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a  b  s  t  r  a  c  t

Exploration  of  the  body  representation  system  (BRS)  from  kinaesthetic  illusions  in fMRI  has  revealed
a  complex  network  composed  of sensorimotor  and  frontoparietal  components.  Here,  we  evaluated  the
degree  of maturity  of  this  network  in children  aged  7–11  years,  and  the  extent  to which  structural  factors
account  for  network  differences  with  adults.  Brain  activation  following  tendon  vibration  at  100  Hz (‘illu-
sion’)  and  30  Hz  (‘no illusion’)  were  analysed  using  the  two-stage  random  effects  model,  with  or  without
white  and  grey  matter  covariates.  The  BRS  was  already  well  established  in children  as revealed  by  the
contrast  ‘illusion’  vs  ‘no  illusion’,  although  still  immature  in  some  aspects.  This  included  a  lower  level  of
activation  in primary  somatosensory  and  posterior  parietal  regions,  and  the  exclusive  activation  of  the
roprioception
MRI
TI
BM

frontopolar  cortex  (FPC)  in children  compared  to  adults.  The  former  differences  were  related  to  struc-
ture,  while  the  latter  difference  reflected  a functional  strategy  where  the  FPC  may  serve  as  the  ‘top’  in
top-down  modulation  of the  activity  of  the  other  BRS  regions  to facilitate  the establishment  of body

he  de
ent  of
ublis
hildren
representations.  Hence,  t
involves  the  disengagem

© 2017  The  Authors.  P

. Introduction

Neural representations of the body formed within the human
rain, known as the body representation system (BRS), is central
o the understanding of motor functions (Ehrsson et al., 2003;
ongo and Haggard 2010). The BRS is constantly updated using
ensory information, especially proprioception that encompasses
he perception of positional changes and movements of body parts
Proske and Gandevia, 2012). Using vibration-evoked propriocep-
ive illusions, neuroimaging studies suggested that two  networks
onstitute the cerebral basis of the BRS (Naito et al., 1999, 2002,
016; Naito and Ehrsson, 2006): (i) a sensorimotor control net-
ork – i.e. motor and somatosensory cortical regions, basal ganglia,

halamus, cerebellum – that contributes to the formation of the
ody representations, and is involved in on-line control (fast cor-
ections) of movement, and (ii) a fronto-parietal network extending

rom the inferior frontal gyrus to the posterior parietal cortex (e.g.
nferior parietal lobule) that integrates environmental information
ogether with bodily information into a single percept, thereby

∗ Corresponding author at: Aix Marseille Univ, CNRS, LNC, Laboratoire de Neuro-
ciences Cognitives, Marseille, France.

E-mail address: christine.assaiante@univ-amu.fr (C. Assaiante).

ttps://doi.org/10.1016/j.dcn.2017.02.010
878-9293/© 2017 The Authors. Published by Elsevier Ltd. This is an open access article 

/).
velopment  of the  BRS  not  only  relies  on  structural  maturation,  but  also
 an  executive  region  not  classically  involved  in body  processing.
hed  by Elsevier  Ltd.  This  is an  open  access  article  under  the  CC  BY-NC-ND

license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).

providing a corporeal representation adjusted to the environmen-
tal context. Furthermore, the fronto-parietal network in the right
hemisphere has also been found to be involved in corporeal self-
awareness (Cignetti et al., 2014; Naito et al., 2005). Although it is
obvious that the BRS must be updated during development due to
many factors such as morphological changes, acquisition of motor
skills, and cognitive practice, age-related changes in its cerebral
correlates have never been investigated directly.

Indirect information on the developmental trajectory of the BRS
comes from resting state functional magnetic resonance imaging
(fMRI) studies. The sensorimotor control network is already topo-
logically adult-like by the age of two while higher-order networks
including the fronto-parietal network are topologically incom-
plete, presenting a less specialized architecture compared to adults
(Gao et al., 2015). Further studies reported that within-network
connectivity changes stop in late childhood (∼10 years old) for
the sensorimotor network and that they continue until adult-
hood for the frontal and parietal networks (Jolles et al., 2011;
Kelly et al., 2009). Therefore, the fronto-parietal network support-
ing the BRS presents an extended development compared to the

sensorimotor network. A recent fMRI study using tendon vibra-
tion also demonstrated that the proprioceptive brain network still
undergoes refinements during and beyond adolescence, mostly the
fronto-striatal connections that exhibit functional pruning leading

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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o a more restricted topology (Cignetti et al., 2016a). Therefore,
lthough the sensorimotor network is likely earlier to mature com-
ared to the fronto-parietal network, it may  not yet be mature by

ate childhood.
Outcomes from structural MRI  studies would support this view.

tudies on cortical grey matter development from childhood to
dulthood reported a maturational sequence from sensorimotor
o higher-order association regions, specifically from the precen-
ral gyrus to the prefrontal cortex in the frontal lobe and from the
ostcentral gyrus to the angular/supramarginal gyri in the parietal

obe (e.g. Gogtay et al., 2004; Shaw et al., 2008). Likewise, a study
y Zielinski et al. (2010) showed that grey matter networks estab-

ishing sensory and motor regions were already well-developed in
arly childhood, although not yet adult-like. In contrast, higher-
evel cognitive networks were undeveloped in early childhood and
howed an important amount of change during adolescence. How-
ver, regional variations in the grey matter maturation pattern of
he sensorimotor network appear to exist, especially in the sub-
ortical regions that demonstrate important age-related changes
n grey matter density during adolescence (Sowell et al., 1999).

