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Attenuation of sensory processing
in the primary somatosensory
cortex during rubber hand illusion

Masanori Sakamoto"” & Hirotoshi Ifuku

The neural representation of the body is easily altered by the integration of multiple sensory signals

in the brain. The “rubber hand illusion” (RHI) is one of the most popular experimental paradigms to
investigate this phenomenon. During this illusion, a feeling of ownership of the rubber hand is created.
Some studies have shown that somatosensory processing in the brain is attenuated when RHI occurs.
However, it is unknown where attenuation of somatosensory processing occurs. Here, we show that
somatosensory processing is attenuated in the primary somatosensory cortex. We found that the
earliest response of somatosensory evoked potentials, which is thought to originate from the primary
somatosensory cortex, was attenuated during RHI. Furthermore, this attenuation was observed
before the occurrence of the illusion. Our results suggest that attenuation of sensory processing in the
primary somatosensory cortex is one of the factors influencing the occurrence of the RHI.

Multiple sensory signals are integrated in the brain, which contribute to shaping the neural representation of
the body"?, which easily altered under certain circumstances. One of the most popular experimental paradigms
for investigating this phenomenon is the ‘rubber hand illusion’ (RHI). In the paradigm, watching a fake rub-
ber hand being stroked by a paintbrush in synchrony and in the same direction with one’s own concealed hand
creates the feeling that the rubber hand is one’s own. Therefore, when visual and tactile signals are integrated
into the brain, a feeling of ownership of the rubber hand is created®. The posterior parietal cortex is likely to
be involved in multisensory integration during RHI*""*%,

Although many previous studies have demonstrated that the ventral premotor and posterior parietal cortices
are related to the occurrence of the RHI*’!!, the role of the primary somatosensory cortex is controversial. Rao
and Kayser'? used electroencephalography (EEG) and demonstrated that neurophysiological correlates of the RHI
were observed in the frontocentral areas. Guterstam et al.'! showed RHI-related activities in the premotor and
intraparietal cortices using electrocorticography (ECoG) in patients. However, this study did not show modu-
lation of responses in the primary somatosensory cortex. These findings are in line with earlier neuroimaging
studies showing neural correlates of RHI in the premotor and parietal cortices*”-!. In contrast to these studies,
modulations of somatosensory processing in the primary somatosensory cortex during RHI have been reported
using a variety of methods, including somatosensory evoked potentials'®, transcranial magnetic stimulation',
and multi-unit neural recording in monkeys'. Although the cause of the inconsistent results seems to be the
difference in the methodology used, clarifying the contribution of the primary somatosensory cortex is important
for elucidating the neural mechanisms of the RHI.

During the RHI, participants erroneously perceive the fake hand as their own, that is, they fail to perceive
their real hand as their own. In this case, the question is how somatosensory signals from their real hand induced
by tactile stimulation are transmitted to the brain. Previous studies have investigated the matter'>'-18, Zeller
et al."” recorded somatosensory evoked potentials (SEPs) elicited by a brush stroke during RHI, and a response
of approximately 50 ms after stroking was attenuated. The component was thought to originate from the primary
somatosensory cortex, although it did not reflect the initial stage of sensory processing in the area'>*’. This
suggested that the relative attenuation of somatosensory processing might be accompanied by the occurrence
of RHI*.

We consider two critical problems that remain open. First, we investigated whether attenuation of soma-
tosensory processing occurs even in the earliest stage of information processing in the primary somatosensory
cortex. Second, whether the occurrence of the RHI is followed by modulation of somatosensory processing in the
primary somatosensory cortex, or the modulation of somatosensory processing occurs before the occurrence of
the illusion. To address the first issue, we recorded SEPs elicited by electrical stimulation of the peripheral nerve
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Figure 1. Grand averaged waveforms of somatosensory evoked potentials (SEPs) during all conditions in

Experiment 1. The first negative peak approximately 20 ms after electrical stimulation (N1) and subsequent
positive peak at about 25 ms (P1) were clearly identified in all conditions.
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Figure 2. Group means of N1-P1 amplitudes during the rest, and the congruent, incongruent, and tactile
stroking conditions in experiment 1. Data are represented as mean + one SD. **p <0.01, ***p <0.001.

instead of the brush!'®'*-!8, or vibration'?-evoked potentials used in multiple previous studies. This is because
the brush- or vibration-evoked potentials do not recognise the earliest response of the primary somatosensory
cortex that is observed approximately 20 ms after stimulation?>-**. The earliest component is generated from
Brodmann’s area 3b?** and is thought to reflect the initial sensory processing in the primary somatosensory
cortex. To elucidate the second matter, we asked the participants to report the timing of the occurrence of the
RHI. This allowed us to record SEPs before and after the occurrence of the illusion. This study was designed to
elucidate the above two questions and to understand the neural mechanisms underlying the occurrence of RHI.

