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INTRODUCTION

Most amputees experience phantom limbs, or the sensation that their amputated limb
is still attached to the body. Phantom limbs can be perceived in the location previously
occupied by the intact limb, or they can gradually retract inside the stump, a phenomenon
referred to as “telescoping” Telescoping is relevant from a clinical point of view, as it tends
to be related to increased levels of phantom pain. In the current study we demonstrate
how a full-body illusion can be used to temporarily revoke telescoping sensations in upper
limb amputees. During this illusion participants view the body of a mannequin from a first
person perspective while being subjected to synchronized visuo-tactile stimulation through
stroking, which makes them experience the mannequin’s body as their own. In Experiment
1 we used an intact mannequin, and showed that amputees can experience ownership of
an intact body as well as referral of touch from both hands of the mannequin. In Experi-
ment 2 and 3 we used an amputated mannequin, and demonstrated that depending on
the spatial location of the strokes applied to the mannequin, participants experienced their
phantom hand to either remain telescoped, or to actually be located below the stump. The
effects were supported by subjective data from questionnaires, as well as verbal reports
of the perceived location of the phantom hand in a visual judgment task. These findings are
of particular interest, as they show that the temporary revoking of telescoping sensations
does not necessarily have to involve the visualization of an intact hand or illusory move-
ment of the phantom (as in the rubber hand illusion or mirror visual feedback therapy), but
that it can also be obtained through mere referral of touch from the stump to the spatial
location corresponding to that previously occupied by the intact hand. Moreover, our study
also provides preliminary evidence for the fact that these manipulations can have an effect
on phantom pain sensations.

Keywords: phantom limbs, telescoping, phantom pain, plasticity, full-body illusion

given their integral role in fine motor tasks; Ramachandran and

Up to 98% of amputees experience phantom limb sensations
(Ramachandran and Hirstein, 1998). That is, subsequent to ampu-
tations most patients continue to have the sensation that their
amputated limb is still attached to the body.

Initially, phantom limbs are mostly perceived to be continu-
ous with the stump, and hence in the same spatial location the
intact limb used to be in. Over time however, phantom limbs often
retract inside the stump, a phenomenon referred to as “telescop-
ing” (Giummarra et al., 2007). In that case, the proximal portion of
the phantom is perceived to be missing or have shrunken, so that
the more distal portion of the phantom is perceived as informa-
tion floating near or actually being inside the stump (Flor et al,,
2006). It has been proposed that telescoping occurs because the
proximal portions of limbs are less extensively represented in the
cortex relative to the distal portions. This proposal is supported by
the fact that lower limbs tend to telescope more rapidly than upper
limbs (which are more diffusely represented throughout the cortex

Hirstein, 1998). The onset and temporal dynamics of telescoping
vary greatly across amputees. Typically, telescoping begins within
the first weeks following the amputation and progresses gradually
over a number of years. However, some patients also describe a
sudden occurrence of the phenomenon, with their phantoms lit-
erally telescoping overnight (Carlen et al., 1978; Giummarra et al.,
2007).

From a clinical perspective, telescoping is of interest as it tends
to be related to increased levels of phantom pain (Flor et al.,
2006). As telescoping, phantom pain typically emerges immedi-
ately, but may also emerge only after months or even years post
amputation (Ramachandran and Hirstein, 1998). It can mani-
fest in different ways, including burning, cramping, or tingling
sensations (Kooijman et al., 2000). The exact nature of the rela-
tionship between telescoping and phantom pain is not yet well
understood. It has been put forward that a main factor underly-
ing their co-occurrence could be a mismatch between the sensory
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feedback from the phantom and the cortical regions representing
the limb (Flor et al., 2006). That is, while the perception of an
extended phantom continues to provide sensory feedback to the
brain areas that previously represented the amputated limb, tele-
scoped phantoms activate brain areas remote from the original
limb representation. It is this latter cortical re-organization that
is hypothesized to underlie the development of increased levels of
phantom pain.

In a recent study conducted in our lab (Schmalzl and Ehrsson,
2011), we have demonstrated how the sensation of a telescoped
limb can also be induced in healthy individuals in the context of a
virtual reality setup involving head-mounted displays (HMDs)
connected to video cameras. Specifically, we used a so-called
“full-body illusion” (Petkova and Ehrsson, 2008), an experimental
manipulation that causes participants to experience an artificial
body as their own. For the induction of this illusion, partici-
pants see the body of a mannequin from a first person perspective
while being subjected to synchronized visuo-tactile stimulation
through stroking (as depicted in Figure 2). Crucially, in our exper-
iments, the mannequin was missing one hand so as to resemble an
amputee. By manipulating the positioning of the strokes applied
to the mannequin’s stump with respect to the participants’ hand
we were then able to clearly manipulate the perceived location of
the hand: (a) simultaneous stroking of the participants” hand and
the empty space below the mannequin’s stump evoked the sensa-
tion of the hand being located below the stump; (b) simultaneous
stroking of the participants’ hand and the end of the mannequin’s
stump evoked the sensation of the hand being located “inside” the
stump, and hence telescoped.

Given these intriguing findings, we embarked on further inves-
tigations that are described in the current paper. Namely, we set out
to investigate whether the experimental setup used in our study
with healthy participants could also be used to manipulate the
perceived position of phantom limbs in amputees, with a possible
consequence of altering phantom pain sensations. Our rationale
for postulating the feasibility of these investigations was motivated
by a number of findings from previous literature. Firstly, with
regard to the nature of the experimental procedures, it has been
shown that upper limb amputees can be induced to experience
an artificial hand as their own through synchronous visuo-tactile
stimulation. Specifically, Ehrsson et al. (2008) demonstrated that
following simultaneous stroking of the amputees’ stump and an
artificial rubber hand, some patients reported strong referred sen-
sations of touch from, as well as ownership of, the artificial hand.
Secondly, with regard to the manipulation of phantom pain sen-
sations, it has been shown that visual illusions can be effective.
Specifically, it has been demonstrated that mirror visual feedback
(MVF) can be used to alleviate phantom pain (Ramachandran
et al., 1995, 2009; Chan et al., 2007). In short, during the MVF
amputees view the reflection of their intact hand in a mirror so
thatitis optically projected onto the location of their missing hand.
Consequently, movements performed with the intact hand create
simultaneous illusory movements of the now “visible” phantom
hand, and such illusory sensations have been found to significantly
reduce phantom pain in some patients.

