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Abstract

Sensing movements of the upper and lower extremities is important in controlling whole-body movements. We have shown that
kinesthetic illusory hand movements activate motor areas and right-sided fronto-parietal cortices. We investigated whether illusions
for the upper and lower extremities, i.e. right or left hand or foot, activate the somatotopical sections of motor areas, and if an illusion
for each limb engages the right-sided cortices. We scanned the brain activity of 19 blindfolded right-handed participants using
functional magnetic resonance imaging (fMRI) while they experienced an illusion for each limb elicited by vibrating its tendon at
110 Hz (ILLUSION). As a control, we applied identical stimuli to the skin over a nearby bone, which does not elicit illusions
(VIBRATION). The illusory movement (ILLUSION vs. VIBRATION) of each immobile limb activated limb-specific sections of the
contralateral motor cortex (along with somatosensory area 3a), dorsal premotor cortex (PMD), supplementary motor area (SMA),
cingulate motor area (CMA), and the ipsilateral cerebellum, which normally participate in execution of movements of the
corresponding limb. We found complex non-limb-specific representations in rostral parts of the bilateral SMA and CMA, and illusions
for all limbs consistently engaged concentrated regions in right-sided fronto-parietal cortices and basal ganglia. This study
demonstrated complete sets of brain representations related to kinesthetic processing of single-joint movements of the four human
extremities. The kinesthetic function of motor areas suggests their importance in somatic perception of limb movement, and the non-
limb-specific representations indicate high-order kinesthetic processing related to human somatic perception of one’s own body.

Introduction

Sensing movements of the upper and lower extremities, i.e. right or
left hand or foot, plays an important role when humans and animals
control their extremities (Rothwell et al., 1982; Bard et al., 1995;
Ghez & Sainburg, 1995; Sainburg et al., 1995). The sensory afferents
from muscle spindle, cutaneous, and joint receptors contribute to the
signalling of limb movements to the brain (Burke et al., 1988; Edin &
Vallbo, 1988, 1990; Edin & Abbs, 1991; Edin & Johansson, 1995;
Edin, 2004; Collins et al., 2005), and the brain processes these sensory
inputs to create perceptual representations of limb movements (Head
& Holmes, 1911). The muscle spindle receptors are particularly
sensitive to detect direction and speed of limb movements (Burke
et al., 1976, 1988; Edin & Vallbo, 1988, 1990; Ribot-Ciscar & Roll,
1998). Vibrating the tendon of a limb’s muscle excites its muscle

spindle afferents (Goodwin et al., 1972a, b; Burke et al., 1976; Roll &
Vedel, 1982; Gandevia, 1985; Roll et al., 1989), and the brain receives
and processes their inputs (Wiesendanger & Miles, 1982) so that
people experience a sensation of slow movement as if the vibrated
limb were moving (kinesthetic illusory limb movement) in the absence
of actual movement, intention to move, or sense of effort (Burgess
et al., 1982; Matthews, 1982). In our series of human neuroimaging
studies (Naito et al., 1999, 2002a, b, 2005; Naito & Ehrsson, 2006),
we have focused on investigating the brain mechanism underlying the
illusion of hand movement, yet little is known about the mechanism
related to the illusion of foot movement.
With regard to the illusory hand movement, we have consistently

demonstrated that the illusion activates the hand sections of multiple
motor areas, i.e. contralateral primary motor cortex (M1), dorsal
premotor cortex (PMD), caudal parts of the supplementary motor
(SMA) and cingulate motor areas (CMA) and ipsilateral cerebellum
(Naito et al., 1999, 2002a, b, 2005). Thus, one may predict that
kinesthetic illusory foot movement also activates the limb-specific
(foot) sections of these multiple motor areas in the absence of actual
foot movements.
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We also found in our previous study (Naito et al., 2005) that the
bilateral rostral SMA ⁄ CMA and right-sided fronto-parietal regions are
commonly activated during the illusions irrespective of whether the
illusion is experienced on the right or the left hand. Our interpretation of
this finding was that activations in these regions probably reflect non-
limb-specific representations related to high-order kinesthetic process-
ing. Thus, if this view is correct, we may expect that the illusions for the
upper and lower extremities, i.e. right or left hand or foot, consistently
activate the bilateral rostral SMA ⁄ CMA and right-sided fronto-parietal
cortices. This is important because if this is the case, we may assign
these regions hierarchically high-order integrative roles in the percep-
tion of the dynamic configuration of limbs in intrapersonal space, which
may relate to somatic perception of one’s own body.

To address these questions, we measured brain activity (blood
oxygenation-level dependent, BOLD) using functional magnetic
resonance imaging (fMRI) to detect brain activity in 19 blindfolded
right-handed participants while they experienced an illusion for each
limb elicited by vibrating its tendon at 110 Hz (ILLUSION). In a
control condition for the skin vibration, which may recruit vibro-tactile
receptors (Johansson & Vallbo, 1983), we applied identical stimuli to
the skin surface over a nearby bone beside the tendon, which does not
elicit any illusions (VIBRATION). To identify brain areas related to
the illusions, we compared activity during ILLUSION with that during
VIBRATION.

Materials and methods

Participants

Nineteen healthy right-handed (Oldfield, 1971) participants (18 males
and one female) aged 19–36 with no history of neurological or other
diseases participated in this study. All participants had given their
informed consent, and the Ethical Committee of the National Institute
of Physiological Science had approved the study. The fMRI experi-
ment was carried out following the principles and guidelines of the
Declaration of Helsinki (1975).

Behavioural experiment

Before the fMRI experiment, outside the scanner, we evaluated the
illusory experience of hand or foot movement. The participants lay
comfortably on a bed in the supine position with their eyes closed and
were requested to be aware of sensation from the vibrated limb. Their
arms and legs were supported, and their hands and feet were completely
relaxed and did not touch anything throughout the experiment. Thus,
the participants were absolutely passive in all conditions.

