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Abstract Two decades of research have demonstrated that
using a tool modulates spatial representations of the body.
Whether this embodiment is specific to representations of
the tool-using limb or extends to representations of other
body parts has received little attention. Several studies of
other perceptual phenomena have found that modulations
to the primary somatosensory representation of the hand
transfers to the face, due in part to their close proximity
in primary somatosensory cortex. In the present study, we
investigated whether tool-induced recalibration of tactile
perception on the hand transfers to the cheek. Participants
verbally estimated the distance between two tactile points
applied to either their hand or face, before and after using
a hand-shaped tool. Tool use recalibrated tactile distance
perception on the hand—in line with previous findings—
but left perception on the cheek unchanged. This finding
provides support for the idea that embodiment is body-part
specific. Furthermore, it suggests that tool-induced percep-
tual recalibration occurs at a level of somatosensory pro-
cessing, where representations of the hand and face have
become functionally disentangled.
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Introduction

Tool use recalibrates the user’s spatial body representa-
tions, a phenomenon known as tool embodiment. In their
seminal study, Iriki et al. (1996) found that the visual recep-
tive fields of bimodal visuo-tactile neurons in the macaque
parietal cortex extended to include the body of a rake
after use (see also Hihara et al. 2006; Quallo et al. 2009).
Tool embodiment has since been extensively observed in
humans, particularly for body representations underlying
action (Cardinali et al. 2009, 2012, 2016a; Baccarini et al.
2014; Bourgeois et al. 2014; Patané et al. 2016; Patané
et al. 2017) and somatosensory perception (Yamamoto and
Kitazawa 2001; Cardinali et al. 2009, 2011; Sposito et al.
2012; Canzoneri et al. 2013; Miller et al. 2014; Garbarini
et al. 2015; Kilteni and Ehrsson 2017; Miller et al. 2017).
However, despite two decades of research (for reviews, see
Maravita and Iriki 2004; Martel et al. 2016), the rules gov-
erning tool embodiment are still largely unknown.

The majority of studies to date have aimed at investigat-
ing use-based constraints on embodiment. The most com-
mon finding is that embodiment is dependent on a change
in the action capabilities of the user. For example, embodi-
ment only occurs when the user has actively wielded the
tool (Maravita et al. 2002; Farne et al. 2005; Holmes et al.
2007; Serino et al. 2007; Kao and Goodale 2009; Brown
et al. 2011; Cardinali et al. 2012; Rademaker et al. 2014,
Anelli et al. 2015; Garbarini et al. 2015; Miller et al. 2017)
or intends to do so (Witt et al. 2005; Costantini et al. 2011).
Furthermore, the tool must significantly alter the reach-
ing space of the actor (Sposito et al. 2012; Bourgeois et al.
2014; Patané et al. 2016, 2017). Sensory feedback from
multiple modalities is known to be important for convey-
ing this information to the user (Miller et al. 2014; Serino
et al. 2015; Miller et al. 2017), with the somatosensory
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modalities appearing to play an especially crucial role
(Sengiil et al. 2013; Cardinali et al. 2016b).

Another type of constraint—which we call location-
based constraints—determines where on the user’s body
effects of tool use can be found. Do effects of embodiment
spread to limbs that were not involved in the tool wielding?
The role of anatomical proximity to the tool-using limb has
received recent attention by researchers. For example, we
recently found that using an arm-shaped mechanical grab-
ber modulated the represented shape of the user’s forearm
(Miller et al. 2014). However, using this tool did not modu-
late the shape of the user’s hand representation despite its
proximity to the forearm and its integral role in each action.
The opposite pattern of results was found when participants
used a hand-shaped tool. Several other studies have identi-
fied an identical dissociation for motor components of tool
embodiment (Cardinali et al. 2009, 2016a). The results of
these studies cast doubt on a constraint based on anatomi-
cal distance and suggest instead that the location of embod-
iment is dependent on the congruity between a body part
and the tool’s shape (Miller et al. 2014) or functional char-
acteristics (Cardinali et al. 2016a). Whereas embodiment
does not spread to body parts that are anatomically close
(i.e., the right hand and forearm), embodiment may still
spread to body part representations that are cortically close
(e.g., the right hand and cheek within the primary soma-
tosensory cortex).

The close cortical proximity between the face and hand
representations in primary somatosensory cortex (SI) is
one of its defining structural features (Penfield and Bol-
drey 1937; Yang et al. 1993; Manger et al. 1997). It is well
documented that there is a strong relationship between
hand and face representations at both the neural (Pons et al.
1991; Manger et al. 1997; Weiss et al. 2004; Muret et al.
2016) and perceptual levels (Ramachandran et al. 1992;
Ramachandran and Rogers-Ramachandran 1996; Farne
et al. 2002; Paqueron et al. 2003; Serino et al. 2009). For
example, it has been reported that phantom hands can be
‘re-animated’ by stroking the patient’s cheek (Ramachan-
dran et al. 1992; Halligan et al. 1993), although this has
recently been challenged (Makin et al. 2013, 2015); sen-
sory effects of anesthetizing the hand often spread to the
face (Gandevia and Phegan 1999); and improvements in
tactile spatial acuity on the fingertips following repetitive
somatosensory stimulation lead to concurrent improve-
ments in acuity on the cheek and lips (Muret et al. 2014).
Perhaps, most relevant to the current study, viewing your
hand enhances tactile spatial acuity on both the viewed
hand (Kennett et al. 2001) and the unseen ipsilateral
cheek (Serino et al. 2009). Thus, the perceptual effects of
visual—tactile interplay between the posterior parietal cor-
tex (Konen and Haggard 2012; Beck et al. 2015) and the
SI hand region (Haggard et al. 2007; Cardini et al. 2011,
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Longo et al. 2011) spread to the neighboring SI cheek
representation.

