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a b s t r a c t

Action requires knowledge of our body location in space. Here we asked if interactions with the external
world prior to a reaching action influence how visual location information is used. We investigated if
the temporal synchrony between viewing and feeling touch modulates the integration of visual and pro-
prioceptive body location information for action. We manipulated the synchrony between viewing and
feeling touch in the Rubber Hand Illusion paradigm prior to participants performing a ballistic reaching
eywords:
arietal cortex
ouch
ction
uman body

task to a visually specified target. When synchronous touch was given, reaching trajectories were signifi-
cantly shifted compared to asynchronous touch. The direction of this shift suggests that touch influences
the encoding of hand position for action. On the basis of this data and previous findings, we propose that
the brain uses correlated cues from passive touch and vision to update its own position for action and
experience of self-location.
ody location
ubber hand illusion

. Introduction

Visually guided action is the basis for the vast majority of our
nteractions with the world, yet there are many open questions
bout how visual and somatosensory representations interact to
uide action. It is known that the brain combines information
bout the location of the body from visual and proprioceptive input
Rossetti, Desmurget, & Prablanc, 1995; van Beers, Sittig, & Gon,
999). Here we ask if interactions with the external world prior to
ction influence how this visual and proprioceptive information is
ombined. To this end, we investigated if the temporal synchrony
etween viewing and feeling touch given prior to action modu-

ates the integration of visual and proprioceptive body location
nformation for action.

Electrophysiology studies in monkeys have found multi-modal
eurons in the parietal cortex that respond to, and integrate,
Please cite this article in press as: Zopf, R., et al. Viewing and feeling tou
doi:10.1016/j.neuropsychologia.2011.02.012

isual and somatosensory information. Graziano, Cooke, and Taylor
2000) manipulated the visual position of an artificial monkey
rm and the position of the monkey’s real arm that was hid-
en. Some parietal neurons combine positional cues from both
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vision and proprioception (Graziano et al., 2000). Interestingly,
correlated cues regarding touch can modulate the influence of
the visual information: response rates for some neurons were
only sensitive for visual information of arm position after stroking
the visible artificial monkey arm and the hidden real monkey
arm synchronously, but not asynchronously. This suggests that
the temporality between cross-modal information modulates body
position information in cortical areas thought to be involved
in visually guided actions (Culham, Cavina-Pratesi, & Singhal,
2006).

It is known that the temporality between viewing and feel-
ing touch affects the perception of body position. In the Rubber
Hand Illusion (RHI), an artificial human hand is touched syn-
chronously with a person’s own hidden hand. Participants indicate
that the position of their own hand is closer to the artificial hand
after synchronous stroking as compared to asynchronous stroking
(Botvinick & Cohen, 1998; Tsakiris & Haggard, 2005). Furthermore,
synchronous touch may induce a sense of ownership for the rubber
hand.

However, it is unclear if the temporality of touch modulates
action. In fact, it has been argued that the processing of perception
and of action is distinctive and that the vision-for-action system
is thought to resist perceptual (body) illusions such as the RHI
(Dijkerman & de Haan, 2007; Goodale, Gonzalez, & Kroliczak, 2008;
ch modulates hand position for reaching. Neuropsychologia (2011),

Goodale & Milner, 1992). Furthermore, previous studies on visual-
motor control have frequently placed emphasis on movement and
generated movement feedback for adaptive calibration of body
position for action (Holmes, Snijders, & Spence, 2006; Newport,
Pearce, & Preston, 2010; Redding & Wallace, 2002).
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Fig. 1. Experimental setup and measuring movement. A schema of the apparatus
and setup is depicted. Participants sat in front of a vertically positioned touch screen.
The movement during the reaching task was captured with an optical motion cap-
ture system using a camera to the left side of the participant and infrared markers
placed on the participants’ right hand. Two dummy markers were placed on the
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Newport et al. (2010) found that the synchrony of viewing
nd performing a repeated active movement of touching a brush
ffected reaching performance (also see Kammers, Longo, Tsakiris,
ijkerman, & Haggard, 2009 for different result). The design of this

tudy, however, combines active movement and touch, thereby
aking it unclear, which factor affects action. It might be possi-

le, as discussed by the authors, that dynamic active movement is
ecessary for subsequent changes in reaching position. Indeed it
as been reported that the synchrony of prior passive touch with-
ut movement does not affect reaching actions but can affect the
rip aperture in grasping movements (Kammers, de Vignemont,
erhagen, & Dijkerman, 2009; Kammers, Kootker, Hogendoorn, &
ijkerman, 2010). This suggests that the synchrony of prior pas-

ive touch affects selective actions only. However, it might also be
ossible that methodological differences between these two stud-

es could account for the different results. In the reaching study,
or example, actions that involved both hands were implemented
o assess the effect of the RHI on the right hand. In contrast, the
rasping study employed a task that involved an action with only
ne hand – the hand for which the RHI was induced.

