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In the rubber hand illusion (RHI), the subject recognizes a fake hand as his or her
own. We recently found that the observation of embodied fake hand movement
elicited mu-rhythm (8–13 Hz) desynchronization on electroencephalography (EEG),
suggesting brain activation in the sensorimotor regions. However, it is known that
mu-rhythm desynchronization during action observation is confounded with occipital
alpha-rhythm desynchronization, which is modulated by attention. This study examined
the independence of brain activities in the sensorimotor and occipital regions relating
to the movement observation under the RHI. The invisible participant’s left and fake
right hands were stroked simultaneously, which was interrupted by unexpected fake
hand movements. A mirror-reversed image of the fake hand was shown on a monitor
in front of the participant with a delay of 80, 280, or 480 ms. Illusion strength
decreased as a function of the delay. EEG independent component analysis (ICA) and
ICA clustering revealed six clusters with observation-induced desynchronization of 8–
13 Hz frequency band. In the right sensorimotor cluster, mu-rhythm desynchronization
was the greatest under the 80-ms delay, while alpha-rhythm desynchronization of
the occipital clusters did not show delay-dependence. These results suggest that
brain activation in the sensorimotor areas (i.e., mu-rhythm desynchronization) induced
by embodied fake hand movement is independent of that in the occipital areas
(alpha-rhythm desynchronization).

Keywords: body ownership, delayed visual feedback, independent component analysis, electroencephalography,
mu-rhythm desynchronization, alpha-rhythm desynchronization, rubber hand illusion

INTRODUCTION

Sense of body ownership describes the subjective feeling that one’s body belongs to oneself and
is a fundamental aspect of one’s sense of self (Gallagher, 2000, 2005). Although body ownership
is generally rigid, accumulating findings from research implementing the RHI suggest that body
ownership is flexible even in healthy individuals and can be projected onto a non-corporal object.

Abbreviations: EEG, electroencephalography; ERSP, event-related spectrum perturbation; ICA, independent component
analysis; RHI, rubber hand illusion.
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In the traditional visuo-tactile RHI (Botvinick and Cohen, 1998),
an experimenter repeatedly strokes a visible fake hand (i.e.,
rubber hand) and an invisible participant’s hand in synchrony,
causing the participant to experience illusory ownership of
the fake hand. The experience of RHI is generally assessed
using a questionnaire and by observing a phenomenon known
as proprioceptive drift in which the subject’s proprioceptive
perception shifts toward the fake hand under the illusion. If
two hands are stroked in asynchrony, the RHI is reduced or
abolished (Ehrsson et al., 2004; Tsakiris et al., 2007), suggesting
that temporal consistency between visual and tactile stimuli is
necessary to induce the RHI.

During the RHI, it is known that action observations of
the embodied fake hand inversely affect the sensorimotor
system controlling the participant’s hand (Schutz-Bosbach et al.,
2006; Slater et al., 2008). For example, Slater et al. (2008)
performed synchronous or asynchronous stroking of the real
and virtual (fake) hands, which was terminated after 5 min
of stimulation and followed by fake hand movement. When
participants experienced illusory ownership of the fake hand
in the synchronous condition, action observation could induce
activities in a muscle relevant to the observed action, which
were less observed in the asynchronous condition. Our group
recently used EEG to demonstrate the inverse effects on
sensorimotor areas by action observation in the embodied fake
hand (Shibuya et al., 2018). For that purpose, mu-rhythm
(8–13 Hz) desynchronization was observed, which is induced
during movement execution and action observation (Oberman
et al., 2005; Pineda, 2005). Similar to the previous works,
we found that participants often exhibited spontaneous hand
movements in accordance with the fake hand movement
during the RHI. Additionally, the action observation induced
larger and more persistent mu-rhythm desynchronization in the
sensorimotor areas under RHI, suggesting a relationship between
mu-rhythm desynchronization and the RHI.

Nevertheless, it is possible that differences in mu-rhythm
desynchronization in our previous study were related to higher
attentional allocation to the embodied compared to non-
embodied fake hand movement. In fact, a recent neurological
study by Aizu et al. (2018) demonstrated that the body-
specific visual attention to the paretic hand was lower in
stroke patients than healthy subjects due to learned non-use,
which might be linked to reduced ownership of the paretic
hand (Burin et al., 2015, 2017). In a related EEG study,
Perry and Bentin (2010) suggested that desynchronization at
∼10 Hz induced by action observation depended on attentional
demand because EEG power reduction at central (C3 and C4
of the international 10–20 system; mu-rhythm) and occipital
electrodes (O1 and O2; alpha-rhythm) showed similar patterns
and were modulated by task difficulty. Given the volume
conduction, mu-rhythm activity recorded from the sensorimotor
region may be contaminated by posterior alpha-rhythm activity
(Hobson and Bishop, 2016, 2017).