Considering white matter maturation, it is less clear whether the
ensorimotor network reaches maturity before the fronto-parietal
etwork. Diffusion tensor imaging (DTI) studies showed that the
icrostructural characteristics of association fibres, and especially

he superior longitudinal fasciculus that connects the parietal cor-
ex to the frontal gyrus, become adult-like by late adolescence
Asato et al., 2010; Lebel et al., 2008, 2012; Lebel and Beaulieu,
011; Simmonds et al., 2014). This supports an extended develop-
ent of the fronto-parietal network. However, late to mature in

dolescence are also projection fibres, such as the corona radia-
ia connecting the basal ganglia to the cortex, as well as cerebellar
onnections (Asato et al., 2010; Lebel et al., 2008; Simmonds et al.,
014). Moreover, connections at terminal grey matter sites in basal
anglia were found to mature even in later adulthood (Lebel et al.,
008; Simmonds et al., 2014). Therefore, a set of white matter fibres

nvolved in the sensorimotor network continue to mature during
nd beyond adolescence, suggesting once again that this network
s not completely mature by late childhood.

Using a protocol of kinaesthetic illusions in children (7–11 years)
nd adults (25–40 years) in fMRI, the aim of the present study
as to evaluate the degree of maturation of the sensorimotor and

ronto-parietal networks subtending the BRS by late childhood. We
xpected to find larger differences in activation levels between chil-
ren and adults in fronto-parietal regions, i.e. a more immature
ronto-parietal network by late childhood. A secondary objective
as to examine the extent to which structural brain maturation

nfluences the functional development of the networks that imple-
ent the BRS. To this end, we investigated group differences in

MRI results while statistically controlling for differences in grey
nd white matter between children and adults.

. Methods

.1. Participants

Forty seven healthy right-handed individuals including fifteen
dults (mean age ± SD: 32.4 ± 4.5; 9 females) and thirty two  chil-
ren (from seven to eleven years old) took part in the experiment.
ata from 9 of the adult participants were previously reported
y Cignetti et al. (2014) and six additional adult participants
ere recruited to complete the adult group. The children sample

as finally restricted to twenty-two individuals (mean age ± SD:

.0 ± 1.4; 15 females) due to the exclusion from the analysis of
0 children with excessive head movements during fMRI scanning
cf. Section 2.5.1 fMRI data analysis). Sex distribution did not differ
 Neuroscience 24 (2017) 118–128 119

between the two age groups (�2 (4, n = 37) = 0.3; p = 0.6). Adult par-
ticipants, parents of minors, and children gave written informed
consent. The study was  approved by the research ethics committee
CPP Sud-Méditerranée 1.

2.2. Paradigm

The cerebral correlates of the BRS were examined using a ten-
don vibration paradigm, which consisted in vibrating the tendons
of the right and left tibialis anterior muscles to excite the muscle
spindle primary endings (e.g. Cignetti et al., 2014, 2016a). To this
end, custom-made pneumatic vibration devices, driven by constant
air pressure, were placed perpendicularly to the anterior right and
left ankles using elastic straps (contact area = ∼ 6 cm2). Frequencies
were delivered at 30 Hz and at 100 Hz with a 0.5 mm  amplitude,
leading to four vibration conditions: right and left tendon vibration
at 30 Hz (R30 and L30; the control ‘no illusion’ condition) and at
100 Hz (R100 and L100; the ‘illusion’ condition). These stimulation
parameters were selected based on the fact that (i) 20–40 Hz fre-
quencies 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 consis-
tent illusory movements (i.e. plantar-flexion) (Cignetti et al., 2014,
2016a; Naito et al., 1999; Radovanovic et al., 2002; Roll and Vedel,
1982; Roll et al., 1989).

2.3. Pre-scanning session

In the present study, participants first experienced a pre-
scanning session lying supine outside the scanner with the eyes
closed, during which they were presented with the four vibratory
stimulations (12-s long R30, L30, R100, and L100 vibrations; each
stimulation presented twice). The vibration conditions were pre-
sented in a random order and each vibration was  followed by a
rest period during which the participants were questioned as to
whether the stimulation generated illusory movements, and were
then requested to verbally describe them. The six additional adults
reported illusory movement at 100 Hz but not at 30 Hz stimulation.
Finer-grained evaluation was conducted in children to increase
confidence in self-reports on illusions. After the 12 seconds period
of vibration, the children had to report about what they felt and
were asked to reproduce (if any) the illusory percept by moving
their foot. In the 100 Hz condition, all children felt their foot ‘going
down’ and produced a plantar-flexion. In the 30 Hz condition, 6
children reported plantar-flexion illusion while the other 16 chil-
dren reported a ‘vibrating’ sensation. Children were also asked to
(i) score the vividness defined as how realistic the illusion was,
between 0 and 4, a score of 0 corresponding to the absence of
illusion and a score of 4 to a plantar-flexion illusion similar to an
actual movement (Naito et al., 1999), and (ii) to report the ampli-
tude of the illusory movement, using an angle measurement scale.
The angle measurement scale corresponded to a lying individual
with a degree of freedom about the ankle. The experimenter rotated
the foot until the estimated position was  reached, as indicated by
the children. An angle of 0◦ corresponded to the absence of illu-
sory plantar-flexion and a positive value to a plantar-flexion, the
larger the value the more important the plantar-flexion. In sum,
none of the adults reported experience of illusory movement in the
30 Hz conditions while all of them experienced illusory plantar-
flexion in the 100 Hz conditions. Six children out of twenty-two
reported illusory movements in both the 30 Hz and the 100 Hz

conditions, with a tendency for less vivid and important illu-
sions in the former conditions (vividness R30: 1.5 ± 1.4; vividness
L30: 1.3 ± 1.2; angle R30: 17.5 ± 10.3◦; angle L30: 19.2 ± 9.3◦) com-
pared to the latter conditions (vividness R100: 2.5 ± 1.4, L100:
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 ± 1; angle R100: 25.2 ± 10.3◦, L100: 23.5 ± 13.8◦). The other 16
hildren reported illusions in the 100 Hz conditions only (vivid-
ess R100: 2.8 ± 0.7, L100: 3.1 ± 0.7; angle R100: 13.6 ± 2.9◦, L100:
8.5 ± 5.1◦).

