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Proprioceptive signals contribute to the sense of body
ownership

Lee D. Walsh!, G. Lorimer Moseley?, Janet L. Taylor! and Simon C. Gandevia!
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Non-technical summary The sense of body ownership tells us that our body belongs to us, and
other bodies do not. That our body belongs to us is fundamental to self-awareness. It is known
that synchronous touch and vision can be used to induce an illusion of ownership over an artificial
rubber hand. Like the skin receptors used for touch, sensory receptors in the muscles only provide
information about events occurring to the body. Whether muscle receptors contribute to our
sense of body ownership is not known. This study developed a technique to induce an illusion
of ownership over a plastic finger using movement, which excites muscle receptors. This sense of
ownership still occurred when the contribution of skin and joint receptors was removed using
local anaesthetic. The results clearly show that muscle receptors can contribute to the sense of
body ownership.

Abstract The sense of body ownership, knowledge that parts of our body ‘belong’ to us, is
presumably developed using sensory information. Cutaneous signals seem ideal for this and can
modify the sense of ownership. For example, an illusion of ownership over an artificial rubber hand
can be induced by synchronously stroking both the subject’s hidden hand and a visible artificial
hand. Like cutaneous signals, proprioceptive signals (e.g. from muscle receptors) exclusively signal
events occurring in the body, but the influence of proprioceptors on the sense of body ownership
is not known. We developed a technique to generate an illusion of ownership over an artificial
plastic finger, using movement at the proximal interphalangeal joint as the stimulus. We then
examined this illusion in 20 subjects when their index finger was intact and when the cutaneous
and joint afferents from the finger had been blocked by local anaesthesia of the digital nerves.
Subjects still experienced an illusion of ownership, induced by movement, over the plastic finger
when the digital nerves were blocked. This shows that local cutaneous signals are not essential
for the illusion and that inputs arising proximally, presumably from receptors in muscles which
move the finger, can influence the sense of body ownership. Contrary to other studies, we found
no evidence that voluntary movements induce stronger illusions of body ownership than those
induced by passive movement. It seems that the congruence of sensory stimuli is more important
to establish body ownership than the presence of multiple sensory signals.
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Introduction

We know that our body parts ‘belong’ to us without
having to move, contract or otherwise test the body part
in question. Presumably, the brain develops the map of
what belongs to it by using sensory information. However,
not all sensory channels are appropriate to do this. For
example, we can use vision to see the parts of the body,
but we can also see the parts of other bodies, so vision
alone cannot differentiate foreign body parts from those
we own. By contrast, touch seems ideal for identification
of ownership as any tactile stimuli that are perceived must,
by definition, be occurring against the brain’s own body —
we do not usually perceive tactile stimuli on anything that
is not part of our body.

Although this sense of body ownership seems robust, it
can be disrupted in clinical conditions, for example stroke
(Feinberg etal. 2010) and epilepsy (Boesebeck, 2004).
Furthermore, it can be easily modified by manipulation
of sensory input. Perhaps the most well-known example
of such manipulation is the ‘rubber hand illusion’, first
described by Botvinick & Cohen (1998). This illusion
can be generated by synchronously stroking the subject’s
hand (out of view) and a rubber hand (in view), with
the stroking applied to a similar anatomical position. This
illusion can also be induced using somatic signals only,
that is without visual cues, by moving a blindfolded sub-
ject’s index finger so that it touches a rubber hand while
the experimenter simultaneously touches the subject’s real
other hand (Ehrsson et al. 2005). However, the illusion is
more vivid if the rubber hand is placed in a posture that
the subject’s real hand could occupy (Pavani et al. 2000;
Austen ef al. 2004) and the stimuli are spatially congruent
(Costantini & Haggard, 2007). One proposed mechanism
for the illusion is the detection of multisensory signals
by the premotor, intraparietal and cerebellar regions of
the brain (Ehrsson et al. 2004, 2005). Neural activity in
primary somatosensory cortex has been linked to body
ownership (Schaefer etal. 2006), as well as activity in
frontal cortex and the insula (Tsakiris et al. 2007). Once
this illusion of ownership of the hand is established, sub-
jects have physiological responses to threats made against
the rubber hand (e.g. Armel & Ramachandran, 2003;
Ehrsson et al. 2007). The illusion is not broken by sub-
jective reasoning or explanation by the experimenter.
Furthermore, there are physiological changes, such as
cooling, in the real hand that is ‘replaced’ by the rubber
hand (Moseley et al. 2008).