So, based on the findings that amputees can experience sen-
sations of touch that they observe on an artificial hand, and that

visual illusions can reduce phantom pain, we hypothesized that
the full-body illusion could also be used to induce ownership
sensations of an artificial body in amputees, with the possible con-
sequence of altering phantom sensations. With respect to these
previous investigations however, the use of the full-body would be
novel in a number of ways. Firstly, if reproducible with amputees,
the procedures described in Schmalzl and Ehrsson (2011) would
allow one to directly manipulate the degree of telescoping of phan-
tom limbs, and have amputees experience touch on their phantom
while it is perceived to be located either inside or outside the stump
according to the experimental manipulations. While the actualiza-
tion of this manipulation would be a novelty in its own right, it
would also enable one to disentangle potential effects on phantom
pain sensations driven by perception of touch on the phantom
as such, from those driven by the perceived displacement of the
phantom. Secondly, both the rubber hand illusion and the MVF
involve visualization of the phantom. That is, in both techniques
amputees are induced to experience their phantom in its original
location with the aid of a visible hand, either an artificial hand or
the mirror image of the individuals’ intact hand. In contrast, the
full-body illusion with the use of an amputated mannequin would
enable the investigation of whether the same effect can be obtained
without visualization of an intact hand, but merely through evok-
ing referred touch from a location in space corresponding to the
original position of the intact hand. Thirdly, the effects of the MVF
on phantom pain have always been explained by emphasizing the
crucial importance of the perceived movement of the phantom.
We envisaged that our setup would lend itself very well to the
examination of the effects of perceived touch on the phantom as
opposed to movement of the phantom. And while referred touch
as such has already been demonstrated by Ehrsson et al. (2008),
their study did not include any documentation of whether this
procedure had any effect on phantom pain.

Hence, with this context in mind, in the current study we set
out to address the following questions: 1. Can amputees experience
ownership of a whole intact body in the context of the full-body
illusion, including referral of touch from, and ownership of, the
artificial hand on the amputated side? 2. Can the full-body illu-
sion with an amputated mannequin be used to manipulate the
perceived position of phantom limbs, and more specifically to
temporarily revoke telescoping sensations without involving any
visualization of the phantom? 3. Do any of these experimental
procedures have an effect on phantom pain sensations?

MATERIALS AND METHODS

PARTICIPANTS

Ten upper limb amputees were initially recruited through the Arm
Prosthesis Unit of Red Cross Hospital, Stockholm, Sweden. All
patients had been in contact with the clinic prior to our study, and
specifically selected according to the location of their amputation,
i.e., below the elbow. Two of them had to be excluded from the
study — one because he did not experience any phantom sensa-
tions (see exclusion criteria below), and the other because he did
not feel well on the day of testing and was therefore not able to
complete the experiments. Hence, our final group of participants
consisted of eight amputees (Age: 23—-65, Mean = 50; Gender: 7
male, 1 female). All of them had lost their limb due to a traumatic

Frontiers in Human Neuroscience

www.frontiersin.org

November 2011 | Volume 5 | Article 121 | 2


http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive

Schmalzl et al.

Experimental manipulation of phantom limb position

accident, and none had any significant medical history apart from
the amputation. The main inclusion criteria were: (a) location of
amputation below the elbow; (b) presence of phantom sensations
for at least part of the amputated hand; (c) presence of telescop-
ing. There were no exclusion criteria in regard to age or time since
amputation, hence these factors varied significantly across partici-
pants (details of all participants are provided in Table 1). The study
was approved by the Regional Ethics Review Board of Stockholm,
and informed written consent was obtained from all participants.

PRE-EXPERIMENTAL EVALUATIONS

Prior to the actual experiments all participants underwent a
detailed interview, a “stump mapping” procedure, and an eval-
uation of their phantom pain.

Interview

A detailed interview was conducted with all participants in order
to document their medical history, the details of the accidents
that led to their amputation as well as their currently experienced
phantom sensations (for a summary see Table 1).

Stump mapping
For each participant we also performed a so-called “stump map-
ping” (Figure 1). This procedure consists of applying systematic

touches to the distal portion of the stump in order to determine
the exact spots that, when touched, give rise to referred sensa-
tions in specific parts of the phantom hand and phantom digits.
To facilitate the mapping participants were shown a drawn hand
template, which was divided into six colored sections correspond-
ing to each of the individual fingers as well as the central part
(palm/back) of the hand. Then, as their stump was being touched,
participants were asked to identify any spot on their stump that
corresponded to any of the colored sections of the hand template.
In addition, they were instructed to point out as best as they could
at which exact part of the phantom hand or finger(s) they felt the
referred sensations (e.g., knuckle vs. fingertip). These spots where
then marked on the stump using markers of the respective colors,
and later used as reference points for tactile stimulations during
the experiments.

Pain rating scale

All participants were asked if they experienced any phantom pain
sensations, both at the time of the testing session or in general.
Participants who reported to experience pain at the time of testing
were then asked to rate its intensity on a visual analog scale from
0 to 10, and describe its characteristics (e.g., cramping, burning,
tingling, etc.). The same pain rating scale was then administered
after Experiments 1 and 2.

Table 1 | Participants.

Participant Gender Age Time since Side of Dominant Length of Phantom Telescoping Referred Phantom
amputation amputation hand stump from hand sensations pain
(years) elbow (cm)
1 M 75 65 R Yes 17 Yes Yes Thumb and palm No
2 M 42 15 L Yes 9 Yes Yes Full phantom hand  VYes
3 M 53 36 L No 24 Yes Yes Three fingers No
4 M 65 47 L No 22 Yes Yes Palm No
5 M 49 28 L No 19 Yes Yes Five fingers No
6 F 38 5 R Yes 15 Yes Yes Five fingers Yes
7 M 23 1 R Yes 21 Yes Yes Four fingers Yes
8 M b5 34 R Yes 29 Yes Yes Five fingers Yes

Details of all patients participating in the studly.

FIGURE 1 | Stump mapping. (A) Drawn hand template used for the stump mapping. (B) For each participant the spots triggering referred sensations in
specific parts of the phantom hand were marked on the stump. (C) Example of a stump map.