.4. MRI  data acquisition

After the familiarization pre-scanning session, the subjects
ere placed head first and supine into a 3T MRI  scanner (Med-

pec 30/80 AVANCE, Bruker, Ettlingen, Germany). Supports were
sed to minimize head movement, including a soft strap attached
round the head and air pads placed between the lateral sides
f the head and the radio-frequency head coil. The participants
lso wore a headphone for communication purpose. fMRI time
eries were acquired with a T2*-weighted gradient echo-planar
maging sequence (42 interleaved axial slices acquisition; 3 mm
hickness; 0.5 mm interslice gap; reconstruction matrix = 64 × 64;
eld of view = 192 mm × 192 mm;  repetition time = 2.8 s; echo
ime = 30 ms;  flip angle = 84◦). The scanning planes were parallel to
he anterior commissure − posterior commissure and covered the
op of the cortex down to the base of the cerebellum. The scanning
ession was composed of five runs each lasting 5 min  and including
2-s long conditions (epochs) of vibration (R30, L30, R100, L100)
nd REST. Each vibration condition was repeated three times per
un. The order of vibration conditions was randomized within a
un, and REST epochs were inserted between all vibration condi-
ions to ensure the relaxation of the muscle spindles. At the end of
ach run, subjects were questioned about the illusory movements
ia headphones. For each stimulation condition, we asked whether
t induced illusory movements, and if yes, whether all three repeti-
ions (each stimulation condition having been repeated three times
ithin a run) induced illusory movements. Subjects answered the

uestions using a finger button response system. Answers were
dentical to the verbal report of the pre-scanning session for all
articipants. The six additional adults and all children reported con-
istent illusion for the R100 and the L100 in all runs. In addition, the
ix children who  reported having experienced an illusion at 30 Hz
uring the pre-scanning phase also reported consistent illusory
ovements for the R30 and L30 stimulation in all runs. We  pre-

erred asking the subjects to report the presence of illusions after
ach run instead of after each stimulation to avoid methodological
ssues related to movement preparation. Indeed, reporting illusions
n an epoch basis would have involved pre-movement activity of
he responding finger in areas that were processing proprioceptive
nformation, including precentral and parietal areas (Mars et al.,
008; Rushworth et al., 2003; Toni et al., 1999).

Structural MRI  data were also acquired using a 12 min
hree-dimensional T1-weighted scanning sequence (MP-
AGE; repetition time = 9.4 ms;  echo time = 4.4 ms;  inversion
ime = 800 ms;  field of view = 179 mm × 256 mm × 180 mm,  recon-
truction matrix = 256 × 256 × 180). Finally, the participants
nderwent an 8 min  MR-diffusion scanning. MR-diffusion images
ere acquired using a dual spin-echo, single shot echo-planar

maging sequence (TE = 86.659 ms;  TR = 10400 ms;  52 axial slices,
.3 mm thickness, without gap; field of view = 242 mm x 242 mm
nd matrix size = 128 × 128). Each MR-diffusion data set included

 non-diffusion-weighted and 36 diffusion-weighted images
cquired with a b-value of 1000 s/mm2.

.5. Data analyses

.5.1. fMRI

Image pre-processing and statistical fMRI data analysis were

onducted with SPM8 (Wellcome Department of Imaging Neu-
oscience, London, UK) running in Matlab 7.5 environment
Mathworks, Inc., Sherbon, MA,  USA) and custom-made Matlab
 Neuroscience 24 (2017) 118–128

scripts. Each run included 113 images, including six dummy images
of magnetic field saturation that were discarded. The remain-
ing images were first (i) slice-time corrected, (ii) realigned to
the first image of the time series to correct for head movement
between scans, (iii) unwrapped to remove residual movement-
related variance (Andersson et al., 2001), and (iv) co-registered
to high-resolution structural data. The structural image was nor-
malized to the MNI  (Montreal Neurological Institute) T1 template
image and the resulting parameters were used for normalization
of the functional images, which were resampled to 3-mm isotropic
voxel size and smoothed with an 8-mm FWHM Gaussian kernel.
Ten children in which translational and rotational head move-
ment as obtained from realignment (step ii) exceeded 3 mm and 3◦,
respectively, were discarded from the study. We  applied this rule-
of-thumb since higher amount of motion are not corrected properly
by applying motion correction procedures (Formisano et al., 2005).
Accordingly, the final children population considered for analysis
included twenty two  individuals.

