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What factors constrain whether tool use modulates the user’s body representations? To date, studies on
representational plasticity following tool use have primarily focused on the act of using the tool. Here,
we investigated whether the tool’s morphology also serves to constrain plasticity. In 2 experiments, we
varied whether the tool was morphologically similar to a target body part (Experiment 1, hand;
Experiment 2, arm). Participants judged the tactile distance between pairs of points applied to their
tool-using target body surface and forehead (control surface) before and after tool use. We applied touch
in 2 orientations, allowing us to quantify how tool use modulates the representation’s shape. Significant
representational plasticity in hand shape (increase in width, decrease in length) was found when the tool
was morphologically similar to a hand (Experiment 1A), but not when the tool was arm-shaped
(Experiment 1B). Conversely, significant representational plasticity was found on the arm when the tool
was arm-shaped (Experiment 2B), but not when hand-shaped (Experiment 2A). Taken together, our
results indicate that morphological similarity between the tool and the effector constrains tool-induced
representational plasticity. The embodiment of tools may thus depend on a match-to-template process
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between tool morphology and representation of the body.
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Tool use is one of the hallmark features of the human species.
Tools are used in dmost every facet of our lives, from the most
mundane (e.g., knives for dicing food) to the most awe-inspiring
(e.g., robotic surgical tools). Tools can help overcome the limita-
tions of our bodies, changing the way we interact with and ma-
nipulate the environment. However, the influence of tool useis not
limited to the way the body is used; tools can also change the way
we represent our own body.
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The idea that the brain treats a tool as part of the body has been
around for over a century (Butler, 1872). More recent empirical
support for this claim has come from neuroscience and experimen-
tal psychology (Maravita & Iriki, 2004). Using a tool leads to
plastic changes in the user’s body representations (i.e., represen-
tational plasticity). Studies with macaque monkeys (Iriki, Tanaka,
& Iwamura, 1996) and humans (Farng, Iriki, & Ladavas, 2005;
Maravita, Spence, Kennett, & Driver, 2002) have demonstrated
that the neural representation of the space around the hand extends
to include a tool after use. Tool use can also modulate represen-
tations of the body itself, as evidenced by changes in reaching
kinematics (Cardinali, Frassinetti, et al., 2009), distal shifts in
localization of touch on the arm wielding the tool (Cardinali et al.,
2011), and altered perception of the midpoint of the arm (Sposito,
Bolognini, Valar, & Maravita, 2012). Together, these results
indicate that tool use has widespread influences on the represen-
tation of not only the peripersona space surrounding the body but
also the body itself.

What factors constrain representational plasticity following tool
use? One proposal that has received considerable attention is that
plasticity is driven by the functional consequences of tool use.
Indeed, representational plasticity has been found following active
use (Bonifazi, Farne, Rinaldesi, & Ladavas, 2007; Farne et al.,
2005; Farné & Ladavas, 2000; Maravita, Clarke, Husain, & Driver,
2002; Maravita, Spence, et al., 2002; Serino, Bassolino, Farne, &
Ladavas, 2007), and in preparation to use the tool (Costantini,
Ambrosini, Sinigaglia, & Gallese, 2011; Holmes, Calvert, &
Spence, 2007; Witt, Proffitt, & Epstein, 2005), but not when the
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tool was passively held (Kao & Goodale, 2009; Maravita, Spence,
et a., 2002).

Another potential factor constraining plasticity—one that has
yet to receive attention from researchers—is the mor phology of the
tool. Tools do not need to be shaped like the body in order to be
effective. On the contrary, the efficacy of some tools (e.g., cork-
screws or knives) is critically dependent on the very fact that they
have morphological features very different from our bodies. Nev-
ertheless, the embodiment of an external object can be contingent
upon it having asimilar overall form (i.e., size and shape) to one's
own body. For example, the experience of illusory body ownership
of an object in the rubber hand illusion (RHI) is dependent on that
object having the overall shape of ahand (Haans, 1Jsselsteijn, & de
Kort, 2008; Tsakiris, Carpenter, James, & Fotopoulou, 2010; Tsa-
kiris, Costantini, & Haggard, 2008; Tsakiris & Haggard, 2005).

Although morphology constrains conscious feelings of embodi-
ment, such as the sense of limb ownership, whether or not mor-
phological constraints regulate plasticity induced by tool use is
currently unknown. Although we are certainly able to use tools that
are not shaped like our body or body parts, function is often
constrained by morphology. The tight coupling between a tool’s
shape and its usability increases the probability that tools shaped
like the body can be used like the body. Here, we hypothesized that
tool shape plays arolein modulating plasticity. In other words, we
explored whether tool-induced representational plasticity of a body
part is constrained by the tool’s morphological resemblance to that
body part. We tested the role of tool morphology in representa-
tional plasticity using a tactile distance judgment (TDJ) task,
which has been used in previous studies to measure plasticity of
body representations (de Vignemont, Ehrsson, & Haggard, 2005;
Tajadura-Jiménez et al., 2012; Taylor-Clarke, Jacobsen, & Hag-
gard, 2004). Unlike most previous studies (though see Canzoneri
et a., 2013), we administered the TDJ in two orientations: proxi-
modistally (i.e., along the width of the hand) and mediolaterally
(i.e., across the length of the hand). This alowed us to explore
whether any representational plasticity we observe would be man-
ifest as an overal size change or a shape change.