Our study explicitly investigates if reaching actions are affected
y the synchrony of prior passive touch for a uni-manual task.

mmediately after synchronous or asynchronous touch was applied
n a RHI paradigm, participants performed fast ballistic reaching
ctions towards visual targets. Consistent with the electrophysi-
logical results in monkeys (Graziano et al., 2000), we predicted
hat the synchrony between viewing and feeling touch in the RHI
ncreases the influence of available visual information regarding
ody position. If the timing between viewing and feeling touch
odulates the weighting of visual information to estimate body

osition, then hand position should be perceived more towards the
isible artificial hand for synchronous touch as compared to asyn-
hronous touch. How would such a shift in hand position affect
ction? A shift of hand position towards the visible artificial hand
ould subsequently lead to a misperception of hand position rela-

ive to the visible target. During the movement task, the participant
ims towards the target using spatial information from the esti-
ated hand location and not the actual hand location. Therefore

he actual performed reaching trajectories would be shifted away
rom the actual target position towards the opposite side of the
isible artificial hand (also see Fig. 2a).

. Materials and methods

.1. Participants

Fifteen participants took part in the experiment. The data of one participant had
o be discarded, due to a problem with movement recording. All remaining fourteen
articipants were right handed, had normal or corrected-to-normal vision, and were
aïve to the purpose of the experiment (female: 5; age range: 18–32 years, Mean:
1.2 years, SD: 4.0 years). The experiment took approximately 75 min and partic-

pants were compensated with $20. All participants gave their informed consent
rior to the start of the experiment. The experiment was conducted in accordance
ith the ethical standards laid down in the 1964 Declaration of Helsinki and was

pproved by the Macquarie University Ethics Review Committee.

.2. Apparatus and setup

The setup is schematized in Fig. 1. Participants sat in front of a table and placed
heir right hand inside an open frame. The index finger was placed on a slightly
levated knob, which marked the starting position for participants to return to after
ach trial. A realistic looking right prosthetic rubber hand (Otto Bock Australia Pty
td.) was placed to the right of the participant’s hand such that the index fingers of
ubber hand and real hand were separated by 20 cm. A touch screen was situated
ertically and 50 cm in front of the participant and centered with the participant’s
Please cite this article in press as: Zopf, R., et al. Viewing and feeling tou
doi:10.1016/j.neuropsychologia.2011.02.012

ody midline. A black cloth held up by the frame occluded the view of participant’s
wn hand, but not the rubber hand. Additionally, only the upper half of the screen
as visible to all participants, as part of the frame design occluded the lower half.

his setup assured that participants could not see their own hand during any time of
he experiment. Using an Optotrak Certus system (Northern Digital Inc., USA), hand

otion was tracked at 200 Hz via two infrared markers placed on the index finger of
rubber hand. Please note that the participant’s actual hand was not visible at any
time during the experiment. The experimenter was situated on the right side of the
table in order to apply synchronous or asynchronous brush strokes to both hands
using two identical brushes during stroking periods.

the participant’s real right hand. We attached the two markers to the index finger at
slightly different angles to minimize the possibility of missing data points due to the
obstruction of a sensor during movement. For analysis we chose the marker with
the fewest missing data points. Because the required movement in our task was a
forward movement, we did not observe any significant data loss for any marker.
Likewise, two dummy markers were placed on the index finger of the rubber hand
to match the actual hand. All experiments were performed in the dark, with the only
illumination coming from the touch screen.