Pre-processed data were afterwards analysed using the univari-
ate two-stage summary statistics random effect model (Cignetti
et al., 2016b; Friston et al., 1995; Holmes and Friston, 1998).
Task-dependent changes in BOLD signal were modelled as box-
car regressors time-locked to the onsets of the vibrations (R30,
L30, R100, and L100) and REST conditions. These regressors were
convolved with the canonical hemodynamic response function
(HRF) of SPM8 and entered into the general linear model (GLM).
Constant terms and parameters for head movement estimated by
motion realignment procedure were entered at the individual level
as covariates of no interest to account for shifting signal levels
across runs and influence of head motion on BOLD signal, respec-
tively. Specifically, a 24-parameter autoregressive model including
current and past position parameters along with the square of
each parameter was used to account for the cumulative effects
of motion on spin magnetization (Friston et al., 1996). It has been
demonstrated that this modelling-based strategy is the most effi-
cient to account for motion-related variations in the BOLD signal
(Yan et al., 2013). Finally, a high-pass filter (cut-off period = 128 s)
was applied to remove low-frequency drifts in the data. Maps
of parameter estimates were computed from the GLM to reveal
the magnitude of activation of the regions subtending the BRS,
i.e. individual SPM{t} maps of the contrast RL100 (illusion condi-
tion) > RL30 (no illusion condition). Note that such contrast pooled
the right and left stimulations. Individual maps were then entered
into a second-level random-effects GLM to evaluate group differ-
ences. A summary measure of head motion (i.e. mean framewise
displacement, labelled mean FD) was  also included as a covariate
in the second-level random-effects GLM. The mean FD was contin-
uous and corresponded to the mean head displacement over the 5
functional runs and was calculated as the summed absolute values
of the derivatives of the translational and rotational realignment
estimates (after converting rotational estimates to displacement at
50 mm radius; Power et al., 2012), averaged over all scans. Asso-
ciating subject-level correction with the realignment parameters
and group-level correction for mean FD appears to be an optimal
strategy to regress out motion-related artefacts from the data (Fair
et al., 2013; Yan et al., 2013). Multiple comparisons correction of
statistical maps at the second-level was  conducted using a cluster-
based extent thresholding of p < 0.05 (FWER-corrected) calculated
based on the Gaussian random field method and following a pri-
mary threshold set at p < 0.005. We set the primary threshold at a
relatively liberal threshold given that our working hypotheses dealt
with large-scale networks (i.e. fronto-parietal network and motor

network including cortical and subcortical structures), or equiva-
lently large clusters of activation, and not anatomically localized
activity pattern (Woo  et al., 2014).



gnitive Neuroscience 24 (2017) 118–128 121

d
w
m
c
e
h

2

F
d
t
t
(
r
e
i
i
t
i
a
t
t
f
m
m
I
d
i
a
t
o
i
i

i
t
m
t
e
s
l
c
t
F
n
1
l

2

p
i
i
a
(
f
c
F
f
c
2
2
R
t

Fig. 1. Grey and white matter maturation. Mean ± SE of the first principal compo-
nent (1st PC) for FA (filled line) and dGM (dashed line) for the children and the
adults. The 1st PC accounted for 67% and 65% of the variance of the FA and dGM
data sets, respectively. Group comparison revealed a significant difference both for
FA  and dGM (t35 = −3.8 and t35 = 7.9; **p < 0.001, respectively), reflecting an increase
of  the FA and a decrease of the dGM with age. FA: fractional anisotropy; dGM: grey
A. Fontan et al. / Developmental Co

The extent to which brain structure influenced BOLD contrast
ifferences between the two groups was examined from individual
hite (DTI) and grey (grey matter mask from T1 scan) matter infor-
ation implemented into the second-level random effects GLM as

ovariates, thereby adjusting functional results for structural differ-
nces between children and adults. Details on how these covariates
ave been obtained are provided below.

.5.2. White matter
Processing of MR-diffusion data was conducted using tools in

SL5.0 (Smith et al., 2004). As a first step, non-brain tissues were
eleted from diffusion- and non-diffusion-weighted images (BET
ool; Smith, 2002) and diffusion-weighted images were aligned
o the first non-diffusion-weighted image using affine registration
FLIRT tool; Jenkinson et al., 2002). Affine registration was used to
educe misalignment between the images due to head motion and
ddy currents. The effects of subject motion on diffusion-weighted
mages were assessed afterwards using the procedure developed
n Yendiki et al. (2014), which relied on four different measures: (i)
he average image-by-image translation, (ii) the average image-by-
mage rotation, (iii) the percentage of slices with signal drop-out,
nd (iv) the signal drop-out severity. The average image-by-image
ranslation and rotation indicated acceptable (i.e. ∼3 mm transla-
ion and ∼3◦ rotation) between-image motion in all subjects. These
our measures enable the capture of the global frame-to-frame

otion as well as the frequency and severity of rapid slice-to-slice
otion, and was used to detect volume data corrupted by motion.

n particular, one image among the 36 diffusion-weighted images
emonstrated more than 5% of drop-out for three children. These

mages were therefore removed from subsequent analysis. Finally,
 tensor model was fit to the images (DTIFIT tool) at each voxel and
he fractional anisotropy (FA) was obtained voxelwise. FA images
f each participant were aligned to a standard space (FMRIB58 FA
mage) using a nonlinear registration and then, using an affine reg-
stration, aligned to the MNI152 template.

Individual FA values were finally extracted from 8 tracts of
nterest (averaged over the left and right hemispheres for each
ract) of the Johns Hopkins University (JHU)-ICBM-DTI-81 white

atter labels atlas (Mori et al., 2008; Wakana et al., 2007). These
racts included association (i.e. corticospinal tract, corona radiata,
xternal capsule, cingulum, superior longitudinal fasciculus, and
uperior fronto-occipital fasciculus) and projection (i.e. anterior
imb of the internal capsule) fibres as well as cerebellar pathway (i.e.
erebral peduncle) that interconnect the different cortical, subcor-
ical and cerebellar regions most likely involved in BRS processing.
inally, the set of FA values were decomposed into principal compo-
ents and the first component (accounting for 67% of variance; Fig.
) served as the covariate that was carried forward to the second-

evel GLM analysis of fMRI data.