Results

Experiment 1. Figure 1 shows the grand averaged waveforms of the SEP in all the conditions. The N1-P1
component was consistently recorded in all participants. It can be seen that the component showed an attenua-
tion in amplitude in the congruent stroking condition. The number of averages SEPs in the rest, congruent strok-
ing, incongruent stroking, and tactile stimulation conditions were 37.2+4.6, 34.8 5.1, 33.1+4.2, and 37.1£4.4,
respectively. The difference in the number of averages was due to the exclusion of trials with participants’ blink-
ing owing to SEP averaging.

The amplitudes of the N1-P1 components in all the conditions are shown in Fig. 2. One-way repeated meas-
ures ANOVA revealed a significant main effect for the conditions (F(1.9,28.7) =18.25, p=0.0001, n*=0.55). Post-
hoc comparisons demonstrated that the N1-P1 component in the congruent stroking condition was significantly
smaller than that in the rest condition (p =0.00004), incongruent stroking (p =0.008), and tactile stimulation
condition (p=0.0002). The N1-P1 amplitude in the tactile stimulation condition had a tendency to decrease
compared to that in the rest condition(p =0.055).
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Figure 3. Group means of frequency of electrical stimulation during the rest, congruent, incongruent, and
tactile stroking conditions in Experiment 1.
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Figure 4. Questionnaire data showing the mean ratings in the congruent (black columns) and incongruent
(white columns) stroking condition in Experiment 1. Ratings for the questionnaire statements on a 10-point
scale ranging from 1 to 10, with 1 corresponding to strongly disagree and 10 to strongly agree.

Figure 3 demonstrates the frequency of electrical stimulation across all conditions. The interstimulus interval
in all the conditions was approximately 10 s. One-way repeated measures ANOVA revealed no significant main
effect for the conditions (F(3,45)=2.1, p=0.11, n>=0.12).

Questionnaire items 1, 2, and 3 showed high ratings in the congruent stroking condition (Fig. 4). Therefore,
these questionnaire items were considered to be related to changes in the sense of body ownership. To calculate
the degree of decrease in N1-P1 amplitude during RHI, the amplitude in the congruent stroking condition was
normalised with respect to that obtained in the rest condition. We compared the degree of decrease in the N1-P1
amplitude in the congruent stroking condition with ratings of questionnaire items 1, 2, and 3 by utilising the
Spearman rank correlation coeflicient (Fig. 5). There were no significant correlations between them (question-
naire item 1: p=-0.093, p=0.73; questionnaire item 2: p=0, p=1; questionnaire item 3: p=—0.041, p=0.88).

Experiment 2.  Figure 6 shows the grand averaged waveforms of SEP in the rest condition, and during the
pre- and post-RHI periods. It can be seen that the N1-P1 component showed an attenuation in amplitude dur-
ing the pre-and post-RHI periods. The averages for SEP in the rest condition, and during the pre- and post-RHI
periods were 28.7 +8.3, 26.7 £4.0, 27.1 7.3, respectively.

The amplitudes of the N1-P1 components in all conditions are shown in Fig. 7. One-way repeated measures
ANOVA revealed a significant main effect for the conditions (F(2,26) =8.39, p=0.002, n?=0.39). Post-hoc com-
parisons demonstrated that the N1-P1 component during both the pre-and post-RHI periods was significantly
smaller than that in the rest condition (pre RHI: p=0.037, post RHI: p=0.012). There was no significant differ-
ence in the N1-P1 amplitudes between the pre- and post-RHI periods (p=0.74).

Discussion

In this study, we investigated the modulation of SEPs during the RHI. Compared with previous studies that
showed attenuation of SEP components approximately 50 ms after stroking during the RHI'*?!, our data indicates
that the earliest component of SEPs, N1-P1 response, was attenuated when RHI was elicited. However, the degree
of decrease in the N1-P1 amplitude in the congruent stroking condition was not significantly correlated with the
subjective ratings of the questionnaire. This suggests that the attenuation of the N1-P1 amplitude is not a direct
cause of the occurrence of the RHI. Considering that the N1-P1 amplitude attenuated before the participants felt
the rubber hand as their own, the attenuated sensory processing in the primary somatosensory cortex during
the RHI seems to be partially involved in the occurrence of the illusion.
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Figure 5. Correlation between the ratings of questionnaire items 1, 2, and 3 and the N1-P1 amplitudes in the
congruent condition. Values on the ordinate indicate the N1-P1 sizes in the congruent condition as a percentage
of those obtained from the rest.