Production of the rubber hand illusion by cutaneous
stroking shows that cutaneous inputs can provide a
signal of body ownership. However, touch is not the
only sense that reports exclusively about events acting
on the body. The other proprioceptive cues from muscle
receptors, joint receptors and central command signals
also provide information only about what is happening to

L. D. Walsh and others

J Physiol 589.12

the body. Could these sensory channels be as important as
cutaneous channels in the development of the brain’s sense
of body ownership? Is cutaneous information essential?
A combination of visual and joint movement stimuli
have been used previously to investigate the induction
of the rubber hand illusion (Dummer etal. 2009), but
cutaneous stimuli were not excluded in that study. It
is well established that movement of the hand excites
input from specialized skin, joint and muscle receptors
(e.g. Hulliger etal. 1979; Burke etal. 1988). Although
the results of Dummer etal. (2009) show that joint
movements, in place of tactile stroking, can induce the
rubber hand illusion, their results do not reveal whether
signals from muscle receptors, joint receptors or central
motor command signals have any role in the sense of
body ownership. In the study of Dummer etal. (2009),
signals from cutaneous receptors around the joints were
available and may have been the critical input which
induced the illusion. Cutaneous signals not only provide
information about objects and surfaces touched by the
skin, but cutaneous stretch receptors signal movement
of the joints (Edin & Johansson, 1995; Collins etal.
2005).

The present study was designed to investigate whether
the non-cutaneous proprioceptive signals contribute to
the generation of the sense of body ownership and to
determine whether these non-cutaneous signals were as
influential as the cutaneous signals. As a tool to measure
the influence of cutaneous and non-cutaneous proprio-
ceptive signals on the perception of body ownership, we
developed a ‘plastic finger’ illusion. The finger was used
because it is feasible to block the digital nerves with local
anaesthesia and remove all input from local cutaneous and
joint receptors. As the muscles which flex and extend the
fingers are proximal in the hand and forearm, proprio-
ceptive signals from muscle receptors remain intact. We
hypothesized that proprioceptive cues would be sufficient
toinduce an illusion of ownership of a finger in the absence
of cutaneous information.

Methods

Thirty naive healthy subjects (twelve male) participated in
this study. Twenty subjects (nine male) aged 21-56 years
participated in experiment one. Sixteen of these subjects
performed the experiment in all conditions. Four subjects
did not perform two of the control conditions, which used
incongruent movement and were introduced after these
subjects had been tested. Ten subjects (three male) aged
23-33 years participated in experiment two. All subjects
gave informed consent, and the experimental procedures
were carried out in accordance with the Declaration of
Helsinki. The University of New South Wales Human
Research Ethics Committee approved the study. All
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subjects were informed about the experimental procedures
but were unaware of the exact experimental hypothesis.

Experimental set-up

Subjects sat with their right arm resting in a semi-pronated
position on the lower of two tables (Fig. 1). The upper
table had a rotatable shaft running through it with an
axis of rotation that was collinear with the proximal inter-
phalangeal joint of the subject’s right index finger. The
distal and middle segment of the subject’s index finger
was wrapped in a piece of neoprene and pushed into
a piece of pipe. The pipe was attached to the rotatable
shaft via a coupling. The coupling allowed the rotation
of the shaft to be either locked to the subject’s proximal
interphalangeal joint or to move independently. The

towel covered false arm

/
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apparatus prevented movement at the other joints of the
finger and the wrist.

A plastic finger, of the type used by magicians, was
attached to the top of the rotatable shaft through its
proximal interphalangeal joint so that when the shaft
coupling was engaged, movement of the plastic finger
was synchronized with that of the subject’s finger. A set
of blocks and pipes were placed in a line ‘proximal’ to
the plastic finger and covered with a towel to provide the
visual impression that there was an arm covered by a towel
attached to the plastic finger. The same towel also covered
the subject’s arm to the shoulder and occluded visual input
of the rotatable shaft that connected the plastic finger to
their own finger. This false arm was placed in a position
so that it was directly over the subject’s arm, which was
resting on the lower table. The subject’s view was limited
to the plastic finger and the towel over the false arm.

PIP joint axis

l
!
!
I

rotating shaft

coupling

the subject's arm

T

lower table .

Figure 1. Diagram of the experimental set-up

The subject sat with their right arm resting on the lower table in front of them. The upper table covered the
subject’s arm from the elbow down, and a towel covered a false arm placed on the upper table, made from
appropriately shaped blocks, and the subject’s arm up to and including the shoulder. Thus, the subject’s right
arm was not visible from the shoulder down. The towel and false arm were arranged so that it looked as if the
towel was simply covering the subject’s own arm. A plastic finger protruded from the end of the towel so that
the distal and intermediate segments were visible to the subject. This plastic finger was fixed to a rotating shaft
though its proximal interphalangeal (PIP) joint. This shaft was aligned with the proximal interphalangeal joint of
the subject’s right index finger and connected to a piece of pipe that held the distal and intermediate segments
of the subject’s index finger. In this set-up, the subject’s proximal interphalangeal joint was aligned with that of
the plastic finger and both could move freely around that axis. The pipe and the positioning of the subject’s arm
relative to it ensured that the subject’s distal interphalangeal joint and metacarpophalangeal joint could not move.
The coupling could be released so that the subject’s index finger and the plastic finger could move independently,
or it could be locked so that the movement of the subject’s index finger and the plastic finger were congruent.
The subject’s other fingers were kept in a relaxed, curled position. For the two conditions where touch was used
as a stimulus instead of movement, the pipe was removed to allow access to the skin of the subject’s index finger.
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Experiment one

This experiment tested whether proprioceptive cues, in the
absence of tactile cues, could be used to induce an illusion
of body ownership over the plastic finger. Furthermore, it
tested whether the illusion was as strong when proprio-
ceptive cues were used as when tactile cues were used. In
order to do this, we stimulated the subject’s index finger
at the same time as the plastic finger in eight different
conditions.