For their hands, we vibrated the tendon of the extensor carpi ulnaris
(ECU) muscle of the right or left hand for 30 s, which elicited illusory
wrist flexion movement. For their feet, we vibrated the tendon of the
tibialis anterior (TA) muscle of the right or left foot for 30 s, which
elicited illusory ankle plantar-flexion. We used a non-magnetic
vibrator (110 Hz) (ILLUSOR, Umihira Ltd, Kyoto, Japan), driven
by constant air pressure provided by an air-compressor (AIR KING
GTAC 1525, GREAT TOOL, Taipei). To elicit vivid illusory foot
movement, we adopted an amplitude (± 3.5 mm) of vibration stimuli
for both hands and feet. Identical stimuli were used during fMRI
scanning. Each condition (vibrating of the tendon of the right or left
hand or foot) was repeated three times in a randomised order. After the
onset of vibration stimuli, when the participants started feeling illusory
movement, they were asked to say, ‘start’, and if the illusions
disappeared within 30 s they were asked to say, ‘stop’. After each trial,
the participants replicated the illusory movements by actually moving

each limb until the maximum illusory angle was reached. We
measured the angles from the relaxed position with the aid of two
small bars laterally attached to the skin surface of the hand or foot. The
angle of these bars was read using a transparent protractor that was
placed adjacent to the limb (Naito et al., 2002a). As controls, we
vibrated the skin surface over a nearby bone (i.e. the processus
styloideus ulnae of the hand or lateral malleolus of the foot) for 30 s.
Afterward, we asked the participants if they felt any illusory
movement to confirm whether these stimuli produced any (Naito &
Ehrsson, 2006). The contact surface on the skin was approximately
1 cm2 for all vibration conditions. One experimenter operated the
vibrator by manually applying it to the skin with a light pressure.
We calculated mean illusory angle and mean onset of illusion

separately from the three trials in each participant. As statistical
analyses, we conducted two-factorial [right, left (2) · hand, foot (2);
repeated measurement] analysis of variance (anova) for the mean
angle and for the mean onset separately.
To monitor changes in muscular activity during vibration, we

recorded EMGs from the skin surface over the vibrated ECU and the
flexor carpi ulnaris (FCU), which is an agonistic muscle to the illusory
direction of the hand, and also from the vibrated TA and the soleus
(SO; agonistic) muscle of the foot. A pair of 8-mm diameter Ag ⁄ AgCl
electrodes (NT-211 U, Nihon Kohden, Tokyo, Japan) was placed on
the skin surface over each muscle. The signals were amplified 2000
times using an amplifier (AB-610J, Nihon Kohden, Tokyo, Japan) and
displayed on a PC monitor using special software (PowerLab ⁄ 16SP,
ADInstruments, Australia; see details in Kito et al. 2006). In almost
half (approximately 40%) of all trials, irrespective of the vibrated limb,
we observed no conspicuous muscular activity throughout the trial.
Even in the remaining trials, we found that the increase was temporal
within the trial and did not last throughout the tendon vibration. Thus,
we only report changes of EMG activity in a purely descriptive
manner in the results.

fMRI experiment

A 3.0 T SIEMENS scanner (MAGNETOM Allegra) with a head-coil
provided T1-weighted anatomical images (3D-SPGR) and functional
T2*-weighted echoplanar images (64 by 64 matrix, 3.0 mm by
3.0 mm, TE 40 ms). A functional image volume comprised of 44
3-mm thick slices was imaged, which ensured that the whole brain was
within the 192-mm · 192-mm field of view.
The blindfolded participants rested comfortably in the supine

position in the MR scanner. Their extended arms were orientated in a
relaxed position parallel to their torsos, and their limbs were
completely relaxed. During the experiment, the participants were
instructed to be aware of sensation from the vibrated limb, to relax
their whole body, and to make no limb movements. In the fMRI
experiment, they were not asked to replicate the illusory movements
after each trial. They were also instructed to make no effort to
remember illusory angles during scanning. Instead, after each session
finished, the experimenter asked them whether they felt illusions or
not for each vibration epoch (see below). After the whole experiment
was completed, the experimenter asked them to retrospectively rate the
strength of illusion for hand and foot (Naito et al., 1999) in order to
confirm that the hand-illusion is larger than the foot-illusion as we
observed in the behavioural experiment. Thus, during scanning they
were physically and mentally passive.
During fMRI scanning, three conditions were imposed. As in the

behavioural experiment, we vibrated the skin surface over the tendon
of the right hand, left hand, right foot, or left foot (ILLUSION) and
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vibrated the skin surface over bone near each tendon (VIBRATION).
In the third condition, no vibration stimuli were provided (REST). To
provide instructions about the conditions and the onset and termin-
ation 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 information).
For each participant, we conducted eight fMRI sessions, with two

sessions assigned to each limb. The sessions were conducted in a
pseudo-randomised order across participants. A total of 8 · 72
functional image volumes were collected for each participant. In each
session for a limb, there were three conditions (ILLUSION, VIBRA-
TION and REST). Each condition (epoch) lasted for 32 s (eight
functional images, TR 4 s), and was repeated three times in each
session. The order of conditions was also pseudo-randomised. To
change the vibration site (tendon or bone) during a session, we included
special periods that lasted 8 s, during which time the scanner continued
to collect images. In the analysis, the data from these periods were
modelled as conditions of no interest and therefore, not used.

Data analysis

The fMRI data was analysed with Statistical Parametric Mapping
software (SPM99; http//:http://www.fil.ion.ucl.ac.uk/spm; the Well-
come Department of Cognitive Neurology, London). The functional
images were realigned to correct for head movements, coregistered
with each participant’s anatomical MRI and transformed (by linear
and non-linear transformation) to the format of the Montréal
Neurological Institute (MNI) standard brain (Naito & Ehrsson,
2006). The functional images were scaled to 100 and 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. As we knew from the behavioural experiment before
the fMRI experiment that the illusions started after a few seconds (see
Results), we omitted the first 4 s of all conditions by defining these
periods as conditions of no interest in the model. For each individual
participant, we fitted a linear regression model (general linear model)
to the data. Each condition was modelled with a boxcar function
delayed by 4 s and convoluted with the standard SPM99 haemody-
namic response function.
In the following analyses of fMRI data, we first defined a linear

contrast (see below in each analysis) in a general linear model for each
participant. The result of this analysis was the estimated BOLD signals
for the contrast from each of the 19 participants (contrast images). To
accommodate interparticipant variability, the contrast images from all
participants were entered into a random effect group analysis (second
level analysis; Friston et al., 1999). One-sample t-test was used
(18 degrees of freedom). A voxel-wise threshold of T > 3.61
(P < 0.001 uncorrected) was used to generate a cluster image.