SEPs have been typically recorded by continuous electrical stimulation with short interstimulus intervals
(1-2 Hz)**7%. In this study, the intensity of the electrical stimulation applied to the median nerve was adjusted to
produce a slight twitch of the abductor pollicis brevis muscle. If continuous electrical stimulation was provided,
a continuous twitch of the thumb occurred in the participants. This ensured that the participants always felt the
movements of their hidden real hand. This condition interrupted the occurrence of an RHI. Therefore, in this
study, the interstimulus interval of electrical stimulation was adjusted by the experimenter (around 10 s) and
the frequency did not differ among the four conditions (Fig. 3). Although the modulation of the SEP amplitude
depends on the frequency of the electrical stimulation®, it was not the cause of the modulations of the N1-P1
amplitude in this study. However, the long interstimulus interval does not ensure a large number of waveforms
triggered by electrical stimulation as the experiment time increases and the physical or psychological load of the
participants increases accordingly. Thus, we adopted a special arrangement of recording electrodes, introduced
by Brooke et al.*>%. A merit of this arrangement was that it recorded a clear waveform of the early components
of SEP with a small sample size.

Previous studies used brush-stroke stimulation to evoke SEPs during RHI'*!¢-'82! The obtained SEPs were
derived from tactile stimulation that is necessary to produce the RHI and involved some components that were
thought to originate from the primary somatosensory cortex'*?°. However, the merits of brush-stroke-evoked
SEPs do not include the recognisable earliest component of the primary somatosensory cortex that is observed
around 20 ms after stimulation®*-?°. The earliest component was generated from Brodmann area 3b***”". This
was also confirmed in SEPs recorded at the cortical surface during neurosurgery?®. Thus, the earliest component
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Figure 6. Grand averaged waveforms of somatosensory evoked potentials (SEPs) during all conditions in
experiment 2.
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Figure 7. Group means of N1-P1 amplitudes during the rest, pre rubber hand illusion (RHI), and post RHI
conditions in Experiment 2. Data are represented as mean + one SD. *p <0.05.

of SEP, the N1-P1 component, was thought to reflect the initial sensory processing in the primary somatosen-
sory cortex. Electrical stimulation was used to obtain the earliest components. One might think that inflow of
somatosensory inputs induced by electrical stimulation to the cerebral cortex does not originally occur during
procedures in the RHI. Although somatosensory inflow produced by electrical stimulation is unnatural, we
believe that modulation of the N1-P1 amplitude is the optimal index for evaluating the initial somatosensory
processing in the primary somatosensory cortex*>.

There is no consensus on the role of the primary somatosensory cortex in the occurrence of the RHI. Previous
neuroimaging studies have demonstrated neural correlates of the RHI in the premotor and parietal cortices*”*.
A similar finding was reported with ECoG in patients''. Furthermore, Rao and Kayser'? used EEG and demon-
strated that neurophysiological correlates of the RHI were observed in electrodes of frontocentral areas. In those
studies, no neural correlates of the RHI were observed in the primary somatosensory cortex. In contrast to these
findings, some recent studies suggested modulation of sensory processing in the primary somatosensory cortex
during RHI. Zeller et al."” reported that brush-evoked SEP responses of approximately 50 ms were attenuated
during RHI. The component is thought to originate from the primary somatosensory cortex, although it does
not reflect the initial stage of sensory processing in the area'®*. More direct evidence has shown that neural
activity in the somatosensory cortex of monkeys changed during RHI'®. In addition, a transcranial magnetic
stimulation study indicated that functional inhibitory connections from the primary somatosensory cortex to
the primary motor cortex were reduced during RHI'. This suggests reduced tactile somatosensory processing in
the primary somatosensory cortex during RHI. Our findings support these reports and suggest that the primary
somatosensory cortex is partly involved in the occurrence of the RHI. Since discrepancies in findings are likely to
depend on differences in the methods used, further research is required considering the experimental conditions.

The transmission of somatosensory signals to the primary somatosensory cortex is diminished during active
or passive movements and tactile stimulation of the hand?*?**-%, This mechanism is called “gating” The gain in
the SEP amplitude is modulated by centrifugal and centripetal gating mechanisms™. The former is that the effer-
ent signals induced by the motor command from the motor-related areas suppress the ascending somatosensory
signals. The latter is interfering effects between the given sensory afferent signals induced by electrical stimula-
tion of the nerve and the afferent feedback from the skin caused by tactile stimulation of the hand. In this study,
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we did not examine the participants’ muscular activities using electromyography. However, we do not consider
muscle contractions as the main cause of the modulation of N1-P1 amplitude in this study. This is because we
asked the participants to relax throughout the experiment, and the four experimental conditions were performed
in a random order. It is unlikely that the decrease in N1-P1 amplitude in the congruent stroking condition
was caused only by the muscle contractions of the participants. In addition, we believe that the decrease in the
N1-P1 amplitude during RHI is not explained only by traditional centripetal gating mechanisms. In Experi-
ment 1, the N1-P1 amplitude in the tactile stimulation condition was substantially smaller than that in the rest
condition. This finding would be affected by centripetal gating®. Similar tactile stimulations were provided to
the participants in both the congruent and incongruent stroking conditions. Despite the same manner of the
tactile stimulation, N1-P1 amplitude in the congruent stroking condition was significantly attenuated compared
with those in the incongruent and tactile stroking conditions (Fig. 2). Thus, attenuation of the N1-P1 amplitude
during RHI would not be caused by only centripetal gating. We do not know the mechanisms for this modula-
tion, but certain mechanisms related to the occurrence of the illusion might centrally affect the modulation of
the transmission of somatosensory signals.

