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Abstract: The feeling of illusory movement is considered important in the study of human behavior
because it is deeply related to motor consciousness. However, the neural basis underlying the illusion
of movement remains to be understood. Following optimal vibratory stimulation of muscle tendon,
certain subjects experience illusory movements while others do not. In the present fMRI study, we
sought to uncover the neural basis of illusory movement awareness by contrasting a posteriori these
two types of subjects. Examining fMRI data using leave-one-subject-out general linear models and
region of interest analyses, we found that a non-limb-specific associative network, including the oper-
cular part of the right inferior frontal gyrus and the right inferior parietal lobule, was more active in
subjects with illusions. On the other hand, levels of activation in other brain areas involved in kinaes-
thetic processing were rather similar between the two subsamples of subjects. These results suggest
that activation of the right inferior frontoparietal areas, once passed a certain threshold, forms the basis
of illusory movements. This is consistent with the global neuronal workspace hypothesis that
associates conscious processing with surges of frontoparietal activity. Hum Brain Mapp 35:5166-5178,
2014. © 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Stimulus integration gives rise to a complex pattern of
brain activity, reflecting different stages of information proc-
essing. While some of these stages involve conscious process-
ing, meaning that information is consciously accessed and
forms a perceptual representation that is reportable, others
do not elicit consciousness. Using visual, auditory or tactile
paradigms contrasting conscious and nonconscious stimuli,
functional magnetic resonance imaging (fMRI) studies have
identified a core neural correlate that contributes to conscious
processing [Boly et al., 2007; Dehaene et al., 2001, 2006; Sada-
ghiani et al., 2009]. These studies reported that activation is
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first amplified in task-specific sensory areas responsible for
nonconscious perception and then spreads to a higher-level
large-scale prefrontal-parietal network. Moreover, it was dem-
onstrated that this correlate, together with other mechanisms of
the emergence of consciousness revealed using time-resolved
imaging methods [see Dehaene and Changeux, 2011, for
review], originate in a set of cortical “workspace”” neurons with
long-range axons, which allows parietal and prefrontal cortices
to exchange information [Dehaene and Changeux, 2005].

Such a large-scale prefrontal-parietal network may also
mediate illusory limb movements, thus subtending motor
consciousness. Previous studies that used tendon vibration
paradigm to generate movement illusion through activa-
tion of muscle spindle afferents reported activation of
limb-specific regions of the somatosensory and motor
cortices contralateral to the site of stimulation, as well as
non-limb-specific right-sided frontoparietal brain regions,
especially Brodmann areas (BAs) 44 and 45 and the intra-
parietal and parietal opercular regions [Kavounoudias
et al., 2008; Naito et al., 1999, 2002, 2005, 2007; Radovanovic
et al., 2002; Romaigueére et al., 2003]. An explanation for the
activation of right-sided frontoparietal sites irrespective of
illusory movements of right or left limbs may be that they
serve as a gateway to the feeling of movement. Data from
an experiment using electrical stimulation in patients
undergoing awake brain surgery are in favor of this
hypothesis [Desmurget and Sirigu, 2009; Desmurget et al.,
2009]. While stimulation of the posterior parietal cortex
(BAs 39 and 40) caused conscious limb movement inten-
tion, increasing the intensity of the stimulation triggered
illusory movements. Therefore, motor consciousness arises
from stimulation of the posterior parietal cortex. Further-
more, an amplification of activation in this region replaces
conscious intention to produce a movement by illusory
movement awareness, likely recruiting the executive net-
work responsible for forward computations located in the
posterior parietal cortex [Blakemore and Frith, 2003; Dap-
rati et al., 2010]. However, there is no clue yet that the
aforementioned non-limb-specific right-lateralised frontal
regions related to illusory movements (e.g., right hemi-
sphere BAs 44 and 45) also mediates motor consciousness.

Therefore, the aim of the present study was to examine
whether a main neural correlate of conscious processing evi-
denced in studies on (un)conscious perception, namely a
surge of activation in parietal and frontal areas, is also associ-
ated with illusory movement awareness. A few studies on
proprioceptive integration evoked by tendon vibration
reported that not all individuals experience illusory move-
ments despite optimal stimulation of muscle spindle receptors
[Goble et al., 2011, 2012]. Accordingly, we divided subjects
based on whether they experienced kinaesthetic illusory
movement during a tendon vibration paradigm. Given the
dominance of the right hemisphere in the awareness of illu-
sory limb movement, we expected that a right-sided frontopa-
rietal network, i.e. right posterior parietal and inferior frontal
cortices, would be more active in subjects having experienced
illusory movements as compared to those who did not.

MATERIALS AND METHODS
Subjects, Paradigm, and fMRI Data Acquisition

Eighteen healthy right-handed normal-hearing subjects
took part in the experiment (mean age * SD: 32 = 4 years;
nine females). All the subjects were naive as to the pur-
pose of the study and gave informed consent. The study
was approved by the research ethics committee CPP Sud-
Méditerranée 1.