The current study investigated the dependence/independence
of brain activities in the sensorimotor areas (i.e., mu-rhythm
desynchronization) related to the movement observation under
the RHI and those in the occipital areas (alpha-rhythm

desynchronization) reflecting attention. For that purpose, we
used a similar setup to that in our previous study (Shibuya et al.,
2018), and applied an ICA and ICA clustering to the resultant
EEG data (Makeig et al., 2002; Delorme and Makeig, 2004), which
allowed us to judge the independence and dependence of signals.
Additionally, we introduced three visual feedback delays during
the illusion induction (i.e., 80, 280, or 480 ms), which might
induce different effects on attention and the RHI, compared to the
synchronous/asynchronous stimulation in our previous study.
We predicted that the sensorimotor mu-rhythm and the occipital
alpha-rhythm component were modulated differently depending
on the feedback delay.

MATERIALS AND METHODS

Participants
The study included 33 healthy participants (eight men and 25
women; mean age ± standard deviation, 22.1 ± 6.3 years).
Participants were blinded to the purpose of the experiment and
all but four were right-handed as per the Edinburgh Inventory
(Oldfield, 1971).

Experimental Apparatus
Participants wore a latex glove on their left hand and placed
the hand on a desk (Figure 1A). A 15-inch tablet monitor (On-
lap 1503H, Gechic Corp., Taichung, Taiwan) was positioned on
the desk facing upward in front of the participant. A partition
(black board) placed between the participant’s hand and the
monitor prevented direct view of the participant’s hand. An
experimenter’s right hand (model hand), also wearing a latex
glove, was positioned next to the participant’s left hand. Using a
video camera with a rate of 30 frames per second, top-view video
of the model hand was captured, flipped horizontally, delayed
(only in the 280 and 480-ms delay conditions) and displayed
on the monitor. The lateral distance between participant’s hand
and model’s hand image was maintained at 25 cm across the
experiment. No artificial visual feedback delay was introduced in
the 80-ms delay condition; the inherent delay of approximately
80 ms was below the threshold for detecting visual feedback
delay (Shimada et al., 2010). In contrast, visual feedback delays
of 200 and 400 ms were added in the 280 and 480-ms
conditions to produce actual perceptible time delays of 280 and
480 ms, respectively.

Procedure
Each participant completed six experimental sessions in which
they encountered each delay condition twice. The order of
conditions was randomized in the first three sessions and the
order was repeated for the last three sessions. Each session
consisted of 20 combinations (trials) of the stroking phase
and the model hand movement phase (i.e., action observation)
(Figure 1B). Before the first session, participants were instructed
to watch the model hand and to remain as relaxed as possible
throughout the session. Participants were not informed about
unexpected movements of the model hand. During stroking
phase, the experimenter stroked both the model hand and the
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FIGURE 1 | Experimental setup and design. (A) To induce the rubber hand
illusion, an experimenter stroked a participant’s visually occluded left hand and
a model’s right hand simultaneously. Participants viewed a monitor that
displayed the horizontally flipped model hand. Three delay intervals were
introduced during stroking: 80, 280, and 480 ms. (B) Each session (box)
included a stroking period (gray) followed by an action-observation period
(black) that were repeated. Before and after each session, the participants
completed a proprioceptive judgment about their own left hand to assess
proprioceptive drift.

participant’s hand simultaneously at 0.5 Hz using paintbrushes.
Assuming a typical duration to RHI onset after stroking (11± 7 s;
Ehrsson et al., 2004), the duration of the stroking phase was
pseudo-randomly assigned to be 16, 20, 24, 28, or 32 s. During
the model hand movement phase, the experimenter terminated
the stroking movements and the model hand performed a single
abduction and adduction movement with the fingers of the whole
hand. The movement duration and time to maximally open the
hand were approximately 6 and 3 s, respectively. We detected the
initiation of model hand movement using a mechanical touch
switch (STM6, Asa Electronics Industry Co., Tokyo, Japan) and
this signal was used as a trigger for the EEG analysis.