In the present study, we explored whether using a hand-
shaped tool would recalibrate tactile perception on both the
user’s hand and the cheek. Using a within-subjects design,
we measured tactile distance perception on the tool-using
right hand and the ipsilateral right cheek. Changes in tactile
distance perception have been shown to be a reliable meas-
ure of tool embodiment (Canzoneri et al. 2013; Miller et al.
2014, 2017). Given the previously mentioned findings with
tactile spatial acuity (Serino et al. 2009; Muret et al. 2014),
we hypothesized that tool use would indeed recalibrate tac-
tile perception on both the hand and the cheek. Such a find-
ing would suggest that tool embodiment is dependent upon
mechanisms of plasticity in SI (Fang et al. 2002; Muret
et al. 2016) that are similar to other multisensory phenom-
ena, such as the visual enhancement of touch (Kennett et al.
2001; Serino et al. 2009; Cardini et al. 2011). A lack of
an effect on the cheek would suggest that the higher level
somatosensory regions—where the hand and the cheek
have become functionally disentangled—underlie the last-
ing effects of recalibration. This would be consistent with
several studies that have shown that tactile distance percep-
tion is separable from spatial acuity (Taylor-Clarke et al.
2004; Miller et al. 2016) and likely relies on body represen-
tations outside of SI (Spitoni et al. 2010; Longo and Hag-
gard 2011; Spitoni et al. 2013).

Materials and Methods
Participants

Twenty right-handed participants (14 females; mean age
21.17, SD 1.29) took part in the experiment for course
credit. The experiment was run under the ethical guidelines
of the University of California, San Diego, and all par-
ticipants gave informed consent before participating in the
experiment.

Tactile distance judgment task

Tactile distance perception was measured using a tactile
distance judgment task (TDJ), a common task for implic-
itly measuring the morphology of tactile body represen-
tations (Green 1982; Anema et al. 2008; Spitoni et al.
2010; Longo and Haggard 2011; Knight et al. 2014;
Longo et al. 2015; Miller et al. 2016; Calzolari et al.
2017). Importantly, several studies have demonstrated
that the TDJ is a sensitive measure of representational
plasticity (Taylor-Clarke et al. 2004; de Vignemont et al.
2005; Tajadura-Jiménez et al. 2012; Canzoneri et al.
2013; Longo and Sadibolova 2013; Miller et al. 2014;
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Bassolino et al. 2015; Tajadura-Jiménez et al. 2015;
Miller et al. 2017). In the version of the TDJ used in
the present study (Longo and Sadibolova 2013), partici-
pants verbally estimated the distance between two tactile
points (separated by 4, 5, or 6 cm) applied manually to
a target body surface with a stainless steel digital cali-
per. Tactile points were administered longitudinally to
two target body surfaces—the dorsal surface of the right
hand and the right cheek—in separate blocks. Stimula-
tion lasted for approximately 1 s after which the par-
ticipant verbally reported their distance estimation; we
did not place any time constraints on how quickly after
stimulation participants were required to make their
verbal report. The experimenter manually entered each
judgment into a computer once it was reported. Since the
experiment was performed in the United States, many
participants responded with judgments in inches (11 out
of 20). These judgments were then converted offline into
centimeters for all analyses. The time between tactile
stimulation and the next trial (i.e., inter-trial interval)
was dependent upon the time that it took the participant
to make their judgment as well as the experimenter to
prepare the stimulation apparatus. Each tactile distance
was administered ten times for a total of 30 trials in
each block; the order of presentation was pseudo-rand-
omized. The body surface stimulated in each block was
counterbalanced in ABBA fashion; the specific surface
assigned to each condition was counterbalanced across
participants. The latter blocks (i.e., BA) each occurred

following separate instances of the tool use procedure
(see below).

Tool use procedure

Participants wore a custom-built plastic hand-shaped tool
that was modeled after a human hand (Fig. 1, left panel).
Each finger of the tool was composed of three plastic “pha-
langes” connected via fully adjustable rubber “joints”. The
participant’s fingers rested in leather straps attached to the
tool’s fingers, allowing for their individual control; move-
ment of each strap led to a concurrent movement of the
corresponding finger of the tool. This finger-tool connec-
tion ensured that the functional precision of the tool and the
user’s own hand was similar. The tool was approximately
21 cm wide, as measured from the base of the pointer fin-
ger 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.

The participants’ task with the tool (Fig. 1, right panels)
was to grasp balloons (placed approximately 75 cm from
the midline of their trunk) and transport them into a bucket
(placed approximately 75 cm laterally from the right of the
body). The balloons were then moved back into position by
the experimenter before the next action commenced. All
participants were able to quickly master the use of the tool
to perform this task. The task was self-paced, and partici-
pants were encouraged to take breaks if they felt fatigued.
This procedure lasted for 8 min and was done before each
of the last two experimental blocks.

Fig. 1 Hand-shaped tool and
object-interaction task. Par-
ticipants used the hand-shaped
tool to pick up balloons and
place them into a bucket, a task
that we have previously used to
study tool embodiment (Miller
et al. 2014). This procedure was
self-paced and occurred for a
total of 8 min
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Goodness of fit

It is important that any changes that we observe in tac-
tile perception are not due to fluctuations in the ability
of participants to perform the TDJ task. We therefore set
two exclusion metrics prior to conducting the experiment,
which were assessed within each participant for each body
part (hand and cheek) and time (pre- and post-tool use).
First, we assessed whether participants’ judgments changed
as a function of tactile distance by examining the slopes of
regression lines fit to their judgments. All participants had
positive slopes in all conditions (global mean 1.13). How-
ever, one participant had an extremely shallow slope in
one condition (0.17) and was therefore excluded. Second,
we used R? values as a measure of goodness of fit between
estimated and actual tactile distances in each condition. We
set an R” cutoff of 0.7 before beginning the experiment.
One participant had a low goodness of fit in one condition
(R*> < 0.5) and was therefore excluded. The 18 remaining
participants included in the analysis had high R* values in
all conditions (global mean 0.97). Crucially, tool use did
not affect the goodness of fit for judgments on the hand
(p = 0.32) or cheek (p = 0.67). Furthermore, the exclusion
of the two participants did not affect the counterbalancing
of the experiment or the pattern of our results.

Quantifying embodiment

We quantified the magnitude of tool embodiment in two
distinct ways. We first compared the actual verbal distance
judgments for each body part before and after tool use.
However, this method is potentially problematic because,
assuming that the size of a body representation is scaled by
a single value, the amount of modulation in verbal distance
estimation will be dependent on stimulus distance. There-
fore, to get a more meaningful measure of tool embodiment
as it relates to the change in represented body part size, we

Fig. 2 Modulation of verbal 6
distance estimates on hand and ]
face. Using the hand-shaped
tool recalibrated the perceived
distance between two points of
touch on the hand (left). The
estimated distance post-tool use
(green) significantly decreased
by an average of 0.57 cm.