Frontiers in Human Neuroscience

www.frontiersin.org

November 2011 | Volume 5 | Article 121 | 3


http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive

Schmalzl et al.

Experimental manipulation of phantom limb position

EXPERIMENTAL SETUP AND BASIC EXPERIMENTAL PROCEDURES

All experiments involved a “full-body illusion,” and the setup was
based on that previously described by Petkova and Ehrsson (2008)
as well as Schmalzl and Ehrsson (2011).

Head-mounted displays and CCTV cameras

During the conduction of the experiments, participants wore a
set of (HMDs; Cybermind Visette Pro PAL, Cybermind Interac-
tive, Maastricht, the Netherlands) with a field of view of 71.5° and
a display resolution of 640 x 480. The HMDs were connected to
two synchronized color CCTV cameras (Panasonic WV-CP484E),
which were attached to a helmet worn by a mannequin. The cam-
eras were positioned so as to record the mannequin’s body from
above (Figure 2), hence providing the participants with a first
person perspective view of the mannequin’s body which is a cru-
cial factor for the induction of the illusion (Petkova et al., 2011a).
The position of the cameras corresponded to that of the man-
nequin’s eyes, and in order to provide the participants with a
stereoscopic image the recordings from the left and right video
cameras were projected onto the left and right side of the HMDs
respectively. In addition, the CCTV camera signals were directly
relayed into the HMDs without any external conversion devices,
allowing the participants to view the recordings with no noticeable
delay.

Mannequin

For all experiments we used a male mannequin dressed with blue
jeans and a white t-shirt. In Experiment 1 the mannequin was
intact, whereas in Experiments 2 and 3 the mannequin was missing
either its left or right hand, depending on the side of the amputa-
tion of each participant, so that the respective arm resembled the
stump of an upper limb amputee (Figure 2). Throughout all exper-
iments we used the same mannequin that we used in our previous

study on healthy individuals (Schmalzl and Ehrsson, 2011), and
therefore the stump length of the mannequin was the same for all
participants.

Visuo-tactile stimulation through stroking

During all experiments participants assumed a standing position
and wore the HMDs connected to CCTV cameras as described
above. They were instructed to tilt their head forward as if they
were looking down at their own body, and therefore viewed the
mannequin’s body from a first person perspective. Participants
were then subjected to visuo-tactile stimulation through stroking.
That s, the experimenter contemporarily stroked the mannequin’s
body (which was in full view) and the participants’ body (which
was out of view; Figure 2). Hence, the participants visually per-
ceived the touches applied to the mannequin, while experiencing
tactile stimulations on their own bodies. Stroking of the man-
nequin and the participants was performed either in temporal
synchrony (Experiment 1 — Condition 1; Experiment 2 — Condi-
tions 1 and 2; Experiment 3 — Conditions 1 and 2) or asynchrony
(Experiment 1 — Condition 2). Details about the characteristics,
spatial location and duration and of the stroking in each of the
experimental conditions are provided below.

EXPERIMENT 1

In Experiment 1 we used an intact mannequin, and the general
experimental procedures were based on those described in Petkova
and Ehrsson (2008).

Condition 1— Synchronous stroking

In Condition 1, the experimenter stroked the mannequin and
the participants synchronously. That is, participants visually per-
ceived the strokes applied to the mannequin at the exact same
time and location as they perceived the tactile stimulations on

FIGURE 2 | Full-body illusion setup. For the induction of the full-body
illusion synchronous strokes were applied to the participants and the
mannequin, while the participants were viewing the mannequin’s body
from a first person perspective through a set of HMDs. (A) Intact

mannequin used in Experiment 1. (B) Amputated mannequin used in
Experiments 2 and 3. (C) Intact mannequin seen from the participants’
perspective. (D) Amputated mannequin seen from the participants’
perspective.
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their own bodies. Such synchronous visuo-tactile stimulation has
previously been shown to evoke a “full-body illusion”, namely
the experience of perceiving the mannequin’s body as one’s own
(Van der Hoort et al., 2001; Petkova and Ehrsson, 2008; Petkova
et al., 2011a; Schmalzl and Ehrsson, 2011). Strokes were applied
with a frequency of approximately one stroke per second, and the
stroke length varied from about 1-5cm. The temporal stroking
pattern was kept irregular in order to avoid expectations about
the timing of the visuo-tactile stimulation events in the par-
ticipants. In regard to the spatial location of the stroking the
sequence was as follows: (a) stroking of the torso (45s); (b)
stroking of the intact hand (45s); (c) stroking of the stump
of the participant and the corresponding intact hand of the
mannequin (45s). Crucially, the location of strokes applied to
the stump was based on the individual stump maps described
above. That is, for each participant we chose the spot on the
stump that evoked the strongest referred sensations in the phan-
tom hand (for one participant it was the palm of the hand,
whereas for all other participants it was a specific point on one
of the fingers). That spot was then touched at the same time
as the corresponding part of the intact hand of the mannequin.
Hence, while all other experimental procedures were kept consis-
tent across participants, the exact spatial location of the stroking
according to referred sensations had to necessarily be tailored
individually.

Condition 2 — Asynchronous stroking

In Condition 2, the experimenter stroked the mannequin and
the participants asynchronously. That is, participants visually per-
ceived the strokes applied to the mannequin either before or after
they perceived the tactile stimulations on their own bodies. The
temporal discrepancy between seen and felt touch was about 1s.
All other aspects of the stroking such as frequency, length and
spatial location were kept identical to Condition 1. Temporal
asynchrony has previously been shown to abolish or at least signif-
icantly reduce the feeling of ownership of the mannequin’s body
(Petkova and Ehrsson, 2008). It therefore represents a valid control
condition, allowing one to determine whether potential illusory
ownership sensations observed with synchronous stroking are in
fact driven by visuo-tactile integration, and not merely by the
fact of viewing an artificial body from a first person perspective,
or general psychological factors such as suggestibility and task
compliance.

Participants experienced each of the experimental conditions
once in counterbalanced order. In between each condition the
HMDs were removed, and participants were asked to fill out a
questionnaire in regard to their experience during the stroking
(see below).

