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. awareness. Although initial work assumed that the perceived location of one’s body part can be used as

a behavioral measure to assess the feeling of owning a body part, recent studies call into question the
relationship between localization and ownership of body parts. Yet, little is known about the processes
underlying these two aspects of body-part awareness. Here, | applied a statistically optimal cue
combination paradigm to a perceptual illusion in which ownership over an artificial hand is experienced,
and found that variances predicted by a model of optimal cue combination are similar to those observed
in localization of the participant’s hand, but systematically diverge from those observed in ownership
of the artificial hand. These findings provide strong evidence for separate processes between ownership
and localization of body parts, and indicate a need to revise current models of body part ownership.
Results from this study suggest that the neural substrates for perceptual identification of one’s body
parts—such as body ownership—are distinct from those underlying spatial localization of the body
parts, thus implying a functional distinction between “*who” and “where” in the processing of body part
information.

© When we see our body parts, such as our hands, we easily feel that they are part of our own body. This feeling is
. referred to as body ownership'~. It has been suggested that body ownership can be seen as the multisensory per-
ception of one’s own body'?°. The spatial and temporal congruence of visual, tactile, and proprioceptive signals
from one’s body part generates a feeling of ownership for the body part. Though the feeling of body ownership is
. one of the most important features of self-consciousness®”, the issue of precisely how we experience body parts to
: be part of the self is a fundamental question in cognitive science and neuroscience. This problem is biologically
© relevant, as the conscious experience of our own body parts is essential for our interactions with the outside
* world. A seminal study in this field described a simple procedure to induce the feeling of ownership of a rubber
. hand, known as the rubber hand illusion (RHI)?, which has been used as a model system for investigating the
. feeling of body ownership. In this illusion, the observer’s real hand is hidden from view, while a realistic life-sized
rubber hand is presented in front of the observer and is placed several centimeters away from the observer’s hid-
. den hand. The experimenter uses two paintbrushes, with one stroking the rubber hand and the other stroking
. the observer’s hidden hand, with the timing of the brushing synchronized. After a time, the rubber hand is felt to
. be on€’s own, and the perceived location of the real hand is displaced toward the rubber hand—a phenomenon
: known as proprioceptive drift. The original study evaluated the RHI using two measures®: a subjective measure
and an objective one. The subjective measure comprised a questionnaire with visual analogue scales, such as “I felt
. as if the rubber hand was my own hand”. The objective measure was constructed by perceived location of the real
: hand with the observer’s eyes closed. The study found that substantial displacement of the perceived location of
* the real hand toward the rubber hand (i.e., large proprioceptive drift) occurred during the synchronous stroking
. of the real and rubber hands, compared with when stroking was asynchronous. Furthermore, it indicated that
. the magnitude of the proprioceptive drift correlated with the strength of the feeling of ownership reported in the
questionnaire.
Initial work assumed that proprioceptive drift can be used as a behavioral measure to assess the subjective
feeling of body ownership*?, but recent studies call into question the relationship between the two’ 1. In fact,
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Figure 1. Apparatus and stimuli. (a) Participants binocularly viewed the visual stimulus presented on a head-
mounted display, and put their right hand on a table. Their right index finger was attached to the arm of a
force-feedback device. (b) Top row, the left and right panels represent visual stimuli for the visual-alone and
proprioceptive-alone conditions, respectively. Bottom row, the left and right panels show a computer graphics
(CG) hand and a CG non-hand object used in the visual-proprioceptive condition, respectively. (c) The contrast
of the CG hand was selected randomly between 1.5%, 2.5%, 3.5%, 4.5%, and 5.5% from trial to trial.

Rohde et al.!! reported that proprioceptive drift can occur without a subjective feeling of hand ownership''.
Proprioceptive drift reflects the experience of where one’s body parts are perceived to be located in space, while
the subjective feeling of ownership of body parts reflects the experience of identifying with the body parts. These
aspects may depend on distinct neural processes'?. Yet, very little is known about the processes underlying two of
these aspects of one’s own body parts.

Characteristics of the constraints of the RHI provide important information about the factors relevant for
body ownership. A temporal mismatch of 500 ms between vision and touch, such as in the asynchronous stroking
of the real and rubber hands, reduces the strength of the RHI'*. The RHI is also limited by the spatial distance
between the real and rubber hands!*. A significant decrease in the strength of the RHI has been found for dis-
tances greater than 30 cm. These temporal and spatial constraints fit well with the principles of the integration of
multiple sources of sensory information (multisensory integration)'. Thus, the illusion is generally explained in
terms of the integration of visual, tactile, and proprioceptive information, although a recent study has suggested
that the illusion can occur based on visual-proprioceptive integration even without tactile stimulation®.