In contrast, we did not find
evidence for recalibration on
the cheek (right). This is clearly
demonstrated by the overlap-
ping distance estimations pre-
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extracted the percentage change in responses following tool
use for each stimulus distance. This approach has two main
advantages: first, it removes baseline individual differences
in tactile distance perception between participants and sec-
ond, it provides a meaningful quantification of embodiment
as it is more directly related to the magnitude of change in
body representation size (Miller et al. 2014, 2017) and is
independent of stimulus distance. Several previous studies
have found that tool use compresses (i.e., decreases) tactile
distance perception in the longitudinal orientation (Can-
zoneri et al. 2013; Miller et al. 2014, 2017). We therefore
present percentage change in units of compression, where
positive values indicate perceptual compression and nega-
tive values indicate perceptual expansion.

Results

We first investigated the presence of tool-induced modula-
tions in verbal distance estimates (Fig. 2) with a 3 (stimulus
distance: 4, 5, 6 cm) X 2 (body part: hand, cheek) X 2 (tool
use: pre, post) repeated measures ANOVA. We found a sig-
nificant main effect of stimulus distance
[F(1.35,22.92) = 241.43, p < 0.0001, nf, = 0.93], demon-

strating that participants did indeed increase their judged
distance as the actual stimulus distance increased. We also
found significant main effects of time [F(1,17) = 8.00,
p=0.012, 11[2, = 0.32] and limb [F(1,17) = 9.36, p = 0.007,

115 = 0.36]. As the present study was concerned with

whether tool embodiment was limb specific, the interac-
tions between factors provided the crucial tests of our
hypotheses. Indeed, we found a significant interaction
between the factors body part and tool use [F(1,17) = 15.52,
p = 0.001, 175 = (0.48], driven by a significant tool-induced

compression in tactile distance perception on the hand

Face
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(color figure online)
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[mean 0.57 cm, SEM 0.11; #17) = 5.00, p < 0.001,
d, = 1.18] but not the cheek [mean —0.005 cm, SEM 0.13;
t(17) =0.04, p = 0.97, d, < 0.01]. There were no other sig-
nificant interactions (all p > 0.2).

We next investigated the percent recalibration in tactile
distance perception (Fig. 3) with a 3 (stimulus distance: 4,
5, 6 cm) X 2 (body part: hand, cheek) repeated measures
ANOVA. It should be noted that as this analysis removed
baseline differences in pre-tool use distance perception, a
main effect of body part is analogous to the interaction
between body part and tool use in the previous ANOVA.
As expected, we indeed found a significant main effect of
body part [F(1,17) = 14.74, p = 0.001, 113 = 0.46], replicat-

ing our previous analysis. However, we did find not a sig-
nificant main effect of  stimulus distance
[F(1.98,33.58) = 0.23, p > 0.7, ’75 = 0.01] or a significant

interaction between body part and stimulus distance
[F(1.59,27.04) = 0.93, p = 0.39, ;15 = 0.05], demonstrating
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Fig. 3 Percent compression of tactile distance perception. a Magni-
tude of compression across each stimulus level for touch on the hand
(green) and face (dark blue). Compression did not vary systematically
as a function of stimulus distance. Importantly, however, significant
difference between the perceptual recalibration on each body part is
evident. This is also evident in b, where we have collapsed across
each stimulus distance into a single measure of compression. The
complete lack of evidence of recalibration on the face provides evi-
dence that tool embodiment is limb specific. Error bars correspond to
one SEM. ***p < 0.001 (color figure online)

that the magnitude of perceptual recalibration did not
depend upon the stimulus distance (Fig. 3a). This is
expected if tool use led to a scalar recalibration in the rep-
resented hand size. We therefore collapsed across stimulus
levels into a single measure of tool-induced recalibration
for each body part (Fig. 3b). This revealed that tool use led
to a significant compression in tactile distance perception
on the hand (mean: 13.25%, SEM 2.92) but not the cheek
(mean —0.05%, SEM 3.54).

The effect of perceptual compression (conceptualized as
a % compression above 0) on the hand was highly robust.
When collapsed across stimulus levels—as we did in our
analysis above—we found that compression was present
to some extent in 17 out of 18 participants (Fig. 4a). This
result was also found when looking at each stimulus level
(40 cm: 16 out of 18 participants; 50 cm: 17 out of 18; and
60 cm: 15 out of 18). Similar proportions of participants
exhibiting effects of tool embodiment have been reported
previously (Cardinali et al. 2011). Conversely, positive lev-
els of compression on the face were only found in 9 out of
18 participants. Similar results were found when looking
at each stimulus level (40 cm: 10 out of 18 participants;
50 cm: 9 out of 18; and 60 cm: 9 out of 18). Furthermore,
compression on the hand was larger than on the face for the
majority of our participants (16 out of 18; Fig. 4b).

Each analysis thus far has found no evidence that tool
use recalibrated tactile distance perception on the cheek,
although, as noted above, half of the participants did show
some level of perceptual compression on the cheek. One
possible explanation for this is that task-irrelevant individ-
ual differences (e.g., fatigue, mind-wandering, etc.) acted
as sources of noise in our measurements of tactile distance
perception between blocks. It would therefore be expected
that half of the participants would appear to exhibit com-
pression on the cheek when none occurred. Alternatively,
this may instead reflect a real relationship between the
magnitude of compression on the hand and the cheek. For
example, if the relationship was positive, participants with
greater compression on the hand would exhibit greater
compression on the cheek. A finding such as this would
provide evidence that tool-induced modulations of cortical
activity in the SI hand representation do—to some extent
and in some conditions—spreads to the neighboring cheek
representation.