Brain areas active during illusion of each limb

In the first-level individual analyses, we analysed a contrast between
ILLUSION and VIBRATION (ILLUSION vs. VIBRATION) for a
limb (Naito et al., 2005). In the second level analysis, for statistical
inference, we used a threshold of P < 0.05 or better at the cluster level
after correction for multiple comparisons in the entire brain space.
These analyses were performed for each limb. The results are
summarized in Figs 1 and 2.
In the following regions-of-interest (ROI) analyses (see further

below), we defined ROI based on the cluster images (P < 0.05
corrected) generated from this second level analysis.

Brain areas active during skin vibration of each limb

In the first-level individual analyses, we analysed a contrast
(VIBRATION vs. REST) for each limb (Naito et al., 2005). In the
second level analysis, the same statistical threshold was used (see
above). The results are shown in Fig. 3.

ROI analysis for limb-specific activation

Within the regions (ROI) active during illusion for a limb (ILLUSION
vs. VIBRATION, P < 0.05 corrected; see Figs 1 and 2), regions
exclusively active during illusion for a particular limb were further
detected by contrasting illusion for a particular limb vs. illusions for
other three limbs, e.g. 3 · right hand (ILLUSION vs. VIBRATION)
vs. [left hand (ILLUSION vs. VIBRATION) + right foot (ILLUSION
vs. VIBRATION) + left foot (ILLUSION vs. VIBRATION)]. In the
second level analysis, we searched for limb-specific activations in the
ROI active during illusion for the particular limb, e.g. right hand
(ILLUSION vs. VIBRATION). The same T threshold (T > 3.61) was
used to generate a limb-specific cluster image, and we only report
active clusters whose sizes are larger than 5 voxels (this threshold was
used in the following ROI analyses). This approach ensures that
activity in the ROI significantly increases during illusion for a
particular limb, and thus activations specific to a particular limb can
not merely be attributed to effect of deactivation during illusions for
the other three limbs. These analyses were carried out for each limb,
respectively. The results are tabulated in Table 2.
As shown in Figs 1 and 2, we found complex overlapping of

activations during illusions. To statistically evaluate non-limb-specific
activations, we performed further following ROI analyses.

ROI analysis for bimanual activation

Regions exclusively active during illusions for right and left hands
were detected by contrasting illusions for both hands vs. illusions for
both feet, i.e. [right hand (ILLUSION vs. VIBRATION) + left hand
(ILLUSION vs. VIBRATION)] vs. [right foot (ILLUSION vs.
VIBRATION) + left foot (ILLUSION vs. VIBRATION)]. In the
second level analysis, we searched for bimanual activations in the ROI
that was consistently active during right-hand illusion [right hand
(ILLUSION vs. VIBRATION), P < 0.05 corrected; Figs 1 and 2] and
during left-hand illusion [left hand (ILLUSION vs. VIBRATION)].
We generated the intersection (ROI) image between these two
statistical images. The ROI included bilateral SMA ⁄ CMA and inferior
frontal cortex, right inferior parietal cortex and basal ganglia. This
approach ensures that activity in the ROI significantly and consistently
increases during illusions for both right and left hands, and thus
bimanual activations detected in this contrast exclusively reflects the
illusions for both hands as compared to the illusions for both feet. The
results are shown in Fig. 5.
We used the same approach using a reversed contrast to depict

regions exclusively related to illusions for both feet. The ROI was
the regions (bilateral SMA ⁄ M1, rostral CMA and inferior frontal
cortices, right basal ganglia and thalamus) that were consistently
active during right-foot illusion and during left-foot illusion (see
above).

ROI analysis for limb-side activation

Regions exclusively active during illusions for right-sided limbs (hand
and foot) were detected by contrasting illusions for right hand and foot
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vs. illusions for left hand and foot, i.e. [right hand (ILLUSION vs.
VIBRATION) + right foot (ILLUSION vs. VIBRATION)] vs. [left
hand (ILLUSION vs. VIBRATION) + left-foot (ILLUSION vs.

VIBRATION)]. In the second level analysis, the ROI was the regions
(left-sided rostral CMA and thalamus, bilateral inferior frontal cortices
and basal ganglia, and right inferior parietal cortex) that were

Fig. 1. Motor areas active during kinesthetic illusory movement of right hand (yellow), left hand (green), right foot (light blue), or left foot (pink). These areas were
significantly activated during ILLUSION compared with VIBRATION for each limb. Right hemisphere is shown on the right. (A) Contralateral hand section of M1
and bilateral SMAwere activated. Horizontal image (z ¼ +63) is displayed. (B) Contralateral fundus of central sulcus (area 3a) was also activated during illusory
hand movement. z ¼ +45. (C) Ipsilateral hand or foot sections of cerebellum were activated. z ¼ )30. In the section active in the left cerebellum during right foot
illusion (light blue), we also found increased activity during illusions for the other three limbs (right hand, left hand, and left foot; P > 0.001 uncorrected), thus this
section was not limb-specific. (D) Medial aspect of right hemisphere. x ¼ +6. (E) Medial aspect of left hemisphere. x ¼ )6. Vertical dashed lines indicate y ¼ 0,
and horizontal lines z ¼ +51. Data from white dots with small letters (a–f) in panels are shown in Fig. 4.
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consistently active during right-hand illusion and during right-foot
illusion.
The same procedure using a reversed contrast was performed to

depict areas exclusively related to illusions for left-sided limbs (hand
and foot). The ROI were the regions (right rostral CMA, inferior

frontal cortex, inferior parietal cortex, basal ganglia and thalamus) that
were consistently active during illusions for left-sided limbs. These
approaches ensure that activations detected exclusively reflect the
illusions for limbs on the same (right or left) side of body as compared
to the illusions for limbs on the other (left or right) side of body.
In addition, by applying a similar ROI approach as described above,

we also examined regions exclusively active during illusions for a pair
of right hand and left foot as compared to illusions for a pair of left
hand and right foot, and also regions exclusively active during
illusions for the latter pair of limbs by using a reversed contrast.
Finally, we investigated regions exclusively active during illusions