In the present study, I used a RHI in which ownership over a computer graphics (CG) hand is experienced'>',
and applied a statistically optimal cue combination paradigm'”!8 to the illusion. The optimal cue combination
paradigm is used to investigate the processes underlying multisensory integration. This paradigm provides a
way to determine the degree to which a given sensory modality contributes to the final perception relative to a
different sensory modality. This is realized by using maximum likelihood estimation (MLE) to combine multiple
sensory inputs'. To construct a maximum-likelihood integrator, variances associated with sensory estimation
are used. In the present study, I measured variances associated with visual and proprioceptive estimation of hand
position. These measurements were used to construct a model of optimal integration of visual and proprioceptive
information. Then, I measured the perceived location of the participant’s hand and the sense of ownership over
the CG hand in the RHI tasks. These measurements were compared to the behavior of the model of optimal inte-
gration of visual and proprioceptive information. I found that perceived location of the participant’s hand in the
RHI is well explained by the model of optimal integration of visual and proprioceptive information, but that sense
of ownership is not. These findings reveal different visual-proprioceptive integration processes for localization of
body parts and ownership of body parts.

Results

Experiment 1. Visual-alone condition and proprioceptive-alone condition. Procedure. 1exam-
ined the variances of visual and proprioceptive hand-position estimates (within-modality hand localization).
Participants were asked to localize either a realistic life-sized CG hand or their own hidden hand, presented
unimodally. In the visual-alone condition, the moving CG hand, which was a grayscale three-dimensional visual
image of various luminance contrasts, was presented through a head-mounted display (HMD; Fig. 1). In the
proprioceptive-alone condition, the participant’s entire right arm, which was hidden, was moved by the arm of a
force-feedback device attached to the participant’s right index finger. I obtained the proportion of trials in which
the location where the hand turned back in the first hand movement was perceived to be to the right of the loca-
tion where the hand turned back in the second hand movement, as a function of the actual physical location of the
turn (2.5-7.5 cm). By using Probit analysis®, the data were fitted with Gaussian cumulative distribution functions,
which provided the standard deviation of the fitted Gaussian cumulative distribution function. The mean of the
fitted function represents the point of subjective equality (the 50% criterion value). The standard deviation of the
fitted function represents the estimate of localization accuracy, which is presumed to depend on internal noise.
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Figure 2. Results. (a) Results for within-modality experiments. Psychometric functions for localizing either
hand proprioception or CG hands of various contrasts. Data were averaged for participants. Turned position

of the standard stimulus was 5 cm to the right of the median plane of the participant’s body. Proprioceptive
discrimination data are represented by the red curve. Visual discrimination data are represented by blue curves,
which correspond to five contrasts of the CG hand. (b) Results for the visual-proprioceptive condition when
the CG hand was presented in the synchronous stroking between vision and touch. Abscissa represents the
contrast of the CG hand, left ordinate represents perceived position of the participant’s hand relative to their
unseen hand (purple circles), and right ordinate represents subjective rating of ownership of the CG hand (black
triangles). The dashed line represents the location of the CG hand relative to the participant’s unseen hand. (c)
Results for the CG hand and the non-body object for synchronous and asynchronous stroking between vision
and touch. Solid and open symbols represent synchrony and asynchrony, respectively. The contrasts of the CG
hand and the non-body object were 5.5% for both the synchrony and asynchrony conditions. (d) Visual weights
as a function of contrast of the CG hand. The shaded area represents predicted visual weights expected from
within-modality discrimination, and its height represents predicted errors given the standard errors of the
within-modality discrimination. Purple symbols represent observed visual weights obtained from Eq. 3 using
the values of perceived hand positions. Visual weights for the CG hand with asynchronous stroking between
vision and touch and visual weights for the non-body object are shown in Fig. S2. (e) Standard deviations as a
function of contrast of the CG hand. The shaded area represents predicted standard deviations (Eq. 4). Purple
symbols represent obtained standard deviations of perceived hand position in the rubber hand illusion tasks.
Blue open square symbols represent the visual-alone standard deviations, and the dashed red line represents the
proprioceptive-alone standard deviation. n =7. Results are means + standard error of the mean.

Results.  Discrimination results for visual-alone and proprioceptive-alone conditions are shown in Fig. 2a. The
point of subjective equality was near 5cm in both of the conditions, but the standard deviation varied considera-
bly. The standard deviation for the visual-alone condition decreased from 2.88 to 1.03, as the contrast of the CG
hand was increased from 1.5% to 5.5%. For the proprioceptive-alone condition, the standard deviation was 1.48:
falling midway between the various standard deviations for the visual-alone condition.

Experiment 2. Visual-proprioceptive condition: RHI.  Procedure. To examine the strength of the
RHI using a CG hand, I measured the perceived position of the participant’s own unseen hand while looking at
a CG hand with stroking of both the CG hand and the participant’s unseen hand. In the visual-proprioceptive
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condition, the contrast of the CG hand was varied randomly from trial to trial (0.5-5.5%). The CG hand was
positioned 10 cm to the left of the participant’s unseen right hand (A =S, — Sy =10 cm, where Sy and S, are the
hand positions from the visual and proprioceptive cues). The average of Sy and Sp was 5 cm. The participant’s own
unseen hand was stroked for 60, with synchronous stroking of the CG hand (or with asynchronous stroking in
the control condition; see below). Next, participants were asked to point at their own unseen right hand by mov-
ing a visual pointer with their left hand. After the hand localization task, participants were asked to subjectively
rate their ownership of the CG hand using a nine-point scale (hand ownership task; see methods for details).