To adjudicate between these two possibilities, we per-
formed two exploratory analyses on the relationship
between compression on the hand and cheek: first, we
investigated whether the magnitude of perceptual com-
pression on each body part was correlated (Fig. 5a). This
analysis revealed a weak relationship between the two body
parts [r(16) = 0.438, p = 0.069] that was largely driven
by a single participant who had high compression on both
the hand and the cheek; this relationship became much
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Fig. 4 Embodiment for each participant. a Rank-ordered magnitude
of compression found on the hand (left) and face (right) for each par-
ticipant. Only one participant (out of 18 total) did not show some
degree of perceptual compression on the hand following tool use,
attesting to the strength of the effect of tool embodiment. This pattern
of results was not found on the face (right), where the mean compres-
sion was essentially zero. b Within-subject comparison of compres-
sion on the cheek (x-axis) and hand (y-axis). The majority of points
(16 out of 18; green) were above the equality line (dashed gray line),
meaning that these participants had larger compression on the hand
than the cheek. Points below the equality line (i.e., greater compres-
sion on the cheek than the hand) are colored blue (color figure online)

weaker when this participant was removed [#(15) = 0.18,
p = 0.49]. Second, we performed a median-split analysis,
where we divided participants into groups based on the
magnitude of perceptual compression found on their hand;
importantly, we then statistically evaluated compression
on their cheek. Participants were divided into one of two
groups: small compression on the hand (“small” group;
mean 4.05%, SEM 3.02, range —18.8 to 10.9%) or large
compression on the hand (“large” group; mean 22.45%,
SEM 2.46, range 16.2-39.4%). The compression on the
cheek observed in each group (Fig. 5b) was not signifi-
cantly different than zero (both ps > 0.4). Furthermore,
while there was a numerical difference between the small
group (mean —3.31, SEM 4.41) and the large group (mean
3.20%, SEM 5.70), this difference was not statistically sig-
nificant [#(16) = 0.92, p = 0.37, d = 0.43]. These results
provide further evidence that embodiment on the hand does
not spread to the cheek. Task-irrelevant sources of noise are
therefore a more likely explanation for the observed com-
pression on the cheek in half of our participants.

Discussion

In the present study, we investigated whether percep-
tual recalibration following tool use remains isolated to
the user’s hand or transfers to their cheek, body parts that
are adjacently represented in SI. Using a well-established
behavioral paradigm, we replicated our previous finding
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that a hand-shaped tool modulates tactile perception on the
hand (Miller et al. 2014). The high proportion of partici-
pants exhibiting evidence of perceptual modulation (17 out
of 18) further attest to embodiment as a robust sensorimo-
tor phenomenon. In stark contrast, and despite our initial
hypothesis, we found little to no evidence for a similar
modulation on the user’s cheek. These findings provide
further evidence that embodiment is body-part specific and
gives clues to the mechanisms of tool-induced perceptual
recalibration in humans.

The body-part specificity of tool embodiment has
received little attention in the literature. However, several
recent studies have found that effects of tool use do not
spread from the body part embodying the tool (e.g., the
forearm) to an anatomically adjacent body part (e.g., the
hand) (Cardinali et al. 2009; Miller et al. 2014; Cardinali
et al. 2016a). This lack of spread is somewhat surprising,
given that each body part tested in these studies played a
role in the transport and manipulation of the tool. There-
fore, factors other than anatomical proximity must be con-
straining which body parts are modulated by tool use.

The present study instead investigated the role of corti-
cal proximity in the spread of embodiment effects, lever-
aging the small physical distance between the hand and
face regions of SI. Previous psychophysical studies meas-
uring tactile spatial acuity (Serino et al. 2009; Muret et al.
2014), perceptual changes following anesthesia (Gandevia
and Phegan 1999; Paqueron et al. 2003) and reafferentation
(Farne et al. 2002), and phantom limbs (Ramachandran
and Rogers-Ramachandran 1996)—all showing a close
relationship between perception on the hand and cheek—
provide precedence for the possibility that a modulation of
the hand representation spreads to the neighboring cheek
representation. Given the findings of these studies, we
hypothesized that using a hand-shaped tool would recali-
brate tactile distance perception on both the hand and the
cheek. However, we found no evidence for this hypothesis;
recalibration was specific to the user’s hand, whereas tactile
perception on the cheek was essentially identical before and
after tool use. In the context of our previous study (Miller
et al. 2014), the results of the present study suggest that
embodiment is body-part specific and independent of both
the anatomical (e.g., hand vs. arm) and cortical (i.e., hand
vs. cheek in SI) proximity of two body parts.

The present study found no evidence that tool uses recali-
brated tactile perception on the cheek. It is possible, how-
ever, that our failure to find an effect was due to our choice
of task. The specific TDJ paradigm that we used only meas-
ures perceived distance between two tactile points. It there-
fore provides a coarse characterization of tactile distance
perception across the entire surface of the body part and
will only be sensitive to rather uniform modulations in the
underlying tactile body representation. Longo and Golubova
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Fig. 5 Exploratory analyses searching for compression on the cheek.
a Correlation between the perceptual compression on the cheek and
the hand after tool use. We found a trending significant relationship
between the two variables (black line). This was largely driven by a
single participant (red box) that had high compression on both body
parts. When this participant was removed, the relationship became
much weaker (gray line). b Median split analysis: participants were

(2017) recently developed a novel variant of the TDJ that
can be used to map the tactile space of a body part on a fine
spatial scale. In their paradigm, tactile distance perception is
measured between all possible pairwise stimulations of an
n by m grid (e.g., 4 X 4) drawn on the surface of a body
part. Multidimensional scaling is then used to reconstruct
the geometry of its tactile space. Similar tactile localization
paradigms have also been used for fine-grained mapping of
tactile space (Mancini et al. 2011; Ferre et al. 2013). Apply-
ing these methods to the cheek may provide a more sensitive
test of whether tool use recalibrates a tactile representation
of the cheek, an effect that is likely to be subtle if it exists.
If not anatomical or cortical proximity, what aspects
of tool use constrain the extent of embodiment? It has
recently been proposed that morpho-functional similari-
ties between a body part and tool may be one key com-
ponent in this process (Miller et al. 2014; Cardinali et al.
2016a). For example, using a long mechanical grabber
(>30 cm) modulates motor and tactile representations of
the arm but not other body parts (Cardinali et al. 2009,
2011; Miller et al. 2014; Jovanov et al. 2015). Con-
versely, when there is a close morpho-functional corre-
spondence between the control of a tool and the fingers—
as was the case for the tool used in the present study (see
“Materials and methods”)—embodiment targets the hand
(Miller et al. 2014; Cardinali et al. 2016a). The results
of the present study are in line with this hypothesized
constraint; there was high morpho-functional similar-
ity between the tool and the hand and high dissimilarity
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divided into two groups, corresponding to the magnitude of compres-
sion on the hand; we termed these groups small (white) and large
(gray; see the main text for more details). We statistically evaluated
compression on the cheek for each group. Perceptual compression on
the cheek was not significant for either group. Furthermore, the mag-
nitude of the compression between each group was not significantly
different. Error bars correspond to one SEM

between the tool and the cheek. It should be noted that in
all published studies to date, including the present study,
this link is correlational. Further research exploring this
constraint should actively manipulate morpho-functional
correspondences between the tool and body parts to more
rigorously test its importance in embodiment.