.5.3. Grey matter
Grey matter information was obtained using voxel-based mor-

hometry (Ashburner and Friston, 2000; Good et al., 2001)
mplemented in VBM8 toolbox. As a first step, all T1 images were
nspected for artefacts and the centre point was placed on the
nterior commissure. All images were subsequently (i) normalized
affine registration) to the MNI152 standard space (using a Bayesian
ramework), (ii) segmented in grey matter, white matter and
erebro-spinal fluid partitions, and (iii) smoothed with an 8-mm
WHM Gaussian kernel. Grey matter density (dGM) was  extracted
rom regions of interest (ROIs) of the probabilistic Harvard-Oxford
ortical and subcortical structural atlases that cover 48 cortical and

1 subcortical structural areas (Desikan et al., 2006; Makris et al.,
006). Specifically, individual dGM was obtained from fourteen
OIs (averaged over the left and right hemispheres for each ROI)
hat most likely compose the sensorimotor and the fronto-parietal
matter density.

networks of the BRS, including the inferior frontal gyrus, the insu-
lar cortex, the caudate, the putamen, the thalamus, the parietal
operculum, the postcentral gyrus, the precentral gyrus, the cingu-
late gyrus, the superior parietal lobule, the precuneus, the superior
frontal gyrus, the prefrontal cortex, and the middle frontal gyrus. As
for the white matter, principal component analysis was finally run
to decompose the set of dGM values. The first component accounted
for 65% of variance of the data set (see Fig. 1), and served as the
covariate in second-level GLM analysis of fMRI data.

3. Results

3.1. Brain regions contributing to the BRS in children and adults

The RL100 > RL30 contrast, or equivalently the comparison
between the illusion and the no illusion conditions, revealed signif-
icant activations (p < 0.05 FWER-corrected) in several cortical and
subcortical areas for both groups (Fig. 2). As illustrated in Fig. 2,
clusters of activation were located in the basal ganglia (putamen,
caudate) and neighbouring regions (claustrum, anterior insula),
motor-related regions (anterior cingulate cortex – BAs 24 and 32,
supplementary motor area – BA 6, primary somatosensory cor-
tex – BA 3), and associative regions (inferior frontal gyrus − BA
44, and inferior parietal lobule – BA 40) in the two  hemispheres.
These results support the idea that both the sensorimotor and the
frontoparietal regions are already contributing to processing bodily
information in late childhood. Detailed information on the clusters
of activation (spatial localization, number of active voxels, inten-
sity) are provided in Table 1.

Yet, the spatial extent of the pattern of the children’s network
was larger than in the adult’s network (Table 1). Visual inspection
of Fig. 2 clearly highlights such difference between children and
adults. Moreover, a significant cluster of activation was found in

the frontopolar cortex (BA 10) in the children only (cf. top part of
Fig. 2).
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Fig. 2. Activation maps for the RL100 > RL30 contrast for (A) the children (green) and (B) the adults (red). Maps are thresholded at p < 0.05 family-wise error rate (FWER)-
corrected with cluster-based extent thresholding at p < 0.005 and k = 20 voxels.
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FG: inferior frontal gyrus; FPC: frontopolar cortex, IPL: inferior parietal lobule, ACC
rea.  The Insula-Basal ganglia complex involved the right and left anterior insula, p
eft  hemisphere.

.2. Differences in brain activation with age

Contrast between children and adults (i.e. Children > Adults)
evealed a significant cluster in the frontopolar cortex (Fig. 3A;
able 2). This is a direct consequence of the exclusive activation
f this region in children relative to adults previously reported. The
nverse contrast, namely Adults > Children, revealed two  significant
lusters with activation peaks localized in the right and left infe-
ior parietal lobules and primary somatosensory cortices (Fig. 3B;
able 2). As showed by the barplots of Fig. 3B, which represent the
ercent signal change (PSC) in the RL30 and RL100 conditions for
he activation clusters, the PSC in the adults was found to be lower
n the RL30 condition compared to the RL100 condition while there

as no clear PSC difference between both conditions in the chil-
ren. The RL30 condition seems to elicit for those regions a ceiling
ffect on the BOLD signal in children. Altogether, these results indi-
ate an immaturity of the BRS in late childhood that manifests at
he brain level through (i) the additional recruitment of a prefrontal
egion to the sensorimotor and fronto-parietal networks, and (ii)

 parietal activation less sensitive to variations in proprioceptive
nputs (i.e. a ceiling effect for weak discharges of primary endings).
Correction of the fMRI results for the white matter or the grey
atter (i.e. FA or dGM used as the covariate in second-level fMRI

nalysis, respectively) still revealed the cluster of activation in the
rontopolar cortex that initially resulted from the contrast Chil-
ior cingulate cortex, SI: primary somatosensoy cortex; SMA: supplementary motor
n, and caudate. This complex also overlapped with the claustrum in both right and

dren > Adults. However, a substantial reduction of the cluster size
was induced by the dGM correction (Fig. 4, Table 2). Hence, the func-
tional difference between children and adults with respect to this
cluster is not simply explained by structural maturation, although
changes in local grey matter density with age contributes to the
effect. Inversely, clusters found using the contrast Adults > Children,
whose activation spread over the primary somatosensory cortices
and the inferior parietal lobules, did not remain significant when
using either FA or dGM as a covariate in the analysis. Therefore,
functional differences between the two groups about the parietal
cortex emerge as a consequence of structural maturation.