2.3. Procedure

Before each movement task, illusory ownership was manipulated using two
distinct conditions. In the first condition, both the rubber hand and the real hand
were stroked synchronously in order to induce the RHI. In the second condition, the
hands were stroked asynchronously (i.e. delay between visual and tactile stimuli)
which causes no (or a markedly reduced) RHI (Botvinick & Cohen, 1998; Tsakiris &
Haggard, 2005). Participants performed two blocks of each condition, for a total of
four blocks, and the order of the blocks was counterbalanced across participants.

Each block started with a 2 min stroking period (induction phase) in which par-
ticipants were asked to focus their attention on the rubber hand, while both real
and rubber hand were touched, either synchronously or asynchronously. This was
followed by a reaching response. Each subsequent trial consisted of a 22.5 s top-up
stroking period followed by a reaching response. Using two identical brushes, the
experimenter stroked the middle and ring finger of both the participant and the rub-
ber hand. The black cloth of the frame in which both hands were placed occluded the
experimenter’s hands from view of the participant. Each stroke started at the base
of the knuckles and moved towards the fingertips. The experimenter performed
stroking manually at a constant rate such that 80 total strokes were completed in
approximately 2 min or 15 strokes in 22.5 s (0.67 Hz). The consistency and frequency
of stroking was maintained by the experimenter with the help of a metronomic
beat supplied through headphones from an external source. The same frequency of
stroking was maintained in all stroking periods. For asynchronous conditions, visual
stimulation preceded tactile stimulation and both were carried out at the equivalent
rate of one full stroke of the synchronous stroking such that quantity and tempo-
rality of visual and touch stimuli were kept constant between conditions. During all
stroking periods a blank white image on the LCD touch screen provided sufficient
illumination to see the stroking of the rubber hand.

At the end of each stroking period, a white fixation cross appeared in the centre
of the touch screen, and participants were asked to fixate on it. After 2 s the fixation
cross disappeared and a white target line (height 40 cm, width 0.5 cm) followed.
Target location was randomized among 40 possible positions spaced out equally at
0.5 cm intervals over the 20 cm distance between the real and rubber hand. Partic-
ipants had to respond immediately by making a ballistic movement towards the
target and touching the screen collinear with the target line, beneath the viewing
ch modulates hand position for reaching. Neuropsychologia (2011),

field. To ensure that motion was in fact ballistic, participants were given 600 ms
to reach the halfway distance to the target and participants could not see their
hand. If this midline was not crossed within the given time, feedback was given that
reminded participants to respond faster and the trial was terminated. If participants
crossed the midline within the allotted time-frame, the target would disappear to
reduce any fine adjustments in movement nearing the target. Further, additional

dx.doi.org/10.1016/j.neuropsychologia.2011.02.012
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Fig. 2. Predictions and results. (a) Schemata of predictions for planned and actual
movement towards the target if reaching is affected by the illusion. If hand posi-
tion for the planned movement is shifted towards the rubber hand, then the actual
executed reaching trajectories will be shifted in opposite direction and result in
systematic endpoint errors when reaching towards the target position. Please note
that the touch screen is placed vertically in front of the participant. (b) Mean end-
point error (in mm) (N = 14) calculated as the difference between the endpoint of
the movement and the actual target position in the horizontal direction. The bars
ARTICLEModel
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eedback was given if the index finger was not constantly moving towards the tar-
et. That is, any backwards motion or hovering in space resulted in the termination
f the trial. At the completion of a reaching response, the participant returned to the
tarting position. Each block consisted of a total of 20 reaching responses.

After each block in either the synchronous or asynchronous stroking condition,
articipants were asked to fill out a questionnaire to assess their subjective experi-
nce of the RHI (see Table 1 for wording). The questionnaire consisted of 11 rating
cales that were partly based on Botvinick and Cohens’ original rubber hand study
1998). Three additional items regarding the experience of movement control for
wn hand and rubber hand were also included. Participants responded by rating
heir answers on a scale from 1 to 10, where 1 corresponded to strongly disagree,
nd 10 to strongly agree. Furthermore, in two items participants were asked to rate
ividness and duration of the illusion on a scale from 1 to 10, where 1 corresponded
o not realistic/never, and 10 to very realistic/the whole time (Ehrsson, Spence, &
assingham, 2004).