The subjective ratings for the questionnaire are typically used as an index for evaluating changes in the sense
of body ownership®. In this study, ratings of questionnaire items 1, 2, and 3 in the congruent stroking condition
were high, which is consistent with previous studies>**-%. This indicates that our procedure properly induced the
RHI. The degree of decrease in the N1-P1 amplitude in the congruent stroking condition was not significantly
correlated with subjective ratings of the questionnaire (Fig. 5). We infer that attenuation of the N1-P1 amplitude
is not a direct cause of the occurrence of the RHI. Rather, the modulation of the N1-P1 amplitude seems to be
partially involved in the occurrence of the illusion.

In Experiment 1, the electrical stimulation was continuously provided at intervals of approximately 10 s. In
this case, the SEP waveform might be obtained from the electrical stimulation given before and after the occur-
rence of the illusion. Therefore, the findings of the experiment were not able to explain whether the occurrence
of the RHI is followed by modulations of somatosensory processing in the primary somatosensory cortex, or
the modulation of somatosensory processing occurs before the occurrence of the illusion. To address this, we
performed Experiment 2 and found that the N1-P1 amplitude was attenuated before the occurrence of the
illusion. According to a model of body ownership during RHI>¥, the posterior parietal cortex integrates visual
and somatosensory information of touch before the occurrence of the RHI. This has also been clarified using
intracranial electrodes implanted in patients'!. When synchronised visual capture of the rubber hand being
touched and tactile inputs from the occluded hand are integrated, the posterior parietal cortex is thought to be
involved in the resolution of the conflict between visual and tactile information®*. Makin et al. > mentioned that
during RHI, the integration of sensory information is weighed heavily in favour of vision. This is likely to lead
to a reduction in the weight of somatosensory inputs®*. This idea was partially supported by behavioural**°
and neurophysiological** studies. The findings of this study, which showed that the N1-P1 amplitude is attenu-
ated during RHI, would explain this idea. Considering the findings of Experiment 2, although the direct cause
of the RHI would be multisensory integration in the parietal cortex, somatosensory processing may need to be
centrally gated in the primary somatosensory cortex.

This study has two limitations. First, we cannot distinguish whether the N1-P1 response originates from cuta-
neous afferent or muscle afferents. Modulation of cutaneous afferent inputs is meaningful in the RHI paradigm.
The median nerve is a mixed nerve containing both muscle and cutaneous afferents, implying that any changes in
the N1-P1 amplitude may not be solely attributable to only one of these groups of afferents. Gandevia and Burke!
demonstrated an intramuscular and percutaneous mixed nerve trunk stimulating technique, in which muscle
afferents contributed to the recorded N1-P1 potential. In this study, we did not record N1-P1 potentials elicited
by stimulation of only cutaneous afferents (e.g. stimulating the nerve of the digit). This is because the responses
obtained by the stimulation of the digit nerve are small and require a large number of sample sizes®>**. Therefore,
this study suggests that somatosensory signals to the brain are diminished during RHI, although the modality
of afferents is not specified. Second, we did not provide electrical stimulation while participants looked at their
real hand being stroked. If the RHI produces the embodiment of the rubber hand, the gating of somatosensory
processing might be similar to that in the condition where the participants visualize their hand being stroked.
This suggests that sensory gating during the RHI may be a physiological signature of the embodiment of the
rubber hand. Further studies are needed to solve these problems.

In summary, our results suggest that attenuation of somatosensory processing occurs at the primary soma-
tosensory cortex during RHI. Furthermore, the attenuation starts before the occurrence of the illusion. In addi-
tion to the fact that multisensory integration in the parietal cortex is thought to be a direct cause of the occurrence
of the illusion, we consider that attenuation of somatosensory processing at the entrance of the cerebral cortex
does contribute to the occurrence of changes in feelings of limb ownership. This study has gone some way toward
enhancing our understanding of the neural mechanisms underlying the occurrence of the RHI.

Methods

Participants. Thirty male volunteers aged 20 to 24 years, naive to the purpose of the experiments, par-
ticipated in this study. Sixteen participants participated in Experiment 1, and the remaining 14 participated in
Experiment 2. All participants had normal findings on physical and neurological examinations and provided
written informed consent. This study was approved by the Human Research Ethics Committee of the Faculty
of Education, Kumamoto University. The experiments were conducted in accordance with the Declaration of
Helsinki.
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Recording. Electroencephalographic (EEG) signals for determining SEP were recorded from C4' (2 cm
behind C4) referenced to Fpz’ (2 cm caudal to Fpz) in accordance with the international 10-20 system. This
arrangement of recording electrodes was introduced by Brooke et al.**, and was reported to successfully deter-
mine SEP during pedaling®-® and sustained finger muscle contraction with fatigue®. Vertical and horizontal
electrooculograms (EOGs) were also recorded above and below the right orbital fossa. The EEG and EOG sig-
nals were amplified and filtered at a band-pass of 5-100 Hz and 0.5-120 Hz, respectively. All data were stored on
a hard disk with a sampling rate of 1 kHz.