Questionnaire

Following both Condition 1 and 2, each consisting of a total of
135s of stroking of the torso, the intact arm and then the stump,
participants were asked to complete a questionnaire aimed at
capturing the subjective experience of the experimental effects.
The questionnaire consisted of 10 statements describing possible
perceptual effects that might be elicited by the stroking, and par-
ticipants were asked to affirm or deny experiencing each effect on

a seven-point Likert scale. Six statements were aimed at captur-
ing the illusion of ownership of (a) the mannequin’s body as a
whole; (b) the mannequin’s hand on the side corresponding to the
participants’ intact hand; (c) the mannequin’s hand on the side
corresponding to the participants’ phantom hand. The remain-
ing four statements were control statements aimed at capturing
the participants’ suggestibility and task compliance (Figure 3).
The order of the questions was randomized across participants
in order to avoid order effects. The crucial questions of interest
were whether synchronous stroking in Condition 1 would cause
amputees to (a) experience ownership of an intact body, and even
more importantly (b) experience ownership of the mannequin’s
hand corresponding to their phantom hand.

Pain rating scale

Following both Condition 1 and 2, participants who experienced
phantom pain on the day of testing were again asked to rate the
intensity of their pain on a visual analog scale from 0 to 10. The
aim was to document whether any of the experimental procedures
had any effect on phantom pain sensations.

EXPERIMENT 2

In Experiment 2 the mannequin was missing either its left or right
hand (depending on the side of amputation of each participant),
so as to resemble and upper limb amputee, and the experimental
procedures were based on those described in Schmalzl and Ehrsson
(2011).

Induction of the full-body illusion

Both experimental conditions of Experiment 2 involved the induc-
tion of a full-body illusion, which was performed following the
exact same procedure as in Experiment 1. That is, participants were
initially subjected to synchronous visuo-tactile stimulation of (a)
the torso (45s) and (b) the intact hand (45s). With regard to the
stroking of the stump however, the two experimental conditions
differed from each other.

Condition 1 - Synchronous stroking of the participants’ stump and
the empty space below the mannequin’s stump

In Condition 1, the experimenter synchronously stroked the par-
ticipants’ stump and empty space below the mannequin’s stump
(Figure 4). Again, particular emphasis was given to the point
eliciting the strongest referred sensations in the phantom hand.

Condition 2 — Synchronous stroking of the participants’ stump and
the mannequin’s stump

In Condition 2, the experimenter synchronously stroked the
participants’ stump and the mannequin’s stump at correspond-
ing locations. Strokes were spatially distributed so as to cover
most of the surface of the stump (Figure 4). However, as in
Experiment 1 for each participant particular emphasis was given
to the point eliciting the strongest referred sensations in the
phantom hand.

Participants experienced each of the experimental conditions
once in counterbalanced order. After each condition the HMDs
were removed, and participants were asked to fill out a ques-
tionnaire in regard to their experience during the stroking (see
below).
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B ®Synchronous " Asynchronous

FIGURE 3 | Experiment 1 - Visuo-tactile stimulation followed by
questionnaire. (A) Stroking of the trigger points of the participant’s stump
and the corresponding parts of the mannequin's hand - strokes were
applied either in temporal synchrony or asynchrony. (B) The questionnaire
consisted of 10 statements: Ownership of the mannequin’s body as a whole
(lllusion statements 1-2, Control statements 7-8); Ownership of the
mannequin’s hand corresponding to the participants’ intact hand (lllusion
statements 3-4, Control statement 9); Ownership of the mannequin’s hand

A Stroking

1. It seemed as if | could feel the touch given to the mannequin's body

2. ltfelt like the mannequin's body was my own body

3. It seemed as if | could feel the touch given to the mannequin's right
hand (or hand corresponding to intact hand)

4. |t felt like the mannequin's right hand was my own right hand (or hand
corresponding to intact hand)

5. It seemed as if | could feel the touch given to the mannequin's left hand
(or hand corresponding to amputated hand)

6. It felt like the mannequin's left hand was my own left hand (or hand
corresponding to amputated hand)

7. ltfelt as if | had two bodies at the same time

8. The mannequin's body started to change appearance (visually) and
look the way my own real body looks

9. My intact hand started to feel as if it was made out of rubber

10. My stump started to feel as if it was made out of rubber

corresponding to the participants’ amputated hand (lllusion statements 5-6,
Control statement 10). Participants were asked to affirm or deny each
statement on a seven-point Likert scale (+3 = Strongly agree; —3 = Strongly
disagree). The graph shows the mean group values with SD bars. Wilcoxon
Signed Rank Tests were performed between illusion statements and control
statements, as well as between the Synchronous and Asynchronous
conditions — for more details see the Sections “Materials and Methods” and
“Results.” *p <0.05.

Questionnaire

As in Experiment 1, following both Condition 1 and 2 partici-
pants were asked to complete a questionnaire aimed at capturing
the subjective experience of the experimental effects. The ques-
tionnaire consisted of six statements, and participants were again
asked to affirm or deny experiencing each effect on a seven-point
Likert scale. Two statements were intended to capture the overall
illusory experience of perceiving the mannequin’s body as one’s
own, two statements directly referred to the perceived location of
the phantom hand, and the remaining two statements were con-
trol statements aimed at capturing the participants’ suggestibility
and task compliance (Figure 4). The order of the questions was
randomized across participants in order to avoid order effects.
The crucial questions of interest were whether participants would
report feeling their phantom hand to be in a different loca-
tion with respect to the stump of the mannequin in Condition
1 vs. Condition 2. Given that the experienced phantom sensa-
tions differed for each of the participants, and that the tactile
stimulation was targeted so as to evoke referred sensations in a
specific point of the phantom hand, the statements referring to
the perceived position of the phantom hand were adapted accord-
ingly for each participant. That is, the general term phantom
hand was replaced with the specific part or finger of the phan-
tom hand that was targeted for each participant (e.g., phantom
thumb).

Pain rating scale

Following both Condition 1 and 2, participants who experienced
phantom pain on the day of testing were again asked to rate the
intensity of their pain on a visual analog scale from 0 to 10.

EXPERIMENT 3

In Experiment 3 the setup as well as stroking procedures were
exactly the same as in Experiment 2 for both Condition 1 and
Condition 2. This time however, participants experienced each of
the experimental conditions three times in counterbalanced order,
and at the end of each stroking session they were asked to perform
a visual judgment task to indicate the perceived position of their
phantom hand (see below). The task was adapted from Schmalzl
and Ehrsson (2011).