Participants provided a proprioceptive judgment of their
left-hand position before and after each session to estimate
proprioceptive drift. Participants were instructed to close their
eyes and the experimenter removed the partition and placed a
board (60 cm × 45 cm) with a 6-cm ruler over the participant’s
hand and the monitor. Subsequently, participants were asked
to open their eyes and verbally report the perceived position of
the visually occluded left middle fingertip. To avoid repetition
of response values from previous trials, the experimenter offset
the ruler in each trial. Proprioceptive drift was computed
by subtracting the pre-test value from the post-test value

TABLE 1 | Questionnaire.

Category Question

Ownership (1) It seemed as though the touch I felt was caused by
the paintbrush touching the model hand

(2) I felt as if the model hand were my hand

Ownership control (3) It seemed as if I might have more than one left hand
or arm

(4) It felt as if I no longer had a left hand, as if my right
hand had disappeared

Agency (5) I felt as if I was controlling the movements of the
model hand

(6) I felt as if I was causing the movements of the model
hand

Agency control (7) I felt as if the model hand was controlling my hand
movements.

(8) I felt as if the model hand was controlling my will

Awareness (9) I felt as if my hand was moving against my will during
the observation of model hand movement

for each session and then averaged across two sessions with
the same condition.

After the second proprioceptive judgment in each session,
participants were asked to report their subjective feelings during
the session using a questionnaire. The questionnaire was identical
to that used in our previous study (Shibuya et al., 2018) and
consisted of nine items (Table 1): Q1–Q8 were items based
on previous studies (Botvinick and Cohen, 1998; Kalckert and
Ehrsson, 2012) to check illusory body ownership and agency
over the model hand (and model hand movement), while Q9
checked whether the participants were aware of movement of
their own hand during observation of the model hand movement.
These items were divided into five categories; Ownership (Q1
and Q2), Ownership control (Q3 and Q4), Agency (Q5 and Q6),
Agency control (Q7 and Q8), and Awareness (Q9). Participants
responded to each item using a 7-point Likert scale that
ranged from +3 (strongly agree) to -3 (strongly disagree). After
completing the questionnaire, participants were allowed a 5-min
rest period before starting the next session. As for categories other
than Awareness, we calculated the ratings by averaging those
from two questions.

Finger Movement Analysis
A commercial video camera (CX-485, Sony, Tokyo, Japan) was
used to capture video (60 frames per second) of both the
model hand and the participant’s hand during each session. One
experimenter watched the videos and counted the number of
trials in which participants’ fingers exhibited obvious movement
within 6 s of the onset of model hand movement.

EEG Data Acquisition and Analysis
Electroencephalography data during action observation was
acquired at 512 Hz using a 32-channel EEG signal amplifier
(Eego Sports, ANT-Neuro, Enschede, Netherlands) in accordance

Frontiers in Human Neuroscience | www.frontiersin.org 3 October 2019 | Volume 13 | Article 367

https://www.frontiersin.org/journals/human-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-13-00367 October 12, 2019 Time: 11:48 # 4

Shibuya et al. Hand Ownership and Movement Observation

with the international 10–20 system. Scalp impedance was
maintained below 15 k� and checked before and after each
session. EEG signals were referenced to CPz with AFz grounds
during data acquisition and re-referenced offline to the average
of the left and right mastoids. Trigger onset was the time
of movement initiation of the model hand image. EEGLAB
(version 13.5.4b) was used to analyze all EEG data (Delorme
and Makeig, 2004). Recorded EEG data were preprocessed
in accordance with predetermined steps: first, raw data were
downsampled to 256 Hz and subjected to a 1–40-Hz band-
pass filter. Second, data were segmented into epochs from
1000 ms pre-onset to 5000 ms post-onset. Third, bad epochs
were automatically discarded in accordance with predetermined
criteria: (1) the epoch included an amplitude exceeding±200 µV;
or (2) the epoch included a power spectrum exceeding 3 standard
deviations from the mean.

We next excluded epochs containing phasic muscle activity
during observation of the model hand movement using surface
electromyogram (EMG) measured from the extensor digitorum
communis (EDC) and extensor pollicis longus (EPL) of the
participant’s left arm using bipolar recording. The raw EMG
signal was amplified, filtered using a 50-Hz notch filter and
10-Hz high-pass filter, digitized at 512 Hz, and rectified. We
automatically discarded epochs in which EMG amplitudes for
the EDC and/or EPL within 3 s from movement onset exceeded
3 standard deviations of the mean during 1000 ms pre-onset.
Next, we visually inspected EMG profiles for each epoch to
remove epochs wherein obvious phasic responses were observed
within 5 s from the onset. Consequently, 7.5 ± 5.4 epochs
(18.7 ± 13.4%), 7.2 ± 4.6 epochs (18.1 ± 11.4%), and 5.9 ± 3.8
epochs (14.8 ± 9.4%) of all 40 epochs were excluded in the 80,
280, and 480-ms delay conditions, respectively. No significant
effect of delay intervals on excluded epochs was detected
(p > 0.1; one-way ANOVA).