for three particular limbs when compared with illusion for the rest of a
limb, e.g. [right-hand (ILLUSION vs. VIBRATION) + left-hand
(ILLUSION vs. VIBRATION)] + right-foot (ILLUSION vs. VIBRA-
TION)] vs. 3 · left foot (ILLUSION vs. VIBRATION). The ROI were
the regions that were consistently active during illusions for at least
three limbs (bilateral rostral CMA and inferior frontal cortices, right
inferior parietal, basal ganglia and thalamus; see Figs 1D and E, and 2).
As none of these regions were exclusively activated during illusions for
any trios of three particular limbs (T < 3.61), we examined whether all
these regions were activated when we tested the main effect of
illusions (see Table 1), i.e. right-hand (ILLUSION vs.
VIBRATION) + left-hand (ILLUSION vs. VIBRATION) + right-foot
(ILLUSION vs. VIBRATION) + left-foot (ILLUSION vs.
VIBRATION).
To anatomically identify activation peaks, the locations were related

to cytoarchitectonic 30% probability maps in the Montreal Neurolog-
ical Institute reference brain space (www.bic.mni.mcgill.ca/cytoarchi-
tectonics/; Mohlberg et al., 2003; see also Naito et al., 2002b, 2005;
Naito & Ehrsson, 2006). For definitions of pre-SMA, SMA and CMA,
we referred to Roland & Zilles (1996), and for the definition of
cerebellar regions, we referred to the Schmahmann et al. (2000).

Percent increase in the BOLD signal in the ILLUSION condition
as compared to the VIBRATION condition

We show per cent increase of the activity in the limb-specific (Table 2)
and non-limb-specific regions (Fig. 5A) during illusions. First, we
extracted the fMRI (8-mm filtered) data from local maxima in the

A B

C D

Fig. 2. Brain regions consistently active during illusion of each limb [right
hand (yellow), left hand (green), right foot (blue), or left foot (pink)]. Right
hemisphere is shown on the right. (A) Concentrated activations in right inferior
parietal lobule (IPL) including cytoarchitectonic area ip1 ⁄ dorsal part of parietal
operculum (area op1; for anatomical definition see Table 1). Horizontal plane
(z ¼ +30) is displayed. (B) Activations in right inferior frontal (IF) cortex
(area 44; see also Table 1) and basal ganglia (BG). z ¼ +12. (C) Sagittal view
of right inferior fronto-parietal activations is displayed (x ¼ +60). (D) Sagit-
tal view of left inferior frontal activation is displayed (x ¼ )51).

A
B

Fig. 3. Somatosensory areas active during skin vibration over a nearby bone
of right hand (yellow), left hand (green), right foot (blue), or left foot (pink).
These areas were significantly activated when VIBRATION was compared with
REST for each limb. Right hemisphere is shown on the right. (A) z ¼ +70.
Contralateral postcentral sulcus regions were significantly active during skin
vibration of left hand, right foot, and left foot. (B) z ¼ +20. Skin vibration of all
limbs also activated parietal operculum. None of areas shown in Figs 1 and 2
were significantly activated in either condition.

Table 1. Areas consistently active across illusions for all limbs

Brain areas

Coordinates of peaks

T-value

Cluster
size
(voxels)x y z

Right inferior frontal cluster
Anterior insula 45 3 3 11.4 289
Area 44 57 12 0 10.5
Basal gangila 27 6 )3 7.9

Bilateral medial-wall cluster
Left CMA rostral )6 9 39 8.7 51
Right CMA rostral 6 6 48 5.7

Right inferior parietal cluster
Area op1 63 )30 30 7.7 46

Left inferior frontal cluster
Area 44 )51 6 3 7.7 28

Voxel size, 3 · 3 · 3 mm. Coordinates in Talairach & Tournoux (1988) as
defined by MNI. Anatomical naming of the activated areas is based on co-
ordinates of activation peaks (equals local maxima in a cluster > 8 mm apart).
All these regions were consistently active during illusions for at least three
limbs (Figs 1D and E, and 2) and were also activated (T > 3.61) as the main
effect of illusions (see Materials and methods).

3480 E. Naito et al.

ª The Authors (2007). Journal Compilation ª Federation of European Neuroscience Societies and Blackwell Publishing Ltd
European Journal of Neuroscience, 25, 3476–3487



limb-specific and non-limb-specific activations. This was performed
separately for each participant. Then, we calculated a mean of BOLD
signal for each epoch. The mean activity was calculated from six
functional images in each epoch: we excluded the first two images
(Naito et al., 2005). This was carried out because the illusions started a
few seconds after vibration onset and there must be a haemodynamic
delay of several seconds. Next, we calculated percent increase in the
BOLD signal in an ILLUSION epoch as compared to the corres-
ponding VIBRATION epoch in a session using the following formula:

100� ðmean signal in an ILLUSION epoch�mean signal in the

corresponding VIBRATION epochÞ
=ðmean signal in the corresponding VIBRATION epochÞ

This was carried out for all three pairs of (ILLUSION andVIBRATION)
epochs in a session. As two sessions including six pairs of epochs were
assigned for each limb condition, we finally calculated a mean value of
the per cent increase from the six values for each limb condition.We only
report results from representative voxels in Figs 4 and 5.

To exclude the possibility that the results, particularly for the
medial-wall activations (Fig. 5), merely reflect different degrees of

spread of the activations due to the spatial filtering effect in the image
processing (see above), we conducted the same analyses for the
re-analysed fMRI data, which was smoothed using a 4-mm FWHM
Gaussian filter. As the two results were identical, we only show the
results from the latter analyses in Fig. 5.