Perceiving the size of objects touching the skin depends on an
implicit representation of body form (Longo, Azanon, & Haggard,
2010). Accordingly, if tool use leads to representational plasticity,
we would expect to see changes in the perceived size of objects
contacting the skin surface. We measured changes in tactile size
perception on the hand and arm in four experiments manipulating
the morphological similarity between the tool and the effector. The
tools used in each experiment differed in their morphology (hand-
shaped or arm-shaped), but not in their functional “goa” (both
tools were used to grasp and move objects). We predicted that the
hand-shaped tool would lead to greater modulation of the implicit
representation of the hand, whereas the arm-shaped tool would
lead to greater modulation of the implicit representation of the arm.

M ethod

Participants

Fifteen adults (14 female) between 18 and 27 years of age
(mean = 21.01, SD = 2.03) participated in Experiment 1A. Fifteen
adults (13 female) between 19 and 27 years of age (mean = 21.58,
D = 1.99) participated in Experiment 1B. Fourteen participants
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(13 female) between 18 and 34 years of age (mean = 21.15, D =
3.96) participated in Experiment 2A. Ten participants (6 female)
between 18 and 25 years of age (mean = 21.47, D = 2.31)
participated in Experiment 2B. No participant took part in more
than one experiment. All participants were right-handed, as indi-
cated by self-report. The experiments were approved by the Uni-
versity of California, San Diego, ethics committee and all partic-
ipants gave informed consent.

Materials

In Experiments 1A and 2A, participants wore a custom-built
plastic hand-shaped tool, which was modeled after a human hand
(Figure 1A). Each finger of the tool contained biologically realis-
tic, fully adjustable “joints.” The user’s fingers and those of the
tool were connected via straps that allowed for control of each of
the tool’s fingers individualy. Thus, the fingers of the hand-
shaped tool were contingent upon the movement of the user's
actual fingers and resembled the user’s fingers in their dexterity.
The tool was approximately 21 cm wide, as measured from the
base of the pointer finger to the base of the pinky, and 45 cm long,
as measured from the base of the tool to the tip of the middle
finger. In Experiments 1B and 2B, participants used an 80-cm-long
arm-shaped mechanical grabber (Figure 1B). The grabber con-
sisted of a handle, along slender shaft, and pincers at its distal tip.
In contrast to the hand-shaped tool, the movement of the grabber’s
pincers did not retain the dexterity of a human hand. To grasp an
object with the grabber, participants squeezed a vertical handle in
order to horizontally close pincers at its distal tip. The movement
profile of the grabber’ s shaft, however, did resemblethe user’sarm
during movement. In both experiments, participants used their
assigned tool to pick up and move balloons.

In the TDJ task, touch was delivered using wooden posts, each
mounted on a square wooden block, and separated by three dis-
tances: 20, 30, and 40 mm. Each post was tapered to a flat point 1
mm in diameter.

Figurel. Tools used inthe experiments. (A) Hand-shaped tool used in
Experiments 1A and 2A. (B) Mechanical grabber used in Experiments
1B and 2B. The color version of thisfigure appearsin the online article
only.
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Figure2. Tactile distance judgment task. Depicted isatypical trial of the
tactile distance judgment task. In this case, the target body part is the hand,
and the control surface is the forehead. On thistrial, the participant is first
presented with two tactile points aong the forehead, and then, after
approximately 2 s, with two points along the hand. The participant then
makes averbal judgment about which body part was touched with a greater
distance. On this trial, the participant judged the two tactile points on the
hand to be further apart than on the head, consistent with the actual
physical difference. The color version of this figure appears in the online
article only.

Procedure

The experiments began with a pre-tool use TDJ, followed by
tool use, and a post-tool-use TDJ. In the TDJ (see Figure 2), touch
was administered to atarget and reference surface. In Experiments
1A and 2A, the target surface was the dorsum of the hand, whereas
it was the dorsum of the forearm in Experiments 1B and 2B. The
reference surface was the forehead in all experiments. Participants
made unspeeded two-alternative forced-choice verbal judgments
about which body surface was stimulated with the greatest tactile
distance (“hand/arm” or “forehead”). One of five distance pairs
was used to administer touch to the forehead and hand/arm on each
trial (target/reference): 40/20 mm, 30/20 mm, 30/30 mm, 20/30
mm, 20/40 mm. Tactile stimulation in each trial occurred in one of
two orientations: across (hand/arm = mediolateral; forehead =
eye-to-eye) or along (hand/arm = proximodistal; forehead =
nasion to hairline) the body surface. Each distance pair was applied
8 times in each orientation, yielding atotal of 80 trials, 40 in each
orientation. The body part that was stimulated first (target or
reference) was counterbalanced for each distance combination and
orientation. The procedure was split into two blocks (40 trias
each), separated by an 8-min break in the pre-tool-use condition or
8 min of tool use in the post-tool-use condition. On each trial, the
distance combination, stimulus orientation, and order in which
body surfaces were stimulated were selected from a randomized
list of al possible stimulation combinations for that block. Tactile
stimuli were applied manually by the experimenter, and lasted
roughly 1 s, with an approximately 2-sinterstimulus interval when
switching between surfaces.

Immediately following the pre-tool-use TDJ, participants were
asked to use thetool. They were instructed to pick up aballoon and
place it into a bucket repeatedly. The balloon was initially posi-
tioned approximately at the subject’s midline and approximately
75 cm from their body in Experiments 1A and 2A, and approxi-
mately 110 cm in Experiments 1B and 2B; the bucket was placed
approximately 75 cm to the right of the subject’ s midline. Once the
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balloon was placed inside the bucket by the subject, the experi-
menter removed it and placed it back into position. Three differ-
ently sized balloons were used during the course of the task and
were aternated to keep the task engaging. The grasping task for
the two tools varied slightly because of the differences in their
dexterity. The task for the hand-shaped tool was asfollows: For the
3 min, subjects picked up the balloons using a power grip. For 1
min each, the subjectsfirst picked up the largest, then medium, and
then smallest balloon. Subjects then picked up the smallest balloon
using a precision grip with each thumb-—finger combination
(thumb—pointer, thumb—middle, thumb—ing, thumb—pinky) for 1
min each, totaling 4 min. For the final minute, subjects again used
a power grip to pick up the smallest balloon. The task for the
mechanical grabber was as follows: For the first 3 min, subjects
picked up the balloons with the grabber’s pincers. For 1 min each,
the subjects first picked up the largest, then medium, and then
smallest balloon. Subjects then spent the next 4 min aternating
between picking up the medium-sized and smallest balloons. The
final minute was spent picking up the smallest balloon. This task
was self-paced, and was done twice, each instance lasting approx-
imately 8 min, for a total of 16 min of tool use during the course
of each experiment.