After epoch rejection, an ICA was applied to preprocessed
EEG data using the infomax ICA algorithm (Bell and Sejnowski,
1995), implemented in EEGLAB runica function and 30
components were obtained for each participant (total of 990
components across all participants). Subsequently, the locations
of equivalent current dipoles were estimated using the DIPFIT
function (version 2.3) implemented in EEGLAB. To clean data,
we excluded components with dipole residual variances >15%
(i.e., low accuracy of the estimated dipole location) (Artoni et al.,
2014), resulting in the use of 523 components (53%) of 990 for
further ICA clustering.

For group data analysis, ICA clustering was performed across
subjects using the k-means algorithm (MacQueen, 1967) in
accordance with the spatial topographic map, dipole location,
and ERSP as determination factors in EEGLAB STUDY function.
The k-means is one of the simplest unsupervised learning
algorithms for solving the clustering problem. With regard
to generated clusters, we inspected the estimated centroid of
dipole locations, the power spectrum, the total number of
participants contributing to each cluster, and the number of
components contributed by each participant to clusters. If a
participant included multiple components in a single cluster,
we selected the component with the lowest residual variance

(Denis et al., 2017). Out of these clusters, the target cluster
was selected using the following criteria: (1) more than 75%
of participants (n ≥ 25) contributed to a cluster and (2) the
power spectrum showed a prominent peak at about 10 Hz.
We finally identified the Brodmann area (BA) of the dipole
centroid location (BA within 4 mm of the most significant voxel)
for each target cluster using Talairach Client (version 2.4.3)
(Lancaster et al., 1997, 2000).

For the time-frequency analysis of each target cluster, we
compared ERSPs of each target cluster in the 3–40 Hz frequency
range between experimental conditions. First, we calculated the
ERSP of each cluster during model hand movement compared
to baseline (−0.5 to 0 s from onset) using a Morlet wavelet
transform, implemented in EEGLAB. The wavelet increased from
3 cycles at the 3 Hz to 20 cycles at 40 Hz. Two hundred time points
from −443 to 4439 ms and 38 linear-spaced frequencies from
3 to 40 Hz were generated. The window size was 1113 ms and
a time resolution was 24 ms. Second, bootstrapped significance
tests were used to evaluate significant differences in ERSP time-
frequency data between conditions at the p < 0.01 level and
corrected for multiple comparisons using false discovery rate
control. Finally, we calculated the mean power in the 8–13 Hz
frequency range from the onset of model hand movement to 4 s
post-onset for each condition.

RESULTS

Questionnaire Ratings and
Proprioceptive Drift
Regarding questionnaire ratings of body ownership and agency,
the Friedman test demonstrated that the null hypothesis of
equal medians across the three delay conditions was rejected
in two out of four categories: Ownership (χ2

2 = 27.0, r = 0.39,
p < 0.01) and Agency control (χ2

2 = 11.2, r = 0.14, p < 0.01).
For Ownership (Figure 2A), the medians of the 80-ms (1.3) and
280-ms delay conditions (0.8) were significantly higher than that
of the 480-ms delay condition (−2.0) (both, p < 0.01; Scheffe’s
test). Additionally, there was a marginally significant difference
between the 80 and 280-ms delay conditions (p = 0.08). For
Agency control (Figure 2D), the median of the 480-ms delay
condition was significantly lower than that of the 80-ms delay
condition (p < 0.05), though all medians were less than 0. For
Agency (Figure 2B) and Ownership control (Figure 2C), the null
hypothesis was not rejected (both, p > 0.1).