It is a well-known feature of SI that neurons coding for
touch on the hand closely neighbor those coding for touch
on the face (Penfield and Boldrey 1937; Yang et al. 1993).
Interaction between these neurons is one hypothesized rea-
son that perceptual effects on the hand transfer to the face
(Farne et al. 2002; Serino et al. 2009; Muret et al. 2014).
Despite some preliminary evidence that tool use modulates
the hand representation in SI (Schaefer et al. 2004), we did
not find a perceptual modulation on the tool user’s cheek.
However, the study by Schaefer and colleagues found a
modulation of the hand representation during tool use but
not rest, whereas we measured tactile perception during
rest after participants had finished the tool use task. This
suggests, albeit indirectly, that the lasting perceptual recali-
bration that we observe is—at least partly—independent
of changes in SI. Indeed, body representations in posterior
parietal regions likely underlie tactile distance perception
(Spitoni et al. 2010; Longo and Haggard 2011; Spitoni
et al. 2013; Miller et al. 2014). This is consistent with the
known dissociation between tactile distance perception and
tactile spatial acuity (Taylor-Clarke et al. 2004; Miller et al.
2016). Furthermore, the results of Schaefer and the present
study suggest that the specific mechanisms of embodiment
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may change over different timescales, a hypothesis that has
some recent empirical support (Ganesh et al. 2014).

The computational and neural mechanisms underlying
the process of tool embodiment are not well characterized.
There is strong multimodal evidence in macaques for the
involvement of posterior parietal regions coding for multi-
sensory body representations (Iriki et al. 1996; Hihara et al.
2006; Quallo et al. 2009); a recent study using repetitive
transcranial magnetic stimulation has extended this find-
ing to humans (Giglia et al. 2015). Given the hypothesized
involvement of these multisensory body representations in
the perception of tactile distance (Taylor-Clarke et al. 2004;
de Vignemont et al. 2005; Tajadura-Jiménez et al. 2012;
Longo and Sadibolova 2013; Tajadura-Jiménez et al. 2015;
Miller et al. 2016, 2017), it is possible that the modulation
of activity in posterior parietal regions (Spitoni et al. 2013)
underlies the observed perceptual recalibration on the hand.
Future neuroimaging work with humans is needed to deter-
mine the neural correlates of tool embodiment. However,
the present findings suggest that the observed long-last-
ing perceptual recalibration of tactile distance perception
occurs at a level of somatosensory processing outside of SI.

Conclusion

In conclusion, the present study provides further support
that embodiment of a tool is body-part specific. We found
that using a hand-shaped tool recalibrated tactile percep-
tion on the user’s hand, but not their cheek. Given the
close proximity between hand and cheek neurons in SI, our
results suggest that embodiment occurs at a level of soma-
tosensory processing, where both body parts have become
functionally disentangled. Future work is needed to under-
stand the neural and computational mechanisms underlying
tool embodiment and its body-part specificity.

Acknowledgements This research was supported by the Kavli Insti-
tute for Brain and Mind, UCSD. LM was additionally supported by
an NIMH training grant from the Institute for Neural Computation,
UCSD; APS by NSF (CAREER BCS1151805) and DARPA; and
MRL by European Research Council Grant ERC-StG-336050 under
the FP7.

Author contribution statement LM designed the experiment, ana-
lyzed the data, and wrote the paper. ACB collected and analyzed the
data. MRL supervised the project and wrote the paper. APS super-
vised the project and wrote the paper.

References

Anelli F, Candini M, Cappelletti M, Oliveri M, Frassinetti F
(2015) The remapping of time by active tool-use. PLoS One
10:e0146175. doi:10.1371/journal.pone.0146175

@ Springer

Anema HA, Wolswijk VW, Ruis C, Dijkerman HC (2008) Grasping
Weber’s illusion: the effect of receptor density differences on
grasping and matching. Cogn Neuropsychol 25:951-967

Baccarini M, Martel M, Cardinali L, Sillan O, Farne A, Roy AC
(2014) Tool use imagery triggers tool incorporation in the
body schema. Front Psychol 5:1-8

Bassolino M, Finisguerra A, Canzoneri E, Serino A, Pozzo T
(2015) Dissociating effect of upper limb non-use and overuse
on space and body representations. Neuropsychologia 70:385—
392. doi:10.1016/j.neuropsychologia.2014.11.028

Beck B, Bertini C, Haggard P, Ladavas E (2015) Dissociable routes
for personal and interpersonal visual enhancement of touch.
Cortex 73:289-297. doi:10.1016/j.cortex.2015.09.008

Bourgeois J, Farne A, Coello Y (2014) Costs and benefits of tool-
use on the perception of reachable space. Acta Physiol (Oxf)
148:91-95

Brown LE, Doole R, Malfait N (2011) The role of motor learning in
spatial adaptation near a tool. PLoS One 6:628999

Calzolari E, Azanén E, Danvers M, Vallar G, Longo MR (2017)
Adaptation aftereffects reveal that tactile distance is a basic
somatosensory feature. Proc Natl Acad Sci 114:4555-4560

Canzoneri E, Ubaldi S, Rastelli V, Finisguerra A, Bassolino
M, Serino A (2013) Tool-use reshapes the boundaries of
body and peripersonal space representations. Exp Brain Res
228:25-42

Cardinali L, Frassinetti F, Brozzoli C, Urquizar C, Roy AC, Farne
A (2009) Tool-use induces morphological updating of the
body schema. Curr Biol 19:R478-R479

Cardinali L, Brozzoli C, Urquizar C, Salemme R, Roy AC, Farne
A (2011) When action is not enough: tool-use reveals tactile-
dependent access to body schema. Neuropsychologia 49:3750-
3757. doi:10.1016/j.neuropsychologia.2011.09.033

