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Somatic Sensation of Hand-Object Interactive Movement Is
Associated with Activity in the Left Inferior Parietal Cortex
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Manipulation of objects and tool-use are known to be controlled by a network of frontal motor and parietal areas. Here, we investigate
which of these areas are associated with the somatic sensation of hand-object interactive movement using functional magnetic resonance
imaging.

To dissociate the sensation of movement from the motor control commands, we used a new kinesthetic illusion. Twelve blindfolded
right-handed participants placed the palm of their right or left hand on an object (a ball). Simultaneously, we vibrated the tendon of the
wrist extensor muscle. This elicited the illusion that the wrist is flexing and the touched object is also moving along with the hand
(hand-object illusion). As controls, we vibrated the skin surface over the nearby bone, which does not elicit any illusions, or we vibrated
the tendon when the hand did not touch the object, which only generates the illusory flexion of the hand.

We found that the hand-object illusion specifically activated the left inferior parietal lobule (IPL) (supramarginal gyrus and parietal
operculum, including cytoarchitectonic areas ip1 and op1) and area 44. The left IPL was activated both during the hand-object illusions
with the right and left hands, and the activity was greater than in the right corresponding parietal region, suggesting a dominant role of
the left hemisphere.

We conclude that the left IPL is involved in the somatic perception of hand-object interactive movement and suggest that the under-
lying mechanism is the somatic integration of internal information about the body and external information about the object.

Key words: kinesthesia; hand-object interaction; inferior parietal lobule; IPL; left hemisphere; normal volunteers; functional magnetic
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Introduction

The ability to manipulate objects and use them as tools is a fun-
damentally important aspect of human hand dexterity. Previous
studies on the neuronal basis of object manipulation and tool use
have addressed this issue mainly from a motor control perspec-
tive (Jeannerod et al., 1995; Binkofski et al., 1999; Ehrsson et al.,
2000). However, the tactile and kinesthetic signals from the hand
and the fingers are critically important for manual performances
(Rothwell et al., 1982; Johansson and Westling, 1984; Johansson
etal., 1992). In particular, information about the spatial relation-
ship between the hand and a hand-held object is important when
we handle the object. For example, we use a computer mouse
without directly watching our hand, because when we hold it, we
can sense its location in relation to our hand and body (Graziano
and Gross, 1998). Here, we investigate the perceptual aspect of
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hand-object interaction by identifying the neural correlates of the
sensation that a touched object is moving with the hand.

To dissociate the sensation of hand-object interactive move-
ment from voluntary motor control processes, we used a kines-
thetic illusion that is elicited by vibrating the tendon of a limb
(Goodwin et al., 1972). The vibration excites the muscle spindle
afferents that signals limb movements (Burke et al., 1976; Roll
and Vedel, 1982; Roll et al., 1989). For the present study, we
designed a new version of this illusion. Participants touched the
surface of a ball with the palm of the right or left hand during
which we vibrated the tendon of wrist extensor carpi ulnaris
(ECU) muscle (Fig. 1). This elicited the illusion that the wrist is
passively flexing and that the touched ball is moving along with
the hand (hand-object illusion). This illusion is not associated
with any intention to move, sense of effort, or perceived forces
between the hand and the object and is thus a purely perceptual
illusion (see Results for additional details about the phenomenol-
ogy of the illusion).

Electrophysiological studies in nonhuman primates have
shown that neurons related to object-manipulation are located in
the ventral premotor cortex (Murata et al., 1997; Rizzolatti and
Luppino, 2001), intraparietal cortex (Murata et al., 2000), supe-
rior parietal lobule (Iriki et al., 1996), and inferior parietal lobule
(IPL) (Fogassi et al., 2005). Likewise, neuroimaging studies in



3784 - ). Neurosci., April 5, 2006 - 26(14):3783-3790

Hand contact
CONTACT

FREE

Z
o
o
i

2 F

(7))

c

9

-

©

|

=

> w
2
o
11}

Figure 1.  Experimental conditions. To elicit the illusions (top row), we vibrated the tendon

of wrist extensor muscles (the ECU; TENDON) of the right or left hand when the palm of the hand
rested on the lateral surface of a ball (left column; CONTACT) or when the hand did not touch the
ball (right column; FREE). Note that the angle of the wrist was matched in these two situations.
To control for the effect of skin vibration, we applied identical stimuli to the skin over the
processus styloideus ulnae, which did not elicit any illusions (bottom row; CONTACT-BONE,
FREE-BONE).