Results

Behavioural experiments

No overt limb movements were observed during any trial in any
vibration condition. Throughout the trials, all participants experienced
vivid illusory movement when we vibrated the tendon (ILLUSION)
and only the sensation of skin vibration when we vibrated the bone
(VIBRATION) across all conditions. They reported that illusory wrist
flexion movements (right hand, 23 ± 10 deg; left hand, 24 ± 11 deg)
were larger than illusory ankle plantar-flexion movements (right foot,
6 ± 2 deg; left foot, 6 ± 3 deg). Two-factorial (right, left (2) · hand,
foot (2); repeated measurement) anova showed that illusory hand
movement was significantly larger than illusory foot movement
(F1,18 ¼ 47.8, P < 0.001). Likewise, the onsets of illusory hand

Table 2. Areas exclusively active during illusion for a particular limb in ROI
analyses

Brain areas

Coordinates of
peaks

T-value
Cluster size
voxelsx y z

Right hand
Left PMD-M1 cluster
Area 6 ⁄ 4a )33 )24 72 11.6 304
Area 4a )33 )27 63 11.5

Left medial-wall cluster
SMA ⁄ CMA caudal )6 )18 51 6.0 106
Area 6 (SMA) )12 )12 57 5.5

Right cerebellar cluster
Lobe V 15 )60 )21 6.8 159
Lobe V 21 )51 )30 6.6
Lobe V 18 )51 )21 6.5

Left hand
Right PMD-M1 cluster
Area 4a ⁄ 4p 33 )24 54 10.4 375
Area 4a 39 )27 60 9.8
Area 6 ⁄ 4a 33 )24 72 9.6

Right medial-wall cluster
Area 6 (SMA) caudal 9 )15 54 4.7 6

Left cerebellar cluster
Lobe VI )27 )57 )33 6.6 61
Lobe V )15 )54 )24 4.0

Right foot
Left SMA-M1 cluster
Area 4a )6 )36 78 9.3 157
Area 4a )9 )39 69 8.8
Area 4a ⁄ 6 )6 )21 75 7.3

Right cerebellar cluster
Lobe III 15 )36 )33 6.4 67

Left foot
Right SMA-M1 cluster
Area 4a 6 )33 75 8.5 99
Area 4a ⁄ 6 6 )21 78 6.7

Left cerebellar cluster
Lobe III )18 )33 )27 7.6 46

T > 3.61, cluster size > 5 voxels. The atlas of the cerebellum is based on that
of Schmahmann et al. (2000). See also note in Table 1.

A B

C D

E F

Fig. 4. Limb-specific activity in representative voxels of activations in
contralateral M1 (A and B), SMA ⁄ CMA (C and D), and ipsilateral cerebellum
(E and F), which were active during kinesthetic illusions (see also Fig. 1 and
Table 2). Each panel A–F shows data from the corresponding voxels a–f in
Fig. 1. RH, right hand; LH, left hand; RF, right foot; LF, left foot. These
somatotopical regions were exclusively activated during a kinesthetic illusion
of a particular limb. Bars indicate standard errors of means across participants.
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movements (right hand, 2.2 ± 1.1 s; left hand, 2.0 ± 0.9 s) were
significantly earlier than those of illusory foot movements (right foot,
3.7 ± 2.3 s; left foot, 3.8 ± 2.2 s; F1,18 ¼ 18.6, P < 0.001). We also
found a significant correlation for illusory angle between the right and
left limbs across participants (r ¼ 0.81, d.f. ¼ 17, P < 0.005 between
the hands; r ¼ 0.52, P < 0.05 between the feet), meaning that a
participant who felt a larger illusion for one hand or foot also felt a
larger illusion for the other hand or foot. In contrast, no correlation
was observed between hand and foot on the same side of body (r ¼
)0.02 between right hand and foot; r ¼ 0.07 between left hand and
foot), suggesting that perception of upper limb movement is
independent from that of lower limb movement.

In almost half (approximately 40%) of all trials, irrespective of the
vibrated limb, there was absolutely no conspicuous muscular activity
throughout the trial even when the participant consistently experienced
vivid illusory limb movement. Even in the remaining trials, where we
found an increase in either vibrated (ECU or TA) or agonistic (FCU or
SO) muscle, the increase was temporal within the trial and rarely
lasted throughout the tendon vibration. In the vibrated muscles, the
increase was very small (< 50 lV) and lasted for a maximum of 10 s.
In the agonistic (non-vibrated) muscles, the increase was even smaller
(< 20 lV) and was often phasic (twitch-like). However, the angular
magnitude of illusion did not significantly differ between trials with
this occasional activity and those without [with EMG, 16 ± 13 deg;
without EMG, 14 ± 11 deg (averages across illusions for all limbs);
P ¼ 0.38]. No activity was observed when the bone was vibrated.

fMRI experiment

After each fMRI session, all participants verbally reported that they
experienced illusory flexion movement of the right or left hand when
the ECU tendon of that hand was vibrated and illusory plantar-flexion
of the right or left foot when the TA tendon of that foot was vibrated.
After the experiment was completed, they retrospectively reported that
they experienced larger illusions from the hand than from the foot
during scanning, as they had in the behavioural experiment. No
subjects reported any illusions for the VIBRATION sessions. The
experimenter who was standing in the scanner room near the
participant observed no overt movements of the participants’ vibrated
limbs in any condition. This observation was supported by the absence
of conspicuous muscular activity in the behavioural experiment, and
was consistent with our previous findings (Naito et al., 1999, 2002a, b,
2005; Naito & Ehrsson, 2006).

Areas active during illusion (ILLUSION vs. VIBRATION)

Illusion for each limb activated cortical motor areas (M1, PMD, SMA
and CMA), fronto-parietal cortices, cerebellum and basal ganglia
(Figs 1 and 2). During hand illusions, the M1 ⁄ PMD cluster extended
into the fundus of the contralateral central sulcus (most probably
somatosensory cytoarchitectonic area 3a; Fig. 1B).
The illusion for each limb consistently activated highly similar

regions in bilateral rostral CMA (Fig. 1D and E; see also further
below), bilateral inferior frontal cortices including area 44, right
inferior parietal cortices including area ip1 and the dorsal part of the
parietal operculum (PO, area op1), and right basal ganglia (Fig. 2).
Indeed, all these regions were activated as the main effect of
illusions (Table 1), and we confirmed in the ROI analyses that none
of these regions were exclusively activated during illusions for any
trios of three particular limbs (T < 3.61; see Materials and methods).
Thus, the regions consistently active during illusions for at least
three limbs can be considered as those consistently activated across
illusions for all limbs (see Figs 2 and 5A white section). The right
inferior frontal activation (Fig. 2C) was robust in size as compared to
the left activation (Fig. 2D) as we found previously (Naito et al.,
2005; see cluster size in Table 1). The left basal ganglia was only
activated during illusions for right-sided limbs, and its similar section
was consistently activated during illusions for hand and foot
(Fig. 2B).
Vibration of the skin over the nearby bone (beside the tendon) of

each limb activated only the contralateral primary somatosensory
cortex (areas 1, 2, and 3b) and parietal operculum (PO, area op1).
None of the areas active during illusions were activated (Fig. 3).