. Results

.1. Rating scales

In Table 1 the results for individual rating scales are given.
e conducted paired Wilcoxon Signed-Rank Tests (two-sided) to

ompare illusion conditions for each rating scale; z-values and Bon-
erroni corrected P-values are given in Table 1. Rating responses for
ating Scales 1, 2, 12 and 13 are significantly higher in the syn-
hronous condition as compared to the asynchronous condition
all P < 0.05, Bonferroni corrected). Furthermore, we found a trend
P = 0.07, Bonferroni corrected) for Rating Scale 3. The results for
ndividual rating scales are thus similar to previous studies with a
imilar number of participants (Botvinick & Cohen, 1998; Ehrsson
t al., 2004). These studies also found a significant difference for
ating Scale 3, for which we found a trend. Thus overall the analy-
is of the rating scales confirmed that participants experienced the
HI in the synchronous condition and not (or to a lesser extent) in
he asynchronous condition.

.2. Results for reaching performance

Trials in which participants did not move fast enough as well as
rials in which they did not move constantly forward were removed
rom the analysis. This resulted on average in 36.0 (SEM = 0.9) valid
rials for each participant for the synchronous touch condition and
6.6 (SEM = 1.0) trials for the asynchronous condition. Importantly,
e did not find a significant difference between the conditions in

he number of excluded trials (t = −1.21, P > 0.05).
A repeated measures design was used to compare reaching

erformance during synchronous (RHI) and asynchronous (no
HI) stimulation conditions (order counterbalanced across par-
icipants). The averaged data for endpoint errors is depicted in
ig. 2b. We found a significant shift of movement endpoint errors
n the synchronous condition when compared to the asynchronous
ondition (synchronous touch: Mean = −19.0 mm, SEM = 5.1;
synchronous touch: Mean = −10.5, SEM = 4.2; t[1,13] = −4.923,
< 0.0005, paired t-test, two-sided). The endpoint error was shifted
.5 mm towards the left of the targets when the RHI was induced
ompared with the control condition. This shift amounts to on aver-
ge 4.25% of the distance between real hand and rubber hand.
otably, a shift was found in almost all participants. This can be
bserved in Fig. 3, where the shift in movement endpoint error (syn-
hronous minus asynchronous condition) is depicted for individual
articipants. In addition, we compared the initial movement direc-
ion between conditions. Initial movement direction was defined as
he angle of the instantaneous velocity when 10% of the movement
Please cite this article in press as: Zopf, R., et al. Viewing and feeling tou
doi:10.1016/j.neuropsychologia.2011.02.012

istance towards the screen was reached; this occurred on average
0.4 ms (SEM = 4.7) after movement onset in the synchronous touch
ondition and 87.2 ms (SEM = 4.1) after movement onset in the
synchronous touch condition (not significant different, P > 0.05).
he initial movement direction was significantly different between
indicate one standard error of the mean. The endpoint error was significantly larger
when the Rubber Hand Illusion was induced by means of synchronous touch com-
pared with the control condition of asynchronous touch (t[1,13] = −4.92, P < 0.0005).

conditions (synchronous touch: Mean = 72.5◦, SEM = 2.1; asyn-
chronous touch: Mean = 69.8◦, SEM = 1.8; t[1,13] = 2.366, P < 0.05).
Results from the endpoint movement error and initial movement
direction indicate that the reaching trajectory was significantly
more shifted to the side of the target opposite the side of the seen
rubber hand in the synchronous condition as compared to the asyn-
chronous condition.

We also analysed other movement parameters such as curva-
ture, mean velocity, movement onset, movement duration, peak
velocity and time to peak. Curvature is defined as the maximal path
offset (distance perpendicular to the straight line between start-
ing position and end position of the movement) divided by the
length of a straight line between starting position and end posi-
tion of the movement. Mean velocity is the mean velocity across
all data points. Peak velocity is the maximal tangential velocity.
Time to peak is the time after target onset until maximum velocity
was reached. Movement onset is calculated as the time after target
ch modulates hand position for reaching. Neuropsychologia (2011),

onset when the movement velocity amounted to 5% of peak veloc-
ity. Movement duration is the time from movement onset until the
screen was touched. We found that these other movement param-
eters were not significantly affected by the illusion manipulation

dx.doi.org/10.1016/j.neuropsychologia.2011.02.012
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Table 1
Rating scale data. Wording for individual rating scales and median values for synchronous and asynchronous touch conditions are presented. The interquartile range (IQR)
is given in parenthesis. Two-sided paired Wilcoxon Signed-Rank Tests were performed for each rating scale; z-values and Bonferroni corrected P-values are given.

