 0.10±0.04 −0.18±0.05
Right imagery −0.22±0.05 0.13±0.04 −0.17±0.06 0.13±0.04

Motor imagery
(beta)
Left imagery 0.06±0.02 −0.13±0.04 0.04±0.01 −0.12±0.03
Right imagery −0.11±0.03 0.09±0.03 −0.06±0.02 0.08±0.03
right hemisphere). Table 2 summarizes the mean log powers in the left
and right motor imagery conditions.

Single electrode analysis (electrodes C3/C4)
A repeated-measures ANOVA on the mu-band LPRs showed a

significant two-way interaction between Imagery and Electrode
side (F1,11=25.89, pb0.01) without significant main effects (both
p>0.5). Further testing revealed that this was caused by a signifi-
cant difference in mu-band power between contralateral and ipsi-
lateral motor imagery at C3 (pb0.01) and at C4 (pb0.01; Fig. 4C)
and, in particular, a stronger suppression in mu-band power at C3
for right imagery (compared to right imagery at C4; pb0.01) and
at C4 for left imagery (compared to left imagery at C3; pb0.01).

In the beta-band, the same patternwas observed as in themu-band,
namely a significant two-way interaction (F1,11=15.77, pb0.01) and a
significant difference between contralateral and ipsilateral motor imag-
ery at electrodes C3 (pb0.01) and C4 (pb0.01). As for mu-band power,
beta-band power was also significantly suppressed for right motor im-
agery in electrode C3 (as compared to C4; pb0.01) and suppressed for
left motor imagery in electrode C4 (as compared to C3; pb0.01).

In the gamma-band, statistical analysis also revealed a two-way in-
teraction (F1,11=10.43, pb0.01). Only a significant difference between
ipsilateral and contralateral band power in electrode C3 (pb0.01) was
observed, whereas no such difference was present in electrode C4
(p>0.1). Following the pattern of mu- and beta-bands, gamma-band
power was significantly suppressed for right motor imagery in elec-
trode C3 (as compared to C4; pb0.01) and suppressed for leftmotor im-
agery in electrode C4 (as compared to C3; pb0.05).

Cluster analysis
For left and right motor imagery, 14 electrodes were found to signif-

icantly differ from the baseline condition in the mu-band. These elec-
trodes were clustered at scalp regions over left and right sensorimotor
cortex (compare Fig. 3A with Fig. 4A; left cluster: 4 electrodes and right
cluster: 8 electrodes; see Table 1). For the beta-band, we found the
same clusters (14 electrodes, yielding two clusters: 4 left and 8 right).
No electrodes were found to significantly differ from the baseline condi-
tion for left or right motor imagery in the gamma-band.

A repeated-measures ANOVAon the cluster LPRs showed a two-way
interaction in the mu-band (Imagery×Electrode side; F1,11=14.31,
pb0.01). Post-hoc analysis showed that in both clusters, contralateral
mu-band power significantly differed from ipsilateral mu-band power
(left cluster: pb0.01; right cluster: pb0.01; Fig. 4D). As expected, this
difference was due to a stronger suppression of mu-band power in
the left cluster for right imagery (compared to right imagery in the
right cluster; pb0.01) and a stronger suppression in the right cluster
for left imagery (compared to left imagery in the left cluster; pb0.01).
The same pattern was found in the beta-band (Imagery×Electrode side
interaction; F1,11=13.71, pb0.01), where contralateral band power sig-
nificantly differed from ipsilateral bandpower (left cluster: pb0.01; right
cluster: pb0.01). As observed in the mu-band, beta-band power was
suppressed contralaterally: in the left cluster for right imagery (as com-
pared to right imagery in the right cluster; pb0.01) and in the right clus-
ter for left imagery (as compared to left imagery in the left cluster;
pb0.01).

Source localization
During left motor imagery, mu-band power suppression was local-

ized to right premotor and primary motor cortices (F=−0.31;
Brodmann areas 4/6; peak MNI coordinates: X=35, Y=−15, Z=70)
and mu-band power enhancement to left premotor and primary
motor cortices (F=0.20; Brodmann areas 4/6; peak MNI coordinates:
X=−45, Y=−15, Z=50; see Fig. 4B, left). The opposite was found
for right motor imagery: suppression in left premotor and primary
motor cortices (F=−0.27; Brodmannareas 4/6; peakMNI coordinates:
X=−45, Y=−15, Z=50) and mu-band power enhancement in right