Analysis Methods

Psychophysical curve fitting was used to measure changes in
tactile size perception on the hand following tool use. The curve-
fitting procedure and al corresponding analyses were performed
with MATLAB (The MathWorks, Natick, MA) using the Pala-
medes Toolbox (Prins & Kingdom, 2009). Logistic functions were
fit to each participant’s pre- and post-tool-use response profiles
using a maximum likelihood procedure (Wichmann & Hill,
2001a). We then extracted from each curve the point of subjective
equality (PSE; the point on the psychometric curve that crosses
50%, and indicates the point at which the two stimuli would be
perceived as equal) and the just-noticeable difference (JND). In
this context, the PSE is a measure of anisotropy in tactile size
perception, whereas the IND is a measure of discriminative sen-
sitivity. We used changes to the PSE and JND in each dimension
as dependent measures in repeated measures ANOV As to evaluate
the effects of tool use.

In addition to statistical analyses using dependent measures
derived from the psychometric curves, we also compared the
group-level curves for pre- and post-tool-use TDJ directly using a
permutation test called a likelihood ratio test (LRT; Wichmann &
Hill, 2001b). P values for the LRT correspond to the ratio of the
simulated data sets that had larger likelihood values than the true
data. Each LRT was based on 5,000 simulations. If the number of
simulated likelihood values greater than the true data exceeded
250, the pre- and post-tool-use curves were not considered signif-
icantly different (i.e.,, p > .05).

Results

We depict the results first as psychophysical curves for pre- and
post-tool-use data (Figures 3 and 4), followed by comparisons
within and across experiments (Figure 5).
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Experiment 1A: Hand-Shaped Tool and Tactile
Per ception on the Hand

Significant modulations of tactile size perception on the hand
were found following the use of the hand-shaped tool. Tool use
changed tactile size perception on the hand in both orientations
(Figure 3; Figure 5A). A 2 (Tool Use: Pre, Post) X 2 (Orientation:
Across, Along) repeated-measures analysis of variance (ANOVA)
with PSE as the dependent measure revealed main effects of tool
use, F(1, 14) = 4.73, p = .047, 71;23 = 0.25, and orientation, F(1,
14) = 8.83, p = .01, nj = 0.38. We a'so found a highly significant
interaction between the two factors, F(1, 14) = 48.88, p < .0001,
m3 = 0.78, which was driven by opposing changes in tactile size
perception on the hand for each orientation. Tool use led to an
increase in tactile size perception across the hand (8.9% increase),
t(14) = 3.64, p = .003, n? = 0.49, and a decrease along the hand
(17.3% decrease), t(14) = —7.53, p < .001, n? = 0.80.

Tool use did not change the discriminative sensitivity on the
hand as measured by the IND. A 2 (Tool Use: Pre, Post) X 2
(Orientation: Across, Along) repeated-measures ANOVA reveaed
amain effect of orientation, F(1, 14) = 5.34, p = .037, 3 = 0.28,
likely reflecting preexisting differences in the sensitivity on the
hand and forehead. No other main effects or interactions were
found (all Fs < 1.75; al ps > 0.2).

Analysis of the group-level psychometric curves also demon-
strated analogous results. LRTs demonstrated that tool use signif-
icantly changed tactile size perception across (p = .02) and along
(p < .001) the hand (see Figure 3). Significant changes in the
post-tool-use curves were driven by changes in the PSE (all ps <
0.05) and not the JND (al ps > 0.1).

Experiment 1B: Arm-Shaped Tool and Tactile
Per ception on the Hand

In striking contrast to the hand-shaped tool, the use of the
arm-shaped mechanical grabber did not lead to tool-induced mod-
ulations on the hand in either orientation (Figure 5A). A repeated
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Figure3. Pre- and post-tool-use curves for Experiment 1A. The pre-tool-
use (black) and post-tool-use (gray) curves along (left) and across (right)
the hand. The y-axisisthe probability that the subject responded that touch
on the hand felt larger than the forehead for each distance combination
(x-axis). Crosshairs in the center of each plot correspond to the point
crossing the 50% mark on the y-axis (horizontal line) and the middle
distance combination (vertical ling). A clear rightward shift in the along
post-tool-use curve indicates a compression in the perceived tactile size of
stimuli. The leftward shift in the across post-tool-use curve indicates an
expansion in the perceived tactile size of stimuli. The color version of this
figure appears in the online article only. * p <0.05. ** p <0.01.