Rating scale Wording Synchronous
brushing median
(IQR)

Asynchronous
brushing median
(IQR)

z-value P-value
(corrected)

1 It seemed as if I were feeling the touch of the brush in
the location where I saw the rubber hand touched

8.25 (2.38) 6.50 (4.38) −3.05 0.03*

2 It seemed as though the touch I felt was caused by the
brush touching the rubber hand

7.50 (2.63) 3.25 (3.75) −3.08 0.03*

3 I felt as if the rubber hand was my hand 7.50 (1.88) 4.25 (2.88) −2.77 0.07(*)
4 It seemed as if I might have more than one right hand

or arm
4.00 (2.00) 2.75 (3.13) −1.29 1.00

5 It felt as if my (real) hand were drifting towards the
right (towards the rubber hand)

4.00 (2.88) 3.75 (2.75) −1.74 1.00

6 It seemed as if the touch I was feeling came from
somewhere between my own hand and the rubber
hand

3.75 (2.13) 4.75 (3.13) −0.60 1.00

7 The rubber hand began to resemble my own (real)
hand, in terms of shape, skin tone, freckles or some
other visual features

7.50 (2.25) 7.25 (3.25) −2.02 0.56

8 It felt as if I could have moved the rubber hand if I had
wanted

5.00 (3.25) 3.75 (3.50) −1.58 1.00

9 It felt as if I was in control of the rubber hand 5.00 (2.50) 3.75 (2.63) −1.23 1.00
10 It felt like I was in control of my real hand 7.25 (1.38) 8.00 (1.50) −1.11 1.00
11 It felt like I couldn’t really tell where my hand was 4.25 (3.75) 4.25 (3.75) −0.98 1.00
12 Please indicate how realistic the feeling was that the

rubber hand is your hand during stroking in this block
7.50 (2.25) 4.50 (2.88) −3.22 0.02*

13 Please indicate how much of the time the feeling that
the rubber hand is your hand was present during
stroking in this block

6.75 (2.75) 4.50 (2.88) −3.09 0.03*

Table 2
Results: movement parameters. Mean values across participants and SEM (in parentheses) are given for synchronous and asynchronous touch conditions. Two-sided paired
t-tests were performed to compare conditions; t-values and P-values are given.

Parameter Unit Synchronous
brushing mean
(SEM)

Asynchronous
brushing mean
(SEM)

t-value [1,13] P-value

Endpoint error mm −19.00 (5.07) −10.48 (4.19) −4.92 0.00028*
Initial movement direction ◦ 72.47 (2.14) 69.79 (1.80) 2.37 0.0342*
Curvature Ratio max pathoffset/distance 0.095 (0.009) 0.093 (0.008) 0.706 0.493
Mean velocity m/s 0.423 (0.016) 0.425 (0.016) −0.419 0.682
Peak velocity m/s 1.03 (0.052
Time to peak ms 190.86 (8.7
Movement onset ms 242.24 (7.8
Movement duration ms 480.94 (40

Fig. 3. Effect of touch: individual endpoint errors. Difference in individual endpoint
errors (in mm) between synchronous touch (RHI) and asynchronous touch (no RHI –
control). The endpoint errors for the asynchronous touch condition were subtracted
from the endpoint errors for the synchronous touch condition.
) 1.06 (0.060) −1.32 0.209
1) 183.67 (9.83) 1.76 0.101
2) 248.38 (7.68) −1.18 0.260
.26) 468.33 (37.11) 1.14 0.274

(all P > 0.10; see Table 2 for statistics).
We also performed non-parametric Spearman’s rank correla-

tion analyses and correlated the difference in endpoint error (as
depicted in Fig. 3) and initial movement direction between syn-
chronous and asynchronous condition with the difference in rating
scale response between synchronous and asynchronous condition
for each rating scale. We found a significant negative correlation
between endpoint error difference and rating scale difference for
Rating Scale 9 “It felt as if I was in control of the rubber hand”
(Spearman’s rho = −0.594, P = 0.025, 2-sided, uncorrected). That is,
the stronger the subjective experience was concerning control of
the rubber hand in the synchronous condition as compared to the
asynchronous condition, the more negative was the endpoint error
(and towards the left) in the synchronous condition as compared to
the asynchronous condition. This is interesting, as it seems to sug-
gest that the subjective experience of control for the seen rubber
hand is related to the amount of shift in estimated body position for
action towards the seen hand. Note however, that we did not find
a significant difference between illusion conditions for this rating
ch modulates hand position for reaching. Neuropsychologia (2011),