Subjects underwent a muscle tendon vibration para-
digm, as previously used in fMRI studies on kinaesthetic
processing [Goble et al., 2011a,b; Naito et al., 1999, 2002,
2005, 2007; Romaiguere et al., 2003]. Vibrating the tendon
of a limb’s muscle excites mainly the muscle spindle pri-
mary endings, whose information is processed by the
brain so that individuals may experience kinaesthetic illu-
sory movement in the absence of actual movement [Roll
and Vedel, 1982; Roll et al., 1989]. Specifically, the subjects
were placed head first and supine into a 3-T fMRI scanner
(Medspec 30/80 AVANCE, Bruker, Ettlingen, Germany)
with arms resting at the body sides and were asked to
keep their eyes closed throughout testing. A soft strap was
attached around the head to minimize head movement
and the lower limbs were supported in a bent position at
the knee, so that feet did not rest on the bed. The subjects
also removed their socks and turned up the bottom of
their pants. Custom-made pneumatic vibration devices,
driven by constant air pressure, were placed perpendicular
to the right and left tendons of the tibialis anterior muscles
using elastic straps (contact area = ~6 cm?). The amplitude
of the vibration stimulus was about 0.5 mm and the vibra-
tion frequency of either 30 Hz or 100 Hz, leading to four
vibration conditions: right and left tendon vibration at 30
Hz (R30 and L30) and 100 Hz (R100 and L100). These
stimulation parameters were selected based on the fact
that (i) 20-40 Hz frequencies drive weak discharges of the
primary endings, which are not likely to elicit kinaesthetic
illusions, and (ii) ~100 Hz frequency optimally activates
primary endings, generally providing consistent illusory
movements [Naito et al., 1999; Radovanovic et al., 2002;
Roll and Vedel, 1982; Roll et al., 1989].

Importantly, the perceptual effects of the vibration con-
ditions were assessed just before the subject was entered
into the scanner. In this pre-scanning session, the subject
experienced the R30, L30, R100, and L100 conditions with
the eyes closed. The vibration conditions were followed by
rest periods. Subjects experienced 12 vibratory stimula-
tions in total (each condition having been repeated twice),
presented in a randomized order. During each rest period,
the subjects were questioned as to whether the stimulation
generated illusory movements and had to verbally
describe them. Among the fifteen subjects included at first,
nine felt systematic illusory movement in the L100 and
R100 conditions, reporting ankle plantar-flexion move-
ment, whereas the six other subjects did not experience
illusions in any of the conditions. However, given the fact
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that unequal sample sizes may have biased comparison
results between subjects with and without illusions, more
subjects were afterwards tested in the pre-scanning session
until we identified three further subjects insensitive to the
illusions in the 100 Hz conditions. Accordingly, nine sub-
jects sensitive to illusions (mean age = SD: 33.8 = 4.9 years;
three females) and nine subjects insensitive to illusions
(mean age = SD: 31.1 = 3.5 years; six females) were finally
retained for the scanning session, so that the experiment
was balanced. Besides, the two subsamples did not differ
with respect to age (P = 0.19, two-tailed Mann-Whitney U
test) and gender (P = 0.35, two-tailed Fisher’s exact test),
meaning that demographics was not a confounding factor
that could have influenced neuroimaging differences
between the two subsamples. The vibration devices were
triggered via custom software developed using LabVIEW
(National Instruments, Austin, TX).

The scanning session was composed of five runs includ-
ing 12-s long conditions (epochs) of vibration (R30, L30,
R100, L100) and REST (i.e., no vibration). Each vibration
condition was repeated three times per run. The order of
vibration conditions were randomized within a run and
REST epochs were inserted between all vibration condi-
tions to ensure relaxation of muscle spindles. Moreover,
REST epochs were followed by a variable delay (mean ISI:
1,000 ms) obtained from exponential distribution [Hagberg
et al., 2001], to ensure random subsampling of the brain
volume relative to each of the vibration conditions. fMRI
time series were acquired over the five runs with a T2*-
weighted gradient echo-planar imaging sequence (42 inter-
leaved axial slices acquisition; 3 mm thickness; 0.5 mm
interslice gap; reco matrix =64 X 64; field of view =192
mm X 192 mm; repetition time =2.8 s; echo time = 30 ms;
flip angle = 84°). The scanning planes were parallel to the
anterior commissure — posterior commissure and covered
the whole brain from the top of the cortex down to the
base of the cerebellum. At the end of each run, questions
on the illusory movements were asked to the subjects via
headphones. For each stimulation condition, we asked
whether it induced illusory movements, and if yes,
whether all three repetitions (each stimulation condition
having been repeated three times within a run) induced
illusory movements. Subjects answered the questions
using a finger button response system. Answers confirmed
the two subsamples of subjects that came out during the
prescanning session. Nine subjects reported consistent illu-
sions for the R100 and L100 stimulations in all runs while
the other nine subjects did not experience any illusions.
We preferred asking the subjects to report the presence of
illusions after each run instead of after each stimulation to
avoid methodological issues related to movement prepara-
tion. Indeed, reporting illusions on an epoch basis would
have involved premovement activity of the responding fin-
ger in areas that were processing proprioceptive informa-
tion, including precentral and parietal areas [Mars et al.,
2008; Rushworth et al., 2003; Toni et al., 1999]. Structural
MRI data was finally acquired using a three-dimensional