Basic condition The basic condition was intended to
ensure that an illusion of ownership could be induced
over an artificial plastic finger using a similar experimental
approach to that established for the rubber hand illusion
(Botvinick & Cohen, 1998). Using commercially available
12mm paintbrushes, the experimenter synchronously
stroked the subject’s finger and the plastic finger in a
congruent direction for 3 min. The subject could see the
stroking of the plastic finger, but not the stroking of their
own finger.

Test conditions. There were four test conditions. During
all test conditions, the coupling on the rotatable shaft
that connected the subject’s finger to the plastic finger
was locked so that the movements of the two fingers
were congruent. For the first test condition, the subject’s
index finger digital nerves were intact. The subject was
instructed to keep the hand relaxed while the experimenter
held the distal segment of the plastic finger and moved it
continuously into flexion and extension though an arc of
about 30 deg for 3 min. The subject saw the experimenter
moving the plastic finger and also felt (but could not see)
their own finger performing exactly the same movement
at exactly the same time. The second test condition was
similar to the first, except that the subject was instructed to
flex and extend the proximal interphalangeal joint of their
finger voluntarily through an arc of ~30 deg continuously
for 3 min. Here, the subjects voluntarily moved their finger
and felt it moving, but could not see it moving. What they
saw was the plastic finger moving in a manner that was
congruent to their own finger movements. The third and
fourth test conditions were the same as the first and second
conditions, respectively, except that these conditions were
performed after a digital nerve block of the right index
finger (see ‘Digital nerve block of the index finger’ below).

Control conditions. Three control conditions were used
to ensure that the illusions reported by subjects in
the test conditions were due to the congruence of the
visual and proprioceptive information. The first of the
control conditions repeated the synchronous stroking
of the basic condition, but was done after both digital
nerves of the subject’s index finger had been blocked
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with local anaesthetic (see ‘Digital nerve block of the
index finger’ below). The second control condition used
movement of the proximal interphalangeal joint as the
stimulus; however, this stimulus was not delivered in a
congruent manner. The coupling on the rotatable shaft
that connected the subject’s finger to the plastic finger
(Fig. 1) was disengaged so that the two fingers could move
independently of one another. The subject was instructed
to keep the hand relaxed, and the experimenter flexed
and extended the subject’s right index proximal inter-
phalangeal joint through an arc of ~30 deg for 3 min. At
the same time, the experimenter controlled the movement
of the plastic finger to make movements that were similar
in velocity and magnitude to those applied to the sub-
ject’s finger, but were otherwise unrelated. The final
control condition was the same as the second control
condition, except that the subject was instructed to flex
and extend their right index proximal interphalangeal
joint voluntarily through an arc of ~30 deg. Once again,
the experimenter controlled the movement of the plastic
finger to make movements that were similar in velocity
and magnitude to the subject’s voluntary movement, but
were otherwise unrelated. The subject could not see the
experimenter’s hand controlling the movements of the
plastic finger.

Digital nerve block of the index finger. A total of 3—4 ml
of 1% lignocaine was injected into the medial and
lateral side of the index finger 10 mm distal to the
metacarpophalangeal joint in order to block both digital
nerves. A piece of tape was placed around the index finger
immediately distal to the metacarpophalangeal joint to
impede slightly the venous return from the finger and
thus prolong the block. The block was clinically complete
in 5-10 min, with complete loss of light touch sensation.
Light touch was tested intermittently to ensure that the
block remained complete. After the experiment, the tape
was removed and the subject recovered completely within
a few hours.

Measurements. To evaluate the strength of the illusion of
ownership over the plastic finger, the subject was asked
to complete a questionnaire. The established nine-item
questionnaire (Botvinick & Cohen, 1998) was modified to
apply to a finger illusion instead of a hand/arm illusion
and to incorporate the provision of non-tactile instead
of solely tactile stimuli (Table 1). Others have used a
version with only five items (e.g. Dummer et al. 2009),
but we opted to use the whole item set because we were
establishing the illusion in novel conditions and we needed
to understand what the subjects were experiencing. For
the conditions involving passive or active movement, the
items were altered to use the term ‘movement’ instead of
the term ‘touch’, but were otherwise the same. The order of
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Table 1. The set of items used in the study
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Number Condition Item
1 Touch It seemed as if | were feeling the touch of the paintbrush at the location where | saw the plastic finger
touched.
Movement It seemed as if | were feeling the movement at the location where | saw the plastic finger move.
2 Touch It seemed as though the touch | felt was caused by the paintbrush touching the plastic finger.
Movement It seemed as though the movement | felt was caused by the movement of the plastic finger.
3 Common | felt as if the plastic finger were my finger.
4 Common | felt as if my (real) finger were drifting up (towards the plastic finger).
5 Common It seemed as if | might have more than one right index finger, hand or arm.
6 Touch It seemed as if the touch | was feeling came from somewhere between my own finger and the plastic
finger.
Movement It seemed as if the movement | was feeling came from somewhere between my own finger and the plastic
finger.
7 Common It felt as if my (real) finger were turning ‘plasticy’.
8 Common It appeared (visually) as if the plastic finger were drifting down (towards my finger).
9 Common The plastic finger began to resemble my own (real) finger, in terms of shape, skin tone, freckles or some