Visual judgment task

After each stroking session, consisting of a total of 135 s stroking
of the torso, the intact arm and then the stump (Condition 1 or 2),
participants were asked to perform a visual judgment task in which
they had to visually judge the perceived location of their phantom
hand. The purpose of this task was to obtain an objective mea-
sure of the experimental effect found in Experiment 2, namely a
subjectively experienced difference in the perceived position of the
phantom hand in Condition 1 (below the stump) vs. Condition 2
(inside the stump; see Results section). The task was performed as
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A Condition 1

B ® Condition 1

I

Condition 2

FIGURE 4 | Experiment 2 - Visuo-tactile stimulation followed by
questionnaire. (A) Stroking conditions: Condition 1 — simultaneous
stroking of the trigger points of the participant’s stump and the empty
space below the mannequin’s stump; Condition 2 — simultaneous
stroking of the trigger points of the participant’'s stump the mannequin’s
stump. (B) The questionnaire consisted of six statements: Experience of
the full-body illusion (lllusion statements 1-2, Control statements 3-4);
Perceived location of the phantom hand (Condition 1: lllusion statement

Condition 2

It seemed as if | could feel the touch given to the mannequin

It felt like the mannequin's body was my own body

It felt as if | had two bodies at the same time

The mannequin's body started to change appearance (visually)

and look the way my own real body looks

5. lItfelt as if my phantom hand was located below the stump of the
mannequin

6. It felt as if my phantom hand was located inside the stump of the

mannequin

G0

5, Control statement 6; Condition 2: lllusion statement 6, Control
statement 5). Participants were asked to affirm or deny each statement
on a seven-point Likert scale (+3 = Strongly agree; —3 = Strongly
disagree). The graph shows the mean group values with SD bars.
Wilcoxon Signed Rank Tests were performed between illusion
statements and control statements, as well as between the
Non-telescoped and Telescoped conditions — for more details see the
Section “Materials and Methods” and “Results.” *p < 0.05.

follows: after each stroking session participants were asked to look
at “their” stump, that is the stump of the mannequin, through the
HMDs. The experimenter then moved a ruler from the floor up
toward the stump, and participants verbally instructed the experi-
menter to adjust the height of the ruler so it would match the height
at which they felt their phantom hand to be. The absolute height of
that location was then manually recorded by the experimenter on a
measuring band attached to a stand (measurements were rounded
up to 0.5 of a centimeter). A spirit level ruler was used in order to
assure its horizontal alignment when recording the height on the
measurement band (Figure 5). In between each stroking session
participants were given a short break during which the cameras
were occluded, and then the procedure was repeated. The crucial
question of interest was whether there would be a significant dif-
ference in the visually judged height of the perceived position of
the phantom hand following the two stroking conditions, reflect-
ing the subjectively reported difference observed in Experiment 2.
Again, as in Experiment 2, the specific instructions were adapted
for each participant according to the specific part of the phantom
hand that was targeted during the stroking (e.g., judgment of the
height of the phantom thumb).

DATA ANALYSIS
All acquired data was tested for normal distribution using the
Shapiro and Wilk Test. The questionnaire data of Experiments 1

and 2 did not pass the test for normality, and was therefore analyzed
using non-parametric statistics. In contrast, the data obtained
from the visual judgment task did pass the test for normality, allow-
ing for the use of parametric statistics. All analyses were based on
a priory hypotheses, and hence consisted of planned comparisons.
For questionnaire data, comparisons were performed between
the illusion questions and their respective control questions, or
between the two stroking conditions of each experiment (Con-
ditions 1 and 2 described above), using Wilcoxon Signed Rank
Tests. For the visual judgment task, comparisons were performed
between Condition 1 and Condition 2 using a Paired Samples
t-test. Since all analyses were based on a priory hypotheses, no
post hoc corrections for multiple comparisons were performed.
For all analyses, alpha was set to 0.05.

RESULTS

Below we will report the results of each of the experiments, fol-
lowed by a summary of the participants’ ratings on the phantom
pain rating scale, which was administered after Experiments 1
and 2.

EXPERIMENT 1

Aim

The aim of Experiment 1 was to investigate whether upper limb
amputees can experience a full-body illusion with an intact man-
nequin, and specifically address the question of whether they
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A
B Perceived height of phantom hand: Group data
110
100 *
r 1
90 1
§ &
70
60
50 A T 1
Non-telescoped Telescoped
Condition
FIGURE 5 | Experiment 3 - Visual judgment task. (A) At the end of each
stroking session participants verbally instructed the experimenter to adjust
the height of a ruler so it would match the height at which they felt their

Visual judgment task

C Perceived height of phantom hand: Individual data
110

100

cm

PIL. P2 P3 P4 P5 P6 P7 P8

Participants

phantom hand to be. (B) Mean height of the perceived position of the
phantom hand in the Non-telescoped and Telescoped condition (Paired
Samples t-test — p < 0.001). (C) Individual data.

would affirm ownership of the artificial hand of the mannequin
corresponding to that of their amputated hand.

Questionnaire results

As mentioned in the Section Materials and Methods,” the state-
ments of the questionnaire were formulated so as to require
participants to rate the intensity of illusory ownership sensa-
tions separately for: (a) the mannequin’s body as a whole; (b)
the mannequin’s hand corresponding to the participants’ intact
hand; (¢) the mannequin’s hand corresponding to the participants’
phantom hand. The comparison between illusion and control
statements, as well as the comparisons between stroking conditions
for each of these aspects was therefore performed independently
(Figure 3).

(a) Ownership of the mannequin’s body as a whole (Illusion
statements 1-2, Control statements 7—8)
Participants clearly affirmed experiencing the full-body illu-
sion following synchronous visuo-tactile stimulation in
Condition 1 (Score> +2), but not following asynchro-
nous visuo-tactile stimulation in Condition 2 (Score < —1;

Ilusion statements mean score vs. control statements mean
score — Wilcoxon Signed Rank Test: synchronous: Z = —2.536,
p=0.011; Asynchronous: Z = —0.957, p =0.339).
Ownership of the mannequin’s hand corresponding to the
participants’ intact hand (Illusion statements 3—4, Control
statement 9)

Participants affirmed experiencing ownership of the man-

nequin’s hand corresponding to their intact hand in the

Synchronous condition, but not in the Asynchronous con-

dition (Illusion statements mean score vs. control state-

ment—Wilcoxon Signed Rank Test: synchronous: Z = —2.527,

p=0.012; Asynchronous: Z = —0.213, p = 0.832).