humans have revealed that inferior-frontal and parietal cortices
are activated when we manipulate or explore hand-held objects
(Binkofski et al., 1999; Ehrsson et al., 2000, 2001; Kuhtz-
Buschbeck et al., 2001; Stoeckel et al., 2004; Johnson-Frey et al.,
2005; Schmitz et al., 2005). Thus, we hypothesized that the so-
matic sensation of hand-object interactive movements should be
associated with activity in some of the frontoparietal areas related
to active manipulation of objects, just like the sensation of hand
movement involves activation of the primary motor cortex
(Naito etal., 1999, 2002b; Naito, 2004). We also predicted a dom-
inance of the left hemisphere, because damages to the left fron-
toparietal cortices often cause apraxia of tool use (Liepmann,
1905; Schnider et al., 1997; Haaland et al., 2000; Leiguarda and
Marsden, 2000; Goldenberg, 2003; Johnson-Frey, 2004). We used
functional magnetic resonance imaging (fMRI) to test these
hypotheses.

Materials and Methods

Subjects. Twelve healthy right-handed (Oldfield, 1971) male subjects
(21-33 years of age) participated in the study. All subjects gave their
informed consent, and the Ethical Committee of the Karolinska Hospital
approved the study. The fMRI experiment was performed following the
principles and guidelines of the Declaration of Helsinki (1975).

fMRI measurement and tasks. A 1.5 T Signa Horizon Echospeed scan-
ner (General Electrics Medical Systems, Milwaukee, WI) with head-coil
provided T1-weighted anatomical images (3D-SPGR) and functional
T2*-weighted echoplanar images (64 X 64 matrix, 3.4 X 3.4 mm; echo
time, 60 ms). A functional image volume comprised 30 slices of 5 mm
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thickness (with 0.4 mm interslice gap), which ensured that the whole
brain was within the field of view.

The subjects were blindfolded, and their ears were plugged. They
rested comfortably in a supine position on the bed of the MR scanner.
The extended arms were oriented in a prone position parallel to the
trunk. The arms were supported proximal to the wrist in a relaxed posi-
tion. The hands were passively flexed (ranged from 50 to 60° across
subjects) and completely relaxed. During the experimental conditions,
the subjects were instructed to relax completely and to be aware of the
sensation from the vibrated hand. In some of the experimental condi-
tions, the subjects had their hands positioned so that the palm was in
contract with a plastic ball (r = 5 cm) (Fig. 1).

In the experiment, we used a 2 X 2 factorial design. One factor was the
skin contact with the ball (CONTACT or FREE), and the other was the
vibration site (TENDON or BONE). In the CONTACT conditions,
the palmar surface of the hand (right or left) was passively in contact with
the lateral surface of a ball. In these conditions, the wrist angle was the
same as in the FREE conditions, which ensured the equal stretching of
wrist muscles, and which in turn means that the vibration stimuli will
elicit the same amount of muscle spindle activity. In the FREE condi-
tions, the hands did not touch the ball (Fig. 1). To elicit the illusory
palmar flexion of the wrist, we vibrated the tendon of the wrist extensor
muscle (the ECU; TENDON). To control for the effect of skin vibration,
we applied identical stimuli to the skin over the processus styloideus
ulnae, which does not elicit any illusions (BONE). Thus, there were four
stimulation conditions (CONTACT-TENDON, CONTACT-BONE,
FREE-TENDON, and FREE-BONE), and the participants only experi-
enced the hand-object illusion in the CONTACT-TENDON condition
(Fig. 1).

We used a nonmagnetic vibrator, which was driven by constant air
pressure provided by an air compressor (BILTEMA Art. 17-635, Linko-
ping, Sweden) (Naito et al., 2002b, 2005). The frequency of the stimula-
tion was ~80 Hz, and the surface of the stylus was 1 cm?. One experi-
menter in the scanner room manually operated the vibrator by applying
it to the skin with a light pressure. To provide the instructions about the
conditions and the onset and offset of the vibration to the experimenter,
computer-generated visual cues were projected onto the white surface of
the scanner (the blindfolded participants could not see this visual infor-
mation). Two REST conditions in which the subjects relaxed completely
and no vibratory stimuli were delivered were also included when the
hands touched the ball (CONTACT-REST) or hung freely
(FREE-REST).

For each subject, we performed six fMRI sessions: in three of these, the
right wrist was vibrated alternating with three sessions in which the left
wrist was vibrated (e.g., left session, right session, left session, and so
forth). A total of 6 X 122 functional image volumes were collected for
each subject. In each session, there were six conditions as described
above. Each condition lasted for 32 s (eight functional images; repetition
time, 4 s) and was repeated twice during each session. The order of
conditions was randomized according to a balanced schedule. To remove
or replace the ball between the FREE and CONTACT conditions, we
included special periods that lasted 16 s between these conditions. The
participants had their hands in contact with the ball for ~4-8 s before
the actual CONTACT condition started. In the analysis, the data from
these periods were modeled as conditions of no interest and thereby
effectively not used.