Proprioceptive drift was significantly influenced by visual
feedback delay (F(2,64) = 17.7, η2 = 0.36, p < 0.01; one-
way ANOVA; Figure 2E). Post hoc tests indicated that drift
in the 80-ms delay condition (3.3 ± 2.4 cm) was significantly
larger than that in the 280-ms (2.0 ± 2.6 cm) and 480-
ms delay conditions (0.8 ± 2.4 cm) (both p < 0.01; Tukey’s
honest significant difference [HSD] test). Additionally, there
was a statistically significant difference between the 280 and
480-ms delay conditions (p < 0.05). Proprioceptive drift
was moderately correlated with Ownership rating (r = 0.33,
p < 0.01; n = 99; Pearson’s correlation coefficient) across the
three conditions.
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FIGURE 2 | Questionnaire ratings and proprioceptive drift. Boxplots of questionnaire ratings against the delay conditions are shown for Ownership (A), Agency (B),
Ownership control (C), and Agency control (D). Boxes and thick lines denote the interquartile ranges (IQRs) and medians, respectively. Whiskers represent either
additional data points or extend to 1.5 × IQR. Small plus signs indicate outliers. (E) Mean proprioceptive drift against the delay conditions. Vertical lines denote ± 1.0
SE. Significance is denoted using asterisks (∗∗p < 0.01; ∗p < 0.05).

Finger Movements During the
Observation of Model Hand Movement
Similar to our previous report (Shibuya et al., 2018), we found
participants exhibited finger movement during the observation
of model hand movement. Finger movements were observed in
29 of 33 participants across conditions, and the proportion of

participants exhibiting movements (88%; 29/33) was larger than
the proportion of participants not exhibiting movements (12%;
4/33; χ2

1 = 18.9, p < 0.01; Chi-squared test). The incidence
of finger movement was significantly influenced by visual
feedback delay (F(2,64) = 4.8, η2 = 0.13, p < 0.05; one-way
ANOVA; Figure 3A). The incidence in the 80-ms delay condition
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FIGURE 3 | Participant finger movement evoked by the observation of model hand movement. (A) Mean incidence of finger movement against the delay conditions.
Vertical lines denote ± 1.0 SE. (B) Boxplots of the questionnaire rating (Awareness) regarding finger movements. Significance is denoted using asterisks (∗∗p < 0.01;
∗p < 0.05).

(10.8 ± 11.6%) was significantly higher than that in the 480-ms
delay condition (6.2 ± 8.4%; p < 0.01; Tukey’s HSD test).
The incidence of finger movement was positively correlated with
Ownership rating (r = 0.43, p < 0.01) and proprioceptive drift
(r = 0.24, p < 0.05) across the three conditions. Subjective ratings
of finger movements (Awareness) were not larger than 0 across
all delay conditions (p> 0.08; one-sample t-test), though the null
hypothesis of equal medians across the conditions was rejected
(χ2

2 = 7.6, r = 0.09, p < 0.05; Friedman test). There was a
statistically significant difference between the 80 and 480-ms
delay conditions (p < 0.05; Scheffe’s test; Figure 3B). In addition,
the Awareness rating was positively correlated with the incidence
of finger movement (r = 0.37, p < 0.01) and Agency control rating
(r = 0.83, p < 0.01).

EEG Data
ICA Clustering
We identified six clusters according to the criteria of the
target cluster selection, which was described in Methods
(Figure 4). Bilateral sensorimotor clusters were identified and
their dipole centroid locations were localized to the left [Montreal
Neurological Institute (MNI) coordinate: x = −34, y = 1, z = 42;
BA 6] (Figure 4A, red) and right sensorimotor areas (MNI
coordinate: x = 20, y = −15, z = 52; BA 6) (Figure 4B, blue) as
well as the left (MNI coordinate: x =−20, y =−79, z =−6; BA 18)
(Figure 4E, yellow) and right occipital clusters (MNI coordinate:
x = 33, y = −66, z = −14; BA 19) (Figure 4F, light blue). The
analysis also identified the parietal cluster (MNI coordinate: x = 7,
y = −65, z = 48; right BA 7) (Figure 4C, magenta) and the
posterior cingulate cluster (MNI coordinate: x = −9, y = −37,
z = 24; left BA 23) (Figure 4D, green).

Differences Between Conditions in the Clusters
We hypothesized that ERSP could be obtained in the right
sensorimotor area, contralateral to the stroked hand, and
the occipital area, which were independent from each
other. Consistent with the hypothesis, we obtained an

independent component cluster in the right sensorimotor
cortex (Figures 4B, 5). We also observed clusters in the occipital
cortex (Figures 4E,F, 6A,B), but there were two clusters in
the left and right hemisphere, respectively. Next, we tested
the second hypothesis that if the desynchronization within
the 8–13 Hz frequency range (i.e., mu- and alpha-rhythm)
declines as the visual feedback delay increased only in the right
sensorimotor area.