MILLER, LONGO, AND SAYGIN

ALONG ACROSS
~ 100 100 o
T 80 80 7
D %
© 60 60
= ol i ol / i
E 20 A 20 i
5 | —Pre | —Pre
o O i -Post 0 i Post

3/3I 3/2 412 2/4 2/3 I3/3 3/2 412
Arm/Head (cm)

2/4 2/3

Figure4. Pre- and post-tool-use curves for Experiment 2B. The pre-tool-
use (black) and post-tool-use (gray) curves along (left) and across (right)
the hand. The y-axisis the probability that the subject responded that touch
on the arm felt larger than the forehead for each distance combination
(x-axis). Crosshairs in the center of each plot correspond to the point
crossing the 50% mark on the y-axis (horizontal line) and the middle
distance combination (vertical ling). A clear rightward shift in the along
post-tool-use curve indicates a compression in the perceived tactile size of
stimuli. The leftward shift in the across post-tool-use curve indicates an
expansion in the perceived tactile size of stimuli. The color version of this
figure appears in the online article only. * p < 0.05. ** p < 0.01.

measures ANOV A on the PSE found no significant interactions or
main effects (all Fs < 0.1; al ps > 0.7). A repeated measures
ANOVA on the IND found no significant main effects or interac-
tions (atrend for amain effect of orientation, F[1, 14] = 3.32,p =
.09, n3 = 0.19; other Fs < 0.15, al ps > 0.7). Anaysis of the
psychometric curves using LRT also found no differences between
the pre- and post-tool-use curves (all ps > 0.7).

Experiment 1A Versus 1B

In order to more precisely confirm our hypothesis that tool
shape modul ates tactile size perception, it is necessary to demon-
strate that changes in TDJ following the use of the hand-shaped
tool is significantly greater than that for the arm-shaped grabber.
We therefore performed a 2 X 2 ANOVA with the type of tool
used (hand-shaped, arm-shaped) as a between-subjects factor, and
the orientation of touch (across, along) as a within-subjects factor,
with the dependent measure being the difference between the pre-
and post-tool-use PSEs. Changes in tactile size perception signifi-
cantly differed based on the type of tool used (Figure 5A). Thecritical
interaction between tool type and orientation was significant,
F(2, 28) = 17.22, p < .001, m = 0.38. Follow-up pairwise compar-
isons demonstrated a significant difference in size change between the
two experiments for TDJ both across, t(28) = 2.40, p = .02, 42 =
0.17, and dong, t1(28) = —3.24, p = .003, n? = 0.27, the hand.

Experiment 2A: Hand-Shaped Tool and Tactile
Perception on the Arm

The hand-shaped tool did not lead to significant changes in
tactile size perception on the arm in either orientation (Figure 5B).
A 2 (Tool Use: Pre, Post) X 2 (Orientation: Across, Along)
repeated-measures ANOVA on the PSEs revealed a significant
main effect of orientation, F(1, 13) = 10.68, p = .006, n3 = 0.45,
because of preexisting orientation-specific differences in tactile
size perception on the arm. No other main effects or interactions
were found (all Fs < 1; al ps> 0.38]. Similar results were found
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for the INDs: There was a significant main effect of orientation,
F(1, 13) = 28.93, p < .0001, m3 = 0.69, and a marginaly
significant main effect of tool use, F(1, 13) = 3.59, p = .08, n§ =
0.22. However, the crucial interaction was not significant, F(1,
13) = 0.19, p = .67. Analysis of the psychometric curves using
LRTsalso found no differences between the pre- and post-tool-use
curves (al ps > 0.6).

Experiment 2B: Arm-Shaped Tool and Tactile
Per ception on the Arm

In striking contrast to Experiment 2A, aswell as Experiment 1B,
we found significant changes to tactile size perception on the arm
following the use of the arm-shaped tool (Figure 4; Figure 5B).
Tool use changed tactile size perception on the arm in both
orientations. A 2 (Tool Use: Pre, Post) X 2 (Orientation: Across,
Along) repeated-measures ANOVA on the PSEs revedled a sig-
nificant main effect of orientation, F(1, 9) = 39.41, p < .0001,
Mz = 0.81, but no significant main effect of tool use, F(1, 9) =
0.42, p = .53. Like Experiment 1A, we found a significant inter-
action between tool use and orientation, F(1, 9) = 14.62, p = .004,
Mz = 0.62, demonstrating opposing changes on the arm for each
orientation. Tool use led to an increase in tactile size perception
across the arm (16.5% increase), t(9) = 2.72, p = .024, 12 = 0.45,
and a decrease along the arm (22.5% decrease), t(9) = —2.95,p =
.016, n? = 0.49.

Tool use did not change the discriminative sensitivity on the
arm. An ANOVA on the INDs revealed a significant main effect
of orientation, F(1, 9) = 6.44, p = .036, g = 0.42. No other main
effects or interactions were found (all Fs < 1.5; al ps > 0.25).

Analysis of the group-level psychometric curves also demon-
strated that tool use modulated tactile size perception on the arm.
LRTs demonstrated that tool use significantly changed tactile size
perception across (p = .018) and along (p < .0001) the arm (see
Figure 4). Significant changes in the post-tool-use curves were
driven by changesin the PSE (all ps < 0.001) and not the JND (all
ps > 0.1).
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Figure 5. Tool-induced changes in the PSE for al experiments. (A) For
Experiment 1, the hand was the target body part. (B) For Experiment 2, the
forearm was the target body part. Dashed bars indicate the effect of the
hand-shaped tool, whereas solid gray bars indicate the effect of the arm-
shaped tool. Significant changes in tactile size perception were found in
both orientations for both experiments, but only when the tool was shaped
like the target body part. * p < .01. ™ p < .001.
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Experiment 2A Versus 2B

As with Experiments 1A and 1B, we tested whether the mea-
sured changes following the use of the arm-shaped grabber were
significantly greater than that for the hand-shaped tool. We per-
formed 2 X 2 ANOVA with the type of tool used (hand-shaped,
arm-shaped) as a between-subjects factor, and the orientation of
touch (across, along) as a within-subjects factor, with the depen-
dent measure being the difference between the pre- and post-tool-
use PSEs. Changes in tactile size perception significantly differed
based on the type of tool used (Figure 5B). The interaction be-
tween tool type and orientation was significant, F(2, 22) = 14.25,
p = .001, n3 = 0.39. Follow-up pairwise comparisons demon-
strated a significant difference in size change between the two
experiments for TDJ both across, t(22) = 2.55, p = .02, 7> = 0.23,
and along, t(22) = —3.01, p = .007, 1 = 0.29, the arm.