Psychophysical testing. In a psychophysical test session conducted a few
days before the fMRI, we selected 12 out of 16 participants who experi-
enced vivid illusory palmar flexion when hands were free, and we vi-
brated the tendon, and who also felt a vivid hand-object illusion when the
hands were in contact with the ball. In this test, we vibrated the tendon of
the ECU muscle for 30 s. Elecotromyograms (EMGs) were monitored
from the skin surface of the vibrated ECU muscle and the flexor muscle
[flexor carpi ulnaris (FCU)]. Five trials were performed for each subject.
During each trial, the subjects were required to say “start” when they felt
that the illusions had started. After each trial, we asked them to verbally
describe how they felt during the vibration. To quantify the illusory wrist
movements, we asked the subjects to replicate the illusory experiences by
actually moving their hands. We measured the maximum wrist angles by
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a protoractor [see methods in the study by Naito et al. (2002a)]. The
subjects were also requested to rate the vividness of illusions on an analog
scale from 1 to 10. The vividness was defined as how realistic the illusion
was (10 being “absolutely realistic”). In some trials, we also vibrated the
tendon of the wrist flexor muscle (FCU) while they touched the ball and
asked them about the sensory experiences. Also, in some participants, we
vibrated the tendon of the ECU muscle while the palm of the hand was
placed on the top of a Coca-Cola can. They reported that the can was
shrinking in the direction of the illusory hand flexion. Likewise, when we
asked the participants to hold a cylinder and the wrist tendon (flexor or
extensor) was vibrated, they reported that the cylinder was moving along
with the illusory hand movement. Thus, the hand-object illusions
seemed to be highly reproducible regardless of the type of object being
touched.

fMRI data analysis. The fMRI data were analyzed with the Statistical
Parametric Mapping software (SPM99; http://www.fil.ion.ucl.ac.uk/
spm/; Wellcome Department of Cognitive Neurology, London, UK).
The functional images were realigned to correct for head movements
(Ashburner and Friston, 1997), coregistered with each subject’s anatom-
ical MRI, and transformed (linear and nonlinear transformations) into
the reference system of Talairach and Tournoux (1988) (Ashburner and
Friston, 1997) using the Montreal Neurological Institute (MNI) refer-
ence brain. The functional images were scaled to 100 to correct for global
changes in the MR signal, and the images were spatially smoothed with an
8 mm full-width at half-maximum (FWHM) isotropic Gaussian kernel
and smoothed in time by a 4 s FWHM Gaussian kernel. We fitted a linear
regression model (general linear model) to the pooled data from all
subjects to increase the sensitivity of the analysis [fixed-effect model, as in
Naito et al. (2005)]. The validity of this approach, in terms of consistency
of effects across all subjects in the group, was confirmed by conducting
single-subject analyses (see below). We did not use a random-effect
model, because our previous experiments indicated that at least 16 sub-
jects are necessary to reliably detect effects related to body image illusions
(Ehrsson et al., 2004, 2005). Each condition was modeled with a boxcar
function delayed by 4 s and convoluted with the standard SPM99 hemo-
dynamic response function. Because we knew from the training before
the scans that the illusions started after 1.8 -2.7 s (see Results), we omit-
ted the first 4 s of all conditions by defining these periods as conditions of
no interest in the model.

Brain activations related to the hand-object illusions. To identify activity
that exclusively related to the hand-object illusions, we examined the
interaction between the site of vibration and the skin contact between the
hand and the object in the 2 X 2 factorial design [( CONTACT-TENDON
vs CONTACT-BONE) vs (FREE-TENDON vs FREE-BONE)]. This was
done for the right and left hand, separately. We used the contrast of
(CONTACT-TENDON vs CONTACT-REST) for the corresponding
hand as an inclusive mask ( p < 0.05, uncorrected) to ensure that only
voxels showing activation, as opposed to deactivation, were included.
The rationale of this design is that the interaction term reveals activity
that specifically reflects the hand-object illusions and that cannot be
attributed to the effects of vibrating the muscle tendon or the tactile input
from the palm contacting the ball. A voxel-wise threshold of p < 0.001
uncorrected (f > 3.09) was used to generate the cluster images. Because
we had a priori anatomical hypothesis that the frontoparietal areas asso-
ciated with the performance of object manipulation would be active (see
Introduction), we restricted the search space and used a small volume
correction. We defined our search space as all those voxels that were
active in the main effect contrast of all four vibration conditions versus
REST (p < 0.05, whole brain corrected). This main-effect contrast,
which identified a set of bilateral frontoparietal areas, can be used to
reduce the search space, because it is orthogonal (i.e., statistically inde-
pendent) to the interaction contrast. When inspecting the interaction
term in the factorial design, we used the threshold of p < 0.05 corrected
based on a test for cluster size.