Figure 5C shows ERSP time-frequency plots of the right
sensorimotor cluster. Powers of the mu-rhythm (the band
between the horizontal dashed lines) were decreased after
the movement observation. Figure 5D presents amplitudes
of the desynchronization between different delays, and the
mean power of the mu-rhythm during 4 s from the onset of
model hand movement was significantly influenced by visual
feedback delay (one-way ANOVA; F(2,54) = 4.8, η2 = 0.15,
p < 0.05; Figure 5E). The desynchronization was significantly
higher in the 80-ms delay condition (−0.72 ± 1.2 dB) than in
the 280-ms (−0.16 ± 0.97 dB) and 480-ms delay conditions
(−0.24 ± 0.52 dB; both p < 0.05; Tukey’s HSD test). There
was no significant difference between the 280 and 480-ms delay
conditions (p > 0.9). With regard to the occipital oscillations, we
performed similar analyses for the two clusters (Figures 6A,B).
Clear desynchronization was observed in both clusters, but there
were no significant differences between conditions in the right
(one-way ANOVA; p > 0.5; Figure 6A) and the left (p > 0.6;
Figure 6B) occipital clusters. For the right sensorimotor cluster,
we also performed correlation analyses between mu-rhythm
desynchronization and ownership ratings or proprioceptive drift
across conditions (n = 84); however, both results were non-
significant (p > 0.7).

In the other clusters, we also observed the event-related
desynchronization (Figures 6C–E). Thus, we further examined
its modulation by the visual feedback delay. There were
no significant differences between conditions in the left
sensorimotor cluster (p > 0.2; one-way ANOVA; Figure 6C)
and the posterior cingulate cluster (one-way ANOVA; p > 0.7;
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FIGURE 4 | Independent component analysis (ICA) clustering. Scalp topography maps and estimated dipole centroid locations of the left sensorimotor cluster (A,
red), right sensorimotor cluster (B, blue), parietal cluster (C, magenta), posterior cingulate cluster (D, green), left occipital cluster (E, yellow), and right occipital cluster
(F, light blue) within a 3-shell boundary element model (BEM) of the Montreal Neurological Institute (MNI) standard brain. Graphs next to scalp maps display power
spectra. Note that a peak is present at ∼10 Hz (thin vertical line) in all clusters. The number of subjects (Ss) contributing to each cluster and the mean residual
variance (r. v.) are displayed above each scalp map.

Figure 6D). However, the alpha-rhythm desynchronization of
the parietal cluster (Figure 6E) tended to be affected by visual
feedback delay (one-way ANOVA; F(2,52) = 2.7, η2 = 0.09,
p = 0.07). In contrast to the right sensorimotor cluster,
desynchronization of the 480-ms delay (−1.4± 1.4 dB) condition
tended to be greater than the 80-ms (−0.88 ± 1.4 dB; p = 0.053),
and 280-ms delay conditions (−0.86 ± 1.5 dB; p < 0.05; Fisher’s
least significant difference test). Moreover, the desynchronization
was positively correlated with Ownership rating (r = 0.29,
p < 0.01) and proprioceptive drift (r = 0.27, p < 0.05)
across the conditions.

DISCUSSION

In the present study, we examined the effects of delayed visual
feedback on illusory ownership of a fake (model) hand and
EEG mu- and alpha-rhythm desynchronization elicited by fake
hand movement. Both subjective ratings and proprioceptive drift
evaluation demonstrated that participants felt illusory ownership
toward the fake hand (i.e., RHI) in the 80-ms delay condition, but
illusion strength significantly decreased as a function of the delay

interval (i.e., in the 280 and 480-ms delay conditions). As shown
in our previous study (Shibuya et al., 2018), we also found that
participants sometimes produced spontaneous and unconscious
finger movements when observing fake hand movement, and
these movements occurred more frequently in the 80-ms than in
the 480-ms delay condition.