Experiment 1 Versus 2: Shape Modulation

Experiments 1A and 2B found that tool use led to opposing
changes in tactile size perception across and along their respective
target body parts. This suggests that the implicit body representa-
tion that underlies tactile size perception has changed its repre-
sented shape. To quantify this shape change for al four experi-
ments (see Figure 6), we calculated a shape modulation index,
which is expressed as a ratio of change between the width and
length of the hand representation (Longo & Haggard, 2010). The
shape modulation index was calculated as follows:

o 100 + 9% change in hand width
Shape modulation index =

100 + % change in hand length

To compare the shape modulation across all four experiments,
we performed a2 X 2 ANOVA with target body part (hand, arm)
and tool shape (hand, arm) as between-subjects factors. Main
effects for target body part, F(1, 53) = 3.11, p = .08, n3 = 0.06,
and tool shape, F(1, 53) = 3.64, p = .06, g = 0.07, trended but
did not reach significance. Crucially, the interaction between target
body part and tool shape was significant, F(1, 53) = 27.65, p <
.0001, n5 = 0.36, indicating a relationship between the shape of
the tool and the body part targeted for tool-induced represen-
tational plasticity (see Figure 6). When the tool was hand-
shaped, there was a significantly larger shape modulation on the
hand than the arm (hand = 1.33 versus arm = 1.02), t(27) =
4.16, p < .0001, n> = 0.39; the opposite pattern of results was
found for the arm-shaped tool (hand = 1.04 versus arm = 1.66,
t(23) = 3.62, p = .001, n? = 0.36.

Discussion

We investigated whether tool-induced representational plastic-
ity, as measured by a change in tactile size perception, was
contingent upon whether the tool and the effector wielding the tool
were morphologicaly similar. Participants wielded one of two
tools, a hand-shaped tool (Figure 1A; Experiments 1A and 2A) or
an arm-shaped grabber (Figure 1B; Experiments 1B and 2B).
Tactile size perception was tested before and after the use of the
tool on the hand (Experiments 1A and 1B) or the forearm (Exper-
iments 2A and 2B). We found that using a tool led to opposing
changes in tactile size perception in each orientation of the target
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Figure 6. Shape modulation index. (A) The shape modulation index for
each experiment plotted as a function of tool shape (x-axis). “None”
corresponds to the shape of the representation before tool use. Black bars
with dashed lines correspond to experiments in which the hand was the
target body part (Experiments 1A and 2A). Solid gray bars correspond to
the experiments in which the arm was the target body part (Experiments 1B
and 2B). (B) A graphical depiction of the effect of each tool shape on the
arm and hand representations. Only body parts that were shaped like the
tool underwent a modulation in shape. ** p < .001. The color version of
this figure appears in the online article only.
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body part, namely, expansion across the limb, and compression
along it. However, these findings were only found when the tool
and target body part were morphologically similar (e.g., for the
hand-shaped tool on the hand). No plasticity was found when the
shape of the tool and the target body part did not match (e.g., for
the hand-shaped tool on the arm). Effects of the tool used inter-
acted significantly with target body part. Therefore, we demon-
strated that the magnitude of plasticity to the implicit representa-
tion of an effector is constrained by whether the tool
morphologically resembles said effector. Taken together with pre-
vious results emphasizing the importance of functional constraints
(Bonifazi et a., 2007; Farne et a., 2005; Farné & Ladavas, 2000;
Holmes et a., 2007; Maravita, Clarke, et a., 2002; Maravita,
Spence, et al., 2002; Serino et al., 2007; Witt et al., 2005), we
conclude both function and morphology influence tool-induced
representational plasticity.

Representational Plasticity and Tool M orphology

Two aspects of morphological similarity may have driven the
observed representational plasticity: similarity between the struc-
ture of the tool and the body (structural similarity), and/or the
similar dexterity between the tool and the body (sensorimotor
similarity). Although structural similarity, which is likely to in-
volve visual processing, had not been studied as a modulator of
tool-induced representational plasticity, it has been studied for
other perceptual phenomena related to body representations. For
example, in the visual enhancement of touch effect, tactile spatial
acuity on abody part isincreased when viewing that body part, but
not a non-body-shaped object (Kennett, Taylor-Clarke, & Hag-
gard, 2001).
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Perhaps more relevant to the present findings is the shape
specificity found for the RHI, in which temporally synchronous
stroking by a paintbrush applied to a prosthetic hand in view and
the participant’s own hand that is hidden from view gives rise to
the illusion that the prosthetic hand is the participant’s own hand
(Botvinick & Cohen, 1998). This illusion of ownership does not
occur for non-hand-shaped objects (Tsakiris et al., 2010; Tsakiris
& Haggard, 2005). Although the embodiment of a prosthetic hand
depends on its structural similarity to the shape of a hand, it does
not seem to depend on other aspects of visua similarity. For
example, severa studies have found that the presence of a RHI is
not dependent upon whether subjects shared the same skin color as
the prosthetic hand (Farmer, Tajadura-Jimenez, & Tsakiris, 2012;
Holmes, Snijders, & Spence, 2006; Longo, Schuur, Kammers,
Tsakiris, & Haggard, 2009; Maister, Sebanz, Knoblich, & Tsakiris,
2013). Similarly, although the structure of our hand-shaped tool
resembles that of ahand, other visual aspects of the tool are vastly
different than a human hand. Whereas the skeletal structure of the
tool is similar to a hand, it lacks the volumetric properties that
characterize real human hands. Further, the color of the tool (i.e.,
mostly white) is significantly different than the skin color of our
participants. Similar differences exist between the arm-shaped
grabber and the user's arm. As is the case in the RHI, the repre-
sentation(s) involved in the embodiment of tools are likely under-
specified and not self-specific.