We also depicted voxels that were active in common during the right
and left hand-object illusions (interaction terms). We used the SPM99
conjunction analysis (Price and Friston, 1997; Nichols et al., 2005)
([right (CONTACT-TENDON vs CONTACT-BONE) vs (FREE-
TENDON vs FREE-BONE)] N left [(CONTACT-TENDON vs
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CONTACT-BONE) vs (FREE-TENDON vs FREE-BONE)]). For this
analysis, we used the threshold of p < 0.005 after the small volume
correction described above, which was a sufficiently conservative thresh-
old to ensure that each of the two contrasts in the conjunction analysis
corresponded to p < 0.05 corrected (Nichols et al., 2005).

Single-subject analyses for the interaction. The interaction analyses were
based on the functional data pooled across subjects using fixed-effect
analyses. The reliability of this model has been criticized, because the
results can be biased by a minority of subjects showing very strong effects
(Friston etal., 1999). To ensure that the group results were representative
for all 12 subjects and to refine the anatomical locations of individual
activations in the standard anatomical space (x, y, z), we analyzed the
data from individual subjects [as we did in the study by Ehrsson et al.
(2003)]. In this purely descriptive analysis, all image-processing steps
were identical to those used in the group analysis. The same GLM as in
the group analysis was used, with the only difference being that we con-
sidered the functional data from each subject separately. We probed for
increases in the BOLD signal ( p < 0.05 uncorrected) in a volume of
radius 10 mm around the voxels, which corresponded to the peaks de-
tected in the group analysis. We report the number of subjects that dis-
played a BOLD signal increase in the relevant areas. We also summarize
peak coordinates in the standard anatomical space (x, y, z) for the left
parietal activations observed in the individual subjects and provide the
individual ¢ values for these activations (supplemental table, available at
www.jneurosci.org as supplemental material).

Testing of dominance of the left hemisphere. When we inspected the
activation maps, we found that the left inferior parietal cortex was spe-
cifically activated during hand-object illusions no matter whether the
right or left hand was tested. No activity was observed in the right inferior
parietal cortex (see Results for details). Thus, there appears to be a later-
alization to the left hemisphere. However, to statistically test whether this
reflects a genuine dominance of the left hemisphere, one has to directly
compare the activities in the left regions with those in the right corre-
sponding regions. We did this by flipping (a right-to-left transformation
in the x-axis) the functional images from all scans of all subjects (the
smoothed and normalized images) [see methods in Naito et al. (2005)].
Thus, the right and the left hemispheres were reversed (flipped images).
We defined a new general linear model that included both the flipped and
the unflipped data. To test whether the BOLD signals in the left regions
were significantly greater than those in the right corresponding regions
during the hand-object illusions, we defined the contrast [right
(CONTACT-TENDON vs CONTACT-BONE) vs right (FREE-
TENDON vs FREE-BONE) vs right-flipped (CONTACT-TENDON vs
CONTACT-BONE) vs right-flipped (FREE-TENDON vs FREE-
BONE)]. The corresponding contrasts were defined to test the left-sided
dominance during the left hand-object illusions. Because we were inter-
ested in a specific brain region (the left inferior parietal cortex) in this post
hoc analysis, we used the threshold of p < 0.05 corrected after small
volume correction in a sphere of radius 10 mm around the peak voxel
identified in this region from the interaction analyses (see Results).

Anatomical definitions. We used cytoarchitecturally defined areas from
10 postmortem brains [cytoarchitectonic area 44 (Amunts et al., 1999),
areas IP1 and IP2 in the intraparietal areas (Choi et al., 2006), and areas
OP1, OP2, OP3, and OP4 in the parietal operculum (Eickhoff et al.,
2006a,b)]. A population map was generated for each area (Roland and
Zilles, 1998) describing for each voxel how many brains have a represen-
tation of one particular cytoarchitectonic area. Each voxel was allocated
to the cytoarchitectural area with the highest number of postmortem
brains associated with it (Roland and Zilles, 1998). At the “outer” border
of a cytoarchitectural area (i.e., at the border of a region where no micro-
structural data were available), a threshold of 3 of 10 (30%) brains was
applied. This means that voxels with a representation of a given area in
n > 3 brains were assigned to this area (Naito et al., 2002b, 2005). The
result of this procedure is a probability map that provides a working
definition of the most probable location of each area in the standard
anatomical space (Roland et al., 2001). The probability map was finally
transformed into the MNI reference brain space (Ashburner and Friston,
1997). This procedure allows us to relate the peak locations of fMRI
activation to the cytoarchitectural probability maps. We used these maps
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Table 1. Behavioral results in all TENDON (illusion) conditions