Electrical stimulation. The left median nerve was stimulated on the palm side of the wrist with surface Ag/
AgCl disk electrodes (@ 1.5 cm). The cathode was placed 2 cm proximal to the anode. The electrode was fixed on
the median nerve so as not to move during recording. Constant current square wave pulses (duration, 0.2 ms)
were provided, and the intensity was adjusted to produce a slight twitch of the abductor pollicis brevis muscle.
The inter-stimulus interval was approximately 10 s, which was controlled by the experimenter (see below). This
was intended to prevent the participants from anticipating the timing of the electrical stimulation.

Experiment 1. The experiment was conducted in a dimly lit room. Participants sat on a chair throughout
the experiment. Both the participants’ left hand and the fake left hand (see below) wore identical light blue col-
oured rubber gloves to eliminate differences in appearance between them®. Participants put their left hand and
forearm inside a wooden frame with the forearm in the prone position. A fake left hand constructed of rubber
was placed in a prone position 19 cm medial to the participants’ unseen left hand. The experimenter put black
clothes on both the left upper arm of the participants and the forearm of the fake hand. Therefore, participants
were able to see only the fake hand throughout the experiment.

Electrical stimulation was applied to the participants’ left median nerve under one of the following four
conditions:

The congruent stroking condition: The experimenter asked the participants to view the fake hand, and delivered
tactile stimulation for 4 min with the use of two identical paintbrushes. At this time, both the participant’s hand
and the fake hand were stroked simultaneously and at the same location. During the congruent tactile stimula-
tion, the experimenter applied electrical stimulation by pressing the foot switch at his foot. The interstimulus
interval of the electrical stimulation was approximately 10 s, which was adjusted by the experimenter.

The incongruent stroking condition: The timing and location of stroking did not match between the participant’s
hand and the fake hand. Other procedures were the same as those in the congruent stroking condition.

The tactile stimulation condition: The fake hand was removed and a small cube with a side of 1 cm was placed
where the fake hand was. The experimenter asked the participants to view the cube, and provided the tactile
stimulation to the participants’ left hand for 4 min. During the tactile stimulation, the experimenter applied
electrical stimulation in a manner similar to that of the congruent stroking condition.

Rest condition: The participants viewed the small cube that was the same as the used in the tactile simulation
condition. Tactile stimulation was not provided to the participants’ left hand for 4 min. However, only the elec-
trical stimulation was applied to the participants’ median nerve in a similar manner to that of the congruent
stroking condition.

The four experimental conditions were repeated twice each in a random order. Between each condition, there
was a resting period of 5 min.

After completing each condition, participants were also asked to answer the RHI questionnaire. The question-
naire consisted of eight statements that were adopted from Botvinick and Cohen’s® original report. The questions
were as follows: (Q1) it seemed as if I were feeling the touch of the paintbrush in the location where I saw the
rubber hand touched, (Q2) it seemed as though the touch I felt was caused by the paintbrush touching the rub-
ber hand, (Q3) I felt as if the rubber hand were my hand, (Q4) it felt as if my (real) hand were drifting towards
the rubber hand, (Q5) it seemed as if I might have more than one left/right hand or arm, (Q6) it seemed as if the
touch I was feeling came from somewhere between my own hand and the rubber hand, (Q7) it felt as if my (real)
hand were turning ‘rubbery’, (Q8) it appeared (visually) as if the rubber hand were drifting towards my hand.
The participants responded by choosing a value on a 10-point scale ranging from 1 to 10, with 1 corresponding
to ‘strongly disagree’ and 10 to ‘strongly agree’

Experiment 2. In this experiment, only the rest condition and the congruent stroking condition in Experi-
ment 1 were performed. In the congruent stroking condition, the experimenter provided both tactile and electri-
cal stimulations, as in Experiment 1. The participants were asked to press a button that was put under their right
hand with the right hand when they felt the rubber hand as their own. This allowed the experimenter to know
the timing of occurrence of the RHI”. The experimenter stopped the synchronous tactile stimulation about
20 s after the participants experienced the RHI, that is, after pressing the button. This procedure was repeated
40-50 times with a 10-20 s break. Other procedures were the same as those performed in Experiment 1. The two
experimental conditions were conducted in random order.
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Data analysis and statistics. In an offline analysis, measurement of the SEP amplitude was taken from
N1 (first negative peak about 20 ms after electrical stimulation) to P1 (first positive peak about 25 ms) at the C4’
location over the scalp. Variations in EOG signals greater than 80 uV were excluded from SEP averaging.