Tl-weighted scanning sequence (MPRAGE; repetition
time = 9.4 ms; echo time = 4.4 ms; inversion time = 800 ms;
field of view =256 mm X 256 mm X 180 mm, reco
matrix =256 X 256 X 180) to allow anatomical localization
of brain activation.

fMRI Time Series Analysis

Analyses of fMRI time series were conducted with
SPM8 (Wellcome Department of Imaging Neuroscience,
London, UK; available at: http://www.fil.ion.ucl.ac.uk/
spm/software/spm8). Each run consisted of 113 scans per
subject, including six dummy images of magnetic field sat-
uration that were discarded before analysis. The remaining
images were slice-time corrected using slice #39, which
was close to the middle slice in time (42 slices total; inter-
leaved acquisition). After discarding the last two volumes,
these images were realigned to the first image of the time
series to correct for head movement between scans, and a
mean realigned image was created. The realigned images
were also “unwarped” to remove residual movement-
related variance [Andersson et al., 2001]. Each structural
MRI was then co-registered to the corresponding mean
realigned image. Finally, the functional images were spa-
tially normalized by matching each image to the standard
SPM8 EPI template, resampled to 3-mm isotropic voxel
size, and were spatially smoothed using an isotropic three-
dimensional Gaussian kernel (6 mm full-width at half
maximum).

Statistical analysis of the fMRI time series was based on
the general linear model (GLM) approach [Friston et al.,
1995a,b]. Stimulus-evoked neural responses were modelled
as boxcar regressors time-locked to the onsets of the vibra-
tion (R30, L30, R100, and L100) and REST conditions, and
were convolved with the canonical hemodynamic response
function of SPMS8. Low-frequency drifts were removed
from images using high-pass filtering (1/128 Hz). First-
level (i.e.,, subject-level) linear contrasts including
L100 >L30 and R100 >R30 were performed. The resulting
statistical parametric maps of the t-statistic revealed brain
activations related to kinaesthetic processing. The eighteen
subject-specific maps were then entered into a second-
level (random effect) full group GLM to derive statistical
inferences using one-sample t-tests. The threshold for
cluster-wise significance was set at P < 0.05 for the above
analyses, corrected using Family Wise Error (FWE) for
multiple comparisons, after having applied an auxiliary
voxel-level threshold of P < 0.001 and extent threshold
>10 contiguous voxels. These statistical maps were inclu-
sively masked using the maps of the vibration conditions
R100 and L100 compared to REST (i.e., L100>L30 and
R100>R30 were masked with L100>REST and
R100 > REST, respectively), thresholded at P < 0.05 uncor-
rected for multiple comparisons. Thus, clusters in
L100>L30 and R100>R30 maps were due to activation
induced by L100 and R100 and not deactivation induced
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by L30 and R30. A conjunction analysis was also con-
ducted [Price and Friston 1997; Worsley and Friston 2000],
which consisted in performing L100 >130 N R100 > R30 to
reveal areas that were commonly active during kinaes-
thetic processing of right and left vibratory stimuli. This
analysis was conducted to pinpoint high-level (non-limb
specific) right-sided fronto-parietal regions involved in
kinaesthesia [Naito et al., 2005, 2007].

Finally, activation differences between subjects who did
and did not experience illusory movement of the feet were
examined using region of interest (ROI) analysis. Given
the low size of the two subsamples of subjects (i.e., nine
subjects per subsample), ROI analysis was preferred to
whole-brain analysis that has low power because of the
multiple comparisons across voxels [Poldrack, 2007; Saxe
et al., 2006]. Specifically, functional ROIs were defined
from the group GLM employing a leave one subject out
(LOSO) procedure to avoid double dipping [Esterman
et al., 2009, 2010; Vul and Kanwisher, 2013].

The subject-specific maps previously defined were used
to perform LOSO GLMs, one with each subject left out. For
each of the 18 LOSO GLMs (n = 17 subjects per GLM), sig-
nificant clusters from L100>130, R100>R30, and
L100>L30 N R100>R30 maps served to define ROIs,
which were applied to the data collected from the subject
left out. Maps from the LOSO GLMs were thresholded sim-
ilarly to those from the full group GLM. Contrast estimates
(differences in beta weights) on L100 >L30 and R100 > R30
were then obtained using the left-out subject’s data that
was extracted from the ROIs using MarsBaR [Brett et al.,
2002; http:/ /marsbar.sourceforge.net/]. ROIs consisted of 6
mm diameter spheres centred on the peaks of activation
identified in the LOSO GLMs. Non-parametric statistics
were afterwards run on the contrast estimates to evaluate
differences in ROI activations between subjects who did
experience illusions and those who did not.