Amount (deg) Vividness Onset (s)
Right CONTACT 194 £ 6.5 59+12 23+ 15
Left CONTACT 15.7 £ 4.2 5910 1.8+ 1.0
Right FREE 184 + 4.6 6.0 =17 27+27
Left FREE 18.1 £ 5.1 64+ 1.1 1.8+09

Mean == SD across subjects

as “probabilistic indicators” for the anatomical locations of activations in
the cytoarchitectural areas. For additional discussion of the technique of
combining functional imaging and cytoarchitectural mapping, see stud-
ies by Roland and Zilles (1998), Bodegard et al. (2001), Roland et al.
(2001), Naito et al. (2002b, 2005), Ehrsson et al. (2003), and Young et al.
(2004).

Results

Psychophysical evaluation

In the test sessions before the fMRI, we measured the angles of
illusory hand movements, determined the onsets of illusions, and
recorded the subjective ratings of the vividness of the illusions.
When the hand was in contact with the ball (CONTACT-
TENDON) (Fig. 1), the blindfolded subjects reported the experi-
ence that the ball was moving with the hand along the direction of
illusory flexion movement. This illusory sensation was highly
consistent across trials. The subjects reported no feeling of in-
creasing pressure at the contact surface between the hand and the
ball. If the hand was not touching the ball, no hand-object illusion
was experienced, even when the distance between the fingers and
the object were only <1 cm. Additionally, we found that the
hand-object illusions strictly obeyed the direction of illusory
hand movement. When we vibrated the tendon of wrist flexor
muscle (creating an illusory extension of the hand), the subjects
felt that the ball was “dragged along” the hand. Also, the hand-
object illusions were often followed by the transient aftereffects
(i.e., the sensation that the hand and the ball returned toward the
original position within a few seconds). These observations all
confirmed that the hand-object illusion is a perceptual illusion
that is strictly determined by the pattern of sensory inputs.

Table 1 summarizes the results of the psychophysical tests
outside the scanner. The participants experienced a similar
amount of illusory wrist movements when the hand was in con-
tact with the ball (CONTACT-TENDON) and when the hand did
not touch it (FREE-TENDON). Likewise, the subjects’ ratings of
the vividness of the illusions were similar between the hand-
object illusions and the free-hand illusions. In all conditions, the
illusions started almost immediately after the start of vibration.

The EMG from the skin surface of the vibrated ECU muscle
showed an occasional increase in activity during the tendon vi-
bration (illusions). No reliable differences in EMG activity were
observed by visual inspection between the CONTACT conditions
and the FREE conditions. From the flexor muscle (the FCU), we
found no robust EMG activity during the illusions. These EMG
results confirmed those in our previous studies (Naito et al.,
2002a,b, 2005).

After each fMRI session, we asked the subjects to verbally
describe what they had experienced when we vibrated the tendon.
When the hand was free and the tendon was vibrated (FREE-
TENDON), all subjects reported that they experienced illusory
hand flexion movements. When the hand was in contact with the
ball (CONTACT-TENDON), they reported that they experi-
enced that the touched ball was moving with the hand along its
illusory flexion, just as they had felt in the training session. When
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the skin surface over the nearby bone was vibrated (BONE), the
subjects experienced no reliable illusions, as repeatedly con-
firmed in our previous studies (Naito et al., 2002b, 2005). The
experimenter who was standing in the scanner room near the
subject observed no overt movements of the subjects’ vibrated
hands in any conditions.

Brain activation

Areas specifically active during hand-object illusion

We identified areas that were specifically active during the hand-
object illusions using the contrast of [(CONTACT-TENDON vs
CONTACT-BONE) vs (FREE-TENDON vs FREE-BONE)]. In
this contrast, the effects related to the hand contact, the vibration
site, and the illusory hand movement were matched, allowing us
to reveal activity that specifically reflects the illusion that the
touched ball was moving with the hand. The results are summa-
rized in Figure 2 and Table 2.