3.3. Supplementary analyses

Since the children group included six individuals who reported
illusions in the 30 Hz condition (i.e., a ‘biased’ control condition)
and was therefore not as homogeneous as the adult group, we repli-
cated the previous group-level analyses removing these children.
Both the RL100 > RL30 contrast in children (see supplementary Fig.
1 and Table 1) and group comparisons (see supplementary Fig. 2

and Table 2) revealed similar statistical parametric maps as those
previously observed with the 22 children. Thus, we are confident in
saying that second-level outcomes reflected differences between a
no illusion condition and an illusion condition, therefore providing
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Table  1
Activation peaks during right and left vibratory stimulus (RL100 > RL30 contrast) for adults and children. Z-values refer to significant activation peaks at p < 0.005 (uncorrected
for  multiple comparisons). All cluster reported are significantly active at p < 0.05 (FWER-correction). Coordinates are reported in the MNI  space; L: left hemisphere, R: right
hemisphere.

RL100 > RL30

Peak location BA Side x(mm)  y(mm)  z(mm) z-values

CHILDREN Cluster # 1(3751 voxels)
Insula 13 L −39 2 13 6.07

R 45 −1 13 5.56
Ant.  Cing. Gyrus 24 R 6 −7 46 5.75

L  −6 −7 43 5.46
Precentral Gyrus 44 L −51 −1 10 5.67
Primary Motor Area 4 L −6 −34 70 5.63
Sup.  Motor Area 6 L −3 −19 73 5.61
Claustrum R 33 −1 13 5.49
Inf.  Parietal Lobule 40 R 60 −34 31 5.32

L  −51 −31 25 4.99
Sup.  Front Gyrus 6 L −9 −19 76 5.23
Cluster # 2(227 voxels)
Frontopolar Cortex 10 L −30 44 4 4.91

9  L −30 35 31 4.39
Cluster # 3(99 voxels)
Inf. Front. Gyrus 44 R 33 41 1 4.07
Ant.  Cing. Cortex 32 R 15 44 7 3.13
Frontopolar Cortex 10 R 15 56 −2 2.97

ADULTS Cluster # 1(558 voxels)
Inf. Parietal Lobule 40 L −51 −34 22 6.07

L  −51 −31 34 4.28
Postcentral Gyrus 1;2 L −60 −28 40 3.87
Cluster # 2(884 voxels)
Insula 13 R 36 23 1 4.93
Precentral gyrus 44 R 54 5 10 4.90
Claustrum R 33 −1 10 4.70
Inf.  Frontal Gyrus 44 R 54 11 22 3.96
Putamen R 24 8 1 4.30
Cluster # 3(568 voxels)
Insula 13 L −42 −1 10 4.65
Inf.  Frontal Gyrus 44 L −57 14 28 4.53
Putamen L −27 −13 16 3.88
Middle Frontal Gyrus 6 L −45 2 43 3.87
Claustrum L −30 20 4 3.86
Precentral Gyrus 44 L −54 11 7 3.79
Cluster # 4(317 voxels)
Inf. Parietal Lobule 40 R 39 −37 40 4.5

R 63 −34 31 4.28
Postcentral Gyrus 1;2 R 63 −25 40 4.35
Cluster # 5(317 voxels)
Sup. Motor Area 6 L −3 11 49 4.04
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elevant information on the BRS (i.e. mapping sensory inputs into
ody representations).

. Discussion

Using kinaesthetic illusions in fMRI, the present study
nvestigated the degree of maturity of the sensorimotor and fronto-
arietal networks implementing the BRS by late childhood, with the
ssumption that larger differences in activation should be about
egions of the latter network when comparing children to adults.

 secondary objective was to investigate the causes of age-related
hanges in functional activation by examining the extent to which
aturational changes in white and grey matter account for it.
verall, the results showed similar brain activation patterns in
dults and children involving sensorimotor (SMA, basal ganglia)
nd fronto-parietal (IPL, IFG) regions, although the spatial extent

f activation was larger in the children (i.e. more diffuse activa-
ion). Such a shift from more diffuse to more focal cortical activity
ppears to be a general principle of brain development (Casey
t al., 2005; Cignetti et al., 2016a; Durston et al., 2006). Outcomes
6 2 58 3.17
0 20 43 3.78
3 5 31 3.68

are twofold with regard to group differences, involving (i) a more
intense activation in the right and left inferior parietal lobules and
primary somatosensory cortices in the adults compared to the chil-
dren, and (ii) the additional engagement of a prefrontal region
(frontopolar cortex, BA10) in children. Altogether, these findings
suggest that while the basic configuration of the sensorimotor and
fronto-parietal networks of the BRS is established by the age of
7–11, functional specialization of both networks – and not only of
the fronto-parietal network – continue during adolescence. Impor-
tantly, such functional specialization is fully explained by structural
grey and white matter maturation for the parietal/somatosensory
regions but not for the prefrontal region.

4.1. Age-related changes in somatosensory and parietal
activations
The higher magnitude of activity in adults compared to chil-
dren, as reported here both in the primary somatosensory and
inferior parietal lobule regions, is commonly interpreted as imma-
ture neural mechanisms not processing as efficiently as they do in
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Table 2
Activation peaks for the contrast Children > Adults (top) and Adults > Children (bottom) with and without correction for group differences in white (FA) and grey (dGM) matter.
Z-values  refer to significant activation peaks at p < 0.001 (uncorrected for multiple comparisons). All cluster reported are significantly active at p < 0.05 (FWER-correction).
Coordinates are reported in the MNI  space; L: left hemisphere, R: right hemisphere, FA: fractional anisotropy, dGM: grey matter density.