Fig. 4. Electrophysiological results for left/right hand motor imagery. A, Statistical scalp maps for left and right motor imagery showing the location of electrodes that significantly
differ from the baseline condition in the mu-band (8–13 Hz). Blue indicates power suppression with respect to baseline, red indicates activation with respect to baseline. B, Inverse
solutions of lateralized motor imagery periods reveal sensorimotor mu-band modulation in the form of contralateral suppression and ipsilateral activation. C, Log mu-band power
(mean±SEM) for left and right motor imagery at electrode C3 and electrode C4 and D, log mu-band power (mean±SEM) in the left and right electrode clusters (4 electrodes left;
8 right) showed significant differences across imagery side (left/right) and hemisphere (left/right).
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premotor and primary motor cortices (F=0.25; Brodmann areas 4/6;
peak MNI coordinates: X=40, Y=−10, Z=65; see Fig. 4B, right).

Contralateral beta-band suppression was found for both left and
right motor imagery and was centered in precentral gyrus, extending
from premotor to parietal areas (left imagery: F=−0.08; Brodmann
area 6; peak MNI coordinates: X=30, Y=−15, Z=50; right imagery:
F=−0.07; Brodmann area 6; peakMNI coordinates: X=−35, Y=−5,
Z=45); ipsilateral enhancement was also found for both left and right
imagery and was focused at the middle frontal gyrus extending from
premotor to parietal regions (left imagery: F=−0.06; Brodmann area
6; peak MNI coordinates: X=−35, Y=−5, Z=60; right imagery:
F=−0.08; Brodmann area 6; peak MNI coordinates: X=35, Y=0,
Z=65).

Spatial and spectral overlap between ownership and motor imagery

These results suggest that lateralized motor imagery as well as il-
lusory hand ownership is reflected by mu-band oscillations in senso-
rimotor cortex, including premotor and posterior parietal cortices. To
further investigate this finding, we looked at the spectral profile
across subjects for ownership and motor imagery, contrasting peak
power responses in the frequency domain and further investigated
the anatomical overlap between the two sets of activations at the
scalp and inverse solution levels.

This analysis revealed that the spectral profile of mu-suppressionwas
the same for motor imagery and illusory ownership as tested here; by
contrasting the per-subject peak spectral power in the left hemisphere,
we found no significant difference between peak power frequency during
illusory ownership (10.0±0.42 Hz; mean±SEM) and motor imagery
(9.6±0.36 Hz; p>0.05). Moreover, no peak power response difference
was observed in the right hemisphere between these two processes
(ownership: 9.7±0.3 Hz; motor imagery: 10.1±0.3 Hz; p>0.05).

Concerning spatial overlap at the scalp level, 6 of 8 (mean: 75%) of the
significant electrodes found in the cluster analysis for illusory ownership
overlappedwith significant electrodes found during motor imagery (full
summary in Table 3). In Fig. 5, the inverse solutions for illusory hand
ownership, right hand imagery, and left hand imagery are overlaid,
showing strong spatial overlap in voxel space (mean: 86.9%; percentage
overlap for illusory ownership and motor imagery). Computing overlap
for each experimental condition showed that the illusion condition led
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to the strongest overlapwithmotor imagery (mean across hemispheres:
89%) as compared to the body asynchronous and object synchronous
conditions (mean across hemispheres: 78% and 72%, respectively). The
weakest overlapwas found for the object-asynchronous condition (49%).

Discussion

Here we induced and manipulated systematic changes in illusory
handownership for two virtual hands using a fully automated setup com-
bining tactile stimulation, virtual reality and electrical neuroimaging.
Mu-band activity, but not beta or gamma-band activity, reflected illusory
hand ownership and these changes were localized to fronto-parietal cor-
tex. These data provide novel insights into the brainmechanisms of body
ownership and related aspects of bodily self-consciousness, and highlight
the potential of combining high-resolution EEGwith virtual reality setups
and automatized stimulation protocols for systematic, reproducible stim-
ulus presentation in neuroscience (i.e. Bohil et al., 2011; Lenggenhager
et al., 2011; Slater et al., 2008). Mu-band activity in highly similar regions
was alsomodulated during handmotor imagery. Although premotor and
posterior parietal cortices have been involved in illusory hand ownership
and motor imagery respectively, the present study is the first to show
common mechanisms of these two processes in these regions and in
the mu band, within the same subjects.