Results.  Figure 2b shows the strength of the RHI as a function of the contrast of the CG hand. The mean per-
ceived position of the real hand with synchronous stroking of the CG and real hands depended significantly on
CG hand contrast (F,,,=19.71, p < 0.0001). For the low-contrast CG hands, the perceived position of the real
hand was near the hand location provided by the proprioceptive information, not by the visual information, sug-
gesting that proprioception contributes to the perceived position of the real hand to a greater degree than does
vision. However, for the high-contrast CG hands, the opposite pattern was observed with the perceived position
of the real hand near the hand location provided by the visual information, suggesting that vision contributes to
perceived position more than proprioception does. For the mid-contrast CG hand, the perceived position was the
average position of the two modalities. The subjective ratings of ownership of the CG hand also had the same ten-
dency to the perceived position of the real hand (Fig. 2b; F, ,,=23.24, p <0.0001). It has been previously shown
that the magnitude of proprioceptive drift correlates with the strength of the feeling of ownership reported in a
questionnaire, except for when special condition to induce RHI are used, such as in Rohde et al’s study'". Thus,
the finding that the perceived position and the ownership rating are similarly affected by the contrast of the CG
hand is consistent with the results of previous research®.

Experiment 3. Control conditions for the RHI.  Procedure. 1also conducted control experiments to
confirm the occurrence of RHI in the present study. RHI has been reported to be eliminated in the following
conditions: (i) asynchronous stroking of the CG hand and the real hand and (ii) presentation of a non-body
object (Fig. 1b) instead of the CG hand for both synchronous and asynchronous stroking between vision and
touch. A fixed 5.5% contrast was chosen for the CG hand or the non-body object in these control conditions.
In Experiment 2, the highest contrast of the CG hand was 5.5% (original condition). If the RHI occurred in the
present study, the illusion should be eliminated even with the highest contrast of 5.5%. Therefore, using this fixed
5.5% contrast, I compared the strength of the RHI between the original and control conditions.

Results.  Figure 2¢ shows the strength of the RHI in the original and control conditions. The perceived posi-
tion of the real hand and the subjective ratings of ownership depended significantly on condition (F;,,=21.53,
P <0.0001 for perceived position; F; ,,=12.12, p < 0.0005 for ownership). When the stroking of the CG hand and
the real hand was asynchronous, the perceived position of the real hand was not greatly displaced toward the CG
hand’s position, even for the high contrast. Similarly, when the non-body object was presented with synchronous
stroking of the object and the real hand, the perceived position of the real hand was not greatly displaced toward
the object’s position. Compared with synchronous stroking, ownership rating decreased when the stroking of
the CG hand and the real hand was asynchronous or when the non-body object was presented (irrespective of
synchronous or asynchronous stroking of the object and the real hand). These results indicate that synchronized
visual and tactile stimulation with the CG hand causes the RHI, which is consistent with the results of previous
research®!-%,

Maximum-likelihood estimation. Method. Several studies have suggested that multimodal information
may be combined in a fashion similar to a MLE integration process, with a final estimate being obtained by sum-
ming the independent estimates from each modality according to an appropriate weighting scheme!”~*°.
Assuming that the estimate from each modality is corrupted by independent Gaussian noise, the weights are
proportional to the inverse of the variance of the noise distribution. This model allows the optimal combinations
of the estimates from different modalities because the final estimate from combining them has lower variance
than the estimates from each modality. If the model is used to combine visual and proprioceptive estimates S, and
Sp, the final estimate S, is given by

Svp = WwySy + wpSp (1)

where wy, and w), are the relative weights for each modality. The weights w,, and w}, are given by

1/0\3 O'PZ
= > and wp = =

_ l/cfp2 0'5
oy + 1oy oy + op Voy + 1oy oy + 0p 2)

wy

where oy, and o, are the visual and proprioceptive standard deviations.

Estimates of the visual and proprioceptive standard deviations can be obtained by using the standard devia-
tion of the cumulative Gaussian function fitted to the within-modality data (Fig. 2a). From Eq. 2 and these esti-
mates, visual and proprioceptive weights can be predicted for the various contrasts of the CG hand. Now, I assume
that the visual and proprioceptive estimates (S, and S,) are given by the actual position of the visual and proprio-
ceptive sources (S, and S;), and that the sum of the visual and proprioceptive weights is 1. Following these
assumptions, the visual weights can be experimentally derived from the visual-proprioceptive data (hand position
in Fig. 2b) using Eq. I:
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wy = (PP — S)/(Sy — Sp)

where PP is the perceived position of the real hand when looking at the CG hand with stroking of both the real
and CG hands.

Furthermore, the MLE integration model predicts that the standard deviation of the combined estimate is
lower than that of either the visual or proprioceptive estimate alone. According to the model, the standard devia-
tion oy of the combined estimate is calculated using the formula:

oy .
VP __ < min(oy, 0p)

UVP = —
2 2
Joi 1 o @

where oy, and g}, are the visual and proprioceptive standard deviations.