RESULTS

Brain Activation During Muscle Spindles
Stimulation

Activations related to right vibratory stimulation, as
evaluated using the R100>R30 contrast, occurred in
regions of the right and left frontal and parietal cortices as
well as in subcortical structures (Fig. 1A and Table I). Spe-
cifically, the contrast revealed significant activations (P <
0.05, with FWE correction) in three main clusters localized
in the left hemisphere (i.e., hemisphere contralateral to the
stimulated body side). The first cluster of activation was
observed in the left inferior parietal lobule (BA 40). The
second cluster included the left inferior frontal gyrus (BA
44), the anterior part of the left insula (BA 13), as well as
the claustrum and the putamen on the left side. The third
cluster involved areas of the precentral, postcentral, and
cingulate gyri, with activation peaks located in the left pri-

mary somatosensory cortex (BA 3), the left supplementary
motor area (BA 6) and the left anterior cingulate cortex
(BA 24). Significant activity in the primary motor cortex
(BA 4) was also evident, as shown in Figure 1A. Moreover,
it is worth mentioning that although the activation peak
was located in the left hemisphere for BA 24, activation
also extended to the right hemisphere (Fig. 1A). In addi-
tion, the R100>R30 contrast revealed significant clusters of
activation (P < 0.05, with FWE correction) in the right
hemisphere (i.e., hemisphere ipsilateral to the stimulated
body side). These right-sided clusters included the inferior
parietal lobule (BA 40), the inferior frontal gyrus (BA 44),
the anterior insula, the claustrum and the putamen.
Therefore, stimulation of the right muscle spindles led to
bilateral activity in several brain structures. The only
exceptions were the sensorimotor areas (i.e.,, primary
somatosensory cortex, primary motor cortex, and supple-
mentary motor area), which showed only contralateral
activation to the stimulation site.

On the other hand, the L100>L30 contrast revealed
mainly right-hemisphere activations (Fig. 1B and Table II).
Large clusters of significant activation (P < 0.05, FWE cor-
rection) were observed in the right inferior frontal gyrus
(BA 44), including also the right anterior insula (BA 13)
and the right claustrum, the right inferior parietal lobule
(BA 40), and the right supplementary motor area (BA 6).
Activation in BA 6 spread anteriorly into the right anterior
cingulate cortex (BA 24) and posteriorly into the primary
somatosensory cortex (BA 3) including the primary motor
cortex (BA 4). Again, activation of BA 24 also spread to
the other (here, left) hemisphere. In addition, the right
putamen was also active at a liberal threshold (P < 0.001,
uncorrected for multiple comparisons) but did not survive
a stringent threshold with FWE correction (Fig. 1B). Only
the inferior parietal lobule (BA 40) and the anterior insula
(BA 13) were significantly activated (P < 0.05, FWE correc-
tion) in the left hemisphere. Interestingly, the right-
hemisphere regions activated during left stimulation (i.e.,
L100 > L30 contrast) were similar to those activated during
right stimulation (i.e., R100>R30 contrast). In particular,
frontal and parietal areas in the right hemisphere seem to
be strongly active no matter if the stimulation was on the
right or left body side.

To verify the above observation, the conjunction analy-
sis of 1100 >L30 N R100 > R30, which tested for significant
clusters active during both right and left vibratory stimuli,
was conducted. It revealed two clusters of significantly
active voxels (P < 0.05, FWE correction) in the right hemi-
sphere. The first cluster (k=44 voxels) was located in the
right inferior parietal lobule (BA 40), with a peak at
x=057, y=-31, z=25 mm, and a t-value of 4.26. The sec-
ond cluster (k=88 voxels) belonged to the right inferior
frontal gyrus (BA 44), with a peak at x=51, y=5, z=7
mm, and a t-value of 5.47. This result is again in favor of
a dominance of the right hemisphere, especially a right-
sided frontoparietal network, in processing kinaesthetic
information.
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Figure I.