In the experiment 2, to confirm time course modulation of N1-P1 amplitude, we defined the period from
10 s before the participants pressed the button to the time the button was pressed as “pre-RHI”. This is because
RHI occurs 11.3+7.0 s after tactile stimulation*. We also defined the period from when the participants pressed
the button to 10 s later as “post-RHI”. SEPs were separately averaged over the two periods.

To modulate the N1-P1 amplitude and the frequency of the electrical stimulation across the experimental
conditions, a one-way repeated measures analysis of variance (ANOVA) was performed. To analyse the assump-
tion of sphericity prior to the repeated measures ANOVA, we used Mauchly’s test of sphericity. If the result of
the test was significant and the assumption of sphericity was violated, the Greenhouse-Geisser adjustment was
used to correct for the sphericity by altering the degrees of freedom using a correction coeflicient epsilon. For
post-hoc comparisons, multiple pairwise tests with Bonferroni’s correction were performed. In Experiment 1, to
calculate the degree of changes in N1-P1 amplitude during RHI, the amplitude in the congruent stroking condi-
tion was normalised with respect to that obtained in the rest condition. The relationships between the obtained
N1-P1 amplitude (% of rest condition) and ratings of the questionnaires were tested using the Spearman rank
correlation coeflicient. Data are expressed as mean + standard deviation. Significance was set at p <0.05. IBM
SPSS Statistics was used for all statistical analyses.

Received: 6 January 2021; Accepted: 22 March 2021
Published online: 01 April 2021

References
1. Giummarra, M. J., Gibson, S. J., Georgiou-Karistianis, N. & Bradshaw, J. L. Mechanisms underlying embodiment, disembodiment
and loss of embodiment. Neurosci. Biobehav. Rev. 32, 143-160 (2008).
2. Serino, A. et al. Bodily ownership and self-location: Components of bodily self-consciousness. Conscious Cogn. 22, 1239-1252
(2013).
. Botvinick, M. & Cohen, J. Rubber hands “feel” touch that eyes see. Nature 391, 756 (1998).
4. Ehrsson, H. H., Spence, C. & Passingham, R. E. That’s my hand! Activity in premotor cortex reflects feeling of ownership of a limb.
Science 305, 875-877 (2004).
5. Makin, T. R., Holmes, N. P. & Ehrsson, H. H. On the other hand: Dummy hands and peripersonal space. Behav. Brain. Res. 191,
1-10 (2008).
6. Tsakiris, M. & Haggard, P. The rubber hand illusion revisited: Visuotactile integration and self-attribution. J. Exp. Psychol. Hum.
Percept. Perform. 31, 80-91 (2005).
7. Brozzoli, G., Gentile, G. & Ehrsson, H. H. That’s near my hand! Parietal and premotor coding of hand-centered space contributes
to localization and self-attribution of the hand. J. Neurosci. 32, 14573-14582 (2012).
8. Ehrsson, H. H., Wiech, K., Weiskopf, N., Dolan, R. J. & Passingham, R. E. Threatening a rubber hand that you feel is yours elicits
a cortical anxiety response. Proc. Natl. Acad. Sci. USA 104, 9828-9833 (2007).
9. Tsakiris, M., Costantini, M. & Haggard, P. The role of the right temporo-parietal junction in maintaining a coherent sense of one’s
body. Neuropsychologia 46, 3014-3018 (2008).
10. Kammers, M. P. M. et al. Is this hand for real? Attenuation of the rubber hand illusion by transcranial magnetic stimulation over
the inferior parietal lobule. . Cogn. Neurosci. 21, 1311-1320 (2009).
11. Guterstam, A. et al. Direct electrophysiological correlates of body ownership in human cerebral cortex. Cereb. Cortex 29, 1328-1341
(2019).
12. Rao, I. S. & Kayser, C. Neurophysiological correlates of the rubber hand illusion in late evoked and alpha/beta band activity. Front.
Hum. Neurosci. 11, 377 (2017).
13. Zeller, D,, Litvak, V., Friston, K. J. & Classen, J. Sensory processing and the rubber hand illusion—an evoked potentials study. J.
Cogn. Neurosci. 27, 573-582 (2015).
14. Isayama, R. et al. Rubber hand illusion modulates the influences of somatosensory and parietal inputs to the motor cortex. J.
Neurophysiol. 121, 563-573 (2019).
15. Shokur, S. et al. Expanding the primate body schema in sensorimotor cortex by virtual touches of an avatar. Proc. Natl. Acad. Sci.
USA 110, 15121-15126 (2013).
16. Peled, A., Pressman, A., Geva, A. B. & Modai, I. Somatosensory evoked potentials during a rubber-hand illusion in schizophrenia.
Schizophr. Res. 64, 157-163 (2003).
17. Kanayama, N., Sato, A. & Ohira, H. Crossmodal effect with rubber hand illusion and gamma-band activity. Psychophysiology 44,
392-402 (2007).
18. Press, C., Heyes, C., Haggard, P. & Eimer, M. Visuotactile learning and body representation: An ERP study with rubber hands and
rubber objects. J. Cogn. Neurosci. 20, 312-323 (2008).
19. Allison, T., McCarthy, G., Wood, C. C., Williamson, P. D. & Spencer, D. D. Human cortical potentials evoked by stimulation of the
median nerve. II. Cytoarchitectonic areas generating long-latency activity. J. Neurophysiol. 62, 711-722 (1989).
20. Lee, E. K. & Seyal, M. Generators of short latency human somatosensory-evoked potentials recorded over the spine and scalp. J.
Clin. Neurophysiol. 15, 227-234 (1998).
21. Zeller, D., Friston, K. J. & Classen, J. Dynamic causal modeling of touch-evoked potentials in the rubber hand illusion. Neuroimage
138, 266-273 (2016).
22. Hashimoto, I., Yoshikawa, K. & Sasaki, M. Latencies of peripheral nerve and cerebral evoked responses to air-puff and electrical
stimuli. Muscle Nerve 13, 1099-1104 (1990).
23. Taylor-Clarke, M., Kennett, M. & Haggard, P. Vision modulates somatosensory cortical processing. Curr. Biol. 12, 233-236 (2002).
24. Sambo, C. F, Gillmeister, H. & Forster, B. Viewing the body modulates neural mechanisms underlying sustained spatial attention
in touch. Eur. J. Neurosci. 30, 143-150 (2009).
25. Longo, M. R., Pernigo, S. & Haggard, P. Vision of the body modulates processing in primary somatosensory cortex. Neurosci. Lett.
489, 159-163 (2011).
26. Desmedt, J. E., Nguyen, T. H. & Bourguet, M. Bit-mapped color imaging of human evoked potentials with reference to the N20,
P22, P27 and N30 somatosensory responses. Electroencephalogr. Clin. Neurophysiol. 68, 1-19 (1987).
27. Allison, T., McCarthy, G., Wood, C. C. & Jones, S. J. Potentials evoked in human and monkey cerebral cortex by stimulation of the
median nerve. A review of scalp and intracranial recordings. Brain 114, 2465-2503 (1991).