other visual feature.

The nine items used by Botvinick & Cohen (1998) were adapted to refer to the finger, rather than the hand, and to plastic, rather than
rubber. Items 1, 2 and 6 were further modified to create a second version of the item that related to movement rather than touch.
Note that after the modification to refer to movement, the meaning of item 2 became ambiguous (see main text). The items labelled
as being a ‘touch’ condition were used for the two synchronous touch conditions. ‘Movement’ items were used for all six movement

conditions. Items labelled ‘common’ were used for all conditions.

questionnaire items was randomized between conditions.
Each item had a discrete seven-point scale. Subjects were
instructed to circle the ‘correct’ answer. The conditions in
which the digital nerves were blocked were always under-
taken after the other conditions. However, the order of
both the blocked conditions and the intact conditions was
randomized.

Experiment two

The order of conditions was such that all the intact
conditions were presented to subjects before any of the
blocked conditions. This design does not exclude a possible
order effect that could occur because subjects were exposed
to the illusion of body ownership before they experienced
the blocked congruent movement condition. Thus, a
second experiment was designed to test whether the
blocked congruent passive movement condition could
induce the illusion in completely naive subjects; that is,
to remove any order effect of the blocked conditions in
experiment one. In addition, this experiment used an
objective measure of the illusion.

Subjects underwent a digital nerve block of the
index finger as described for experiment one. After the
block was clinically complete, subjects were set up in
the experimental equipment, and the coupling on the
rotatable shaft was locked so that movement between the
plastic finger and the subject’s finger was congruent. The
subject was then instructed to keep the hand relaxed,
while the experimenter held the distal segment of the

©2011 The Authors. Journal compilation © 2011 The Physiological Society

plastic finger and moved it continuously into flexion and
extension though an arc of about 30 deg for 3 min. The
subject saw the experimenter moving the plastic finger and
also felt (but could not see) their own finger performing
exactly the same movement at exactly the same time.
After 3 min, the presence of an illusion of ownership
over the plastic finger was measured objectively using a
test similar to that used by Tsakiris & Haggard (2005).
The subject was presented with a vertically aligned ruler
marked with centimetre graduations. Each graduation line
was numbered. The base of the ruler was placed on the
table to the left of the subject’s arm but at a distance the
same as the distance to the tip of the subject’s index finger.
The subject was instructed to report “the number of the
line that is level with the tip of your index finger”. When set
up for the experiment, the plastic finger was in fact located
120 mm above the subject’s finger. After the subject made
a judgement, the ruler was removed and the subject filled
out the questionnaire that was used for experiment one.
Twenty four hours later, after the subject had recovered
completely from the nerve block, he or she underwent
a second control condition. During this condition, the
coupling on the rotatable shaft was disengaged so that
the subject’s finger and the plastic finger could move
independently of each other. The subject was instructed
to keep the hand relaxed, and the experimenter flexed
and extended the subject’s right index proximal inter-
phalangeal joint through an arc of ~30deg for 3 min.
At the same time, the experimenter also controlled the
movement of the plastic finger to make movements
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that were similar in velocity and magnitude to the
movements applied to the subject’s finger, but were
otherwise unrelated. After 3 min, the subject made a
judgement of the elevation of their index finger using the
ruler, as described above. However, the numbering system
on the ruler was unrelated to the one used for the test
condition the previous day.

Data and statistical analysis

For the responses taken from the questionnaire, each of
the seven possible responses to the questions, ranging

+3 — touch felt at plastic finger

brush caused plastic finger sensation
r r:plastic finger is my finger
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from ‘Disagree strongly’ to ‘Agree strongly’, was given an
integer value that ranged from —3 to +3, respectively.
A zero value corresponded to a response of ‘Unsure’. The
data from each subject were pooled within conditions.
The data were not normally distributed, so the median
and interquartile ranges (IQRs) were calculated. Where
questions were tested to determine whether the median
answer was greater than zero (see Results, Figs 2 and 3) a
Wilcoxon signed-rank test was used. When comparing
passive movement with active movement, data for the
blocked and intact conditions were pooled and when