Full-group activation maps during (A) right (R100>R30 con-
trast) and (B) left (L100>L30 contrast) vibration stimulation
rendered on standard T| template. Maps are thresholded at P <
0.001 uncorrected (t>3.79) with an extent threshold k=10
voxels and are inclusively masked using either R100 > REST or
LI00 >REST (P < 0.05 uncorrected). Clusters of activity
(P <0.05, FWE correction) are indicated with arrows. IFG: infe-

Differences in Brain Activation Between Subjects
With and Without Kinaesthetic lllusions

Difference in brain activity between subjects who did and
did not have kinaesthetic illusions was examined using
LOSO GLMs. Since the activation of a high-level right-sided
network of brain regions distributed from posterior parietal
to inferior frontal cortices was expected to be greater in sub-
jects with illusory movement, a first step consisted in deter-
mining LOSO ROIs from L100>L30 N R100>R30
conjoined activation clusters (P < 0.05, FWE correction). For
each of the LOSO GLMs, clusters were significantly acti-
vated in the right inferior frontal gyrus (BA 44, Fig. 2A) and

rior frontal gyrus; IPL: inferior parietal lobule; ACC: anterior
cingulate cortex; SMA: supplementary motor area; MI|: primary
motor cortex; Sl: primary somatosensory cortex. Note that
right putamen during left stimulation did not survive clusterwise
FWE correction, as indicated by the asterisk. [Color figure can
be viewed in the online issue, which is available at wileyonlineli-
brary.com.]

the right inferior parietal lobule (BA 40, Fig. 2B). As illus-
trated in Figure 2, there was a high degree of overlap
between the LOSO clusters in both right BA 40 and BA 44,
with a large number of voxels surviving in each LOSO fold.

Group analysis performed on the above LOSO right-
sided ROIs (BAs 40 and 44) indicated that L100 > L30 con-
trast estimates were statistically greater than R100>R30
contrast estimates in subjects experiencing illusions (Fig.
3). Statistics of the Wilcoxon signed-rank tests were,
W=41, P = 0.01 for BA 40, and W=39, P = 0.02 for BA
44. On the other hand, there was no activation difference
between the two contrasts in subjects without illusions. In
other words, activation of the right frontoparietal network
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TABLE I. Brain regions activated during right vibratory stimulus (i.e., R100>R30 contrast) for the full group

R100>R30 peak location Side x (mm) y (mm) z (mm) t-Value

Cluster # 1 (272 voxels)

Inf. Par. Lobule (BA 40) L —43 —43 40 6.81
L —55 —31 31 6.62
L -60 =31 43 6.58
Cluster #2 (342 voxels)
Inf. Front. Gyrus (BA 44) L —48 2 7 7.59
Ant. Insula (BA 13) L -36 2 16 6.75
L =33 =20 10 5.81
Putamen L —24 2 10 5.78
Claustrum L =30 1 10 5.25
Cluster #3 (225 voxels)
Post-central gyrus (BA 3) L -12 —40 70 6.33
Sup. Motor Area (BA 6) L -3 =25 69 532
L -6 -16 67 4.94
L -3 8 49 4.64
Ant. Cing. Cortex (BA 24) L 0 5 40 5.40
Cluster #4 (410 voxels)
Inf. Front. Gyrus (BA 44) R 48 -1 7 8.51
Claustrum R 28 8 10 8.26
Ant. Insula (BA 13) R 36 2 10 8.25
Putamen R 27 8 1 7.25
Cluster #5 (152 voxels)
Inf. Par. Lobule (BA 40) R 57 —34 25 7.53

t-values refer to significant activation peaks at P < 0.001 (uncorrected for multiple comparisons). In addition, all reported clusters were
significantly active at P < 0.05 (FWE correction).
L: left hemisphere; R: Right hemisphere.

was amplified by left-sided stimulation only in subjects awareness of illusory movement, we also compared activ-
who reported kinaesthetic illusions. ity in right BAs 40 and 44 ROIs (i.e., L100 >L30 contrast)

In order to further explore the dominance of this net- with that in the corresponding ROIs in the left hemisphere
work in kinaesthetic processing and its possible role in the (i.e., R100>R30 contrast). To do so, we defined LOSO

TABLE Il. Brain regions activated during left vibratory stimulus (i.e., L100 > L30 contrast) for the full group

L100 > L30 peak location Side x (mm) y (mm) z (mm) t-Value

Cluster # 1 (182 voxels)

Inf. Par. Lobule (BA 40) R 60 —25 25 10.00
R 54 —28 19 7.13
Cluster # 2 (398 voxels)
Inf. Front. Gyrus (BA 44) R 51 2 7 7.71
Ant. Insula (BA 13) R 36 20 7 6.84
Claustrum R 33 -1 10 6.16
Cluster #3 (171 voxels)
Post-central gyrus (BA 3) R 15 -39 70 7.06
Sup. Motor Area (BA 6) R 3 -19 70 6.61
R 3 —28 76 6.42
Ant. Cing. Cortex (BA 24) R 9 —4 40 5.99
Cluster #4 (137 voxels)
Ant. Insula (BA 13) L -39 5 13 5.24
Cluster #5 (108 voxels)
Inf. Par. Lobule (BA 40) L -60 —40 43 5.14
L —66 -31 28 5.06

t-values refer to significant activation peaks at P < 0.001 (uncorrected for multiple comparisons). In addition, all reported clusters were
significantly active at P < 0.05 (FWE correction).
L: left hemisphere; R: Right hemisphere.
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Figure 2.