Hand ownership as studied in the RHI has been shown to be sen-
sitive to various parameters including visuo-tactile stroke duration
(Rohde et al., 2011; Tsakiris and Haggard, 2005), distance between
proprioceptive and visual hand position (Lloyd, 2007), and visual
hand posture (Costantini and Haggard, 2007). In the large majority
of these studies, the experimenter applied the visuo-tactile stroking
manually (but see also Schütz-Bosbach et al., 2009) and to one hand.
Here we describe an automatized and programmed RHI setup that
makes the different stimulation-related parameters explicit and re-
producible across the different visuo-vibratory conditions. These
well-defined spatio-temporal parameters should facilitate the com-
parison and development of future behavioral and neuroimaging
studies related to illusory hand ownership, for instance to those
that have already been applied in the field of neuro-prosthetics
(Marasco et al., 2011). Moreover, an automated RHI setup overcomes
previous experimental constraints as it allowed us, for instance, to si-
multaneously apply visuo-tactile stimulation to both hands. Using
this novel set-up, we have shown that comparable effects can be
achieved when using automatized visuo-tactile stimulation in an
immersive virtual reality scenario with virtual hands projecting
from one's shoulders in stereo vision.

Concerning illusory referral of touch (questions 1 and 2), our setup
was effective and induced strong illusions of touch thatwere dependent
on the synchrony of stroking. Yet, thiswas not found to be body-specific
Table 3
Anatomical overlap between illusory ownership and motor imagery. Illusory owner-
ship data (illusion condition) is spatially compared to motor imagery (see Materials
and methods section). Percentage overlap is quantified separately in the left and
right hemisphere for significant, mu-band modulated scalp electrodes and voxels.
Top half: The number of overlapping scalp electrodes (from left and right sensorimotor
electrode clusters as defined in Table 1) between illusory hand ownership and motor
imagery of hands. Bottom half: The number of overlapping voxels (from inverse solu-
tion contrasts; see Results section for voxel coordinates).

Imagery with ownership Ownership with imagery

Scalp clusters (electrodes)
Left hemisphere 3 of 4

(75%)
3 of 4
(75%)

Right hemisphere 3 of 4
(75%)

3 of 8
(38%)

Source generators (voxels)
Left hemisphere 198 of 201

(98.5%)
198 of 367
(54%)

Right hemisphere 258 of 324
(79.6%)

258 of 336
(76.8%)
(as in Armel and Ramachandran, 2003; Lenggenhager et al., 2007) and
could in the present study be due to the fact that the non-body objects
were similar in size and form to the hands (for discussion see Tsakiris,
et al., 2009).We also note thatmany of the aforementioned RHI studies
(e.g. Botvinick and Cohen, 1998; Ehrsson et al., 2004; Tsakiris and
Haggard, 2005) did not collect self-reports for non-body control objects.
Concerning illusory hand ownership (item 3), the present self-reports
provide evidence that such changes can be induced in a body-specific
and synchrony-dependent fashion with our automated setup (see also
Slater et al., 2008). We observed similar effects also for illusory drift in
hand position (question 4). Accordingly, the present questionnaire data
extend and complement earlier work that has studied illusory owner-
ship over virtual hands presented on a distanced projection screen
(Slater et al., 2008), on a monitor (Hägni et al., 2008), or via video-
projector (Ijsselsteijn et al., 2006) as well as more traditional RHI studies
(Botvinick and Cohen, 1998; Tsakiris and Haggard, 2005).
Fronto-parietal regions reflect ownership

Previous neuroimaging work not only revealed the prominent in-
volvement of premotor and intraparietal cortices in illusory hand
ownership, but also implicated other brain regions such as primary
somatosensory cortex, insular cortex, anterior cingulate cortex, and
the cerebellum (Ehrsson et al., 2004, 2005, 2007; Lloyd et al., 2006;
Tsakiris et al., 2007; Zeller et al., 2011). The present inverse solution
data link illusory hand ownership to bilateral premotor and posterior
parietal cortices (Ehrsson et al., 2004, 2005, 2007) as well as the
postcentral gyrus (Ehrsson et al., 2005; Lloyd et al., 2006; Schaefer
et al., 2006a, 2006b; Tsakiris et al., 2007; see also Schaefer et al.,
2007).