Cardinali L, Jacobs S, Brozzoli C, Frassinetti F, Roy A, Farn¢ A
(2012) Grab an object with a tool and change your body: tool-
use-dependent changes of body representation for action. Exp
Brain Res 218:259-271. doi:10.1007/s00221-012-3028-5

Cardinali L, Brozzoli C, Finos L, Roy AC, Farne A (2016a) The
rules of tool incorporation: tool morpho-functional & sen-
sori-motor constraints. Cognition 149:1-5. doi:10.1016/;.
cognition.2016.01.001

Cardinali L, Brozzoli C, Luauté J, Roy A, Farne A (2016b) Pro-
prioception is necessary for body schema plasticity: evidence
from a deafferented patient. Front Hum Neurosci. doi:10.3389/
fnhum.2016.00272

Cardini F, Longo MR, Haggard P (2011) Vision of the body modu-
lates somatosensory intracortical inhibition. Cereb Cortex
21:2014-2022. doi:10.1093/cercor/bhq267

Costantini M, Ambrosini E, Sinigaglia C, Gallese V (2011)
Tool-use  observation makes far objects ready-to-
hand.  Neuropsychologia  49:2658-2663.  doi:10.1016/j.
neuropsychologia.2011.05.013

de Vignemont F, Ehrsson HH, Haggard P (2005) Bodily illusions
modulate tactile perception. Curr Biol 15:1286-1290

Fang PC, Jain N, Kaas JH (2002) Few intrinsic connections cross
the hand-face border of area 3b of new world monkeys. J
Comp Neurol 454:310-319. doi:10.1002/cne.10433

Farne A, Roy AC, Giraux P, Dubernard JM, Sirigu A (2002) Face
or hand, not both: perceptual correlates of reafferentation in a
former amputee. Curr Biol 12:1342-1346

Farne A, Iriki A, Ladavas E (2005) Shaping multisensory action—
space with tools: evidence from patients with cross-modal
extinction. Neuropsychologia 43:238-248. doi:10.1016/j.
neuropsychologia.2004.11.010

Ferre ER, Vagnoni E, Haggard P (2013) Vestibular contribu-
tions to bodily awareness. Neuropsychologia 51:1445-1452.
doi:10.1016/j.neuropsychologia.2013.04.006


http://dx.doi.org/10.1371/journal.pone.0146175
http://dx.doi.org/10.1016/j.neuropsychologia.2014.11.028
http://dx.doi.org/10.1016/j.cortex.2015.09.008
http://dx.doi.org/10.1016/j.neuropsychologia.2011.09.033
http://dx.doi.org/10.1007/s00221-012-3028-5
http://dx.doi.org/10.1016/j.cognition.2016.01.001
http://dx.doi.org/10.1016/j.cognition.2016.01.001
http://dx.doi.org/10.3389/fnhum.2016.00272
http://dx.doi.org/10.3389/fnhum.2016.00272
http://dx.doi.org/10.1093/cercor/bhq267
http://dx.doi.org/10.1016/j.neuropsychologia.2011.05.013
http://dx.doi.org/10.1016/j.neuropsychologia.2011.05.013
http://dx.doi.org/10.1002/cne.10433
http://dx.doi.org/10.1016/j.neuropsychologia.2004.11.010
http://dx.doi.org/10.1016/j.neuropsychologia.2004.11.010
http://dx.doi.org/10.1016/j.neuropsychologia.2013.04.006

Exp Brain Res (2017) 235:2917-2926

2925

Gandevia SC, Phegan CM (1999) Perceptual distortions of the human
body image produced by local anaesthesia, pain and cutaneous
stimulation. J Physiol 514(Pt 2):609-616

Ganesh G, Yoshioka T, Osu R, Ikegami T (2014) Immediate tool
incorporation processes determine human motor planning with
tools. Nat Commun 5:4524. doi:10.1038/ncomms5524

Garbarini F, Fossataro C, Berti A et al (2015) When your arm
becomes mine: pathological embodiment of alien limbs using
tools modulates own body representation. Neuropsychologia
70:402-413. doi:10.1016/j.neuropsychologia.2014.11.008

Giglia G, Pia L, Folegatti A et al (2015) Far space remapping by tool
use: a rTMS study over the right posterior parietal cortex. Brain
Stimul 8:795-800. doi:10.1016/j.brs.2015.01.412

Green BG (1982) The perception of distance and location for dual
tactile pressures. Percept Psychophys 31:315-323

Haggard P, Christakou A, Serino A (2007) Viewing the body mod-
ulates tactile receptive fields. Exp Brain Res 180:187-193.
doi:10.1007/s00221-007-0971-7

Halligan PW, Marshall JC, Wade DT, Davey J, Morrison D (1993)
Thumb in cheek? Sensory reorganization and perceptual plastic-
ity after limb amputation. NeuroReport 4:233-236

Hihara S, Notoya T, Tanaka M et al (2006) Extension of cortico-
cortical afferents into the anterior bank of the intraparietal sul-
cus by tool-use training in adult monkeys. Neuropsychologia
44:2636-2646

Holmes NP, Calvert GA, Spence C (2007) Tool use changes multi-
sensory interactions in seconds: evidence from the crossmodal
congruency task. Exp Brain Res 183:465-476. doi:10.1007/
$00221-007-1060-7

Iriki A, Tanaka M, Iwamura Y (1996) Coding of modified body
schema during tool use by macaque postcentral neurones. Neu-
roReport 7:2325-2330

Jovanov K, Clifton P, Mazalek A, Nitsche M, Welsh TN (2015) The
limb-specific embodiment of a tool following experience. Exp
Brain Res 233(9):2685-2694

Kao K, Goodale MA (2009) Enhanced detection of visual targets on
the hand and familiar tools. Neuropsychologia 47:2454-2463.
doi:10.1016/j.neuropsychologia.2009.04.016

Kennett S, Taylor-Clarke M, Haggard P (2001) Noninformative vision
improves the spatial resolution of touch in humans. Curr Biol
11:1188-1191 (pii:S0960-9822(01)00327-X)