There are a number of aspects of the tools other than shape that
need to be considered in relation to the plasticity effects that are
our primary interest. For example, in addition to shape, the tools
also differed in size, which can modulate the magnitude of plas-
ticity (Farne et a., 2005; Sposito et a., 2012). In all of our
experiments, the goals of the two tools wereidentical (i.e., picking
up and moving balloons). However, each tool achieved this goal
by atering body size in different ways. The hand-shaped tool did
so by increasing hand size, while not increasing the reaching space
of the arm—tool—object interactions still occurred within perihand
space. Conversely, the arm-shaped grabber achieved its goal by
extending the user’ s reaching space. It istherefore possible that the
grabber’s pincers were too distal in external space to modulate the
user's hand representation. Effects of gross size are unlikely to
fully explain our data, however, given that previous research using
a short arm-shaped tool, which was of comparable size with our
hand-shaped tool (40 cm), did find plasticity to the arm represen-
tation but not the hand representation (Cardinai et al., 2011;
Cardinali, Frassinetti, et al., 2009). Nevertheless, an influence of
tool size would still demonstrate that the structural morphology of
the tool constrains representational plasticity, athough it would
not be able to speak as directly to the issue of structural and shape
similarity between body and tool.

Another aspect to consider is somewhat separate from structural
morphology: the sensorimotor similarity between the tool and the
user’s body. As described earlier, the hand-shaped tool increased
the user’ s functional hand size, and it did so while still maintaining
the dexterity of the user's own hand. The functional mapping
between the user’s and the tool’s fingers were essentialy one-to-
one. In contrast to the hand-shaped tool, the distal pincers of the
grabber did not map directly onto the functionality of the hand and
the fingers. Because of said differences in functional mapping,
each tool might have influenced different body part representa-
tions, even though they were used to achieve the same goal (i.e.,
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picking up and moving balloons). This process may also be influ-
enced by differential patterns of proprioceptive feedback during
the use of each tool. These aspects, like tool length, discussed
previously, are broadly related to structural similarity, but need to
be evaluated in more detail in future studies building on the present
findings. Preliminary results appear to indicate that motor com-
plexity of wielding the tool and proprioceptive feedback differ-
ences are unlikely to be the main driver of the representational
plasticity effects observed in the present study (Miller, Longo, &
Saygin, 2013b).

Overall, in consideration of these data and previous research, we
show that both structural and sensorimotor similarity can be po-
tential modulators of representational plasticity. Of course, how
the tool is used (i.e, its function) is often constrained by its
physical structure, and vice versa. Tools that are shaped like hands
will likely have a greater probability of being used like a hand than
tools that are not hand-shaped. The structural and sensorimotor
similarity of thetool are therefore intimately related, at least during
typical use of the tool. Experimental work in which these factors
can be teased apart can reveal the role of each aspect of morpho-
logical similarity to quantify how much each contributes to the
embodiment process.

M echanisms Underlying Representational Plasticity

What are the mechanisms that underlie our finding that tool
morphology constrains representational plasticity? One potential
explanation comes from an influential hypothesis in the RHI
literature called the body model hypothesis (Tsakiris et al., 2010).
According to this hypothesis, embodiment requires a match-to-
template process in which the morphology of the object is com-
pared against a stored representation of body structure, and ac-
cordingly, representational plasticity would be constrained by
whether an external object is structurally similar to the body.
Although several recent findings have called into question the
explanatory limits of the body model hypothesis for the RHI (e.g.,
participants can be made to experience ownership over three arms;
Ehrsson, 2009; Guterstam, Petkova, & Ehrsson, 2011; but see de
Vignemont & Farné, 2010 and Folegatti, Farng, Salemme, & de
Vignemont, 2012), or even a volume of empty space (Guterstam,
Gentile, & Ehrsson, 2013), our findings are neverthel ess thefirst to
implicate a match-to-template process in tool-induced plasticity.
Further, although the template discussed in the RHI is often a
visual one, our results leave open the possibility that tools access
a sensorimotor template when targeting specific body parts during
embodiment. This sensorimotor body template may explain how
we can use certain tools despite them having little to no visua
resemblance to the body (see the Body Representations and Tool
Embodiment section for a more thorough discussion of this point).

We can gain more insight into the observed representational
plasticity by considering possible neural mechanisms underlying
tactile size perception. Whereas tactile size perception is depen-
dent upon an implicit representation of body morphology (Longo
et a., 2010), likely in posterior parietal cortex (PPC), it has also
been tied to the geometry of receptive fields (RFs) in primary
somatosensory cortex (SI; Longo & Haggard, 2011). Visua body
information from the PPC—which may store the visual body
template discussed in the previous paragraph (Konen & Haggard,
2012)—can modulate levels of intracortical inhibition (Cardini,
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Longo, & Haggard, 2011), atering SI RF geometry (Haggard,
Christakou, & Serino, 2007). Changes to intracortical inhibition
often differentially affect different axes of the RF, leading to
anisotropic changes in its shape (Alloway, Rosenthal, & Burton,
1989). Furthermore, neurophysiology studies have found that tool
use modulates neuronal processing in both primary somatosensory
cortex and posterior parietal cortex in the macague monkey (lriki
et a., 1996; Quallo et a., 2009). We thus suggest that top-down
signals from the PPC during tool use may cause anisotropic
changes in SI RF geometry, leading to the observed plasticity to
tactile size perception.