— Agree strongly

— Agree

— — Agree somewhat

— Disagree somewhat

— Disagree strongly

+2 e
+1 - I* I N
i e e =——— === +—Unsure
5 i
2~ e ! el el — Disagree
s | | | | | | |
1 Z 3 4 5 7 8 9

Item

Figure 2. Questionnaire responses for the group during the ‘intact synchronous touch’ condition, shown

as medians (£ IQR; n = 20)

The items are the same as those used by Botvinick & Cohen (1998). Item 1: it seemed as if | were feeling the
touch of the paintbrush at the location where | saw the plastic finger touched. Item 2: it seemed as though the
touch | felt was caused by the paintbrush touching the plastic finger. Item 3: | felt as if the plastic finger were
my finger. Item 4: | felt as if my (real) finger were drifting up (towards the plastic finger). Item 5: it seemed as if |
might have more than one right index finger, hand or arm. Item 6: it seemed as if the touch | was feeling came
from somewhere between my own finger and the plastic finger. Item 7: it felt as if my (real) finger were turning
‘plasticy’. Item 8: it appeared (visually) as if the plastic finger were drifting down (towards my finger). Item 9: the
plastic finger began to resemble my own (real) finger, in terms of shape, skin tone, freckles or some other visual
feature. The boxes show the interquartile ranges of the group data for the responses to each item, and the thick
black line indicates the median response. The grey boxes show the three items that showed a positive response
(i.e. > 0). These positive responses were significantly greater than zero (xP < 0.05) for each of these three items.
Items 1 and 3 were used in the other conditions to measure the presence of an illusion of body ownership. ltem 2
was not used because its meaning is ambiguous when directly translated to ‘movement’. ltems 5, 7, 8 and 9
showed median responses that were significantly less than zero.
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comparing a blocked finger with an intact finger, the
data for passive movements and active movements were
pooled. Differences between these integer values were used
to indicate whether subjects had a more positive response
to one condition than they did to the other (Fig. 4).
Where the median responses to questions for experimental

Contributors to body ownership
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conditions were compared with each other (see Results,
Fig. 4) aWilcoxon paired sample test was used to determine
whether there was a difference between conditions. The
same test was used to determine whether the median
response to questions for each of the test conditions were
significantly different from each other (e.g. intact active

Item 1: It seemed as if | were feeling the touch of the paintbrush/movement
at the location where | saw the plastic finger touched/move.

+3 4

i ]l
+1

| | I 1

Passive Active Passive Active
Intact Blocked

* *
* I
O—F4—-—-1,r-—-——-——-——-——-—-- -1 - [ Unsure

— Agree strongly

— Agree

— Agree somewhat

- Disagree somewhat

Disagree

S

Disagree strongly

I | |

IPM  IAM  BST
Control conditions

Item 3: | felt as if the plastic finger were mine.

+3 —

i ]l
+1

-3 —

| [ [ |
Passive Active
Intact

Passive Active
Blocked

Agree strongly

Agree

— Agree somewhat

Unsure

Disagree somewhat

— Disagree

l—l—l_'l— Disagree strongly

IIPM ILAM BST
Control conditions

Figure 3. Median (% IQR) responses to items 1 and 3 for all control and congruent movement conditions
The boxes show the interquartile range of the group data for each item response, and the thick black line indicates
the median response. Grey boxes show data for the experimental conditions where the movements of the plastic
finger and the subject’s finger were congruent. Passive and active congruent movements were tested for the
intact index finger and the index finger after it had both its digital nerves blocked with local anaesthetic. An
asterisk indicates a response that was significantly greater than zero (i.e. a response of ‘Agree somewhat’ or
higher; P < 0.05). The open boxes show the data for the three control conditions: IIPM, intact incongruent passive
movement; IIAM, intact incongruent active movement; and BST, blocked synchronous touch. No control condition
showed a median positive response for either item. Item 1 had a median response that was significantly positive
for all congruent movement conditions except active movement in an intact finger. The only significant positive
response for item 3 was for congruent movement of a blocked and passive finger. Thus, subjects adopted the
plastic finger into the body schema to some degree for the experimental conditions except for active congruent

movements of the intact index finger.
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versus blocked active) and to determine whether the test
and control ruler judgements were significantly different.
The threshold for significance was always P < 0.05. Data
were analysed using Igor Pro version 6.12 (Wavemetrics,
Lake Oswego, OR, USA).

Results

We investigated whether non-tactile proprioceptive cues
could reliably induce an illusion of ownership over a
plastic finger. We coupled the subject’s index finger to
an artificial plastic finger so that the two moved in unison.
We then flexed and extended the proximal interphalangeal
joint passively or had subjects make the same movements
voluntarily to induce an illusion of ownership of the
artificial finger. Both of these conditions were performed
with an intact finger, as well as after the digital nerves
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had been blocked. In addition, we tested key control
conditions. During two of these, the movements of the
subject’s finger and the plastic finger were unrelated and
during the third, a touch stimulus was used, but the sub-
ject’s index finger was anaesthetized.