CHILDREN > ADULTS

Peak location BA Side x(mm) y(mm)  z(mm) z-values

fMRI Cluster # 1 (480 voxels)
FrontoPolar Cortex 10 L 0 53 7 4.38

R  15 56 4 3.03

fMRI-FA Cluster # 1 (511 voxels)
FrontoPolar Cortex 10 L 0 53 7 4.35

R  −3 56 −8 4.22
R  6 53 −5 4.22

fMRI-dGM Cluster # 1 (147 voxels)
FrontoPolar Cortex 10 L −12 53 19 3.77

R  9 50 7 3.74
R  3 56 13 3.60

ADULTS > CHILDREN
fMRI Cluster # 1 (327 voxels)

Postcentral gyrus 1; 2 L −57 −28 40 4.63
Inf.  Parietal Lobule 40 L −36 −43 52 4.00
Cluster # 2 (143)
Inf. Parietal Lobule 40 R 39 −34 40 5.57

R  51 −34 40 4.39
Postcentral Gyrus 3 R 60 −25 40 5.17

The significant clusters reported in fMRI did not survive to correction for group differences in grey and white matter.

Fig 3. Comparison of the adults and children group activity for the RL100 > RL30 contrast. A: Children > Adults contrast (Green) and B: Adults > Children contrast (Red). Maps
a nd th
± 02). D
F .

t
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e
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re  thresholded at a voxel-wise threshold of p < 0.001 uncorrected and a cluster exte
 SE for each significant cluster. PSC were extracted using MarsBaR (Brett et al., 20
rontopolar Cortex, SI: Primary Somatosensory Cortex; IPL: Inferior Parietal Lobule

he mature system (Luna et al., 2010). Accordingly, this finding sug-
ests that children were not able to access a mature and presumably
ptimal processing in these regions related to BRS and corporeal
wareness. Indeed, there is ample evidence that the posterior pari-
tal cortices, and especially the inferior parietal lobules, in the two

emispheres play a crucial role in monitoring/sustaining body rep-
esentations (see Daprati et al., 2010 and Naito et al., 2016 and
eferences therein) and accessing consciously to these representa-
ions (Cignetti et al., 2014; Desmurget et al., 2009; Desmurget and
reshold of p < 0.05 FWE-corrected. Barplots show the percent of signal change (PSC)
ashed bars represent the RL30 condition and filled bars the RL100 condition. FPC:

Sirigu, 2009). Likewise, several works support the idea that body
representations are hosted within the primary somatosensory cor-
tices (Ehrsson et al., 2005; Blakemore et al., 1998). A study by Di
Russo et al. (2006) even reported cortical modifications in both the
primary somatosensory cortex and in the posterior parietal cortex

following surgical extension of the lower limbs. Although crucial to
body representations, the primary somatosensory cortex and the
posterior parietal cortex also likely play different roles, the latter
region being more concerned with higher-order aspects related to
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ig. 4. Activation cluster in the frontopolar cortex revealed by the contrast Children
hreshold was  set at p < 0.001 uncorrected and cluster extend threshold at p < 0.05 F

he body such as awareness and updating body representations
ccording to the environment (Berlucchi and Aglioti, 1997; Naito
t al., 2016). The examination of the PSC provided further infor-
ation about how to interpret the above developmental regional

ifference. The less marked increase in PSC from the RL30 condition
o the RL100 condition in children compared to adults suggested a
ower ability in the former to discriminate between sensory inputs,
r equivalently to map  them into accurate body representations.
his interpretation is also consistent with behavioural findings that
how a lower ability of the children compared to the adolescents
nd the adults to estimate limbs’ positions using proprioception
Goble 2010; Goble et al., 2005). However, it doesn’t coincide with
he children’s behavioural outcomes. Indeed, children reported to
xperience illusory movement at 100 Hz, and few or none of them
eported illusory movement at 30 Hz. This suggests a perceptual
ensibility at a behavioural level which is not reflected by the pari-
tal activity. Nevertheless, the focus on the posterior parietal areas
ctivation assessment appears insufficient to completely explain
he functional correlates eliciting illusory movement. Therefore, a

ore complete vision covering the functional connectivity within
he BRS would be required in order to capture the generalization of
llusory processes in its entirety (Hagura et al., 2009)

More importantly, the increase with age in the magnitude of
ctivation within these two regions disappeared when accounting
or grey and white matter. Such a relationship between structure
nd function in the parietal cortex is not surprising given the sig-
ificant changes that occur in its structural morphology during
dolescence. There is evidence for a significant decrease in grey
atter density and thickness in the parietal cortex starting at about

0 (e.g. Gogtay et al., 2004; Shaw et al., 2008), which support the
evelopment of mature activation patterns. For instance, several
tudies have shown that increased activation over development
s accounted for by cortical thinning (Lu et al., 2009; Wendelken
t al., 2011). White matter tracts also become more structured and
yelinated with development to support higher efficiency of signal

ropagation, and thus improve information transfer between dis-
ant regions (Paus, 2010). In particular, certain association fibres
hat pass through the parietal lobe, such as those of the superior
ongitudinal fasciculus that plays a role in corporeal awareness
Amemiya and Naito, 2016), are still immature during adolescence

Asato et al., 2010; Lebel and Beaulieu, 2011). In sum, our study
uggests a substantial influence of the brain structure to the devel-
pment of the BRS network.
lts (red) corrected for differences with age in FA (blue) and dGM (green). Voxel-wise
orrected.