The present study derived estimates of oy, and o, from the visual-alone and proprioceptive-alone localization
tasks, respectively. From these, I calculated the combined estimate of oy,p; thus, the prediction was made for hand
localization only. The data from the hand localization task in Experiment 2 were used to derive visual weights
experimentally. Moreover, the data from the hand localization task and the hand ownership task in Experiment 2
were used to experimentally derive standard deviations for hand localization and hand ownership, respectively. I
then compared the predicted noise distribution for hand localization to noise distributions for hand localization
and hand ownership in the RHI tasks. If the processing pathway is shared between hand localization and hand
ownership in the RHI, these processes should be affected by the same source of noise. If this is true, the predicted
noise distribution should agree with the observed noise distributions of both hand localization and hand owner-
ship in the RHI tasks. Because the unit of the standard deviation of hand localization is different from that of hand
ownership, I used the coeflicient of variation (CV) for the comparison between the noise distributions of hand
localization and ownership in the RHI tasks. This index is given by

o
x ©)
where o is the standard deviation, and X is the mean. The CV is a dimensionless quantity, which allows a direct
comparison between hand localization and hand ownership. The mean and standard deviation of observed per-
ceived positions were used to calculate the CV for experimental hand localization for each contrast of the CG
hand. In the same way, the mean and standard deviation of observed ownership ratings were used to calculate the
CV for experimental hand ownership for each contrast of the CG hand. In contrast, to calculate the CV for the
prediction of hand localization from the model, the mean position of the combined visual-proprioceptive esti-
mate for each contrast was computed using Eq. 1 and the weights derived from the visual-alone and
proprioceptive-alone conditions. For each contrast, the predicted standard deviation divided by the mean posi-
tion gave the CV for the predicted hand localization. Note that since the CV informs relative comparison, the
comparison by CV reflects qualitative differences.

CV =

Results.  In Fig. 2d, the predicted visual weights are represented by the curve and the shaded area, and the exper-
imental visual weights are represented by the purple symbols. The predicted visual weights varied with the con-
trast of the CG hand: visual weights were higher when contrast was high, and lower when contrast was low. The
experimental visual weight increased with the contrast of the CG hand, and clearly fell very close to the predicted
visual weight. The predicted and experimental standard deviations for the unimodal and multimodal localization
tasks are shown in Fig. 2e. Figure 2e shows that the experimentally obtained standard deviations of the perceived
location of the participant’s hand in the RHI task followed the predictions of the model. Furthermore, as shown in
Fig. 2e, the experimental standard deviations were always lower than the visual-alone and proprioceptive-alone
standard deviations across all contrasts of the CG hand, which is consistent with the MLE prediction given by
Eq. 4.

Figure 3 shows CVs for localization, ownership, and the MLE prediction. In this figure, the experimentally
obtained CV for localization in the RHI followed the prediction of the MLE prediction. However, the CV for
ownership in the RHI did not follow the prediction. Statistical analysis revealed that the predicted CV was signif-
icantly different from the experimental CV for ownership (F, 4s=6.13, p < 0.05), but not from the experimental
CV for localization (F, 44=0.22, p=0.65 n.s.).

Discussion

The present results show that the perceived location of the participant’s hand in the RHI is determined by com-
bining visual and proprioceptive information in a manner consistent with the MLE integration process. Yet, the
present results indicate that the sense of hand ownership systematically diverges from the predictions of the MLE
integration process. Although recent studies have cast doubt on the presumed link between the feeling of owner-
ship over a body part and the perceived location of a body part®'!, these studies did not show that the processes
underlying these two aspects are dissociated even when strong effects of the RHI occurs. However, an early neu-
roimaging study has suggested that body ownership is associated with activity in the premotor cortex and that
body localization is associated with activity in the posterior parietal cortex**. The present results provide strong
behavioral evidence that separate mechanisms of multisensory integration underlie ownership and localization
of body parts.
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Figure 3. Coefficient of variation (CV) as a function of contrast of the CG hand. The shaded area represents
CVs predicted by the maximum likelihood estimation model. Purple and black symbols represent obtained CV's
of perceived hand position and hand ownership in the rubber hand illusion tasks, respectively.

MLE and Bayesian causal inference (BCI) models have been shown to account for multisensory percep-
tion of the environment®. In the MLE model, sensory stimuli are integrated from unisensory stimuli into a
single multisensory percept. This model has been demonstrated to apply across audio-visual, visual-haptic,
visual-proprioceptive, and visual-vestibular integration. In the BCI model, however, sensory likelihoods are com-
bined with a prior, which makes an inference about the causal structure of events in the environment. The BCI
model can determine whether sensory signals are caused by the same source or by different sources. This model
has also been demonstrated to account for certain well-known multisensory illusions, such as the ventriloquist
illusion and the sound-induced flash illusion®*?’.

These models have made much progress in our understanding of computational rules of multisensory percep-
tion of the environment?. However, very little work has been done on the use of computational models of body
ownership. Samad et al.’ provided the first computational account of the RHI by a BCI model®. The BCI model
explained that synchronous stroking of a dummy hand and a real hand produces the perception of a common
cause for visual and tactile stimuli, inducing the RHI. Interestingly, this model predicted that the RHI can occur
based on visual-proprioceptive integration absent tactile stimulation, which Samad et al. confirmed experimen-
tally. The present study as well indicated that integration of visual and proprioceptive information is used for the
RHI, which is consistent with Samad et al’s finding that visual-proprioceptive integration is critical for the RHI.