Experiment one

Basic condition. This basic condition produced a vivid
illusion of ownership of the plastic finger in all 20 subjects.
This condition involved tactile stimulation by stroking
synchronously both the subject’s finger and the plastic
finger with the same movement. This was then chosen as
the benchmark for induction of an illusion of ownership of
the finger. This general method reliably induces an illusion
of ownership of a rubber hand (Tsakiris & Haggard, 2005).
Of the nine questionnaire items, three items showed a

Passive vs. Active

B Item 3
25

20
*Passive > Active
154
10

5 -

0__--_—- I-.-—_
1

6 -5-4-3-2-10 2 3 4 5 6

Blocked vs. Intact

A Item 1
25+
20
154
104
N | I
O___--_ . --
-6 -5 -4 -3 -2 2 3 4 5 6
C Item 1
25+
20
* Blocked > Intact
154
104
N I
ol m NN = = l_- -
-6 -5 -4 -3 -2 2 3 4 5 6

D Item 3
25
20
* Blocked > Intact
15

10

5 -

o m .

6'-5 432"

e —m
2 3 4 5 6

0

Figure 4. Histograms of the difference between response of subjects for passive movement versus
active movement, and a blocked finger versus an intact finger

A and B show how many subjects had a given difference between responses for passive congruent movement and
active congruent movement. Each subject provided two answers because there were two active and two passive
conditions. A positive difference indicates that the subject responded with a more positive response for the passive
task than the active task. Passive versus active differences for item 3 show that significantly more subjects gave
a more positive response to the passive test conditions versus active test conditions (P < 0.05). C and D show
how many subjects had a given difference between responses in conditions with a blocked finger and an intact
finger. Each subject provided two answers because there were two blocked and two intact conditions. A positive
difference shows that subjects provided a more positive response to the item during the digital nerve block. For
both item 1 and item 3, significantly more subjects gave a more positive response for blocked test conditions
versus intact test conditions (P < 0.05).
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median response that was significantly greater than zero
(P < 0.05; Fig. 2). The same three items have already been
seen to indicate the presence of a rubber hand illusion
(Giummarra etal. 2010). We excluded item 2 because
a simple rewording of this item to make it relevant to
movement also gave it ambiguous meaning (see Table 1).
The item was ambiguous because the subjects knew that
they or the experimenter was causing the movement. Many
reported this ambiguity, whereas no subject questioned
the meaning of any of the other items. We used subjects’
responses in the remaining two items to determine the
presence of an illusion of finger ownership in the sub-
sequent conditions.

Test conditions. The median (& IQR) responses to items
1 and 3 are shown for the four test conditions in Fig. 3.
During all of these conditions, the plastic finger was
coupled to the subject’s right index finger so that both
proximal interphalangeal joints moved in unison. When
the subject’s finger was intact and the movements were
passive, 19 (of 20) subjects gave a positive response
to item 1 or item 3, with 14 of those giving a positive
response to both questions. When the movement was
made actively by the subject, only 14 subjects gave a
positive response to item 1 or 3, with 10 of those subjects
giving a positive response to both items. When the subject’s
finger was blocked, 17 subjects gave a positive response to
item 1 or item 3. If the movements were controlled by the
experimenter, 16 of the 17 subjects gave a positive answer
to both items, whereas only 12 gave a positive response to
both items when the movements were made actively by
the subject.

For item 1, significantly positive median responses
(P < 0.05) occurred when the movements were passive,
that is controlled by the experimenter (Fig. 3). A
significantly positive group response was also found for
active movements, but only when the finger was blocked.
For item 3, we found one significant positive response
(P < 0.05), which occurred when the subject’s index finger
was blocked and the movements were imposed on a passive
finger. These results are consistent with comments from
the subjects, which suggested that an illusion of ownership
of the plastic finger was easier to induce and more vivid
with passive movements and when the finger was blocked.
Figure 3 shows a trend towards a positive response to
item 3 when the finger was intact and the movements
were passive, but the result was not significant. There
was no significant difference between the responses to
either item 1 or item 3 when comparing intact passive
versus intact active, blocked passive versus blocked active,
intact passive versus blocked passive or intact active versus
blocked active. There were also no significant differences
between the responses to items1 and 3 for any of the
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test conditions when compared with the basic tactile
condition.

An illusion of ownership of the plastic finger was
induced in more subjects and was more vivid for passive
movements than active movements and with a blocked
finger rather than an intact finger. We calculated the
difference between subjects’ responses both for passive
movement versus active movement and for a blocked
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Figure 5. Median (+ IQR) responses to items 1 and 2 and the
median (£ IQR) perceived elevation of the index finger

A shows the median responses to items 1 and 3 of the questionnaire
after blocked congruent passive movement and intact incongruent
passive moment. The thick black lines show the median and the
boxes show the IQR. An asterisk indicates that the median response
is significantly greater than zero (P < 0.001) and significantly
different from the same item after the incongruent stimulus

(P < 0.001). B shows the perceived elevation of the index finger
above the table on which the subject’s hand was resting. Zero
represents the level of the table. The hand shows the perceived
position after the control condition, and the disembodied finger
shows the perceived position of the finger after the blocked
congruent passive movement condition. The black bars show the
interquartile ranges. The two conditions are significantly different
from each other (P < 0.005).
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finger versus an intact finger (Fig. 4). These differences
showed that significantly more subjects gave a more
positive response to both items 1 and 3 when their finger
was blocked compared with when it was not (P < 0.5).
For passive movement compared with active movement,
significantly more subjects gave a more positive response
to item 3 (P < 0.05).