4.2. Disengagement of the anterior prefrontal cortex with
development

Another important finding was  the disengagement of the fron-
topolar cortex from the BRS from late childhood to adulthood.
The frontopolar cortex is an anterior prefrontal region that forms
the apex of the executive function system in humans (e.g. Miller
and Cohen, 2001; Koechlin and Hyafil, 2007). This region has been
reported to contribute to several high-level functions including
motor intention, motor imagery, and decision making (Hilgenstock
et al., 2014; Raos and Savaki 2016; Ludwig et al., 2015), and hence a
supervisory function. Along this line, it has been shown that the pre-
frontal cortex modulates the magnitude of neural activity in distant
brain regions – a mechanism of control known as top-down mod-
ulation – to establish high fidelity representations of task-relevant
stimuli and to facilitate their internal maintenance (Gazzaley et al.,
2007; Gazzaley and D’Esposito, 2007). Accordingly, the frontopolar
cortex may  serve in children as the ‘top’ in top-down modulation
of the activity of the other BRS regions to facilitate the establish-
ment of body representations from sensory (here, proprioceptive)
inputs. This would signal a transition over the course of develop-
ment from a rather top-down control scheme to a more bottom-up
(i.e. automatic) control scheme for the generation of body represen-
tations from sensory inputs. Although the most common finding
is an increase in activation of prefrontal regions with the devel-
opment of cognitive control (Luna et al., 2010), our finding fits
with previous evidence that some prefrontal regions show an age-
related decrease in activation likely reflecting a decreased ‘effort’
required to exert cognitive control (Tamm et al., 2002).

Moreover, the frontopolar cortex is robustly involved in learning
new behavioural cognitive sequences and progressively disengages
over the course of learning (Koechlin et al., 2002). Specifically, this
region disengages once an expectation or equivalently an internal
representation has become reliable for a given sequence. Likewise,
activation of the frontopolar cortex in children may  relate with
uncertain body representations given the proprioceptive inputs,
and progressively disengages until adulthood as the amount of
uncertainty related to mapping sensory inputs into body represen-
tation decreases. Again, this supports the idea that the activation of
the anterior prefrontal cortex in children is an ‘add-on’ to the BRS

system, perhaps to assist the other regions in building the more
plausible representation given the ongoing sensory inputs.

Finally, the disengagement of the frontopolar cortex also marks
a BRS system that becomes more segregated (or differentiated)
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ith development, which is a well-established principle of brain
evelopment (e.g. Cignetti et al., 2016a; Fair et al., 2007; Qin
t al., 2012). Phenomena such as myelination, synaptic pruning
nd experience-dependent regional specialization are candidates
o explain the increased segregation of cortical systems. Here, using
hite and grey matter as covariates still revealed frontopolar acti-

ation in the children. Therefore, disengagement of this region may
e more related to experience-dependent changes in the activa-
ion of the BRS system. However, disambiguating structural from
unctional factors is difficult in that evoked activity plays a key
ole in determining which synaptic connections persist and which
re eliminated during development (Changeux and Danchin 1976;
nnocenti and Price 2005; Rakic et al., 1994, 2009). Accordingly,
tating that the age-related disengagement of prefrontal activation
s completely unrelated to structural factors is likely too simplis-
ic. This is also supported by the fact that grey matter correction
ffected the prefrontal activation.

.3. Methodological considerations

Although the study makes a unique contribution to the under-
tanding of the maturation of the BRS and of the structural factors
hat influence it, methodological considerations have to be notified.
irst of all, six children experienced unanticipated illusory move-
ents during the 30 Hz stimulation condition, indicating that the

ontrol condition included to some extent a body representation
omponent and therefore may  not have been optimal to investigate
he BRS. However, we replicated group-level results when remov-
ng those subjects with illusory movements at 30 Hz. Accordingly,

e are confident in saying that 100 Hz tendon stimulation vs. 30 Hz
endon stimulation was an adequate contrast to tap into the BRS,
lthough the frequency difference between the two conditions also
mbedded a proprioceptive component. Another possibility would
ave been to contrast the 100 Hz tendon stimulation with a 100 Hz
one stimulation as done in previous studies (Goble et al., 2012;
aito et al., 2005). However, the resulting activations from this lat-

er contrast would have been much more related to proprioceptive
rocessing, making any conclusion of the BRS intricate.

Closely related to the previous issue was the absence of quan-
itative data about adult’s illusory percept in our study. As a
onsequence, we could not have evaluated between-group differ-
nce in the extent to which amount of activation correlated with the
egree of the illusion, which would have brought a finer-grained
nalysis of the cerebral correlates of body representations and the
ay these correlates develop. In particular, such an analysis would
ave been important to completely disentangle activations more
elated to the illusory percept from those more related to propri-
ceptive processing per se. Thus, it is of outmost importance that
uture investigations on the development of the BRS include careful
sychophysical assessment of the illusion and link it to activation
ata.

Finally, the fact that we did not record electromyographic (EMG)
ctivity during vibration may  be considered a further limitation of
ur study. Indeed, vibration may  have induced involuntary mus-
ular contractions whose re-afferences might have blurred group
esults. However, previous studies reported either very limited
MG activity in a few subjects (e.g. Radovanovic et al., 2002) or
o EMG  activity (Naito et al., 1999; Amemiya and Naito 2016) dur-

ng the vibratory stimulation. Therefore, this limitation is not likely
o question the validity of the study outcomes.
. Conclusion

Although the network subtending the BRS is already well
stablished as early as 7–8, our study also demonstrated imma-
 Neuroscience 24 (2017) 118–128

turity including a decreased activation in both sensorimotor
(primary somatosensory cortex) and parietal (inferior parietal
lobule) regions, as well as an exclusive anterior prefrontal (fron-
topolar) activation. The former differences were found to be
entirely related to white and grey matter properties while the latter
difference did not. This lends credence to the idea that maturation
of the BRS network is complex and presents an extended devel-
opment, relying on structural factors and a functional process that
results in the disengagement of an executive region not classically
involved in body processing. This expressed a functional neurode-
velopmental strategy. Future studies will have to examine how
the multimodal (i.e. modulation of proprioceptive-based represen-
tations by other sensory channels) and modular (i.e. interactions
between brain regions) features of the BRS develop.
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