scale. Furthermore, this correlation is not significant when correct-
ing for multiple comparisons. In addition, we found non-significant
trends for endpoint error and Rating Scale 11 “I felt like I couldn’t
really tell where my hand was” (Spearman’s rho = −0.496, P = 0.071,
2-sided, uncorrected), Rating Scale 12 indicating vividness of the

dx.doi.org/10.1016/j.neuropsychologia.2011.02.012
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llusion (Spearman’s rho = −0.495, P = 0.072, 2-sided, uncorrected)
nd Rating Scale 13 indicating duration of the illusion (Spearman’s
ho = −0.479, P = 0.083, 2-sided, uncorrected). We did not find any
ignificant correlations for any of the other rating scales, as well
s for any comparisons regarding initial movement direction (all
> 0.05).

. Discussion

Our results clearly show that action is affected by the tempo-
ality of touch in the RHI paradigm. Endpoint movement location
nd initial movement direction were significantly shifted after syn-
hronous touch as compared to asynchronous touch. Furthermore,
ther movement parameters were not significantly affected by
ouch. This indicates that the position of the movement trajectory
as shifted whereas other aspects of the movement were not mod-
lated by touch. Our findings are consistent with the assumption
hat the hand movement is planned from a starting position closer
o the visible rubber hand in the synchronous condition. In other
ords, the synchrony between viewing and feeling touch affects

he estimation of body part location for reaching movements.
Previous research suggested that the body representation for

eaching actions is not affected by the temporality of passive touch
n the RHI paradigm. The RHI was therefore considered to pre-
ominantly affect perceptual body representations (Dijkerman &
e Haan, 2007). It has also been argued that only actions involving
ostural information, such as those required for grip size during
rasping motion, are influenced by prior passive touch (Kammers
t al., 2010). An investigation of the effect of the passive touch syn-
hrony on visual-guided reaching found no effect (Kammers, Longo,
t al., 2009). This previous study however used bi-manual actions
o assess the effect of prior touch. The RHI was induced for the right
and and participants reached either towards their own left hand
r towards an external object with both hands. In our design as well
s in the grasping study by Kammers et al. (2010), uni-manual tasks
ere implemented. That is, an action was required only involving

he hand which received prior brush strokes. In both of these exper-
ments with a uni-manual task, an effect on action was found. This

ight mean that action is only affected by the RHI when the hand
hat received prior touch is used in an action task. However when
oth parts of the body – the one that received synchronous touch
nd the one which did not – are used in a task, the effect of pas-
ive prior touch might be diminished. It is possible, that when using
oth hands, the brain also uses information regarding body metrics
uch as the typical distance between the left and right body parts
o estimate body position for action.

Other experimental factors might also have influenced the fact
hat we found an effect of passive synchronous touch on reaching in
ontrast to Kammers et al. (2009). For example, we stroked not one
ut two fingers when inducing the RHI. In fact, also in the grasping
tudy, which reported an effect of prior touch on action two fingers
ere stroked. It is possible, that stroking two fingers enhances the

ffect of prior touch on action. In a previous study on the perceptual
rift in the RHI, both stroking of one finger as well as of two fingers
as implemented (Tsakiris & Haggard, 2005). That data seems to

uggest that the perceptual drift spreads more to non-stroked fin-
ers when two fingers are stroked, in this case a finger between both
troked fingers. Further experimental aspects that differed between
ur and the previous reaching study using passive touch were that
e conducted more trials and did not implement a perceptual task
Please cite this article in press as: Zopf, R., et al. Viewing and feeling tou
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efore the motor task.
Kammers, Longo, et al. (2009) performed a study in which a