Overlap of leave one subject out (LOSO) clusters in (A) the
inferior frontal gyrus (IFG) and (B) the inferior parietal lobule
(IPL). The LOSO clusters were obtained from separate LOSO
GLMs (here, L100>130 N R100>R30 conjunction), one with
each subject left out. Each LOSO cluster was subsequently used

ROIs from R100 > R30 activation clusters (P < 0.05, FWE
correction) in left BAs 40 and 44 (Fig. 4). L100>L30 con-
trast estimates extracted from right BAs 40 and 44 ROIs
were statistically larger than R100 > R30 contrast estimates
from left hemisphere ROIs in subjects who experienced
illusions only (W =41, P = 0.01 for BA 40, and W=35, P
= 0.04 for BA 44). In addition, Mann-Whitney U tests indi-
cated that activations (contrast estimates) were signifi-
cantly larger in subjects who did experience illusions as
compared to those who did not in both right BA 40
(U=4, P = 0.0005) and BA 44 (U=11, P = 0.008) (Fig. 4).
Therefore, while the right frontoparietal network was
more active than its left counterpart following contralateral
stimulation in subjects who experienced kinaesthetic illu-
sions, this result did not extend to subjects without illu-
sions. In addition, this right-sided network was more
active in the former subjects as compared to the latter.
Finally, we examined differences in brain activity
between the two subsamples of subjects in other areas

to define a region of interest (a 6 mm sphere ROI centred on
activation peak), which was applied to the data collected from
the subject left out. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

involved in kinaesthetic processing. The purpose of this
analysis was to evaluate whether the greater brain activa-
tion in subjects with illusions also generalized to the basic
kinaesthetic network. Accordingly, we defined LOSO ROIs
in right and left insula, claustrum, anterior cingulate, pri-
mary somatosensory cortex and supplementary motor area
from L100>L30 and R100 >R30 activation clusters (P <
0.05, FWE correction), respectively (Fig. 5). The two sub-
samples of subjects differed only in the left supplementary
motor area ROIs, with larger activity in subjects with illu-
sions (U=8, P = 0.003). Therefore, generalization of
increased activation in subjects with illusions to the entire
kinaesthetic network appeared rather marginal.

In sum, although full-group GLM results evidenced a
right hemisphere dominance in processing kinaesthetic
information, with right IPL and IFG consistently activated
by right and left vibrations (i.e., a non-limb-specific activa-
tion) in all subjects, the LOSO ROI analysis showed that
these right-sided brain regions were statistically more
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Figure 3.

L100 >L30- and R100 > R30-evoked activations in right inferior
frontal gyrus (IFG) and right inferior parietal lobule (IPL) regions
of interest (ROIs). For each subsample of subjects (i.e., subjects
who reported having and not having illusory movements), differ-
ences between left- and right-evoked activations are indicated
by the arrows (*P <0.05). The clusters reported on the brain

active than their left counterparts in response to contralat-
eral stimulation in the subjects with illusions only. Fur-
thermore, the activation of these regions was stronger in
subjects with illusions as compared to those without illu-
sions. Therefore, the awareness of illusory movement
emerged from boosted activation of the right inferior fron-
toparietal (IPL-IFG) network, making stronger the
kinaesthetic-related right hemispheric dominance.

DISCUSSION

The aim of the present study was to identify the neural
correlates subserving illusory movement awareness. A first
step consisted in characterizing the basic network of
kinaesthetic-related activity, in particular high-level
regions that were active irrespective of whether vibratory
stimulation was applied to the right or left ankle. In a sec-

slices delineate the overall areas that contained the leave one
subject out (LOSO) ROIs that were used to extract contrast
estimates. Data in barplots are reported as median = IQR.
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

ond step, we contrasted subjects who experienced illusory
movements from those who did not, using region of inter-
est analysis. Separating a posteriori “conscious and non-
conscious subjects” while using exactly the same stimuli
and task is considered an elegant approach in the study of
consciousness [Dehaene and Naccache, 2001], and has
already proven powerful in revealing certain neural corre-
lates of conscious processing [e.g., McIntosh et al., 1999].

A Large-Scale Asymmetric Network Underlying
Kinaesthetic Processing

The many cortical and subcortical regions that were
involved in kinaesthetic processing are in good agreement
with those reported in previous studies [e.g., Goble et al.,
2011, 2012; Kavounoudias et al., 2008; Naito et al., 1999,
2002, 2005, 2007; Romaiguere et al., 2003]. Not surpris-
ingly, activations were found in primary somatosensory
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Figure 4.