(c) Ownership of the mannequin’s hand corresponding to the
participants’ amputated hand (Illusion statements 5-6, Con-
trol statement 10)

Participants affirmed experiencing ownership of the man-
nequin’s hand corresponding to their amputated hand in the
Synchronous condition, but not in the Asynchronous condi-
tion (Illusion statements mean score vs. control statement —
Wilcoxon Signed Rank Test: synchronous: Z = —2.536, p=
0.011; Asynchronous: Z = —0.271, p=0.786). Importantly,

(b

=
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the ownership ratings for the hand corresponding to the
amputated hand were not significantly different from those
for the hand corresponding to the intact hand (Illusion state-
ment for intact hand vs. illusion statement for amputated
hand —Wilcoxon Signed Rank Test: synchronous: Z = —1.753,
p=0.080).

EXPERIMENT 2

Aim

The aim of Experiment 2 was to investigate whether differential
visuo-tactile stimulation within the context of the full-body illu-
sion can be used to manipulate the perceived position of phantom
hands. Specifically, we aimed to investigate whether it is possible
to temporarily revoke telescoping sensations, and have amputees
experience their phantom hand to be located outside the stump,
without involving any visualization of an artificial hand.

Questionnaire results

In Experiment 2, the statements of the questionnaire specifically
referred the following aspects: (a) experience of the full-body
illusion; (b) perceived location of the phantom hand. As in Exper-
iment 1, the comparison between illusion and control statements,
as well as the comparisons between stroking conditions for each
of these aspects was performed independently (Figure 4).

(a) Experience of the full-body illusion (Illusion statements 1-2,
Control statements 3—4)
Following both Condition 1 (stimulation on the stump)
and Condition 2 (stimulation below the stump), partici-
pants clearly affirmed experiencing the full-body illusion.
(Illusion statements mean score vs. control statements mean
score — Wilcoxon Signed Rank Test: Condition 1: Z = —2.533,
p=0.011; Condition 2: Z = —2.536, p = 0.011). There was no
difference in the perceived strength of the full-body illusion in
the two conditions (Condition 1 vs. Condition 2 — Wilcoxon

Signed Rank Test: illusion statements mean score: Z = —1.000,
p=0.317; Control statements mean score: Z=—0.742,
p=0.458).

(b) Perceived location of the phantom hand (For Condition 1:

Mlusion statement 5, Control statement 6; For Condition 2:
Ilusion statement 6, Control statement 5)
There was a significant difference in the perceived position of
the phantom hand in the two stroking conditions. In Con-
dition 1, participants clearly affirmed that they perceived
their phantom hand to be located below the stump (Illu-
sion statement vs. control statement — Wilcoxon Signed Rank
Test: Z=—2.565, p=0.010). In Condition 2, participants
clearly affirmed that they perceived their phantom hand to be
located inside the stump (Illusion statement vs. control state-
ment — Wilcoxon Signed Rank Test: Z = —2.558, p=0.011).
When comparing the participants’ responses between Con-
ditions 1 and 2, there was a significant difference for both
the statement referring to the phantom hand being perceived
below the stump (Wilcoxon Signed Rank Test: Z = —2.565,
p=0.010), and the statement referring to the phantom hand
being perceived inside the stump (Wilcoxon Signed Rank Test:
Z =—2.555,p=0.011).

EXPERIMENT 3

Aim

The aim of Experiment 3 was to obtain an objective measure of
the experimental effect found in Experiment 2, namely the differ-
ence in the perceived position of the phantom hand in Condition
1 (below the stump) vs. Condition 2 (inside the stump). Specifi-
cally, we aimed to investigate whether there would be a significant
difference in the visually judged height of the perceived position of
the phantom hand following the differential stroking conditions.
Given the results of the subjective reports in Experiment 2, here-
after Condition 1 will be referred to as “Non-telescoped” condition,
and Condition 2 will be referred to as “Telescoped” condition.

Visual judgment task results

The results of the visual judgment task showed a significant dif-
ference in the visually judged height of the perceived position
of phantom hand in Non-telescoped condition vs. Telescoped
condition (Paired Samples ¢-test: t =9.244, p =0.001; Figure 5).

Pain rating scale results

Four of the participants (P 2, 6, 7, and 8) reported to experience
phantom pain at the time of testing, and were therefore asked to
rate the intensity of their pain after each experimental condition of
Experiments 1 and 2. The effect of the experimental procedures on
phantom pain sensations varied across participants. Participant
2 reported a very strong attenuation effect of the Synchronous
condition of Experiment 1 and the Non-telescoped condition of
Experiment 2, during both of which he reported that his phan-
tom pain had completely disappeared (rating the pain as zero).
Participant 6 reported a slight reduction of pain during both the
Synchronous and Asynchronous conditions of Experiment 1, and
a substantial reduction of pain during the Non-telescoped con-
dition of Experiment 2. Participants 7 and 8 on the other hand
did not report any reduction in phantom pain during any of the
experimental conditions. A summary of the ratings is provided in
Figure 6, and a further discussion of the findings is provided in
the Discussion section below.

Asynchronous ™ Nol

" Baseline ™Synchronous

o

Rating
O =2 N W A OO N O ©

P2 P6 P7 P8
Participants

FIGURE 6 | Pain rating scale. Pain ratings of the four participants who
reported to experience phantom pain at the time of testing. Participants
were asked to rate their pain on a visual analog scale (0 =No pain;

10 =Intense pain) at the beginning of the testing session (Baseline), as well
as after each of the experimental conditions of Experiments 1 and 2.
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DISCUSSION

In the current study we set out to investigate whether the full-
body illusion can be used to induce ownership of an intact body
in upper limb amputees, whether it is possible to manipulate the
perceived position of phantom hands without involving any visu-
alization of an intact hand (as in the rubber hand illusion or MVF
therapy), and whether any of these experimental procedures can
have an effect on phantom pain. We will now discuss our results
in relation to each of these questions.