The Relationship Between Plasticity
and Represented Shape

Following use of the hand-shaped tool, did the underlying hand
representation become short and squat, or skinny and long? The
answer to this question is dependent upon on how we conceptu-
alize the relationship between the size of an implicit limb repre-
sentation and the perceived size of touch on that limb. Two
opposing views have been discussed in the literature, which we
summarizein Figure 7. In oneview, there is an inverse relationship
between representational size and perceived tactile size. As the
size of the representation increases, two points of touch on the
somatosensory homunculus in Sl are remapped onto smaller ana-
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Figure 7. Relationship between tactile size perception and body repre-
sentations. Tactile size perception may have an inverse (A) or proportional
(B) relationship with the dimensions of an implicit representation of body
morphology. In the pre-tool-use condition, two points of touch in the
somatosensory homunculus of the hand in primary somatosensory cortex
(SI; the hand on the left in each pairing) are mapped onto congruent
locations on the implicit hand representation in the posterior parietal cortex
(PPC; the hand on the right in each pairing). According to the inverse
model (A), the decrease in tactile size perception observed in the post-
tool-use condition would be the result of mapping two points of touch onto
a smaller anatomical location on the implicit representation because of an
increase in its size. Conversely, the proportional model (B) states that the
decrease in tactile size perception is because of a corresponding decrease
in the size of the implicit representation. (C) The perceived tactile size,
represented by aline between the two points of touch, is equivalent for both
models pre- and post-tool use. The color version of this figure appears in
the online article only.
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tomical locations on the implicit body representation in the PPC,
leading them to be perceived as closer together. In the other view,
there is a proportional relationship between representational size
and perceived tactile size. As the size of the representation de-
creases, so does the perceived distance between two points of
touch. This view is espoused by Longo and Haggard (2011), who
propose that the dimensions of implicit body representations are
dependent upon the geometry of receptivefieldsin Sl. Inthisview,
tactile size perception is inextricably linked to the dimensions of
the implicit body representation.

A recent study (Canzoneri et al., 2013) found that using a
long rake led to a decrease in tactile size perception proxim-
odistally on the arm (consistent with our results) and a concur-
rent distal shift in tactile localization (consistent with Cardinali,
Frassinetti, et al., 2009). Although these findings may lend
empirical support for the inverse view, the lack of correlation
between the magnitude of plasticity in the two tasks suggests
caution in making a straightforward interpretation. However,
several studies using different methods have found evidence
that tool use increases the represented size of body parts. For
example, atool-user’s reaching kinematics are modulated in the
direction expected if the length of their arm representation had
increased (Cardinali et al., 2012; Cardinali, Frassinetti, et al.,
2009). Further, there is a distal shift in the location where
participants bisect their arms after tool use, suggesting that their
arm is represented as longer post-tool use (Sposito et al., 2012).
Although there are likely differences between representations
underlying kinematics and tactile perception (see the Body
Representations and Tool Embodiment section), these studies at
least lend indirect support to the inverse view.

Although our data do not allow us to definitively resolve the
issue, we are inclined to interpret our results within the framework
of the proportional model. Under this view, the implicit hand
representation would become short and squat following use of the
hand-shaped tool. Support for the proportional view comes from
studies showing a positive relationship between perceived tactile
size and cortical magnification (Gibson & Craig, 2005; Taylor-
Clarke et al., 2004). Increases in tactile size perception have been
observed when changes in visua (Taylor-Clarke et a., 2004),
auditory (Tajadura-Jiménez et al., 2012), or proprioceptive (de
Vignemont et al., 2005) input led to the perception that the limb
had increased in size. Further, consistent with findings from the
TDJ (Longo & Haggard, 2011), a paradigm requiring participants
to explicitly locate landmarks on their hand (psychomorphometric
paradigm) found that the dorsal surface of the hand is perceived as
short and squat (Longo & Haggard, 2010). The correspondence
between findings from the psychomorphometric paradigm and the
TDJ suggest that the two tasks rely on the same implicit body
representation. Although this needs to be verified in future studies,
we observed the same pattern of tool-induced shape plasticity for
an explicit, visual body representation in a preliminary study
(Miller, Longo, & Saygin, 20133a).

Knowing the relationship between tactile size perception and
body representation shape would help resolve an apparent conflict
between our findings and previous research. How can tool use lead
to an apparent lengthening of the arm representation (Cardinali et
al., 2011; Cardinali, Frassinetti, et a., 2009; Sposito et a., 2012)
and compression in tactile size perception? There is no conflict if
the inverse view is correct. However, if the proportional view is
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correct, a discrepancy exists between findings using the TDJ and
other paradigms, such as tactile localization (Canzoneri et al.,
2013; Cardinai et al., 2011; Cardinali, Frassinetti, et a., 2009).
One potential explanation for this discrepancy comes from the
psychophysics literature on tactile localization. Tactile localization
is more accurate on skin surfaces with high spatial acuity (Cody,
Garside, Lloyd, & Poliakoff, 2008). Viewing the body, which
increases tactile spatial acuity (Kennett et al., 2001), could aso
increase the speed of tactile localization (Press, Taylor-Clarke,
Kennett, & Haggard, 2004) and compress tactile size perception
(Longo & Sadibolova, 2013). Examination of Figure 5 in Canzo-
neri and colleagues (2013) reveals that the perceptual distalization
of touch following tool use reflects a decrease in spatial localiza-
tion error. Although the relationship between tactile size percep-
tion and localization is complicated and needs to be further spec-
ified, it is possible that both compression and distalization reflect
similar tool-induced modulations to the mechanisms underlying
tactile spatial perception.