ideo version of the RHI was implemented and one aim was to
nvestigate the effect of synchrony of viewing and performing prior
assive or active movement on reaching actions. In this study only
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the hand which was involved in prior movements was used in the
task, only one finger was moved during the induction period, and
no perceptual measurement was performed before the motor mea-
surement. The authors did not find an effect for the synchrony of
viewing and performing prior movement on reaching performance
towards external targets. In contrast, Newport et al. (2010) did find
an effect of synchrony on reaching in a video version of the RHI. Sev-
eral experimental aspects differed between these two studies and
could potentially explain the contradictory findings. For example,
two hands were visually present to either side of the real hand in
the study that reported an effect on reaching (Newport et al., 2010).
One of the hands moved synchronous while the other moved asyn-
chronous, or they both moved synchronous. The results suggest
that encoding of hand position for action was shifted towards a
hand which moved synchronously. It is possible that the presence
of two hands simultaneously might enhance the effect on action.
One further methodological aspect might also be relevant. In the
study that did not find an effect, a delay of 100 ms between per-
formed and projected movement was present in the synchronous
condition. Whereas in the study which found an effect the projec-
tion delay amounted to only 17 ms. Thus it might be possible that
the effect of prior cues on action is especially sensitive to even small
temporal delays (see Shimada, Fukuda, & Hiraki, 2009 for effects of
temporal delays in the RHI paradigm on perception). In our study,
both viewed and felt touch were carefully performed in order to be
synchronous.

Here we show that human reaching actions can indeed be
affected by the synchrony of seen and felt passive touch. This
synchrony also modulates perceived body position (Botvinick &
Cohen, 1998; Tsakiris & Haggard, 2005). Newport et al. (2010) found
that the synchrony of viewing and performing a repeated active
movement touching a brush also affects reaching performance. In
this study however, active movement and touch were combined,
whereas in our study the influence of passive touch in the clas-
sic RHI paradigm was investigated. Together, these results imply
that the RHI does affect reaching actions. On the basis of these
findings, we propose that the brain may use correlated cues from
passive touch to update its own position for action and experience
of self-location.

These results could be used in support of a common neural mul-
tisensory system to estimate body location both for action and
perception. In fact, other factors have been shown to affect body
location for both action and perception. For example, the plau-
sibility of a seen artificial hand, both for hand form and hand
orientation (Graziano et al., 2000; Holmes et al., 2006; Tsakiris &
Haggard, 2005). Furthermore, correlated sensory-motor cues when
observing a movement that is synchronous to one’s own movement
can also modulate perception of self-location and visually guided
reaching (Holmes & Spence, 2005; Newport et al., 2010; Tsakiris,
Prabhu, & Haggard, 2006).

However, we cannot exclude the possibility that there are two
systems to estimate body position one for action and one for per-
ception on the basis of this data, because both might be influenced
separately by the synchrony of touch. We did find an endpoint error
in the synchronous condition of −19 mm which amounts to 9.5%
of total distance between the both hands. The difference between
synchronous and asynchronous condition amounted to −8.5 mm
(4.25% of total distance). The reported perceptual position drift in
previous studies for the synchronous condition has typically been
larger, this did however vary – between 6 and 40% of total distance
(Costantini & Haggard, 2007; Kammers, de Vignemont et al., 2009;
ch modulates hand position for reaching. Neuropsychologia (2011),

Makin, Holmes, & Ehrsson, 2008; Zopf, Savage, & Williams, 2010).
We did not measure the perceptual position drift in the present
study because we were concerned that measuring the perceived
hand position before the reaching task might reduce the affect of
the synchrony of touch on action, and measuring the perceived

dx.doi.org/10.1016/j.neuropsychologia.2011.02.012
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and position after the reaching movement has been shown to
educe the size of the perceived position change (Kammers, Mulder,
e Vignemont, & Dijkerman, 2009). It is also possible that although
he reaching movement used in our study is very fast to reduce
he amount of on-line corrections, proprioceptive feedback dur-
ng the movement itself regarding hand position could reduce
he effect of the illusion on action to some extent (Desmurget &
rafton, 2000). Ideally, one would have to measure the effect on
ction and perception on separate trials and implement similar
ethods and task requirements. However, in this study we tried

o maximize the amount of reaching trials. It would be interest-
ng to investigate in future studies how these two measures are
elated.

The existence of a common system or two dissociable visual
ystems for action and perception has been widely argued using the
ndings from purely visual illusions such as the Ebbinghaus illusion
n action and perception (Aglioti, DeSouza, & Goodale, 1995; Bruno,
001; Franz & Gegenfurtner, 2008; Franz, Gegenfurtner, Bulthoff, &
ahle, 2000; Goodale et al., 2008; Goodale & Milner, 1992; Smeets &
renner, 2006). Interestingly, the findings and discussions highlight
hat conditions and methods determine the presence and size of
llusion effects on action.