First, we examined the activations when the left hand was
vibrated. Activations were observed in the left frontoparietal cor-
tices ( p < 0.05, corrected) (Fig. 2, pink sections; Table 2). One
cluster was located in the left inferior frontal cortex (cytoarchi-
tectonic area 44) (Fig. 2a,e,f). The other cluster was located in the
left IPL, which includes the supramarginal gyrus (SMG) and pa-
rietal operculum (PO) (Fig. 2a). In this cluster, we found three
peaks. One lay in the most probable location of cytoarchitectonic
area ipl (Fig. 2b). The other two were located in the border zone
between areas ip1 and ip2 (Fig. 2c) and area op1 (Fig. 2d). When
we tested for the interaction effect in each subject individually
(see Materials and Methods), we found activations in the left
inferior frontal cortex (area 44) in 10 of 12 subjects and in the left
IPL regions in 11 subjects (supplemental table, available at ww-
w.jneurosci.org as supplemental material).

Next, we investigated the activity associated with the right
hand-object illusion. Such activation was found in the left IPL.
Two peaks were located in the border zone between areas ip1 and
opl (Fig. 2a,c,d,f, green sections). This activation was located at
the similar site where we found the activity associated with the left
hand-object illusion (interaction term, see above). From the
single-subject analyses, we confirmed that the brain signal in-
creased in the left IPL in 11 subjects (supplemental table, avail-
able at www.jneurosci.org as supplemental material). For the in-
ferior frontal cortex (area 44), the signal increased only in five
subjects, which may explain why we did not find significant acti-
vation in the group analysis.

The left IPL activation was not attributable to different de-
grees of activation in the hand-object illusions and in the free-
hand illusions. When we examined the simple contrasts (supple-
mental information, available at www.jneurosci.org as
supplemental material), we found that the hand-object illusion
(CONTACT-TENDON vs CONTACT-BONE) activated the left
IPL, and that this area was not active during the illusory move-
ment of the hand without the object (FREE-TENDON vs FREE-
BONE) (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material).

Finally, we examined whether the right and left hand-object
interactions specifically activated overlapping areas in the left
inferior parietal and frontal cortices. The conjunction analysis
(see Materials and Methods) showed that both illusory hand-
object illusions (interaction effects) activated the lateral part of
the left IPL in common [(—63, —39, 36) T = 3.04; p < 0.005,
corrected) (Fig. 2a,c, dark green spots)]. Thus, the perceived
hand-object interaction specifically engaged the left IPL regard-
less of whether the right or left hand was tested. Together, these
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Figure2.  Areasshowing activity specifically related to the hand-object illusions [(CONTACT-
TENDON vs CONTACT-BONE) vs (FREE-TENDON vs FREE-BONE)] and the cytoarchitectonic areas.
The activations are superimposed on the normalized anatomical image of a subject. Pink sec-
tions (filled in @ and open in b—f) correspond to the areas activated during the left hand-object
illusion; light green sections (filled in @and openin ¢, d, and f) correspond to those active during
the right hand-object illusion. Filled blue sections correspond to the most probable locations of
cytoarchitectonicarea 44 (light blue, ip1; white, ip2; yellow, op1). The dark green spotsin@and
cindicate the overlapping areas active during the right and left hand-object interaction.

results strongly suggest that the activity in the left IPL is associ-
ated with the somatic sensation that a touched object is moving
with the hand regardless of whether the sensation involves the
right or left hand.

Dominance of the left hemisphere in the

hand-object interaction

As described above, the left IPL was specifically activated during
the illusion of hand-object interaction regardless of whether the
right or left hand was used (Fig. 2a,f). No such activity was ob-
served in the right corresponding region. The flip analysis for the
left hand-object interaction showed that the left IPL [peaks (—45,
—51,27), T = 4.1; (=57, —45,45) T = 3.3; p < 0.05, corrected]
was significantly more activated than the right corresponding
region. Likewise, we found a statistical trend for stronger activity
in the left IPL [(—57, —39, 33) T = 2.3; p < 0.05, uncorrected]
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Table 2. Peak coordinates and their T values in hand-object specific activations

X y z T
Left hand-object illusion
Left area 44 cluster =57 9 9 42
Left IPL cluster
Areaip1 —57 —45 45 4.0
Border areaip1/ip2 —48 —48 33 3.6
Areaop1 —60 —30 24 3.7
Right hand-object illusion
Left IPL cluster
Border areaip1/op1 —66 —42 27 3.7
Border areaip1/op1 —57 -39 27 33

than that in the right corresponding region during the right
hand-object interaction. Together with the results from the con-
junction analysis with the simple contrasts (supplemental infor-
mation and supplemental Fig. 2, available at www.jneurosci.org
as supplemental material), these findings suggest that the somatic
sensation that a touched object is moving with the hand predom-
inantly engages the inferior parietal cortices in the left
hemisphere.