Although Samad et al. showed that the process of the RHI can be modeled as a BCI®, they did not examine
whether this process can also be modeled by using the MLE rule. The present study indicated that the MLE model
can account for hand localization in the RHI. The MLE rule states that visual and proprioceptive information is
combined in an optimal way by summing the independent stimulus estimates from each modality, weighted by
the inverse of the noise associated with each estimate as given by the variance of the underlying noise distribution.
According to this weighting scheme, the stimulus estimate with lower variance is more reliable. The present study
manipulated the contrast of the CG hand to adjust the amount of noise in the visual stimulus, and found that
reducing the contrast of the CG hand resulted in less reliable visually specified hand location. To elucidate the pre-
dictions of the MLE rule, the present study determined the standard deviations of the visual and proprioceptive
estimates by conducting unisensory (visual-alone and proprioceptive-alone) location discrimination experiments
and derived the predicted standard deviations of the MLE model. Then, these predicted standard deviations were
compared to the observed standard deviations of hand localization in the multisensory (visual-proprioceptive)
tasks. The results indicate that hand localization in the RHI is well explained by the MLE model of optimal inte-
gration of visual and proprioceptive information.

Initial work has assumed a shared process between hand localization and hand ownership in the RHI*®.
However, recent studies have cast doubt on the presumed link between them®-!!. An early neuroimaging study
suggested that hand ownership and hand localization were represented via distinct brain areas*. Nevertheless,
Samad et al’s® previous modeling study did not consider whether a visual-proprioceptive process is shared
between hand localization and hand ownership in the RHI®. To address this issue, the present study used the
MLE model. If the processing pathway is shared between hand localization and hand ownership, these processes
should be affected by the same source of noise. To this end, the present study compared the observed standard
deviations of hand localization and hand ownership in the multisensory tasks (i.e. the RHI tasks) to the predicted
standard deviations of the MLE model from the unisensory localization tasks by using the CV as an index. Note
that the unisensory ownership experiments were not conducted in the present study. The present results indicate
that the predicted CVs agree with the observed CVs in only the multisensory localization task, but not those in
the multisensory ownership task. This finding suggests that the MLE model can account for hand localization in
the RHI, but not for hand ownership. In contrast, Samad et al.’ showed that the BCI model can account for the
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subjective feeling of hand ownership in the RHI®. Taken together, these results suggest a computational account
of separate processes between hand localization and hand ownership in the RHI.

What are the underlying neural mechanisms for separate processes between hand localization and hand own-
ership? Recent neuroimaging work has shown that multisensory integration is governed by distinct computa-
tional principles across the cortical hierarchy?*? (for reviews, see Noel et al.?®). At the bottom of the cortical
hierarchy, sensory signals are processed in each unisensory area. At the next stage, sensory signals are combined
as predicted by the MLE model in the posterior intraparietal sulcus. At the top of the hierarchy, sensory signals
are combined as predicted by the BCI model in the anterior intraparietal sulcus. These findings suggest that the
unisensory estimates, MLE, and BCI may be represented with distinct brain areas. Although these neuroimaging
studies examined multisensory perception of the outside world but not that of one’s own body, I speculate that
MLE and BCI may be represented with distinct brain areas for multisensory integration of bodily signals as well
as sensory signals from the outside world. Thus, these findings suggest that the neural substrates for perceptual
identification of one’s body parts (body ownership) may be distinct from those underlying spatial localization of
the body parts.

The present study revealed a qualitative difference between hand localization and hand ownership using the
MLE model. However, a quantitative examination would be needed in order to develop a neurobiological model
of body ownership. The present study did not apply the MLE model to hand ownership, due to the seeming
impossibility of estimating hand ownership in unisensory conditions by using stimuli to induce the RHI. For
example, in a visual-alone condition, the CG hand would never be felt to be one’s own hand, regardless of the
contrast. In a proprioceptive-alone condition, participants would constantly feel their own hand when it is hid-
den from view. Future research would need to implement a new method in order to acquire estimates of hand
ownership in unisensory conditions.

How do the present findings apply to whole-body ownership? A neuroimaging study has suggested that
whole-body ownership is produced by neuronal populations that integrate multisensory information across
body parts®. Recent behavioral studies have also suggested that most body parts are anatomically connected
to the trunk®32. Furthermore, a recent neuroimaging study has shown that self-location is associated with
parieto-cingulate-hippocampal activity, whereas whole-body ownership is associated with premotor-intraparietal
activity®. This indicates that whole-body ownership and self-location are represented with distinct neural popu-
lations at the early stages of whole-body processing. The present study suggests that ownership and localization of
body parts may also be represented with distinct neural populations. From these findings, I propose that the pro-
cesses underlying ownership and localization might be dissociated from body parts up to a whole body, thereby
implying a functional distinction between “who” and “where” in the processing of formulating body information.

Methods

Participants. Seven male participants (mean age 26.6 years, range 22-40 years, all right-handed) with nor-
mal or corrected to normal vision participated in this study and gave informed consent in accordance with the
Code of Ethics of the World Medical Association (Declaration of Helsinki). This study was approved by the Ethics
Committee of the Graduate School of Information Sciences, Tohoku University.