A

B

D

C

Fig. 5. Non-limb-specific regions in rostral parts of SMA and CMA. Sagittal
view of left medial wall is displayed (x ¼ )6). (A) Red section indicates
bimanual section, green section for limb-side section, and white section for
common section. Vertical dashed line indicate y ¼ 0, and horizontal line
z ¼ +51. Per cent increase of activity during illusion is shown for each of three
representative voxels (yellow dots with small letters b–d). (B) Activities in the
bimanual section across illusions for all limbs. (C) Activities in the limb-side
section during illusions for all limbs. (D) Activities in the common section.
Bars indicate standard errors of means across participants.
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Limb-specific activations related to illusions

Within the regions active during illusion of each limb (ILLUSION vs.
VIBRATION; Fig. 1), regions exclusively active during illusion of a
particular limb were identified in the somatotopical sections in the
contralateral M1 (cytoarchitectonic areas 4a and 4p), PMD, caudal
parts of SMA ⁄ CMA and in the ipsilateral cerebellum (Table 2).
Figure 4 illustrates the per cent increase in the BOLD signal in the
ILLUSION condition as compared to the VIBRATION condition in
representative voxels of these regions. The activity in these motor
areas increased exclusively during illusion for a particular limb,
meaning that these activations were limb-specific.

Non-limb-specific activations in the medial wall during illusions

We found overlaps in activations in the rostral parts of the SMA and
CMA across illusions (Fig. 1D and E). As described, the limb-specific
sections were located in the caudal parts of the SMA and CMA
(around y < )9; see Figs 1D and E, and 4C and D).

Anterior parts of the bilateral SMA (around 0 < y < )9; z > +51)
were exclusively activated during illusions for both right and left
hands (red section in Fig. 5A). Activities in these regions specifically
increased during illusions for right and left hands, but not during
illusions for both feet (bimanual section; Fig. 5B). The bimanual
section was only found in the SMAwithin the ROI (see Materials and
methods). On the other hand, we only found 2 voxels in the midline
parts of the bilateral SMA ⁄ M1 [peak coordinates (x, y, z ¼ 0, )21,
75)] that were exclusively active during illusions for both right and left
feet (bipedal section; not shown in figure).

We found that left rostral CMA (around 0 < y < )9; z < +51) was
exclusively activated during illusions for the right (contralateral) hand
and foot as compared to the left (ipsilateral) hand and foot (green
section in Fig. 5A). Likewise, the right corresponding section [peak
coordinates (x, y, z ¼ 6, )9, 45)] was also exclusively activated during
illusions for left hand and foot (not shown in figure). Activities in
these regions increased more during illusions for limbs on the
contralateral side of body when compared with illusions for limbs on
the ipsilateral side (limb-side section; Fig. 5C). Again, the limb-side
section was only found in the medial wall within the ROI (see
Materials and methods).

We found no regions (even in the entire ROI) exclusively active
during illusions for right hand and left foot as compared to illusions
for left hand and right foot vice versa (T < 3.61).

Finally, within the regions consistently active across illusions for all
limbs (see Table 1 and also above), common activations in the medial
wall were located in more anterior regions of bilateral CMA (around
y > 0; z < +51; white section in Fig. 5A). The activities in these
regions consistently increased (to the same extent) across illusions for
all limbs (common section; Fig. 5D). The pre-SMA section (around
> 0; z > +51) was relatively silent (Fig. 5A).

Discussion

Kinesthetic illusory movements of the upper and lower immobile
extremities, i.e. right or left hand or foot, activated limb-specific
sections of contralateral PMD ⁄ M1 (along with somatosensory
area 3a) and caudal parts of the SMA ⁄ CMA, and ipsilateral cerebel-
lum, which normally participate in execution of movements of the
corresponding limb (cf. Penfield & Rasmussen, 1950). We found
complex non-limb-specific representations in rostral parts of the
bilateral SMA and CMA, and the illusion for each limb consistently
engaged similar regions in right-sided fronto-parietal cortices and

basal ganglia. The kinesthetic function of multiple motor areas, which
seems to be parallel to their executive function, suggests the
importance of motor areas in the somatic perception of the dynamic
configuration of our limbs (Fig. 1), and the non-limb-specific
representations (Figs 1D and E, 2 and 5) indicate the hierarchical
organization of human kinesthetic processing.
The limb-specific sections active during the illusion for each limb

(Fig. 1 and Table 2) corresponded well to those active during
execution of extension-flexion movement of the wrist or ankle [M1,
right hand ()40, )28, 64), right foot ()8, )28, 64); caudal SMA, right
foot ()8, )20, 72); caudal CMA, right hand ()4, )24, 48);
cerebellum, right hand (10, )50, )24)] (Ehrsson et al., 2000, 2003).
Thus, it seems that kinesthetic processing of the muscle spindle
afferent inputs (see Introduction) takes place in the multiple motor
areas that normally participate in the generation of voluntary limb
movement. This means that identical sections of multiple motor areas
are engaged both in kinesthetic sensory processing and in the
generation of corresponding limb movement (Weiller et al., 1996;
Thickbroom et al., 2003; Ciccarelli et al., 2005). As cells in these
motor areas (M1 ⁄ PM, Colebatch et al., 1990; Porter & Lemon, 1993;
SMA ⁄ CMA, Cadoret & Smith, 1995; cerebellum, van Kan et al.,
1993a, b) fire during active and passive movement of a limb in non-
human primates, identical neurons in these motor areas may partici-
pate in both sensory processing and motor output. Thus, it is possible
that the neuronal populations in these areas that generate motor
activity also process kinesthetic signals related to the same movement.
This functional organization could efficiently facilitate sensorimotor
integration in human motor control.