L100 >L30- and R100 > R30-evoked activations in right and left
inferior frontal gyri (IFG) and inferior parietal lobules (IPL)
regions of interest (ROls). Differences of activation in ROls
between right and left hemispheres, and between subjects with
and without illusions, are indicated by the arrows (*P < 0.05;
P < 0.01; ¥*P < 0.001). The clusters reported on the brain

(S1/BA 3a) and motor (M1/BA 4) cortices contralateral to
the stimulation side. With respect to S1, it is well docu-
mented that somatosensory information enters the cerebral
cortex through this area, which contains several somato-
topic maps of the contralateral half of the body [Dijkerman
and de Haan, 2007]. In particular, the region activated in
S1 was most likely BA 3a (adjacent to BA 4), where domi-
nant inputs originate from muscle receptors [Phillips et al.,
1971; Tanji and Wise, 1981]. The contribution of M1 to kin-
aesthetic processing has also been widely reported [see
Naito, 2004, for a review], and likely relies on primary
somatosensory cortex-to-primary motor cortex associa-
tional connections [Farkas et al., 1999]. Another sensorimo-
tor region that was significantly activated during muscle
spindle stimulation was the supplementary motor area
(SMA/BA 6). This result adds to evidence that SMA has a
clear kinaesthetic function, possibly being interconnected
with others brain areas (e.g., parietal cortex) to modulate

slices delineate the overall areas that contained the leave one
subject out (LOSO) ROIs that were used to extract contrast
estimates. Data in barplots are reported as median = IQR.
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

somatosensory activity [Haggard and Whitford, 2004]. In
addition, a midline structure constituent of the kinaesthetic
network was the anterior cingulate cortex (BA 24), which
has already been reported in previous kinaesthetic map-
ping studies [Kavounoudias et al., 2008; Romaiguere et al.,
2003]. A meta-analysis based on parcellation showed that
this portion of the cingulate cortex is multimodal and mul-
tifunctional, being involved in a variety of behavioral
domains including the sensorimotor domain [Torta and
Cauda, 2011]. The authors further suggested that this por-
tion of the cingulate cortex serves as a “hub,” interconnect-
ing different frontoparietal networks. Thus, this area may
have served a higher-order associative function, support-
ing large scale functional connections between the frontal
and parietal regions involved in kinaesthetic processing.
The kinaesthetic network also included the anterior
insular cortex (AIC), regions medial to this cortex (ie.,
claustrum, putamen), and regions of the (pre)frontal (IFG/
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Figure 5.

L100 > L30- and R100 > R30-evoked activations in right and left
insula, claustrum, anterior cingulated cortex (ACC), supplemen-
tary motor area (SMA) and primary somatosensory cortex (SI)
regions of interest (ROls). Activation differences in ROls
between subjects who reported having, and not having, illusory
movements is indicated by the arrow (**: P < 0.01). The clus-

BA 44) and posterior parietal (IPL/BA 40) cortices. Over-
all, these regions had bilateral activity in response to right
stimulation while their activity was restricted to the right
hemisphere for left stimulation. Such greater involvement
of right-sided regions in processing kinaesthetic informa-
tion was further supported by conjoined right IFG and IPL
activations for both right and left stimulations. Again,
these findings confirm previous observations, both as
regards the regions that processed kinaesthetic information
and the dominance of the right hemisphere in processing
this information [e.g., Goble et al., 2012; Naito et al., 2005,
2007]. Although right hemisphere dominance in human
kinaesthesia remains to be understood, an explanation
would be that such asymmetry is functional, emerging as
the brain develops to avoid interference between language
and somatic functions [Naito et al., 2005]. The activation of
the putamen also deserves to be highlighted, as only very
few studies reported activation of this structure in human
kinesthesia [Goble et al., 2011, 2012]. Accordingly, our

ters reported on the brain slices delineate the overall areas that
contained the leave one subject out (LOSO) ROIs that were
used to extract contrast estimates. Data in barplots are
reported as median = IQR. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

study provides further evidence that the putamen plays a
significant role in human kinaesthetic processing, possibly
directing inputs from pre- and post-central areas [e.g., BA
4, S1; Kunzle, 1975, 1977] to frontal lobe areas, including
SMA and prefrontal areas [Alexander et al., 1986; Middle-
ton and Strick, 2002]. On the other hand, our results ques-
tion a common suggestion made about the neural basis of
illusory movements. Indeed, the AIC along with the claus-
trum and the IFG are considered neural correlates of con-
sciousness [e.g., Craig, 2009; Crick and Koch, 2005;
Dehaene and Changeux, 2011]. Accordingly, it has been
proposed that activation of these regions in association
with activation of the IPL, which underpins elements of
one’s own movement and body [Daprati et al., 2010; Blake-
more and Frith, 2003], are responsible for experiences of
illusory limb movements [Goble et al., 2012; Naito et al.,
2007]. However, half of our population did not experience
illusions despite this typical activation pattern. Therefore,
we should perhaps reconsider the idea that right frontal
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and parietal coactivations per se would trigger illusory
movements (i.e., an on/off mechanism with the “switch
on” bringing illusions).