Concerning the lateralization of brain activation, our data suggest a
predominant involvement of the right fronto-parietal cortex. This is dif-
ficult to compare with prior neuroimaging studies on the RHI as these
have adopted a wide range of tactile stimulation protocols. Most au-
thors manually applied visuo-tactile stroking either unilaterally to the
right (Costantini and Haggard, 2007; Ehrsson et al., 2004, 2005, 2007;
Lloyd, 2007; Lloyd et al., 2006; Tsakiris et al., 2007), or unilaterally to
the left dorsum and fingers of the hand (Botvinick and Cohen, 1998;
Kanayama et al., 2007, 2009; Schaefer et al., 2006a, 2006b; Tsakiris
and Haggard, 2005). We extended the diversity of the employed RHI
protocols and stimulated the palmbilaterally in an automatized fashion,
confirming and extending previous findings on illusory hand ownership.
Furthermore, these different stimulation protocols resulted in distributed,
but partially overlapping patterns of brain activity associatedwith illusory
hand ownership. In previous reports, unilateral visuo-tactile stroking led
to brain activity contralateral (Lloyd et al., 2006; Schaefer et al., 2006a,
2006b; Tsakiris et al., 2007), bilateral (Ehrsson et al., 2004, 2005, 2007;
Lloyd et al., 2006; Press et al., 2008), or ipsilateralwith respect to the stim-
ulated hand (Lloyd et al., 2006; Tsakiris et al., 2007). Using EEG source
analysis and bilateral visuo-tactile stimulation, we observed activity in bi-
lateral fronto-parietal regions. Despite the bilateral pattern of activation at
the level of the inverse solution, however, statistical analyses at the single
electrode and cluster levels only revealed significant effects over right
fronto-parietal regions (whereas the same analysis was not significant
at C3 or the left cluster). The present findings are therefore in favor of a
selective or predominant right hemispheric involvement in illusory
hand ownership and are consistent with a behavioral study reporting
stronger illusory ownership in the left hand as opposed to the right
hand (Ocklenburg et al., 2010). This right lateralization of handownership
is further supported by the prevalence of right-hemispheric lesions lead-
ing to the neuropsychological condition of somatoparaphrenia, during
which patients report abnormal ownership for their left contralesional
limb (for a review see Vallar and Ronchi, 2009; Karnath and Baier,
2010). Future research should investigate differences between unilateral
and bilateral visuo-tactile stimulations as well as differences between



Fig. 5. Overlap between illusory hand ownership and motor imagery. Anatomical overlap for mu-band suppression was based on the inverse solution analysis. Side and top views of
inverse solutions (compare Figs. 3D and 4B), showing strong anatomical overlap of supra-threshold voxels (F-ratiob1.75) corresponding to mu-band suppression during the illu-
sion condition and left and right motor imagery.
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manually versus automated visuo-tactile stimulation and how these in-
fluence the recruitment of right versus left fronto-parietal cortex.

Previous clinical studies using overlap analysis in stroke patients
also suggested that fronto-parietal damage in insular cortex could be
responsible for variable dysfunctions in limb ownership including
somatoparaphrenia (e.g. Karnath and Baier, 2010). Such an implication
of the insula has also been found for illusory hand ownership by experi-
mentally manipulating visuo-tactile information in healthy subjects
(Tsakiris et al., 2007), although the insular activity in this study correlat-
ed only with implicit measures of the RHI (proprioceptive drift) and not
with subjective changes in illusory hand ownership as tested in the
present study. Although we cannot exclude that insular cortex was
also activated in the present study and may have influenced the
observed fronto-parietal EEG patterns, this is rather unlikely given our
inverse solution results and that activity in the insula can be detected
with EEG methods (Mulert et al., 2003).