Our previous study (Shibuya et al., 2018) compared EEG
activity between the synchronous (RHI) and asynchronous
conditions (non-RHI; visual feedback delay of 1 s) using channel-
level analysis, and found that mu-rhythm desynchronization
at the central electrode site (C3 or C4) during the fake hand
movement was greater in the synchronous than asynchronous
condition. On the other hand, to dissociate mu from occipital
alpha, the current study applied ICA clustering to EEG
data. Consequently, we obtained six clusters according to the
predetermined criteria; bilateral sensorimotor clusters, bilateral
occipital clusters, parietal cluster, and posterior cingulate
cluster. Power decreases at ∼10 Hz were observed in all
the clusters. Estimated dipole locations of the sensorimotor
clusters, parietal cluster and occipital clusters corresponded
to the premotor cortices (BA6), precuneus (medial region
of right BA7) and visual cortices (BA18, 19), respectively,
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FIGURE 5 | The right sensorimotor cluster. (A) Scalp topographical map. (B) Estimated dipole locations for each participant (blue) and their centroid locations (red).
(C) Event-related spectrum perturbation (ERSP) time-frequency plots for the 80-ms (left), 280-ms (middle), and 480-ms delay conditions (right). Blue color indicates
decreased power and red color indicates increased power. The band between two horizontal dashed lines indicates the mu-rhythm frequency range (i.e., 8–13 Hz).
(D) Statistically significant differences in time-frequency plots (p < 0.01) between the 80 and 280-ms delay conditions (left), between the 80 and 480-ms delay
conditions (middle), and between the 280 and 480-ms delay conditions (right) using the bootstrap method and false discovery rate correction. (E) Mean power
within the 8–13 Hz frequency range from the onset of model hand movement to 4 s post-onset in each delay condition. Vertical lines denote standard error of the
mean (SEM).

and these results were basically consistent with recent EEG
and magnetoencephalography (MEG) studies incorporating ICA
(Denis et al., 2017; Takahashi and Kitazawa, 2017). While neural
oscillation of the sensorimotor and occipital regions is well-
known as the mu- and alpha-rhythm, Takahashi and Kitazawa
(2017) recently reported that strong source of the alpha-rhythm
was located in the precuneus.

Of these clusters, a right sensorimotor cluster showed greater
and more persistent mu-rhythm desynchronization in the 80-ms
delay condition than in the 280 and 480-ms delay conditions,
which was similar to what we observed in our previous study
using channel data analysis (Shibuya et al., 2018). However,
there were no differences among delay conditions in the bilateral
occipital clusters. The difference between mu and occipital alpha
components is an important finding, because some researchers
have argued that mu-rhythm desynchronization during action
observation is easily confounded with occipital alpha-rhythm
desynchronization (Hobson and Bishop, 2016, 2017), which is
modulated by attentional engagement (Perry and Bentin, 2010).

Our findings refute the possibility that delay-dependent
mu-rhythm desynchronization resulted from differences in
attentional engagement to the fake hand movement, and again
support that observing the embodied fake hand movements
activates sensorimotor system of the observer.

We obtained other three clusters relating to the action
observation. Of them, there was a left sensorimotor cluster
ipsilateral to the stroked hand. This result is not surprising
because a bilateral mu-suppression occurs over ipsilateral and
contralateral central regions during the actual performance
of the movement (Pineda, 2005). However, there were no
significant differences in mu-rhythm desynchronization in the
left sensorimotor cluster among the delay conditions. Indeed, it
is known that mu-rhythm in each hemisphere is not coherent
with each other (Pineda, 2005). Similarly, there was no significant
delay-dependent modulation in the posterior cingulate cluster
and the parietal cluster.

Although mu-rhythm desynchronization of the right
sensorimotor cluster was significantly reduced from the 80 to
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FIGURE 6 | Scalp topographical map, dipole locations, ERSP time-frequency plot, and statistically significant differences in time-frequency plots and mean power
within the 8–13 Hz frequency range for the right occipital cluster (A), left occipital cluster (B), left sensorimotor cluster (C), posterior cingulate cluster (D), and parietal
cluster (E).
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the 280-ms delay condition, the delay-dependent modulation
was slightly different from a sense of ownership toward the
illusory hand. In the sense of ownership, the decrease from
80- to 280-ms delay was more evident for proprioceptive drift
(p < 0.01) than for ownership rating (p = 0.08). This difference
may reflect a distinction between subjective ownership rating and
proprioceptive drift (i.e., altered body representation), though
a mild correlation was identified between the two variables
(r = 0.33, p < 0.01). Indeed, some studies have suggested that
subjective ratings and proprioceptive drift are distinct entities
(Holle et al., 2011; Rohde et al., 2011; Abdulkarim and Ehrsson,
2016; Shibuya et al., 2017). In line with our result, Shimada
et al. (2014) also suggested a possibility that proprioceptive
drift is more sensitive to the visual feedback delay, compared
to ownership rating. Nevertheless, both ownership rating
and proprioceptive drift further declined from the 280-ms delay
condition to the 480-ms delay condition, whereas the mu-rhythm
desynchronization showed no difference between the 280 and
480-ms delay conditions, which show disappearance of strong
and persistent mu-rhythm desynchronization at 280-ms delay
interval. This finding might suggest a difference of tolerance
for visual feedback delay on the emergence of the mu-rhythm
desynchronization and body ownership.