Control conditions. No more than six subjects gave a
positive response to item 1 or item3 for any of the
control conditions. The first control condition used the
same tactile cues as the basic condition except that
the digital nerves of the subject’s index finger were
blocked, which eliminated tactile cues. This condition
did not produce a significant median positive response
to items 1 and 3 (Fig. 3), which means that no illusion
of finger ownership was experienced. While some sub-
jects reported a ‘strange feeling), they did not report any
feelings of the basic plastic finger illusion. The remaining
two control conditions used movement as the stimulus,
but this movement was not congruent between the sub-
ject’s finger and the plastic finger. For these conditions,
there was not a significant median positive response
to items1 and 3 (Fig. 3). In addition, the subjects
gave no indication that they experienced a plastic finger
illusion or any other strange perceptions during these two
conditions.

Experiment two

The median responses to items 1 and 3 for both the test
and control condition are shown in Fig. 5A. When their
finger was blocked, eight (of 10) subjects gave a positive
response to item 1 and nine (of 10) subjects gave a positive
response to item 3. These subjects were completely naive to
the illusion and the congruent passive movement stimulus.
After the control condition that used incongruent passive
movement, only one subject (of 10) gave a positive
response to item 1 and only two subjects gave a positive
response to item 3. For both items 1 and 3, a significantly
positive median response (P < 0.001) was only found after
congruent passive movement was applied to the blocked
index finger (Fig. 5A). These median responses were also
significantly different from the responses after the control
stimulus (P < 0.001). These results show that the results
of experiment one are not due to an effect of the order of
conditions.

After the test condition, subjects reported, on average,
their index finger to be 19 cm above the table top (Fig. 5B).
This was significantly more than the 11.5 cm reported after
the control condition (P < 0.005). For individual sub-
jects, nine (of 10) reported a greater elevation of their
index finger after the test condition than after the control
condition. For seven subjects, this difference was >7 cm.

L. D. Walsh and others
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This objective test demonstrates that subjects experienced
a proprioceptive displacement of their index finger during
the illusion of body ownership.

Discussion

This study provides new insight into the physiological
mechanisms underlying the sense of body ownership and
the generation of the body schema. We used congruent
movements of the proximal interphalangeal joint of the
subject’s right index finger and an artificial index finger.
The combination of visual and proprioceptive stimuli
caused the subjects to incorporate the plastic finger into
their body schema and report that they felt as if the plastic
finger was their finger, consistent with our hypothesis.
This study produced one novel and indisputable result.
When the digital nerves of the subject’s finger were
blocked with local anaesthetic, removing sensory input
from skin and joint receptors, the visuo-proprioceptive
stimuli still induced an illusion of ownership over the
plastic finger. Furthermore, the illusion produced by
congruent passive movement of the anaesthetized finger
was associated with a perceived elevation of the real
finger towards the location of the plastic finger. This
was true even for a set of naive subjects who had not
previously experienced the illusion. These results show
that visuo-tactile cues are not critical for manipulation
of the sense of body ownership and thus suggest that
they would not be critical for establishing it. Furthermore,
non-cutaneous proprioceptive cues, coupled with vision,
are sufficient to establish body ownership. These
results support our main hypothesis. The remainder of
the Discussion considers other novel findings of the
study.

Congruent movements performed under digital nerve
block induced an illusion of finger ownership that was
significantly stronger than the illusion of ownership that
was induced by congruent movements performed with an
intact finger. This result might not be predicted because
joint and skin afferents in the digital nerves contribute
to the perception of joint movement (Browne et al. 1954;
Gandevia & McCloskey, 1976), so that anaesthesia of the
finger reduces the proprioceptive information which is
congruent with the visual information but strengthens
the illusion. However, different classes of skin receptor
differ in their contribution to proprioception. While
some slowly adapting stretch receptors provide signals
of joint movements (Edin & Johansson, 1995; Collins
et al. 2005), some rapidly adapting skin receptors interfere
with proprioceptive judgements. Vibration that excites
Pacinian corpuscles reduces proprioceptive ability in the
finger (Weerakkody efal. 2007, 2009). Thus, it may be
that blocking the digital nerves removed a component
of the finger’s cutaneous input that interfered with the
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proprioceptive input used to establish the illusion of body
ownership. However, it is also likely that, despite our
best efforts, the signals from skin receptors in the sub-
ject’s finger were not perfectly congruent with the visual
stimulus. The pipe that held the subject’s index finger
(Fig. 1) was designed to mimic the way the experimenter
held the plastic finger, but the tactile input, which the
subject expected on the basis of visual input, and the
actual tactile input from the pipe were almost certainly not
identical. This slight mismatch in the passive conditions
(greater mismatch in active conditions, see below) may
impair the adoption of the plastic finger into the body
schema. If this is the reason for the less vivid illusion
with an intact finger than with a blocked finger, it shows
that what is critical to manipulate the sense of body
ownership is congruence between sensory stimuli. That is,
fewer channels of perfectly congruent sensory information
exert a stronger effect than more channels of imperfectly
congruent sensory information.