w

Scientific Reports |

(2021) 11:7329 | https://doi.org/10.1038/s41598-021-86828-5 nature portfolio



www.nature.com/scientificreports/

28.

29.

30.

Burke, D., Skuse, N. E. & Lethlean, A. K. Cutaneous and muscle afferent components of the cerebral potential evoked by electrical
stimulation of human peripheral nerves. Electroencephalogr. Clin. Neurophysiol. 51, 579-588 (1981).

Jones, S. J. Aninterference" approach to the study of somatosensory evoked potentials in man. Electroencephalogr. Clin. Neuro-
physiol. 52, 517-530 (1981).

Jones, S. J., Halonen, J. P. & Shawkat, F. Centrifugal and centripetal mechanisms involved in the “gating” of cortical SEPs during
movement. Electroencephalogr. Clin. Neurophysiol. 74, 36-45 (1989).

31. Tinazzi, M. et al. Effects of voluntary contraction on tibial nerve somatosensory evoked potentials: Gating of specific cortical
responses. Neurology 50, 1655-1661 (1998).

32. Hoshiyama, M. & Kakigi, R. Changes of somatosensory evoked potentials during writing with the dominant and non-dominant
hands. Brain Res. 833, 10-19 (1999).

33. Wasaka, T., Kida, T. & Kakigi, R. Modulation of somatosensory evoked potentials during force generation and relaxation. Exp.
Brain Res. 219, 227-233 (2012).

34. Tinazzi, M., Zanette, G., Fiaschi, A. & Mauguiére, E. Effect of stimulus rate on the cortical posterior tibial nerve SEPs: A topographic
study. Electroencephalogr. Clin. Neurophysiol. 100, 210-219 (1996).

35. Brooke, J. D. et al. Sensori-sensory afferent conditioning with leg movement: Gain control in spinal reflex and ascending paths.
Prog. Neurobiol. 51, 393-421 (1997).

36. Brooke, J. D., Peritore, G., Staines, W. R., Mcllroy, W. E. & Nelson, A. Upper limb H reflexes and somatosensory evoked potentials
modulated by movement. J. Electromyogr. Kinesiol. 10, 211-215 (2000).

37. Desmedt, J. E. Somatosensory evoked potentials in man. In Handbook of EEG and clinical neurophysiology (ed. Redmond, A.)
55-82 (Elsevier, New York, 1971).

38. Allison, T. et al. Human cortical potentials evoked by stimulation of the median nerve. I. Cytoarchitectonic areas generating short-
latency activity. J. Neurophysiol. 62, 694-710 (1989).

39. Rauch, R., Angel, R. W. & Boylls, C. C. Velocity-dependent suppression of somatosensory evoked potentials during movement.
Electroencephalogr. Clin. Neurophysiol. 62, 421-425 (1985).