In our previous study (Shibuya et al., 2018), we hypothesized
that higher sensorimotor activation (i.e., mu-rhythm
desynchronization) during the observation of illusory embodied
fake hand movement occurred to resolve inter-sensory conflict
between visual (“my fingers are spreading”) and proprioceptive
hand information (“my fingers are not spreading”), to maintain
one’s own body image. This conflict would be resolved by altering
the actual hand posture (i.e., proprioceptive information) to be
consistent with that of the fake hand (i.e., visual information)
(Asai, 2015) according to visual dominance theory (van Beers
et al., 1996, 1999). Based on our hypothesis, the current findings
suggest a possibility that the time window to drive the conflict-
resolution processing (i.e., multisensory integration) during
action observation could be narrower (stricter) than the time
window for the RHI per se (ca. 200–300 ms; Shimada et al.,
2009, 2014), though both are modulated by visual feedback
delays. Given that the dipole centroid location of the right
sensorimotor cluster was localized to BA 6, the greater mu-
rhythm desynchronization (conflict-resolution processing) may
have been related to premotor cortex (PM) activity. Indeed, the
PM is an ideal candidate for multisensory integration of visual,
tactile, and proprioceptive information regarding hand position
and orientation in space (Graziano et al., 1997; Rizzolatti et al.,
1997; Graziano, 1999; Lloyd et al., 2003). Moreover, previous
studies using functional magnetic resonance imaging (fMRI)
have showed a close relationship between the PM activity and
body ownership (Ehrsson et al., 2004, 2005; Brozzoli et al., 2012;
Gentile et al., 2015). For example, using the RHI paradigm,
Ehrsson et al. (2004) found that the PM activity reflected
the feeling of ownership of the fake hand, suggesting that
multisensory integration in the PM cortex play a crucial role
in hand ownership. Given the difference between mu-rhythm
desynchronization and illusory ownership of the fake hand
at 280-ms delay interval, our results were slightly different

from these previous fMRI studies. However, a recent study by
using repetitive transcranial magnetic stimulation reveals that
suppression of the ventral PM affect the explicit detection of
the visuo-tactile congruence without interfering with the RHI
(Peviani et al., 2018).

We found that spontaneous finger movements during action
observation occurred more frequently in the 80-ms delay (RHI)
condition than in the 480-ms delay (non-RHI) condition.
This result is basically consistent with our previous study
(Shibuya et al., 2018) in which finger movements were induced
more frequently in the synchronous condition (RHI) than the
asynchronous condition (non-RHI). Additionally, the incidence
of finger movement decreased as a function of delay interval
length and consequently correlated with ownership rating
(r = 0.43, p < 0.01) and proprioceptive drift (r = 0.24, p < 0.05).
These results provide indirect evidence that illusory ownership
of the fake hand was relevant to sensorimotor activation during
the observation of fake hand movement. Although PM activity
and its projections to the primary motor cortex are potentially
implicated, PM activity could not explain the movements and
illusory ownership by itself, as described above. The clusters
obtained in the current study might contribute together with
the PM. The precuneus, for example, is known as a part of a
default mode network and shows negative blood-oxygen-level-
dependent (BOLD) responses during movement (Nakata et al.,
2019). Further investigations are necessary to inform the exact
neural mechanism(s) underlying spontaneous finger movements.

Similar to the incidence of finger movements, subjective
ratings of finger movements (Awareness) in the 80-ms delay
condition were significantly higher than the 480-ms delay
condition, in spite of high inter-subject variability. Additionally,
the Awareness rating was positively correlated with the incidence
of finger movements (r = 0.37, p < 0.01), showing a moderate
association between awareness of the movements and the
incidence. Some participants showed affirmative responses on the
Awareness rating (≥+1) (e.g., 39%; 13/33 in 80-ms condition).
Therefore, we infer that the participants attributed agency for
the involuntary movements to the model (hand), because the
Awareness rating was highly correlated with the Agency control
rating (e.g., “I felt as if the model hand was controlling my hand
movements”) (r = 0.83, p < 0.01), which significantly decreased
from 80 to 480-ms delay condition again.
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