Kilteni K, Ehrsson HH (2017) Sensorimotor predictions and tool
use: hand-held tools attenuate self-touch. Cognition 165:1-9.
doi:10.1016/j.cognition.2017.04.005

Knight LC, Longo MR, Bremner AJ (2014) Categorical percep-
tion of tactile distance. Cognition 131:254-262. doi:10.1016/j.
cognition.2014.01.005

Konen CS, Haggard P (2012) Multisensory parietal cortex contributes
to visual enhancement of touch in humans: a single-pulse TMS
study. Cereb Cortex 24(2):501-507. doi:10.1093/cercor/bhs331

Longo M, Golubova O (2017) Mapping the internal geometry of tac-
tile space. J Exp Psychol Hum Percept Perform (in press)

Longo MR, Haggard P (2011) Weber’s illusion and body shape: ani-
sotropy of tactile size perception on the hand. J Exp Psychol
Hum Percept Perform 37:720-726. doi:10.1037/a0021921

Longo MR, Sadibolova R (2013) Seeing the body distorts tac-
tile size perception. Cognition 126:475-481. doi:10.1016/j.
cognition.2012.11.013

Longo MR, Pernigo S, Haggard P (2011) Vision of the body modu-
lates processing in primary somatosensory cortex. Neurosci Lett
489:159-163. doi:10.1016/j.neulet.2010.12.007

Longo MR, Ghosh A, Yahya T (2015) Bilateral symmetry of dis-
tortions of tactile size perception. Perception 44:1251-1262.
doi:10.1177/0301006615594949

Makin TR, Scholz J, Filippini N, Henderson Slater D, Tracey I,
Johansen-Berg H (2013) Phantom pain is associated with

preserved structure and function in the former hand area. Nat
Commun 4:1570. doi:10.1038/ncomms2571

Makin TR, Scholz J, Henderson Slater D, Johansen-Berg H, Tracey 1
(2015) Reassessing cortical reorganization in the primary senso-
rimotor cortex following arm amputation. Brain 138:2140-2146.
doi:10.1093/brain/awv161

Mancini F, Longo MR, Iannetti GD, Haggard P (2011) A supramodal
representation of the body surface. Neuropsychologia 49:1194—
1201. doi:10.1016/j.neuropsychologia.2010.12.040

Manger PR, Woods TM, Munoz A, Jones EG (1997) Hand/face bor-
der as a limiting boundary in the body representation in monkey
somatosensory cortex. J Neurosci 17:6338-6351

Maravita A, Iriki A (2004) Tools for the body (schema). Trends Cogn
Sci 8:79-86. doi: 10.1016/j.tics.2003.12.008

Maravita A, Spence C, Driver J (2002) Tool-use changes multimodal
spatial interactions between vision and touch in normal humans.
Cognition 83(2):B25-B34

Martel M, Cardinali L, Roy AC, Farne A (2016) Tool-use: an open
window into body representation and its plasticity. Cogn Neu-
ropsychol 33:82-101

Miller LE, Longo MR, Saygin AP (2014) Tool morphology constrains
the effects of tools on body representations. J Exp Psychol Hum
Percept Perform 40:2143-2153

Miller LE, Longo MR, Saygin AP (2016) Mental body represen-
tations retain homuncular shape distortions: evidence from
Weber’s illusion. Conscious Cogn 40:17-25. doi:10.1016/j.
concog.2015.12.008

Miller LE, Longo MR, Saygin AP (2017) Visual illusion of tool use
recalibrates tactile perception. Cognition 162:32-40

Muret D, Dinse HR, Macchione S, Urquizar C, Farne A, Reilly KT
(2014) Touch improvement at the hand transfers to the face. Curr
Biol 24:R736-R737

Muret D, Daligault S, Dinse HR, Delpuech C, Mattout J, Reilly KT,
Farne A (2016) Neuromagnetic correlates of adaptive plastic-
ity across the hand-face border in human primary somatosen-
sory cortex. J Neurophysiol 115(4):2095-2104. doi:10.1152/
jn.00628.2015

Paqueron X, Leguen M, Rosenthal D, Coriat P, Willer JC, Danziger N
(2003) The phenomenology of body image distortions induced
by regional anaesthesia. Brain 126:702-712

Patané I, lachini T, Farneé A, Frassinetti F (2016) Disentangling action
from social space: tool-use differently shapes the space around
us. PLoS One 11:e0154247. doi:10.1371/journal.pone.0154247

Patané I, Farné A, Frassinetti F (2017) Cooperative tool-use reveals
peripersonal and interpersonal spaces are dissociable. Cognition
166:13-22. doi:10.1016/j.cognition.2017.04.013

Penfield W, Boldrey E (1937) Somatic motor and sensory representa-
tion in the cerebral cortex of man as studied by electrical stimu-
lation. Brain 60:389-443

Pons TP, Garraghty PE, Ommaya AK, Kaas JH, Taub E, Mishkin M
(1991) Massive cortical reorganization after sensory deafferenta-
tion in adult macaques. Science 252:1857-1860

Quallo MM, Price CJ, Ueno K, Asamizuya T, Cheng K, Lemon RN,
Iriki A (2009) Gray and white matter changes associated with
tool-use learning in macaque monkeys. Proc Natl Acad Sci USA
106:18379-18384. doi:10.1073/pnas.0909751106

Rademaker RL, Wu DA, Bloem IM, Sack AT (2014) Intensive
tool-practice and skillfulness facilitate the extension of body
representations in humans. Neuropsychologia 56:196-203.
doi:10.1016/j.neuropsychologia.2014.01.011

Ramachandran VS, Rogers-Ramachandran D (1996) Synaesthesia in
phantom limbs induced with mirrors. Proc Biol Sci 263:377-
386. doi:10.1098/rspb.1996.0058

Ramachandran VS, Stewart M, Rogers-Ramachandran D (1992) Per-
ceptual correlates of massive cortical reorganization. NeuroRe-
port 3:583-586