Discussion

In the present study, we could associate activity in the left IPL
with the somatic sensation that a touched object is moving with
the hand. We further demonstrated a dominance of the left hemi-
sphere for this perception. We propose that the left IPL mediates
the sensation of hand-object interactive movement by integrat-
ing the kinesthetic information of hand movement and haptic
information about the external object. These findings provide a
neuronal basis of somatic perception of hand-object interaction
and also suggest a possible parietal mechanism that links an ex-
ternal object with our own hand when the object or tool becomes
“incorporated” into our body image (Maravita and Iriki, 2004).

Hand-object illusion

To elicit the illusion that the hand and the hand-held object were
passively moving, we vibrated the tendon of the wrist muscle
while the palm of the hand touched the object. The tendon vibra-
tion excites muscle spindle afferents that signal hand movement.
These signals are processed by cortical motor areas, cerebellum,
and right-sided frontoparietal areas (Naito et al., 1999, 2002a,b,
2005; Naito, 2004) (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). In contrast, the skin
contact between the palm and the object may stimulate slow
adapting receptors in the skin (Johansson and Vallbo, 1983),
which may provide partial information about the stereognostic
properties of the object. These tactile signals are processed in the
primary somatosensory cortex and the superior parietal lobe
(SPL) (Binkofski et al., 1999; Bodegard et al., 2001; Stoeckel et al.,
2004). Thus, the hand-object illusion depends on the central in-
tegration of kinesthetic and haptic information, which probably
takes place in the left IPL (see below).

The hand-object illusion also seems to depend on previous
knowledge about the physical and functional properties of the
touched object. For example, when people felt illusory flexion of
the arm while the hand was placed on the top of a cylinder, they
experienced that the cylinder was shrinking along with the illu-
sory arm movement (Naito, 2002). In contrast, when the forearm
was fixed on a static wall and the forearm muscles were vibrated
while participants were seated on a rotatable chair, most partici-
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pants felt rotation of the entire body (Lackner, 1988). Thus, pre-
vious knowledge about the functional properties of the touched
objects (i.e., a wall is immobile and a cylinder is shrinkable) may
also determine the type of illusory sensation.

Inferior parietal lobule and sensation of hand-object
interactive movement

The present left IPL activation (Fig. 2) does not simply reflect the
greater complexity of sensory integration in the hand-object illu-
sion than in the simple wrist flexion illusion. In our previous
studies, we investigated other complex illusions, for example,
integration between the two hands during illusory bimanual
movements (Naito et al., 2002b) and integration between the
hands and the waist causing illusory waist shrinkage (Ehrsson et
al., 2005). These illusions were not associated with activity in the
IPL but activated other areas, namely the primary motor cortex
(Naito etal., 2002b) and the junction between the postcentral and
intraparietal sulci (Ehrsson et al., 2005), respectively. Thus, the
activity in the left IPL reflects the specific type of sensory integra-
tion that is needed to elicit the hand-object illusion.

The left IPL activation related to the hand-object illusion was
located in the supramarginal gyrus and the parietal operculum.
These two parietal areas are strongly associated with the control
of object manipulation and tool use in human imaging studies
(Binkofski et al., 1999; Ehrsson et al., 2000, 2001; Kuhtz-
Bushbeck et al., 2001; Johnson-Frey et al., 2005; Schmitz et al.,
2005). Additionally, we observed activity in the left inferior fron-
tal cortex (area 44) during the left hand-object illusion (but not
during the right hand-object illusion), which is also an area asso-
ciated with object manipulation (see above references). The im-
portance of the parietal regions for the perception of hand-object
interactive movement might differ from the more motor-
dominant roles of the frontal cortex, as suggested both in humans
(Heilman et al., 1982; Binkofski et al., 2001) and in nonhuman
primates (Murata et al., 1997, 2000). Nevertheless, the sensation
of hand-object interactive movements seems to engage some of
the areas that are activated during active object manipulation. We
have shown previously that the primary motor cortex hasarole in
the somatic perception of limb movements, in addition to its
executive role of producing limb movements (Naito et al., 2002b;
Naito, 2004). Thus, the present finding supports the general hy-
pothesis that actions and their perceptual contents may share
some of the same brain areas (Naito et al., 1999, 2002b; Hommel
et al., 2001; Naito and Sadato, 2003; Berti et al., 2005).