Neural Correlates of lllusory Movement
Awareness

The main result from the present study was that subjects
who experience illusory movements differed from those
who did not have illusions through larger activation of the
right frontoparietal network, including right IFG and IPL.
These data clearly suggest that activation of this network
alone is insufficient to drive subjective experience of move-
ment but needs to reach a certain threshold. This result is
in line with previous studies on perceptual awareness,
which revealed stronger activation of a distributed net-
work, including inferior frontal and parietal areas, only
when visual, auditory or tactile stimuli were consciously
accessible [Boly et al., 2007; Dehaene et al., 2001, 2006; Sada-
ghiani et al., 2009]. In the same vein, a study by Hasson
et al. [2007], using the MacGurk illusion, dissociated brain
areas that code for audiovisual stimuli from those that code
for speech percept (i.e., what the subject consciously hears).
Whereas the auditory cortex coded for the sensory proper-
ties of the input, the left posterior IFG (pars opercularis)
and the anterior IPL coded for the speech percept. Interest-
ingly, the authors demonstrated that activations of these
areas were particularly strong in subjects highly sensitive
to speech percept. Therefore, on condition that IFG and IPL
activations become strong, these two regions code for the
perceived conscious content related to sensory stimuli, with
left- and right-sided regions showing specialization in cod-
ing for what is consciously heard (speech illusion) and
what is consciously felt (kinaesthetic illusion), respectively.
Though our data are in favor of a threshold-based mecha-
nism subserving the emergence of illusory movements, we
did not examine the possibility that the characteristics of
the illusions, such as the vividness, the duration or the
strength [Ehrsson et al., 2004; Hagura et al., 2007; Naito
et al., 1999], may be reflected in an activation gradient once
the threshold is reached. Clearly, examining whether activ-
ity of the right frontoparietal network is associated with
psychological ratings when a percept of limb movement is
formed should be on the research agenda.

Turning to the action domain, several studies revealed a
central role for the right parietal cortex in the awareness of
one’s action [Desmurget and Sirigu, 2009; Desmurget
et al., 2009]. Using direct cortical stimulation, the authors
reported that strong stimulation of the posterior parietal
cortex (BAs 39 and 40) triggered illusory movements. They
proposed that high intensities of stimulation in these areas
primed motor representations to consciousness, likely
recruiting circuitries usually responsible for movement
monitoring through forward computations (i.e., predic-
tions made about the movement before its onset). In the
present study, illusory movements may also have resulted

from activation of such executive network. If true, our
results further suggest that this network is implemented
not only in the right posterior parietal cortex but also
extends to the opercular part of the right IFG. Interest-
ingly, this is in keeping with a study by Berti et al. [2005]
in the domain of self-monitoring of action, which showed
that the network of conscious monitoring of motor acts is
implemented in areas also related to the programming of
motor acts, particularly right BA 44. In addition, our
results are in agreement with the proposal that experienc-
ing one’s own body in motion mainly involves the right
IPL [Daprati et al., 2010], although we may further specu-
late that right frontoparietal brain regions are required for
conscious perception of our own body in motion.

At the neurocomputational level, the larger activation of
the right frontoparietal network in our subjects aware of
the illusions fits well with the Global Neuronal Workspace
(GNW) model of conscious processing [Dehaene and
Changeux, 2005, 2011; Dehaene et al. 2006]. This model
was derived from experiments contrasting perceived and
unperceived stimuli and proposes that conscious process-
ing occurs when information is made available to different
brain association areas (e.g., frontal and parietal cortices)
through long-distance connections, as those of the superior
longitudinal fascicle connecting frontal and parietal oper-
cula [Makris et al., 2005]. In this framework, conscious
processing result from a two-stage process: (1) at an early
stage, sensory signals progress through sensory areas to
high-level association areas (i.e., bottom-up connections),
and (2) at a later stage, if the spread of activation to high-
level areas is sufficiently intense, these areas exchange
information through self-sustaining reverberant activation
that favors convergence toward a single percept, also pro-
jecting information back to sensory areas (i.e., top-down
connections). Assuming that consciousness is a unifying
property that emerges from a broad frontoparietal network
regardless of the physiological context (motor, perceptual),
the second stage of the process may have been incomplete
in subjects who did not experience illusory movements
(i.e.,, an incomplete reverberating loop), hindering emer-
gence of conscious movement representation (i.e., illusory
ankle plantar-flexion movements) from kinaesthetic sig-
nals. A relevant way to test this assumption would be to
examine time sequences related to the (un)awareness of
illusory movement using electroencephalography. Indeed,
conscious processing, according to the GNW model,
should come with large and late (>300 ms) increases in
power and synchrony in beta and gamma bands in fronto-
parietal networks [Dehaene and Changeux, 2011]. Accord-
ingly, one may expect particular features with respect to
these hallmarks in subjects without illusions. Moreover,
examining whether individual differences in the neural
correlates of the awareness of illusory movement are genu-
ine or evolve throughout life is another important issue.
This should help to further understand the mechanisms
that lead to motor awareness and, more largely, add to
current theories of conscious processing.
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