Which of the peripheral signals arising proximal to
the finger are likely to be contributing to the illusion of
ownership of the artificial finger? The most obvious signals
are derived from muscle spindle afferents that arise in the
extrinsic and intrinsic hand muscles. They encode changes
in joint position and movements (Matthews, 1972; Edin
& Vallbo, 1990) and their population discharge produces
illusory changes in these parameters (e.g. Goodwin et al.
1972; Gandevia, 1985; Macefield etal. 1990; Wise et al.
1996). However, while Golgi tendon organ afferents are
unlikely to be driven powerfully by passive movement
(Houk & Henneman, 1967; Stephens et al. 1975), a role
for them and other proximal mechanoreceptors cannot be
ruled out.

It has been shown that when subjects voluntarily
control the movements used to induce an illusion of
body ownership over a rubber hand, the illusion was
~23% stronger than when the movements were passively
imposed by the experimenter (Dummer et al. 2009). This
is not surprising because the subject had ‘agency’ over
the rubber hand. That is, the subject had a sense of
intending and executing their own actions. This agency
may be expected to strengthen the sense of body ownership
because we normally have agency over our own body
and things in contact with it, for example tools. Pre-
vious studies support this position (Tsakiris et al. 2006),
but our results do not; active congruent movements (i.e.
voluntary movements) produced an illusion that was the
same or weaker than that produced by passive congruent
movements (Fig. 4). Perhaps this was due to the greater
incongruence between the tactile and visual information
in the active conditions. In the active conditions, the
subject’s finger was still held by the apparatus, but the
plastic finger was not held by the experimenter. However,
if this was the only reason for a weaker illusion, then it
would be expected that blocking the digital nerves of the
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finger and removing all tactile information would make
the illusion induced by active movements stronger than
that induced by passive movements. This did not occur.
While anaesthesia of the finger significantly increased the
strength of the illusion of ownership over the plastic finger,
we found no significant difference between the illusions
induced by intact active movements and those induced by
blocked active movements. Furthermore, the data suggest
that during the nerve block the active movements still
induced a similar, or weaker, illusion of ownership over the
plastic finger than the passive movements did (Fig. 3). An
alternative explanation is that agency may not be critical
to establish body ownership because agency is not unique
to our body. We can exert agency over tools and other
external objects (e.g. Maravita & Iriki, 2004). In contrast,
congruence between vision and tactile or proprioceptive
input is unique to our body parts, because no external
object can provide the brain with tactile or proprioceptive
signals. Psychology studies have shown that agency and
body ownership are dissociable (e.g. Longo et al. 2008).
A dissociation between agency and body ownership has
also been shown with neuroimaging (Tsakiris ef al. 2010),
although this study also suggested that questionnaire
data may not reflect the dissociation. Another point to
consider in the comparison of passive movements versus
active movements is that there is fusimotor activation
of muscle spindles in active movements (e.g. Vallbo,
1971; Burke etal. 1976). This makes the processing of
spindle signals more complex and it may change the
way in which their population discharge is interpreted
(Dimitriou & Edin, 20084,b, 2010). It is possible that
coherent input from populations of spindles in passive
muscles is more easily decoded as a useful signal that
can influence body ownership (Prochazka & Gorassini,
1998).

Some subjects reported a strange feeling after they had
been set up in the apparatus, but before any stimuli had
been presented. In this situation, the only information
about the plastic finger is from the visual system, signalling
that the plastic finger is in a position and posture that
could be adopted by the subject’s own finger. Importantly,
despite this feeling, these subjects did not report that
they felt any ownership over the plastic finger. In fact,
these anecdotal reports and the results from the control
conditions show that visual stimuli alone were not enough
to establish the sense of body ownership over the finger.
Vision must be coupled with congruent proprioceptive
or tactile signals for subjects to adopt the plastic finger
as their own. Of course, that the rubber hand illusion
can be induced without visual input (Ehrsson et al. 2005)
emphasizes the importance of cross-modal congruence
rather than visual input.

In summary, we have shown that non-tactile proprio-
ceptive cues contribute to the sense of body ownership
and that signals from skin receptors are not essential.
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The quality of the congruence between vision and tactile
or proprioceptive cues is more important than having
multiple congruent sensory modes, and we find no
evidence that voluntarily controlled stimuli can induce
stronger illusions of body ownership than externally
imposed stimuli.
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