40. Cohen, L. G. & Starr, A. Vibration and muscle contraction affect somatosensory evoked potentials. Neurology 35, 691-698 (1985).

41. Huttunen, J. & Homberg, V. Modification of cortical somatosensory evoked potentials during tactile exploration and simple active
and passive movements. Electroencephalogr. Clin. Neurophysiol. 81, 216-223 (1991).

42. Cheron, G. & Borenstein, S. Mental movement simulation affects the N30 frontal component of the somatosensory evoked poten-
tial. Electroencephalogr. Clin. Neurophysiol. 84, 288-292 (1992).

43. Bocker, K. B, Forget, R. & Brunia, C. H. The modulation of somatosensory evoked potentials during the foreperiod of a forewarned
reaction time task. Electroencephalogr. Clin. Neurophysiol. 88, 105-117 (1993).

44. Lewis, E. & Lloyd, D. M. Embodied experience: A first-person investigation of the rubber hand illusion. Phenomenol. Cogn. Sci.
9,317-339 (2010).

45. Kammers, M. P. M., de Vignemont, F, Verhagen, L. & Dijkerman, H. C. The rubber hand illusion in action. Neuropsychologia 47,
204-211 (2009).

46. Bertamini, M. & O’Sullivan, N. The use of realistic and mechanical hands in the rubber hand illusion, and the relationship to
hemispheric differences. Conscious Cogn. 27, 89-99 (2014).

47. Tsakiris, M. My body in the brain: A neurocognitive model of body-ownership. Neuropsychologia 48, 703-712 (2010).

48. Dempsey-Jones, H. & Kritikos, A. Higher-order cognitive factors affect subjective but not proprioceptive aspects of self-represen-
tation in the rubber hand illusion. Conscious Cogn. 26, 74-89 (2014).

49. Folegatti, A., de Vignemont, E,, Pavani, E,, Rossetti, Y. & Farné, A. Losing one’s hand: Visual-proprioceptive conflict affects touch
perception. PLoS ONE 4, 6920 (2009).

50. Zopf, R., Harris, J. A. & Williams, M. A. The influence of body-ownership cues on tactile sensitivity. Cogn. Neurosci. 2, 147-154
(2011).

51. Gandevia, S. C. & Burke, D. Projection of thenar muscle afferents to frontal and parietal cortex of human subjects. Electroencepha-
logr. Clin. Neurophysiol. 77, 353-361 (1990).

52. Tapia, M. C,, Cohen, L. G. & Starr, A. Selectivity of attenuation (i.e., gating) of somatosensory potentials during voluntary move-
ment in humans. Electroencephalogr. Clin. Neurophysiol. 68, 226-230 (1987).

53. Nakajima, T., Endoh, T., Sakamoto, M. & Komiyama, T. Nerve specific modulation of somatosensory inflow to cerebral cortex
during submaximal sustained contraction in first dorsal interosseous muscle. Brain Res. 1053, 146-153 (2005).

54. Staines, W. R., Brooke, J. D., Angerilli, P. A. & Mcllroy, W. E. Phasic modulation of somatosensory potentials during passive move-
ment. NeuroReport 7,2971-2974 (1996).

55. Staines, W. R., Brooke, J. D., Misiaszek, J. E. & McIlroy, W. E. Movement-induced gain modulation of somatosensory potentials
and soleus H-reflexes evoked from the leg. II. Correlation with rate of stretch of extensor muscles of the leg. Exp. Brain Res. 115,
156-164 (1997).

56. Sakamoto, M. et al. Load- and cadence-dependent modulation of somatosensory evoked potentials and soleus H-reflexes during
active leg pedaling in humans. Brain Res. 1029, 272-285 (2004).

57. Ehrsson, H. H., Holmes, N. P. & Passingham, R. E. Touching a rubber hand: Feeling of body ownership is associated with activity
in multisensory brain areas. ] Neurosci. 25, 10564-10573 (2005).

Acknowledgements

This work was supported by JSPS KAKENHI, Grant Number JP24700610. The authors would like to thank Edit-
age (www.editage.jp) for English language editing.

Author contributions
M.S. conceived and designed the experiments, as well as collected and analysed the data. M.S. and H.I. interpreted
the data. M.S. wrote the manuscript. All authors have reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2021) 11:7329 | https://doi.org/10.1038/s41598-021-86828-5 nature portfolio


http://www.editage.jp
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021) 11:7329 | https://doi.org/10.1038/s41598-021-86828-5 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Attenuation of sensory processing in the primary somatosensory cortex during rubber hand illusion
	Results
	Experiment 1. 
	Experiment 2. 

	Discussion
	Methods
	Participants. 
	Recording. 
	Electrical stimulation. 
	Experiment 1. 
	Experiment 2. 
	Data analysis and statistics. 

	References
	Acknowledgements