@ Springer


http://dx.doi.org/10.1038/ncomms5524
http://dx.doi.org/10.1016/j.neuropsychologia.2014.11.008
http://dx.doi.org/10.1016/j.brs.2015.01.412
http://dx.doi.org/10.1007/s00221-007-0971-7
http://dx.doi.org/10.1007/s00221-007-1060-7
http://dx.doi.org/10.1007/s00221-007-1060-7
http://dx.doi.org/10.1016/j.neuropsychologia.2009.04.016
http://dx.doi.org/10.1016/j.cognition.2017.04.005
http://dx.doi.org/10.1016/j.cognition.2014.01.005
http://dx.doi.org/10.1016/j.cognition.2014.01.005
http://dx.doi.org/10.1093/cercor/bhs331
http://dx.doi.org/10.1037/a0021921
http://dx.doi.org/10.1016/j.cognition.2012.11.013
http://dx.doi.org/10.1016/j.cognition.2012.11.013
http://dx.doi.org/10.1016/j.neulet.2010.12.007
http://dx.doi.org/10.1177/0301006615594949
http://dx.doi.org/10.1038/ncomms2571
http://dx.doi.org/10.1093/brain/awv161
http://dx.doi.org/10.1016/j.neuropsychologia.2010.12.040
http://dx.doi.org/10.1016/j.tics.2003.12.008
http://dx.doi.org/10.1016/j.concog.2015.12.008
http://dx.doi.org/10.1016/j.concog.2015.12.008
http://dx.doi.org/10.1152/jn.00628.2015
http://dx.doi.org/10.1152/jn.00628.2015
http://dx.doi.org/10.1371/journal.pone.0154247
http://dx.doi.org/10.1016/j.cognition.2017.04.013
http://dx.doi.org/10.1073/pnas.0909751106
http://dx.doi.org/10.1016/j.neuropsychologia.2014.01.011
http://dx.doi.org/10.1098/rspb.1996.0058

2926

Exp Brain Res (2017) 235:2917-2926

Schaefer M, Rothemund Y, Heinze HJ, Rotte M (2004) Short-term
plasticity of the primary somatosensory cortex during tool use.
NeuroReport 15:1293-1297 (pii:00001756-200406070-00015)

Sengiil A, Rognini G, van Elk M, Aspell JE, Bleuler H, Blanke O
(2013) Force feedback facilitates multisensory integration during
robotic tool use. Exp Brain Res 227:497-507

Serino A, Bassolino M, Farné A, Ladavas E (2007) Extended mul-
tisensory space in blind cane users. Psychol Sci 18:642-648.
doi:10.1111/5.1467-9280.2007.01952.x

Serino A, Padiglioni S, Haggard P, Ladavas E (2009) Seeing the hand
boosts feeling on the cheek. Cortex 45:602—609. doi:10.1016/j.
cortex.2008.03.008

Serino A, Canzoneri E, Marzolla M, di Pellegrino G, Magosso
E (2015) Extending peripersonal space representation with-
out tool-use: evidence from a combined behavioral-compu-
tational approach. Front Behav Neurosci 9:4. doi:10.3389/
fnbeh.2015.00004

Spitoni GF, Galati G, Antonucci G, Haggard P, Pizzamiglio L (2010)
Two forms of touch perception in the human brain. Exp Brain
Res 207:185-195. doi:10.1007/s00221-010-2446-5

Spitoni GF, Pireddu G, Cimmino RL et al (2013) Right but not left
angular gyrus modulates the metric component of the mental
body representation: a tDCS study. Exp Brain Res 228:63-72

Sposito A, Bolognini N, Vallar G, Maravita A (2012) Extension of
perceived arm length following tool-use: clues to plasticity of

@ Springer

body metrics. Neuropsychologia 50:2187-2194. doi:10.1016/j.
neuropsychologia.2012.05.022

Tajadura-Jiménez A, Viljamde A, Toshima I, Kimura T, Tsakiris
M, Kitagawa N (2012) Action sounds recalibrate perceived
tactile distance. Curr Biol 22:R516-R517. doi:10.1016/.
cub.2012.04.028

Tajadura-Jiménez A, Tsakiris M, Marquardt T, Bianchi-Berthouze N
(2015) Action sounds update the mental representation of arm
dimension: contributions of kinaesthesia and agency. Front Psy-
chol 6:689. doi:10.3389/fpsyg.2015.00689

Taylor-Clarke M, Jacobsen P, Haggard P (2004) Keeping the world
a constant size: object constancy in human touch. Nat Neurosci
7:219-220. doi:10.1038/nn1199

Weiss T, Miltner WH, Liepert J, Meissner W, Taub E (2004) Rapid
functional plasticity in the primary somatomotor cortex and per-
ceptual changes after nerve block. Eur J Neurosci 20:3413-3423.
doi:10.1111/j.1460-9568.2004.03790.x

Witt JK, Proffitt DR, Epstein W (2005) Tool use affects perceived dis-
tance, but only when you intend to use it. J Exp Psychol Hum
Percept Perform 31:880-888. doi:10.1037/0096-1523.31.5.880

Yamamoto S, Kitazawa S (2001) Sensation at the tips of invisible
tools. Nat Neurosci 4:979-980

Yang T, Gallen C, Schwartz B, Bloom F (1993) Noninvasive soma-
tosensory homunculus mapping in humans by using a large-array
biomagnetometer. Proc Natl Acad Sci 90:3098-3102


http://dx.doi.org/10.1111/j.1467-9280.2007.01952.x
http://dx.doi.org/10.1016/j.cortex.2008.03.008
http://dx.doi.org/10.1016/j.cortex.2008.03.008
http://dx.doi.org/10.3389/fnbeh.2015.00004
http://dx.doi.org/10.3389/fnbeh.2015.00004
http://dx.doi.org/10.1007/s00221-010-2446-5
http://dx.doi.org/10.1016/j.neuropsychologia.2012.05.022
http://dx.doi.org/10.1016/j.neuropsychologia.2012.05.022
http://dx.doi.org/10.1016/j.cub.2012.04.028
http://dx.doi.org/10.1016/j.cub.2012.04.028
http://dx.doi.org/10.3389/fpsyg.2015.00689
http://dx.doi.org/10.1038/nn1199
http://dx.doi.org/10.1111/j.1460-9568.2004.03790.x
http://dx.doi.org/10.1037/0096-1523.31.5.880

	The recalibration of tactile perception during tool use is body-part specific
	Abstract 
	Introduction
	Materials and Methods
	Participants
	Tactile distance judgment task
	Tool use procedure
	Goodness of fit
	Quantifying embodiment

	Results
	Discussion
	Conclusion
	Acknowledgements 
	References