CAN AMPUTEES EXPERIENCE OWNERSHIP OF AN INTACT BODY, AND
REFERRAL OF TOUCH FROM AN ARTIFICIAL HAND, IN THE CONTEXT OF
THE FULL-BODY ILLUSION?

According to the questionnaire data of Experiment 1, following
synchronous visuo-tactile stimulation amputees affirmed experi-
encing ownership of an intact artificial body, as well as referral of
touch from both hands of the mannequin. The fact that amputees
can experience ownership of an intact body is actually not that
unexpected. Amputees have had the experience of living with an
intact body prior to their amputation, and through the use of
prosthetic limbs many of them continue to experience an at least
visually intact body on a daily basis following the amputation as
well. Also, the demonstration of the fact that amputees can experi-
ence referral of touch from an artificial hand is not a novel finding
in itself. In fact, it has been previously demonstrated with both a
rubber hand (Ehrsson et al., 2008) and a robotic hand (Marasco
etal., 2011 —targeted reinnervation amputees; Rose n et al., 2009 —
normal upper limb amputees). So why did we choose to initially
conduct the full-body illusion with an intact mannequin in Exper-
iment 1? Firstly, we wanted to establish that participants would
respond to synchronized visuo-tactile stimulation and experience
the full-body illusion as such, as both Experiments 2 and 3 were
to be based on this procedure. Secondly, the choice of using an
intact mannequin was based on the fact that we wanted to deter-
mine whether we could replicate the findings of Ehrsson et al.
(2008), and evoke referred touch based on individual stump maps,
also in the context of the full-body illusion. Establishing this fact
was also a prerequisite for the more sophisticated experimental
manipulations in Experiment 2 and 3. In regard to the second
point, Experiment 1 yielded very interesting results. Not only
were we able to replicate the induction of ownership sensations
for the artificial hand, but the average ratings for ownership as
well as referral of touch from the artificial hand were actually
much higher in our study compared to those obtained with the
rubber hand illusion by Ehrsson et al. (2008). Of course, com-
parisons between studies with different patient groups are to be
done with caution, but we thought it would nevertheless be of
interest to discuss possible reasons for the differential findings.
One possible reason is related to the employed experimental pro-
cedures. Namely, it can be hypothesized that the strength of the
overall bodily coherence experienced in the context of the full-
body illusion (Petkova and Ehrsson, 2008) facilitates the induction
of ownership sensations of the artificial hand compared to the
rubber hand illusion. We know that during the full-body illu-
sion multisensory signals causing ownership sensations in regard
to a particular body part facilitate ownership sensations of other
(non-stimulated) body parts (Petkova and Ehrsson, 2008; Petkova

etal, 2011b), and these facilitating effects across body parts could
be at play also in our setup (e.g., from the torso to the hand).
In addition, the induction might be facilitated by the fact that
in the full-body illusion the artificial hand is in direct continua-
tion with the arm, whereas in the rubber hand illusion the hand
is displaced 15-20 cm medial from the hidden real hand creat-
ing an additional visuo-proprioceptive spatial mismatch. Another
possible reason is related to the two patient groups. Ehrsson et
al’s (2008) study also included patients who did not have spe-
cific stump maps, and hence no trigger points that evoke specific
referred sensations. For these patients, strokes were simply applied
to the middle of the stump as opposed to precisely targeted loca-
tions with respect to the artificial hand, which can be expected
to be less effective. As a matter of fact, in the discussion of their
paper Ehrsson et al. (2008) report that the patients without stump
maps had lower ownership ratings than the ones with stump maps.
Although this difference was not significant, it surely lowered the
average score of the group. Lastly, the full-body illusion with an
intact mannequin allows one to compare the strength of owner-
ship sensations for the artificial hand corresponding to the missing
hand (triggered by touching the points on the stump map) and
the intact hand (triggered by touching the actual hand) within
the same stroking session. In our group of patients, there was no
significant difference between the ownership ratings for the two
hands. Again, this contrasts the findings of Ehrsson et al. (2008)
who performed the rubber hand illusion for each hand individ-
ually in separate stroking sessions, and found the ratings for the
amputated hand to be significantly lower than those for the intact
hand. This is of particular interest and confirms the effectiveness
of precisely targeted tactile stimulation on the stump in the context
of the full-body illusion and the therewith evoked overall bodily
coherence.

CAN THE FULL-BODY ILLUSION WITH AN AMPUTATED MANNEQUIN BE
USED TO MANIPULATE THE PERCEIVED POSITION OF PHANTOM
HANDS, AND TEMPORARILY REVOKE TELESCOPING SENSATIONS
WITHOUT INVOLVING THE VISUALIZATION OF AN INTACT HAND?