Kinesthetic illusions for hand and foot movements

The amount of illusory hand movement was larger, and the time
before its onset was shorter than that for illusory foot movement even
when the tendons were vibrated with identical vibratory stimuli. It has
been shown that the intensity of illusion is related to the number of
muscle spindle afferent fibers that respond to a vibration frequency
with a one-by-one recruitment pattern (Roll & Vedel, 1982; Roll et al.,
1989). Anatomically, the density of muscle spindles in human hand
muscles is higher than that in leg muscles (Banks & Stacey, 1988).
Thus, the psychophysical differences between hand and foot are most
probably due to the difference in number of the afferents recruited by
the vibratory stimuli.
We found a temporal increase of muscular activity in the vibrated

(ECU or TA) or agonistic (FCU or SO) muscle during trials. In the
present study, we used larger vibration amplitude (± 3.5 mm) to elicit
vivid illusory foot movements than that previously used (± 2 mm) for
the illusory hand movements (Naito et al., 1999; Naito & Ehrsson,
2001; Naito et al., 2002a, b, 2005). This may be why we observed a
small increase in muscular activity in the behavioural experiment.
However, neither the small temporal increase in the vibrated muscle
that can be generated by spinal mechanisms mediating the tonic
vibration reflex (TVR) (Eklund & Hagbarth, 1966; Marsden et al.,
1969; Naito et al., 2002a), nor the twitch-like activity in the agonistic
muscle, can be the main contributor to eliciting the illusory limb
movement that was continuously experienced during tendon vibration.
Further, the angular magnitude of illusion had nothing to do with the
presence of occasional muscular activity. Thus, the muscular activity
is not directly related to eliciting movement sensation during illusion.
Together with our previous findings that the motor areas were
consistently active when participants experienced vivid illusory hand
movements with no significant increase of muscular activity (Naito
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et al., 1999; Naito & Ehrsson, 2001; Naito et al., 2002a, b, 2005), the
present motor activations during illusions mainly participate in the
kinesthetic processing of muscle spindle afferent inputs, but not
merely in the generation of spontaneous motor activity.
Probably due to the tight coupling between kinesthetic processing

and motor output in the motor areas (see above), the tendon vibration
at the larger amplitude might have increased chances for cells in the
motor areas to covertly contribute to the generation of subtle motor
activity even though none of the participants intended to move. This
paradoxically supports the claim we made above about the efficiency
of the human motor system that facilitates motor output from the
kinesthetic input.
The activations in the motor areas were only observed during

illusions that are elicited by the central processing of the kinesthetic
afferent inputs. Although the illusory hand movements activated the
contralateral fundus of the central sulcus, i.e. somatosensory area 3a, as
has been suggested in non-human primates (Hore et al., 1976; Phillips
et al., 1971; Schwarz et al., 1973; Iwamura et al., 1983; Huerta & Pons,
1990; Huffman & Krubitzer, 2001), the somatosensory cortices (Fig. 3)
were mainly activated by the passive skin vibration that may only
excite vibro-tactile cutaneous receptors (vibrating the skin over the
nearby bone beside the tendon only elicits the sensation of vibration but
no reliable illusions). The somatosensory cortices are normally
activated in the wide range of tasks that require cutaneous processing,
e.g. shape, velocity, curvature, or roughness discrimination tasks (e.g.
Bodegard et al., 2000, 2001; Ledberg et al., 1995; Roland et al., 1998;
Young et al., 2004). Taken together, the present study seems to
demonstrate the predominant involvement of motor areas in human
kinesthesia (Fig. 1) that may contrast with the cutaneous function in the
somatosensory cortices (Fig. 3), though human electrophysiological
studies have suggested that motor and sensory functions can not be
simply divided by the central sulcus (Penfield & Boldrey, 1937;
Woolsey et al., 1979; Nii et al., 1996). The brain has to compute
dynamic displacement of a limb during illusion, i.e. ‘where is my limb
moving’, and when a cutaneous stimulus is applied, the brain has to
analyse features of the stimulus to determine ‘what is the stimulus’.
Therefore, it seems that the ‘where’ function predominantly engages
the motor network, which can be distinct from the cutaneous ‘what’
function in the somatosensory cortices (Naito, 2004a, b).

Functional organization of SMA and CMA during kinesthetic
processing

We found limb-specific sections in the caudal parts of the SMA and
CMA, and non-limb-specific sections of their rostral parts. The present
spatial alignment of limb-specific sections of the SMA (see Fig. 1D
and E) seems to correspond to SMA sites where electrical stimulation
evokes the movements of lower or upper extremities in humans (Fried
et al., 1991; Lim et al., 1994), in the sense that the lower extremities in
the posterior region, whereas the upper extremities are represented in a
relatively anterior region (Luft et al., 2002). This finding seems to
resemble a finding obtained in monkey studies (Mitz & Wise, 1987;
He et al., 1995); neurons in the caudal SMA connect to lower
lumbosacral segments in the spinal cord, which control the lower
extremities, whereas neurons in the relatively anterior SMA connect to
the upper and lower cervical segments, which control the upper
extremities (He et al., 1995). Thus, together with our present
kinesthetic representations in the human SMA, one may conjecture
about the possibility of spatial correspondence between kinesthetic
and motor representations in somatotopical sections of the human
SMA (see above references).

We found regions that were active during illusions for both hands in
the rostral part of the SMA (Fig. 5A and B). This is probably due to a
dense interconnection between right and left SMA’s, which is well
known in non-human primates (Rouiller et al., 1994; Tanji, 1994). We
also found regions in the rostral part of the CMA that were active
during illusions for both hand and foot on the same (contralateral) side
of the body (Fig. 5A and C), and in a more anterior part of the CMA
we found regions whose activities consistently increased across
illusions for all limbs (Fig. 5A and D). It is unlikely that these complex
representations merely reflect different degrees of the spread of
activations in the medial wall due to the spatially smoothing effects of
image processing because locally distinct peaks, which should have
physiological importance (Picard & Strick, 1996), were identified in
the activations, the data was obtained from the local maxima, and the
results remained unchanged after the images were reprocessed using a
smaller spatial filter (see Materials and methods), which reduces the
spread of activation.
Lack of direct evidence about information flow within the SMA and

CMA in the present fMRI study prevents us from drawing any
conclusions, but it seems that limb-specific information in the caudal
SMA and CMA (Fig. 1D and E) may converge to non-limb-specific
sections of their rostral parts (Fig. 5A). As the rostral SMA has more
dense transcallosal connections with frontal cortices than does the
caudal SMA (Liu et al., 2002), the concentration of the kinesthetic
representations of all limbs in the rostral parts of the SMA and CMA
may be efficient when the brain distributes kinesthetic information
between the right and the left hemispheres (see further below).
A recent meta-analysis study has revealed that human frontal

midline structures may have a function related to self-referencing of
action and sensation (Seitz et al., 2006). As a kinesthetic illusion
elicited by tendon vibration requires people to be aware of change in
their own limb position, it is also conceivable that part of the present
medial-wall activations have something to do with high-order
neuronal process related to kinesthetic self-referencing of changes of
limb position. In addition, the non-limb-specific sections may play a
supra-limb role in a situation that requires self-referencing of spatial
relationship across limbs. Indeed, the non-limb-specific kinesthetic
representations (sensory processing) seem to be useful when people
perform sensory-motor tasks requiring interlimb coordination [e.g.
hand-foot coordination (Ehrsson et al., 2000) or bimanual coordina-
tion (Sadato et al., 1997; Stephan et al., 1999)]. The importance of the
frontal midline structures in human interlimb coordination is suppor-
ted by a finding that transcranial magnetic stimulation to the human
SMA impairs bimanual coordination (Serrien et al., 2002).