Apparatus and stimuli. Participants placed their right hand on a table and wore an HMD (nVisor
$X60, NVIS, Reston, VA, USA; Dual SXGA microdisplays with 1280 x 1024 pixels per eye and 60° diagonal
field-of-view) that displayed visual stimuli in stereoscopic 3D. The HMD was covered by black tissue to occlude
all surrounding visual input and was equipped with a customized forehead rest. The arm of a PHANToM
force-feedback device (3D Systems, Cary, NC, USA) was attached to the participant’s right index finger. The
PHANTOM can simulate haptic properties such as the friction of an object and can provide selected levels of force
to the tip of the participant’s index finger. The apparatus was calibrated to spatially align the visual and haptic
stimuli. Participants listened to white noise presented through headphones to mask surrounding auditory input
that could have provided additional cues about the location of the haptic stimulus. In the visual-alone condition,
participants viewed a realistic life-sized 3D CG hand through the HMD (Fig. 1). The luminance contrast of the
CG hand varied randomly between 1.5%, 2.5%, 3.5%, 4.5%, and 5.5%. These contrasts were carefully chosen
due to a preliminary examination that indicated that the effect of luminance contrast on the RHI is saturated
when the contrast exceeds 5.5%. Background luminance was constant at 6.1 cd/m?. The colors of the CG hand
and the CG cuboid were gray. Participants were instructed not to move their right hand during the experiment.
In the proprioceptive-alone condition, the CG hand was not presented. The participant’s hidden right hand was
passively moved by the force-feedback device. Participants were instructed to relax their hand and their muscles
while being moved by the device arm and to avoid resisting the device arm.

In the visual-proprioceptive condition, participants viewed a visual sandpaper (2.5cm x 6 cm x 0.5cm) and
either the CG hand or a 3D computer-graphics cuboid (11.5cm x 30 cm x 3.5 cm) through the HMD (Fig. 1).
The visual sandpaper moved back and forth on the index finger of the CG hand or on the CG cuboid. The
force-feedback device produced an invisible haptic sandpaper (2.5cm x 6 cm x 0.5cm), and simulated the haptic
sandpaper stroking the participant’s index finger either synchronously or asynchronously to the movements of the
visual sandpaper. The visual and haptic sandpapers moved regularly in a sinusoidal manner. Motion amplitude
was 2.0 cm and frequency was 1.0 Hz. In the synchronous condition, the visual and haptic sandpapers moved for
1's sinusoidally in the same direction and amplitude and then stopped for 1s. These synchronous movements
were repeated for 60s. In the asynchronous condition, while the haptic sandpaper was moving sinusoidally for
1s, the visual sandpaper was stopped, after which the haptic sandpaper stopped for 1s while the visual sandpa-
per moved sinusoidally for 1s. These asynchronous movements were repeated for 60's. The haptic stimulus was
generated using the force-feedback device applied the participant’s right index finger, and appropriate forces were
applied to the finger when the tip of the finger touched the simulated haptic sandpaper. Accordingly, participants
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felt the stroking on their index finger during the 60 s that they were exposed to the CG hand that was also being
stroked on the index finger.

Procedure. In the visual-alone or proprioceptive-alone condition, hand position discrimination was meas-
ured via a two-interval, forced-choice method. Each trial consisted of the sequential (visual or proprioceptive)
presentation of two sets of horizontal hand movements. In the visual-alone condition, the CG hand was pre-
sented. The luminance contrast of the CG hand randomly varied between 1.5%, 2.5%, 3.5%, 4.5%, and 5.5% from
trial to trial. In the proprioceptive-alone condition, participants reported the proprioceptive location of their
right hand. In each trial, a hand started from a randomly selected location between 0 cm and 3 cm to the left of the
median plane of the participant’s body. In the standard interval, the hand turned back at a distance of 5.0 cm to
the right of the median plane of the participants body. In the comparison interval, the hand turned back at a ran-
domly selected location between 2.5 cm and 7.5 cm to the right of the median plane of the participant’s body. The
location of the hand’s turn in this interval was varied according to the method of constant stimuli. The standard
and comparison stimuli were randomly assigned to the first or second interval. The proportion of trials in which
the comparison stimulus was perceived to the right of the standard stimulus was then plotted. Using Probit anal-
ysis?, these data were fitted with cumulative Gaussian functions that provided psychometric functions (Fig. 2a).
From this analysis, I obtained the mean and standard deviation of the fitted cumulative Gaussian function. The
chi-square goodness of fit test showed that the curve was a good fit to the data for all conditions (x?(1) =356.6,
P <0.0001 for the proprioceptive-alone condition; x*(1) = 162.6, p < 0.0001 for 1.5% contrast of the CG hand;
X3(1) =255.6, p < 0.0001 for 2.5% contrast of the CG hand; x?(1) =285.2, p < 0.0001 for 3.5% contrast of the CG
hand; x%(1) =392.9, p < 0.0001 for 4.5% contrast of the CG hand; x*(1) =480.6, p < 0.0001 for 5.5% contrast of
the CG hand).