Recently, it has been demonstrated that human inferior pari-
etal regions can be cytoarchitecturally subdivided into several
distinct regions (areas IP1-2, OP1-4) (Choi et al., 2006; Eickhoff
et al., 2006a,b). Area IP1 is caudally located to area 2, lines the
rostral part of the intraparietal sulcus, and extends into the SMG.
Area IP2 is caudally and somewhat medially located to area IP1.
Area OP1 is located laterally in the PO and also extends dorsally
into the SMG (Young et al., 2004; Naito et al., 2005). These areas
are considered to be high-order somatosensory areas in humans
(Young et al., 2004; Naito et al., 2005).

The precise homology between the cytoarchitectural areas in
human and monkey’s inferior parietal lobules is still not known
(Eidelberg and Galaburda, 1984). In the present study, the acti-
vations associated with the hand-object illusions were located in
the lateral-most parts of the left inferior parietal regions, includ-
ing cytoarchitectonic areas ip1 and opl (Fig. 2), regardless of
which hand was used. The lateral and posterior part of the mon-
key’s inferior parietal lobule (area 7b/PF) contains neurons that
predominantly respond to somaesthetic inputs and are involved
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in cutaneous-somatomotor integration (Hyvirinen, 1982). Like-
wise, neurons in the parietal opercular region (SII) also respond
to various types of somatosensory stimuli (Robinson and Burton,
1980). Importantly, the monkey’s PF and SII project to area F5,
which perhaps corresponds to the human ventral premotor cor-
tex or area 44 (Godschalk et al., 1984; Matelli et al., 1986; Rizzo-
latti and Luppino, 2001). Thus, our view that the kinesthetic
information of hand movement and haptic information about
the external object are integrated in the parietal regions to elicit
the sensation of hand-object interactive movements seems to be
consistent with the physiological and anatomical properties of
these areas.

Finally, in the present study, we did not observe activity in the
SPL. We know from previous experiments that the SPL is impor-
tant for haptic perception of objects (Binkofski et al., 2001;
Stoeckel et al., 2004) and that this region is recruited during the
active exploration of objects (Binkofski et al., 1999). In the
present study, the haptic inputs were matched in the interaction
contrast, which probably explains the lack of SPL activity. In
contrast, the IPL seems to be important for representing the spa-
tial relationship between the hand and the hand-held object (i.e.,
position and movement of the object relative to the hand).

Dominance of the left hemisphere for the sensation of
hand-object interaction

We found that the left IPL activation was related to the hand-
object illusion regardless of which hand was used (Fig. 2), and
that no such activation was observed in the right corresponding
parietal regions (supplemental Fig. 2, available at www.jneuro-
sci.org as supplemental material). This reflects a genuine lateral-
ization to the left hemisphere as shown in the present flip analyses
(see Results). Thus, our data provide direct physiological evi-
dence for a dominant role of the left hemisphere in the somatic
perception of hand-object interaction.

This finding may provide a physiological basis for the neuro-
logical observations that lesions in the left hemisphere that in-
clude inferior parietal cortices often cause ideomotor apraxia
(Liepmann, 1905; Schnider et al., 1997; Haaland et al., 2000; Lei-
guarda and Marsden, 2000; Goldenberg, 2003; Johnson-Frey,
2004). The apraxia after left parietal damage is often present
when using either hand (Alexander et al., 1992; Haaland and
Harrington, 1996; Leiguarda and Marsden, 2000; Halsband et al.,
2001). Additionally, our results seem to be consistent with a
meta-analysis of parietal activation studies (Nickel and Seitz,
2005), which suggests that the left IPL is involved in the hand-
object interaction, and with Heilman et al. (1982), who, based on
an analysis of human lesion data, suggested that the inferior pa-
rietal lobule (supramarginal gyrus) contains visuokinesthetic
representations (i.e., perceptual representations related to the
motor performances with objects and tools). The clinical obser-
vation that apraxia often coexists with aphasia (De Renzi et al.,
1980; Haaland and Flaherty, 1984; Kertesz et al., 1984; Papagno et
al., 1993) may reflect that both hand-object interaction and lan-
guage (Binder et al., 1997; Vikingstad et al., 2000) are lateralized
to the left hemisphere.

The lateralization to the left IPL for the hand-object interac-
tion is strikingly different from the lateralization to the right
corresponding regions for the perception of simple limb move-
ments (Naito et al., 2005). In the present study, we reproduced
the finding that right inferior parietal and inferior frontal cortices
are active when the participants experience illusory movements
of either hand without touching the object (supplemental Fig.
2¢,d, available at www.jneurosci.org as supplemental material).
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Thus, it seems that the right parietal regions are specialized for
neuronal processing of information from one’s own body (Berti
etal., 2005; Naito et al., 2005), whereas the left parietal regions are
specialized for the neuronal association between the internal
(body) and the external (objects) information (Haaland and Fla-
herty, 1984).
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