Activations in right fronto-parietal cortices and basal ganglia

The locations of concentrated activations in the right inferior frontal
(area 44) and inferior parietal (areas ip1 and op1) cortices during
illusions for all limbs (Fig. 2) corresponded to those in the right-
dominant fronto-parietal activations during illusions for the right and
left hands (see Naito et al., 2005 for further discussions). Thus, these
activations seem to be common across illusions for all limbs.
Although motor imagery of various types of hand movements also

often activates the right inferior frontal cortex (area 44), activity in the
right inferior parietal cortex is not always associated with the imagery
(Binkofski et al., 2000; Gerardin et al., 2000; Ehrsson et al., 2003;
Lotze & Halsband, 2006). Thus, right frontal-parietal coactivation
seems to be a typical activation pattern during illusory limb
movements elicited by the sensory processing of peripheral kinesthetic
inputs. In addition, the right-sided activations during illusions fit well
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with human brain lesion studies, demonstrating that damage to the
right inferior frontal and parietal cortices impairs perception of one’s
own body (Berlucchi & Aglioti, 1997; Hyvärinen, 1982; Sellal et al.,
1996; Damasio, 1999; Berti et al., 2005; Committeri et al., 2007).

We cannot completely deny the possibility that the present right-
sided activations are related to a general function, e.g. spatial attention
to limb movements, due to lack of a perfect control condition that is
attentionally comparable to ILLUSION condition in the present study
(ILLUSION can be more attention-grabbing condition as compared to
VIBRATION with no illusion). But, together with the heterogeneous
patterns in activations between motor imagery (also requires spatial
attention to limb movements) and kinesthetic illusion and with the
neurological evidences described above, the present right-sided
activations consistently observed across illusions for all limbs may
reflect, at least partly, high-order sensory processing probably related
to neuronal computation of supra-limb kinesthetic representation, for
example, updating of the neuronal representation of human somatic
perception of one’s own body (Committeri et al., 2007).

The present robust activations in the basal ganglia (BG) are novel in
our series of studies. In the present study, we scanned brain activity in
19 participants, which may increase sensitivity to detect the brain
signals when compared with our previous studies where we scanned
the activity in a maximum of 12 participants. Human BG is an
important constituent of the motor network that controls our limb
movements (e.g. Lehericy et al., 2006) and dysfunction of the BG
(Parkinson’s disease) impairs kinesthesia ⁄ proprioception (Lidsky
et al., 1985; Schneider et al., 1987; Klockgether et al., 1995; Zia
et al., 2000, 2002; Maschke et al., 2003). Thus, the BG seems to
participate in the kinesthetic processing and awareness of limb
position. In monkeys, it has been shown that the BG has complex
somatotopical organization by forming predominantly ipsilateral loops
with the somatotopical sections of the cortical motor (M1, PM, SMA
and CMA) areas (Middleton & Strick, 2000; Nambu et al., 1996,
1997; Takada et al., 1998, 2001) and BG cells exhibit short-latency
(sensory) neuronal responses to passive joint rotation, and it is
suggested that this sensory information is probably transmitted
through the cerebral cortices (Delong et al., 1985). Hence, the present
BG activations, particularly contralateral to the vibrated limbs
(typically the left BG activations during illusions for right hand and
foot; see Fig. 2B), could be driven by the inputs from the cortical
motor areas (Fig. 1), even though the limitations of spatial resolution
in the present fMRI study prevented us from depicting clear
somatotopical organization in the BG (Fig. 2B).

We found more complex and concentrated activations in the right
BG across illusions for all limbs. The activations during illusions for
left limbs may be partly explained by the cortical inputs described
above. In monkeys, the BG forms a predominantly ipsilateral loop
with the rostral ventral premotor cortex (PMV; Nambu et al. 1997;
Takada et al., 1998), which has been suggested to be a homologue
region of human area 44 (e.g. Rizzolatti et al., 2002; Binkofski &
Buccino, 2006), and the monkey’s PMV is connected to the inferior
parietal cortices (Ghosh & Gattera, 1995; Godschalk et al., 1984; Neal
et al., 1990), which are also connected to the BG (Clower et al., 2005).
Thus, the present right BG activations may have some relation to the
right fronto-parietal activations (cf. Middleton & Strick, 2000).
Neuronal activity in human area 44 represents both hand (Buccino
et al., 2001; Binkofski & Buccino, 2006; as in a monkey’s PMV; see
Dum & Strick, 2005; He et al., 1993) and foot (Ehrsson et al., 2000,
2003). Thus, if the present right-sided activations form a brain
network, the network could be involved in high-order bodily functions
irrespective of the limb. The claim that the human BG is a constituent
of the network related to high-order bodily functions may be partly

supported by a neurological finding that patients with hemi-Parkin-
son’s disease are impaired in relating their internal representation of
perceived body size to an aperture width external to their body,
indicating that the human BG may have a function that closely mimics
the parietal one (Lee et al., 2001).
In conclusion, the illusory movements of the four extremities

engage limb-specific sections of multiple motor areas (Fig. 1A–C
and Table 2) and non-limb-specific regions in the rostral parts of
the SMA ⁄ CMA (Figs 1D and E, and 5) and in the right fronto-
parietal cortices and basal ganglia (Fig. 2). The present study
demonstrated complete sets of brain representations related to
kinesthetic processing of single-joint movements of the four human
extremities.
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