Electrophysiology of ownership

The present frequency analysis revealed that illusory hand own-
ership was reflected in mu-band suppression in fronto-parietal re-
gions, but not beta or gamma-band oscillations in this or other
regions. By simultaneously measuring EEG and PET/fMRI, sensori-
motor alpha and mu-band suppression has been associated with in-
creased cerebral activity (Goldman et al., 2002; Oakes et al., 2004).
Furthermore, mu-band suppression has been linked to sensorimotor
processing (Pineda, 2005), such as action execution and observation
(Gastaut, 1952), tactile stimulation (Pfurtscheller, 1981), and ob-
served tactile stimulation of others (Cheyne et al., 2003). Here, we
foundmu-band activity to distinguish between the illusion condition
and the three control conditions. Namely, the illusion condition led
to less mu-band suppression than the control conditions. We thus
found greater activation of fronto-parietal cortex during both
non-body and the asynchronous body conditions, concordant with previ-
ous EEG and PET data on illusory hand ownership (Lenggenhager et al.,
2011; Tsakiris et al., 2007). This brain activation pattern also excludes
that mere visuo-tactile matching or the sight of a virtual hand accounts
for the observed mu-band changes. Increased activation, as reflected by
greater suppression with respect to the baseline condition, has been pro-
posed to be due to greater multisensory visuo-tactile conflict (Fink et al.,
1999; Lenggenhager et al., 2011). In further agreementwith the observed
mu-band modulation in the present study, illusory hand ownership has
been associatedwith decreased cortical excitability and cortical inhibition
of the motor cortex (Schütz-Bosbach et al., 2006, 2009). Accordingly, we
argue that fronto-parietal cortex is less activated and/or inhibited during
synchronous visuo-tactile stimulation (illusion condition) as compared to
the baseline condition, where no visuo-tactile stimulation was applied.
In a series of EEG experiments, illusion strength during the RHI
was linked to an increase in inter-electrode, phase-locking synchrony
in the gamma-band over parietal cortex (Kanayama et al., 2007, 2009).
Though the present data mainly point to a close association of illusory
hand ownership with changes in mu oscillations, our data are also in
partial agreement with the data by Kanayama and colleagues. We
found amain effect of visuo-tactile synchrony over central scalp regions
(electrode C3, left cluster) that was reflected by beta-band suppression
and an increase in gamma-band activity. Kanayama et al. (2007)
reported gamma changes to bemaximal over the central-parietal region
(i.e. electrode Pz). However, since these authors were mainly interested
in crossmodal synchrony effects during the RHI, they restricted their
analysis to high-beta and low-gamma bands (20–100 Hz); frequency
bands known to be associated with bimodal integration (for a review,
see Calvert and Thesen, 2004). As such, no direct comparison can be
made with our results that show illusory hand ownership to be selec-
tively associated with mu-band power suppression. We note, however,
that in contrast to these authors, our data do not suggest that beta or
gamma-band activity is related to illusory hand ownership, because ac-
tivity changes in these bands did not reflect illusory hand ownership
depending on our experimental factors of stroking synchrony and the
sight of virtual hands or objects. Importantly, visuo-tactile stimulation
in these previous studies by Kanayama et al. (2007, 2009) was always
performed on body-like objects, i.e. no object control conditions were
carried out to test for body specificity of synchrony-related changes in
hand ownership. We also note that the collected subjective reports in
the two studies by Kanayama and colleagues suggest that most partici-
pants did not experience illusory ownership within their experimental
setting, whereas in the present experimental setup, illusory ownership
was significantly modulated. We thus suggest that these earlier EEG re-
sults represent a low-level effect of receiving bimodal (visuo-tactile)
stimulation in a synchronous or asynchronous manner, rather than illu-
sory hand ownership. Such comparisons, however, ought to be made
cautiously, as the experimental setup and paradigm differ substantially
from the current study.

Shared spectral and anatomical mechanisms between motor imagery
and ownership

Our motor imagery results follow classical electrophysiological re-
sponses over sensorimotor cortex (Pfurtscheller and Neuper, 1997;
Neuper et al., 2006). These are characterized by contralateral mu- and
beta-band desynchronization (suppression) and ipsilateral mu- and
beta-band synchronization (enhancement) and were found here at
both the level of single electrode and cluster analyses. The application
of a linear, distributed inverse solution localized these changes to contra-
lateral and ipsilateral fronto-parietal cortex including premotor and

image of Fig.�5
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posterior parietal cortices as well as the postcentral gyrus. These regions
have been involved in a number of studies in motor imagery (see re-
views from Grèzes and Decety, 2001; Munzert et al., 2009). Several stud-
ies using neuroimaging (Kosslyn et al., 2001), transcranial magnetic
stimulation (Ganis et al., 2000), or clinical investigations (Sirigu et al.,
1996) showed thatmotor imagery shares neuralmechanismswithmove-
ment planning (Decety et al., 1989) and movement execution (Gerardin
et al., 2000; Parsons et al., 1995), in particular in premotor cortex (e.g.
Ionta et al., 2010) and parietal cortex (e.g. Overney and Blanke, 2009). Ac-
tivity in both the inferior parietal cortex (Wolbers et al., 2003) and the
premotor cortex (de Lange et al., 2006; Malouin et al., 2003) increases
as a function of imagery demand. Of relevance for the present study,
premotor cortex and posterior parietal cortex are activated in the RHI
(Ehrsson et al., 2004, 2005) and activation in premotor cortex has been
found to correlate with illusion strength. Moreover, RHI andmotor imag-
ery have been shown to depend on multisensory mechanisms, including
vision and proprioceptive signals (Botvinick and Cohen, 1998; Ionta and
Blanke, 2009; Ionta et al., 2012; Lloyd, 2007) and changes in illusory
hand ownership alter the speed of motor imagery (Ionta et al., 2012).
To our knowledge, our results show for the first time at the neural level
a strong anatomical overlap between illusory hand ownership and hand
motor imagery in the same subjects showing that common structures
are recruited for both processes. That is, the activation changes due to
motor imagery activated to a large extent the same regions that were
modulated by illusory hand ownership with the former being somewhat
morewidespread than the latter. This overlapwasmaximal during the il-
lusion condition andminimal during asynchronous visuo-tactile stimula-
tion during the non-body object condition.