In the visual-proprioceptive condition, participants sat at a table and wore the HMD. At the beginning of
each session, neither the CG hand nor the CG cuboid was presented on the display. Subsequently, participants
were asked, “Where is your right index finger?”, and were asked to point at their own unseen right index finger
by using their left hand to move a visual pointer presented in the HMD. This provided a pretest baseline estimate
of finger position. After this, the CG hand or the CG cuboid was presented at a distance of 10 cm to the left of the
participant’s unseen right hand. The participant’s own unseen right index finger was stroked by the haptic sand-
paper for 605, either synchronously or asynchronously with the movements of the visual sandpaper. The contrast
of the CG hand was varied randomly from trial to trial (0.5-5.5%) in the synchronous condition. The contrast of
the CG hand was always 5.5% in the asynchronous condition. The contrast of the CG cuboid was always 5.5% in
both conditions. After the stroking ended, participants were asked to point at their own unseen right index finger
by moving a visual pointer with their left hand. Next, the participants were asked to report a subjective rating of
ownership of the CG hand by pointing to a number (0 to 9) on a visual scale presented in the HMD with a visual
pointer by using their left hand*. After all trials were complete, participants answered questionnaire items to rate
subjective aspects of the CG hand. The questionnaire items for ownership were similar to those used in Botvinick
and Cohen’s study®. Details of the questionnaire items are shown in Figure S1. Although the participants had
already rated ownership for each trial on the 10-point scale, this rating included only one questionnaire item that
was relevant to the illusion and did not include the questionnaire items that served as controls. For that reason,
I also used the conventional 7-point scale questionnaire items to confirm that the RHI occurred in the present
study.

Each participant performed 10 sessions of the synchronous condition and 10 trials of the asynchronous con-
dition for the CG hand presentation; order was counterbalanced across participants. Each session consisted of 5
trials in the synchronous condition for the CG hand presentation, as each contrast of the CG hand (out of the five
possible contrasts) was presented once a session in a random order. Each participant also completed 10 trials in
both the synchronous and asynchronous conditions for the CG cuboid presentation. Order was again counter-
balanced across participants.

The present study calculated the mean of the data for each participant. Through this procedure, seven samples
were obtained for each experimental variable such as position and contrast. Then, these samples were averaged.

Statistical tests. To determine whether ownership rating and perceived hand position differed among the
five contrasts of the CG hand, we performed a repeated measured analysis of variance with the contrasts of the
CG hand as factors. In this analysis, a single statement was used for the ownership rating (“Do you feel that the
CG hand is your hand?”), which was rated on a 10-point scale for each trial. In addition, five questionnaire items
(see Figure S1) were rated on a 7-point scale after all trials.

For the five questionnaire items, I compared the average of ratings on questions concerning the RHI with
that of ratings on control questions across all conditions to check whether the RHI occurred, and performed a
repeated measured analysis of variance with the contrasts of the CG hand and the other three control conditions
as factors.

Data Availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.

References
1. Ehrsson, H. H. In The New Handbook of Multisensory Processes (ed. Stein, B. E.) 775-792 (MIT Press 2012).
2. Kilteni, K., Maselli, A., Kording, K. P. & Slater, M. Over my fake body: body ownership illusions for studying the multisensory basis
of own-body perception. Front Hum Neurosci 9, 141, https://doi.org/10.3389/fnhum.2015.00141 (2015).
3. 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).

SCIENTIFIC REPORTS |

(2019) 9:652 | https://doi.org/10.1038/s41598-018-37375-z 8


https://doi.org/10.1038/s41598-018-37375-z
https://doi.org/10.3389/fnhum.2015.00141

www.nature.com/scientificreports/

4. Tsakiris, M. My body in the brain: a neurocognitive model of body-ownership. Neuropsychologia 48, 703-712 (2010).
5. Samad, M., Chung, A. J. & Shams, L. Perception of body ownership is driven by Bayesian sensory inference. PLoS One 10, €0117178,
https://doi.org/10.1371/journal.pone.0117178 (2015).

. Bermudez, J., Marcel, A. & Eilan, N. The Body and the Self. (The MIT Press 1995).

. Blanke, O. Multisensory brain mechanisms of bodily self-consciousness. Nat Rev Neurosci 13, 556-571 (2012).

. Botvinick, M. & Cohen, J. Rubber hands ‘feel’ touch that eyes see. Nature 391, 756 (1998).

. Abdulkarim, Z. & Ehrsson, H. H. No causal link between changes in hand position sense and feeling of limb ownership in the rubber

hand illusion. Atten Percept Psychophys 78, 707-720 (2016).

10. Cowie, D., Makin, T. R. & Bremner, A. J. Children’s responses to the rubber-hand illusion reveal dissociable pathways in body
representation. Psychological Science 24, 762-769 (2013).

11. Rohde, M., Di Luca, M. & Ernst, M. O. The Rubber Hand Illusion: feeling of ownership and proprioceptive drift do not go hand in
hand. PLoS One 6, €21659, https://doi.org/10.1371/journal.pone.0021659 (2011).

12. Blanke, O. & Metzinger, T. Full-body illusions and minimal phenomenal selthood. Trends Cogn Sci 13, 7-13 (2009).

13. Shimada, S., Fukuda, K. & Hiraki, K. Rubber hand illusion under delayed visual feedback. PLoS One 4, 6185, https://doi.
org/10.1371/journal.pone.0006185 (2009).

14. Lloyd, D. M. Spatial limits on referred touch to an alien limb may reflect boundaries of visuo-tactile peripersonal space surrounding
the hand. Brain Cogn 64, 104-109 (2007).