Studies in both monkeys and humans indicate that parietal areas
re involved in the processing of body position. The parietal corti-
al network is highly complex, receiving input from multiple areas
ncluding the somatosensory cortex, and likewise projecting to var-
ous regions, including the premotor and motor cortex (Pandya &
uypers, 1969; Pearson & Powell, 1985). Graziano et al. (2000) have
hown that neurons within a parietal area (area 5) encode the posi-
ion of both an invisible and an artificial arm. Furthermore, touch
s able to modulate neural position coding. These findings indi-
ate that the parietal cortex integrates information from multiple
odalities to form a configuration of the body, often termed body

chema (Gallagher, 2005). Information about body configuration
rom the parietal cortex is then thought to be relayed to pre-

otor and motor areas, where movements are planned (Johnson,
erraina, Bianchi, & Caminiti, 1996; Jones, Coulter, & Hendry, 1978;
andya & Kuypers, 1969; Pearson & Powell, 1985). In humans,
sing functional imaging, it has also been suggested that intrapari-
tal areas combine information from proprioception, vision and
ouch (Lloyd, Shore, Spence, & Calvert, 2003; Makin, Holmes, &
ohary, 2007). For example, Makin et al. (2007) investigated the
epresentation of peripersonal body space which relies on infor-
ation about body position. They found that the encoding of an

pproaching ball was modulated in the anterior intraparietal sulcus
y proprioceptive information for hand location as well as visual
and position information. This area was also activated by sim-
le touch. Furthermore, also in humans the synchrony of touch of
n artificial hand and real hand affects signals from parietal areas
Ehrsson et al., 2004). More specifically, the intraparietal cortex
as related to conditions that are necessary for the RHI to occur,

.e. synchronous touch and congruent position. In fact, Ehrsson
t al. (2004) suggested that the pattern of activity in the poste-
ior parietal cortex found when inducing the RHI relates to “the
ecalibration of proprioceptive representation of the upper limb
n the reaching circuit” (p. 877). Parietal lesions in neuropsycho-
ogical patients may cause problems in visually guided reaching
s in optical ataxia (Karnath & Perenin, 2005). Furthermore, pari-
tal lesions have also been reported to be related to a disturbed
ense of ownership for part of the body (Critchley, 1953). Interest-
ngly, a disturbed sense of ownership in patients has been related
Please cite this article in press as: Zopf, R., et al. Viewing and feeling tou
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o position sense deficits (Vallar & Ronchi, 2009). In sum, results
rom previous studies indicate that the parietal cortex integrates
nformation from multiple modalities to encode body position.
urthermore and important for the interpretation of our findings,
he temporal synchrony between viewing and feeling touch has
 PRESS
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been related to modulations of neural activity encoding body posi-
tion.

We provide evidence that the temporal synchrony between
viewing and feeling passive touch has direct behavioral effects on
human interaction with the environment. Thus, the current study
bridges the gap between previous neural findings and observable
behavior and opens up many possibilities for future studies; for
example studies further investigating the conditions and limits of
the influence of passive touch on action, as well as studies explor-
ing the neural basis of body representation(s) in the parietal cortex
that may modulate perception and action.

In our study and in previous studies (e.g. Botvinick & Cohen,
1998; Ehrsson et al., 2004) participants generally disagree with
statements such as “It felt as if my hand were drifting towards the
rubber hand” and “It seemed as if the touch I was feeling came from
somewhere between my own hand and the rubber hand” both after
synchronous and asynchronous touch. Thus, in contrast to changes
in body position for perception and action, participants do not seem
to consciously perceive body position changes during the rubber
hand illusion (a dissociation also noted for example by Makin et al.,
2008). We did however find an indication that the subjective expe-
rience of control for the seen rubber hand is related to the individual
amount of shift in estimated body position for action towards the
seen hand.

In conclusion, the synchrony between viewing and feeling touch
is functionally relevant for the encoding of the body position used
in action and perception. We propose that the brain analyses cor-
related multisensory as well as sensory-motor cues to update its
own position for action and experience of self-location.
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