The questionnaire data of Experiment 2 showed that, depend-
ing on the stroking condition, participants affirmed experiencing
their phantom hand to be located either below the stump, or inside
the stump and therefore remain telescoped. These subjective rat-
ings were then confirmed in Experiment 3, in which participants
judged the perceived height of their phantom hand in a visual
judgment task. The effect was very robust, with all participants
showing the proprioceptive drift in the Non-telescoped condition.
To our knowledge, this is the first demonstration of a systematic
and “dynamic” manipulation of the perceived position of phan-
tom limbs within the same experimental session. Moreover, our
findings show that the temporary revoking of telescoping sen-
sations does not necessarily have to involve the visualization of
an intact hand (as in the rubber hand illusion or MVF therapy),
but that it can also be obtained through mere referral of touch
from the spatial location corresponding to that previously occu-
pied by the intact hand (i.e., the “pulled out” phantom below the
stump). How can this be explained? In the case of experimental
manipulations involving the visualization of an intact hand, such
as the rubber hand illusion in Ehrsson et al.’s (2008) study and
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Experiment 1 of our current study, illusory ownership of an arti-
ficial hand in amputees is likely to be caused by similar cognitive
and neural mechanisms as those underlying the classical rubber
hand illusion in healthy individuals (Botvinick and Cohen, 1998;
Botvinick, 2004; Ehrsson et al., 2004, 2005a). That is, if stroking
is performed according to a specific stump map, the brain would
receive congruent multisensory information as the participants
feel touch on their phantom hand at the exact same time and in
the exact same location as they see touch on the artificial hand. The
integration of this information by multisensory brain areas would
then lead to illusory ownership sensations of the artificial hand.
As pointed out by Ehrsson et al. (2008) though, given the cor-
tical re-organization occurring in amputees (Ramachandran and
Hirstein, 1998; Flor et al., 2006), the thalamo-cortical and cortico-
cortical pathways by which the tactile information from the stump
reaches the deafferented primary sensorimotor cortex and conse-
quently multisensory areas in premotor and intraparietal cortices,
would be reorganized with respect to those of healthy individu-
als. In any case, there are two important additional factors that
are relevant for the discussion about the underlying mechanisms
of the “pulling-the-phantom-out-of-the-stump” effect. Firstly, the
touch stimulation is applied to the empty space below the stump
rather than on a visible hand. Secondly, the representation of the
(phantom) hand is stretched out and elongated so that the phan-
tom is now experienced to be of normal length, i.e., no longer
telescoped. We will now discuss these two points in turn. From
rubber hand illusion experiments with healthy participants we
know that illusory ownership sensations are disrupted if the arti-
ficial hand is replaced by an object not resembling a human hand
(Tsakiris et al., 2010). From our own recent work involving the
full-body illusion however, we also know that referral of touch
can still be evoked if the artificial hand is missing completely
(Schmalzl and Ehrsson, 2011). That is, if the hand of the man-
nequin is “replaced” by empty space, participants experience touch
from an invisible hand located at the point in space in which they
visually see the stimulation occur. So, as opposed to the classi-
cal rubber hand or full-body illusion, what we are dealing with
here is the induction of referral of touch from a certain location
in space without the induction of ownership of a visible artifi-
cial hand. And according to the findings of our previous study
and the current study, this seems to work for both real hands of
healthy individuals and phantom hands of amputees. With respect
to this latter point, we can conclude that the representation of
the phantom arm seems to be “stretched” out, with the conse-
quence of the phantom arm being perceived as longer. We know
from several studies that congruent multisensory signals can lead
to illusory sensations of elongated limbs or other body parts in
the healthy brain (Craske et al., 1984; Lackner, 1988). Although
little is known about the central representation of the relative
length of limbs or body segments, it can be assumed that this
information is derived from cortical multisensory signals orig-
inating from several body segments, as there are no peripheral
receptors in the body that signals the size (or length) of body
segments (Gandevia and Phegan, 1999). One imaging study sug-
gests that the posterior parietal cortex has an important role in
this estimation of the size of individual body parts (Ehrsson et al.,
2005b), which is consistent with the neurological observation that

migraine or focal epilepsy originating from the parietal lobe can
produce the “Alice in Wonderland syndrome” which causes peo-
ple to experience body parts to be expanding or shrinking in
size (Lippman, 1952; Sveinbjornsdottir and Duncan, 1993; Todd,
1955). In addition, a study using neuromagnetic source imag-
ing (Schaefer et al., 2007) also showed that the illusory sensation
of an elongated arm was associated with a change in the corti-
cal distance between the representation of individual fingers in
primary somatosensory cortex (S1), suggesting the involvement
of this area in the generation and maintenance of the illusion.
Which of these neural mechanisms are at play in the manipu-
lation of the perceived position of phantom limbs in our study
remains speculative. In any case however, our behavioral results
show that dynamic re-calibration of hand position and arm length
by dynamic multisensory input in amputees is sufficient to over-
ride the neuro-anatomical mechanisms that led to the telescoping
in the first place. This is interesting as it suggest that phantom
limbs are susceptible to the same multisensory illusions of per-
ceived limb elongation as intact arms, emphasizing the similarities
between the central representations of phantom limbs and intact
limbs (in line with the ideas expressed by Ramachandran and
Hirstein, 1998).

DO ANY OF THESE EXPERIMENTAL PROCEDURES HAVE AN EFFECT ON
PHANTOM PAIN SENSATIONS?

According to the literature, telescoping tends to be related to
increased levels of phantom pain (Flor et al., 2006). Out of the
eight participants of our study, four reported to experience phan-
tom pain at the time of testing, and two reported relief from
pain following specific experimental procedures. The first patient
(P2) reported that his phantom pain completely vanished during
the two experimental conditions evoking the sensation of a non-
telescoped phantom, namely in the Synchronous Condition of
Experiment 1, and the Non-telescoped Condition of Experiment
2. This was remarkable, as he had been experiencing constant
phantom pain since his amputation 15 years prior to the current
study. Moreover, his phantom pain was resistant to pharmaco-
logical treatment, and therefore monitored through an electrical
stimulator implant to his spinal cord. The second patient (P6)
experienced a substantial reduction of pain in the Non-telescoped
condition of Experiment 2. Hence, interestingly for her the reduc-
tion of pain was more pronounced without visualization than with
visualization of an intact hand. P6 did however also report a slight
reduction of pain compared to baseline in all other experimen-
tal conditions. On questioning, she reported that these ratings
reflected the fact that any tactile stimulation on the stump in
itself tends to reduce her phantom pain sensations. In terms of
the time course of the effects, the two patients also differed from
each other. For P2 the pain returned to baseline levels immedi-
ately after the stroking was terminated. P6 in contrast reported
that the sensation of relief persisted for a few minutes before the
pain gradually came back. Of course, our sample size is too small
to draw any definite conclusions in regard to the effects of the cur-
rent experimental manipulation on phantom pain. However, the
responses of the two patients lead to two interesting observations:
neither the visualization of an intact hand (as in the rubber hand
illusion) nor illusory movement of the phantom (as in the MVE),
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seem to be necessary factors for the temporary relief of phantom
pain.

CONCLUSION

In sum, our current study demonstrates how the full-body illu-
sion can be used to manipulate the perceived position of phan-
tom limbs in amputees, and that telescoping sensations can
be temporarily revoked without involving any visualization of
an intact hand or illusory movement of the phantom hand.
It also provides preliminary evidence for the fact that these
manipulations can have an effect on phantom pain sensations.
These observations open up interesting avenues for a number
of potential future investigations. From a theoretical perspective,
it would be of great interest to conduct neuroimaging studies

to elucidate the differential neural mechanisms underlying the
illusory ownership of artificial limbs and those underlying the
illusory induced change of the perceived position of phantom
limbs in amputees. From a clinical perspective, our results set
the scene for further studies with larger groups of patients
aimed at systematically evaluating the respective effect of illu-
sory movement, visualization and referred touch on phantom pain
relief.
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