15. Matsumiya, K. & Shioiri, S. Moving one’s own body part induces a motion aftereffect anchored to the body part. Curr Biol 24,
165-169 (2014).

16. Slater, M., Perez-Marcos, D., Ehrsson, H. H. & Sanchez-Vives, M. V. Inducing illusory ownership of a virtual body. Front Neurosci.
3, 214-220 (2009).

17. Alais, D. & Burr, D. The ventriloquist effect results from near-optimal bimodal integration. Curr Biol 14, 257-262 (2004).

18. Ernst, M. O. & Banks, M. S. Humans integrate visual and haptic information in a statistically optimal fashion. Nature 415, 429-433
(2002).

19. Ernst, M. O. & Bulthoff, H. H. Merging the senses into a robust percept. Trends Cogn Sci 8, 162-169 (2004).

20. Finney, D. J. Probit Analysis. (Cambridge University 1971).

21. Guterstam, A., Gentile, G. & Ehrsson, H. H. The invisible hand illusion: multisensory integration leads to the embodiment of a
discrete volume of empty space. ] Cogn Neurosci 25, 1078-1099 (2013).

22. Tsakiris, M., Carpenter, L., James, D. & Fotopoulou, A. Hands only illusion: multisensory integration elicits sense of ownership for
body parts but not for non-corporeal objects. Experimental Brain Research 204, 343-352 (2010).

23. Tsakiris, M. & Haggard, P. The rubber hand illusion revisited: visuotactile integration and self-attribution. J. Exp. Psychol. Hum.
Percept. Perform. 31, 80-91 (2005).

24. Brozzoli, C., 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).

25. Noel, J. P, Blanke, O. & Serino, A. From multisensory integration in peripersonal space to bodily self-consciousness: from statistical
regularities to statistical inference. Ann N'Y Acad Sci, https://doi.org/10.1111/nyas.13867 (2018).

26. Kording, K. P. et al. Causal inference in multisensory perception. PLoS One 2, €943, https://doi.org/10.1371/journal.pone.0000943
(2007).

27. Shams, L., Ma, W. J. & Beierholm, U. Sound-induced flash illusion as an optimal percept. Neuroreport 16, 1923-1927 (2005).

28. Rohe, T. & Noppeney, U. Cortical hierarchies perform Bayesian causal inference in multisensory perception. PLoS Biol 13, 1002073,
https://doi.org/10.1371/journal.pbio.1002073 (2015).

29. Rohe, T. & Noppeney, U. Distinct Computational Principles Govern Multisensory Integration in Primary Sensory and Association
Cortices. Curr Biol 26, 509-514 (2016).

30. Petkova, V. 1. et al. From part- to whole-body ownership in the multisensory brain. Curr Biol 21, 1118-1122 (2011).

31. Alsmith, A. J. & Longo, M. R. Where exactly am I? Self-location judgements distribute between head and torso. Conscious Cogn 24,
70-74 (2014).

32. Serino, A. et al. Body part-centered and full body-centered peripersonal space representations. Sci Rep 5, 18603, https://doi.
org/10.1038/srep18603 (2015).

33. Guterstam, A., Bjornsdotter, M., Gentile, G. & Ehrsson, H. H. Posterior cingulate cortex integrates the senses of self-location and
body ownership. Curr Biol 25, 1416-1425 (2015).

34. 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).

Acknowledgements
This work was partially supported by JSPS KAKENHI (Grant Numbers JP16H03748 and 26120007), PRESTO,
JST (JPMJPR16DB) and University-Industry Joint Research Project with Hitachi Ltd. to K.M.

Author Contributions
K.M. designed the study, collected the data, performed the analysis, and wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-37375-z.

Competing Interests: The author declares no competing interests.

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

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 Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted 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 license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:652 | https://doi.org/10.1038/s41598-018-37375-z 9


https://doi.org/10.1038/s41598-018-37375-z
https://doi.org/10.1371/journal.pone.0117178
https://doi.org/10.1371/journal.pone.0021659
https://doi.org/10.1371/journal.pone.0006185
https://doi.org/10.1371/journal.pone.0006185
https://doi.org/10.1111/nyas.13867
https://doi.org/10.1371/journal.pone.0000943
https://doi.org/10.1371/journal.pbio.1002073
https://doi.org/10.1038/srep18603
https://doi.org/10.1038/srep18603
https://doi.org/10.1038/s41598-018-37375-z
http://creativecommons.org/licenses/by/4.0/

	Separate multisensory integration processes for ownership and localization of body parts

	Results

	Experiment 1. Visual-alone condition and proprioceptive-alone condition. 
	Procedure. 
	Results. 

	Experiment 2. Visual-proprioceptive condition: RHI. 
	Procedure. 
	Results. 

	Experiment 3. Control conditions for the RHI. 
	Procedure. 
	Results. 

	Maximum-likelihood estimation. 
	Method. 
	Results. 


	Discussion

	Methods

	Participants. 
	Apparatus and stimuli. 
	Procedure. 
	Statistical tests. 

	Acknowledgements

	Figure 1 Apparatus and stimuli.
	Figure 2 Results.
	Figure 3 Coefficient of variation (CV) as a function of contrast of the CG hand.