Body Representations and Tool Embodiment

How to conceptualize body representations has been a major
topic of debate in psychology for decades. To date, there is little
agreement between researchers, both scientists and philosophers,
on how many representations of the body there are and their
functional properties. On the one hand, researchers hope to capture
the complexities of what it is like to have a body (Longo &
Haggard, 2012b), whereas, on the other hand, not inventing a new
body representation for every novel task (Kammers, Mulder, de
Vignemont, & Dijkerman, 2010).

Perhaps the most common taxonomy divides representations of
the body into those for action (body schema) and those for per-
ception (body image; de Vignemont, 2010; Dijkerman & de Haan,
2007; Gallagher, 1986). The body schema is conceptualized as an
online sensorimotor representation of the body that is continually
updated as the body’s posture changes. The body image, in con-
trast, is conceptualized as an offline representation that structures
first-person body perception in the visual and somatosensory mo-
dalities. Empirical studies of both neurologica patients (Paillard,
1999; Rossetti, Rode, & Boisson, 1995) and healthy participants
(e.g., Kammers, de Vignemont, Verhagen, & Dijkerman, 2009;
Kammers, van der Ham, & Dijkerman, 2006) have lent support to
this distinction. Other researchers have sought to elaborate on this
dyadic view of the body. For example, Longo and Haggard (2010,
2012a) have proposed a representation that they call the body
model, which is distinct from both the body schema and body
image. Under this view, the body image is best conceived of as a
visual representation of body shape, whereas the body model is
primarily somatosensory (Longo et a., 2010).

As of now, we have used the somewhat generic term implicit
body representation when referring to the representation(s) under-
lying tactile perception. Although our results do not directly speak
to how to best divide and enumerate body representations, what
levels of body-related processing are affected by tool embodiment
is an important empirical question. A discussion on how to con-
ceptualize our results in terms of a specific body representation is
therefore warranted.

Several theorists have claimed that tasks measuring tactile per-
ception tap into a tactile body image (de Vignemont, 2010; Dijk-
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erman & de Haan, 2007). However, including visual and somato-
sensory measures of body shape under the representation “body
image” ignores differences in how accurately judgments in each
modality reflect actual body shape—for example, somatosensory
judgments appear to retain homuncular distortions (Longo & Hag-
gard, 2010, 2011), whereas visua judgments are more veridical
(Longo & Haggard, 2012a). We believe that this important differ-
ence is best captured by a distinction between the body image and
body model. Given the distortions observed in tool-induced mod-
ulations to tactile perception (this study; Canzoneri et a., 2013;
Cardindi et al., 2011; Cardinali, Frassinetti, et a., 2009), these
effects might be thought of as changes to a primarily tactile body
model.

The necessary and sufficient conditions of tool embodiment
likely differ between body representations. Our data suggests that
representational plasticity to a body part within the body model is
crucially dependent upon whether the tool is morphologically
similar to that body part. This appears to be the case for the body
schemaaswell. Cardinali, Frassinetti, and colleagues (2009) found
that using an arm-shaped tool led a change to the arm— but not the
hand—representation in the body schema. However, if represen-
tational plasticity is a necessary precondition for the ability to use
atool, template matching proposes a problem, aswe are able to use
objects whose shape does not clearly match any body part template
(e.g., corkscrews). This problem may be remedied if the necessity
of tool shape is dependent upon the type of representation under-
going embodiment. One important functional characteristic that is
shared between the body model and body schema is that they are
both about the body itself, and are inextricably linked to its shape.
Peripersonal space, on the other hand, is not specifically about the
body proper (Cardinali, Brozzoli, & Farng, 2009), but is instead
about the space between the body and objects within its current
action space (Brozzoli, Ehrsson, & Farng, 2013). Embodiment of
tools into peripersonal space may therefore depend more upon
whether an object modifies the boundaries of the user’s action
space and less upon whether that object has a close physical
resemblance to the body. Indeed, tools baring no resemblance to a
hand (e.g., sticks) have been shown to modify the boundaries
where multisensory interactions between touch on the hand and
visual objects can take place (Farne et al., 2005; Farne & Ladavas,
2000; Maravita, Spence, et a., 2002). The relative indifference to
the tool’ s shape of some representations related to the body would
allow for our ability to embody and use tools that bear little to no
resemblance to our own bodies.

These differences in body representations have important
implications for the design of prosthetic limbs. The goal of
prosthetic use—incorporation into the sense of bodily self
(Murray, 2004)—is aided by the usability of the prostheses
(Nico, Daprati, Rigal, Parsons, & Sirigu, 2004), underscoring
the importance of sensorimotor processes in embodiment. Our
findings, on the other hand, demonstrate the importance of
structural similarity in representational plasticity, especially for
body representations that are specifically body-oriented (e.g.,
body schema and body model). This suggests that cosmetic
aspects of prosthetic design may further aid in its embodiment
into multiple levels of body representation, leading to less cases
of prosthetic rejection.
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Conclusion

We found that functional use of atool led to representational
plasticity on two body parts, the hand and arm, but only when
the tool was shaped like that body part. These results demon-
strate that the morphology of a tool constrains representational
plasticity. Morphological similarity has previously been shown
to constrain the embodiment of rubber hands, suggesting that
sensitivity to shape may reflect a widespread property of body
representations and embodiment. Our results indicate that both
function and morphological similarity are necessary for the
embodiment of tools, factors that should be taken into consid-
eration for prosthetic design.
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