Common brain mechanisms between hand ownership and hand
motor imagery were further confirmed using frequency analysis. Thus,
concerning the involved frequency bands, bothmotor imagery and illu-
sory hand ownership were associatedwithmu-bandmodulation. How-
ever, motor imagery was characterized by contralateral mu- and
beta-band desynchronization in fronto-parietal cortex (suppression;
i.e. Pfurtscheller and Neuper, 1997; Pfurtscheller et al., 1997b), whereas
our illusory hand ownership manipulation was characterized by
mu-band desynchronization, especially in the right fronto-parietal cor-
tex, that was body-specific and depended on visuo-tactile stimulation.
These frequency data suggest that hand motor imagery and illusory
hand ownership rely on similar electrophysiological mechanisms in
fronto-parietal cortex, while partly differing in their spectral signatures.

There are several limitations to the present study. We note that
the present experiment was designed as a precursor to future work
investigating the impact of illusory ownership on BCI performance
involving bilateral presentation of the visual hands during unilateral
motor imagery. This was one of the reasons why we decided to in-
duce ownership bilaterally in the present study, measuring the spa-
tial and spectral overlap of illusory ownership and motor imagery
by comparing bilateral RHI data against a combination of two unilat-
eral motor imagery data sets. This constraint may have been a limita-
tion concerning the present overlap analysis, as recruited brain
structures and overlap may be different from those described here
if unilateral RHI data are compared with unilateral motor imagery
(or if bilateral RHI data are compared with bilateral hand motor
imagery).

Also, in the present study participants saw static virtual hands while
performingmotor imagery and this may have interferedwithmotor im-
agery mechanisms due to incongruency between the imagined move-
ment and the static virtual hands. Recent neuroimaging evidence has
also suggested that providing visual postural consequences congruent
with the motor imagery strategy may enhance corticospinal activity in
M1 (Mercier et al., 2008). Given this, future studiesmay additionallyma-
nipulate the visual feedback during motor imagery to investigate the ef-
fects of non-stationary visual feedback on brain mechanisms of motor
imagery aswell as the sharedmechanisms of the RHI andmotor imagery.
Furthermore, collection of additional behavioral measures of motor
imagery performance could allow for comparisons between the strength
of illusory ownership and imagery ability. Further work is needed to in-
vestigate and compare the brain mechanisms of unilateral and bilateral
hand ownership and motor imagery.

Collectively, these anatomical and spectral data reveal that motor im-
agery in fronto-parietal cortex shares neural mechanisms not only with
several different motor-related aspects such as movement execution
andmovement planning, but alsowithmultisensorymechanisms related
to illusory hand ownership. It has been speculated that illusory owner-
ship over virtual and prosthetic limbs may benefit neuroprosthetics and
neuro-rehabilitation (Ehrsson et al., 2008;Marasco et al., 2011). The pres-
ent data show that the computer-controlled induction of handownership
alters – at least partly – the same fronto-parietal oscillations that can be
used in non-invasive brain computer interfaces. These approaches
have utilized motor imagery for motor control via online exploitation
of spectral features from themu- and beta-bands (8–26 Hz) over senso-
rimotor cortex (Lebedev and Nicolelis, 2006; Millán et al., 2010;
Pfurtscheller and Neuper, 2001; Pfurtscheller et al., 1997b; Wolpaw
andMcFarland, 2004). Based on the present findings, we argue that au-
tomatized illusory hand ownership may be used to guide or improve
control of external devices including robotic arms using non-invasive
brain computer interface technology as well as to control prosthetic
arms that are interfaced with the peripheral nervous system (Marasco
et al., 2011; Navarro et al., 2005).
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