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The N30 component of the somatosensory evoked potential is known to be modulated by sensory interference,
motor action, movement ideation and observation.We introduce a new paradigm in which the observation task
of another person's hand movement triggers the somatosensory stimulus, inducing the N30 response in partici-
pants. In order to identify the possible contribution of themirror neuron network (MNN) to this early sensorimo-
tor processing, we analyzed the N30 topography, the event-related spectral perturbation and the inter-trial
coherence on single electroencephalogram (EEG) trials, and we applied swLORETA to localize the N30 sources
implicated in the time–frequency domain at rest and during observation, aswell as the generators differentiating
these two contextual brain states.We found that N30 amplitude increase correlated with increased contralateral
precentral alpha, frontal beta, and contralateral frontal gamma power spectrum, and with central and precentral
alpha and parietal beta phase-locking of ongoing EEG signals. We demonstrate specific activation of the contra-
lateral post-central and parietal cortexwhere the angular gyrus (BA39), an importantMNNnode, is implicated in
this enhancement during observation. We conclude that this part of the MNN, involved in proprioceptive pro-
cessing and more complex body-action representations, is already active prior to somatosensory input and
may enhance N30.

© 2014 Elsevier Inc. All rights reserved.
Introduction

Evidence for a mirror neuron network (MNN) in humans has built
up over the last few years (di Pellegrino et al., 1992; Rizzolatti et al.,
1988). Imaging data (Fabbri-Destro and Rizzolatti, 2008; Fadiga et al.,
2005; Grezes et al., 2001; Iacoboni et al., 2005) have contributed to
the documentation of a complex mirror system in the human brain.
Electrophysiological results have added to this body of evidence
(Caggiano et al., 2012; Gallese et al., 1996; Rizzolatti and Craighero,
2004; Umilta et al., 2001). In this context, the study of modulations in
somatosensory evoked potentials (SEP) and the related power of the
spectral content and phase locking of EEG neuronal oscillatory activity
during movement execution, ideation and observation are potentially
relevant approaches for identifying the possible contribution of the
MNN to sensorimotor processing. The N30 component of the SEP ap-
pears to be a good candidate for this purpose as it is an early evoked
wave known to be modulated by movement ideation (Cheron and
Borenstein, 1992; Cheron et al., 2000). The N30 component is highly
y andMovementBiomechanics,
ussels, Belgium.
sensitive to interference or gating from the concomitant physiological
involvement of the brain in sensory, motor and mental activities
(Cheron and Borenstein, 1987, 1991, 1992; Cheron et al., 2000). In addi-
tion, this wave can be specificallymodulated by electrical stimulation of
the internal part of the globus pallidus or the subthalamus nuclei in
Parkinsonian patients (Pierantozzi et al., 1999), suggesting that it may
represent a reliable physiological index of the dopaminergic motor
pathways (Cheron, 1999; Ulivelli et al., 1999). Rossi et al. (2002) dem-
onstrated that the N30 component increases in amplitude when a sub-
ject watches someone else performing various hand movements,
regardless of the complexity of these movements. This phenomenon
was correlated to a decrease in 20 Hz brain rhythm rebound, peaking
around 500ms post-stimulus, thus at a longer latency than the increase
in N30 amplitude. These authors suggested that mirror neurons were
implicated in this N30 amplification (Rossi et al., 2002). It was demon-
strated more recently that the N30 component is related to an increase
in the power of the gammaEEG oscillation and to a phase locking of this
oscillation, at N30 latency (Cebolla et al., 2009; Cheron et al., 2007).
These two different mechanisms that generate the N30 were spatially
localized in overlapping areas of the motor and premotor cortex
(Cebolla et al., 2011).

Therefore, time–frequency analysis of EEG oscillations and their
sources at N30 latency during the observation of another person's
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Fig. 1. Observation condition's experimental setting. A: Cinematic and electromyographic
burst during left handfinger flexion/extensionmovements performed by the experimenter.
Threshold (5mV) on EMGwas used, after filtering and rectification, as trigger for delivering
the electrical stimulation to the subject. B: Surface electrodes on subject's left median nerve
at wrist delivered electrical stimuli triggered by experimenter EMG's burst. Consecutively
N30 SEP response was measured on his/her contralateral frontal scalp. Note that the N30
emerge well before the accomplishment of the velocity profile of experimenter cinematic.
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handmovements may reveal a possible contribution of the mirror neu-
ron very early in sensory processing.

In order to address this question, it seems important to introduce a
paradigm in which the task of observing another person's hand move-
ment is temporally adjusted to the somatosensory stimulus inducing
the N30 response in the experimental subject. This means that for
evidencing the contribution of movement-observation to the N30
amplitude modulation, we force consistency between movement-
observation and the elemental stimuli that generate the N30. The very
short latency of this evoked component (30 ms) avoids possible direct
interference between the visual input from seeing the movement of
the hand and the somatosensory input. If this hypothesis is confirmed,
N30modulation could be interpreted as reflecting a top down influence
of the mirror neuron system on this SEP component. Thanks to high
density EEG recording and the swLORETA determination of the different
generators implicated in the time–frequency behavior (calculated by
the event related spectral perturbation (ERSP) and the phase locking
(calculated by inter-trial coherence, ITC) of the brain oscillations under-
lying the N30 component recorded during the observational task, we
expect to reveal which cortical areas are devoted to its amplitude
increase.

Materials and methods

Subjects and conditions

The data were collected from 11 right-handed normal volunteers
(5 females and 6 males, mean age: 28.4 ± 4.6 years). They were all in
good health and free from neurological disease. The procedures were
approved by the local ethics committee of the university and conformed
to the Declaration of Helsinki.

SEP were recorded at rest with eyes closed (“at rest” condition) and
while observing left-hand finger flexion/extension movements execut-
ed by another person, seated on the subject's left (“observation” condi-
tion) (Fig. 1). Participants were instructed to look at the moving hand
continuously. In order to avoid competition from visual stimuli induced
by the sight of two left hands (one in movement and the other at rest)
during observation condition, the subject's left hand and armwere hid-
den in a cardboard container that was not in contact with the skin. The
hand movements to be observed were performed by the experimenter
sitting just next to the subject. Throughout the procedure, the experi-
menter checked that the subject was indeed looking at the moving
hand.

In order to check if just seeing the immobile hand had an effect on
the N30 amplitude, we performed additional experiments on another
group of 7 age-matched subjects, where “at rest” condition (eye-closed)
was compared to “static handobservation” condition (keeping the same
original setting).

SEP stimulation and recording parameters

The electrical stimuli received by the subject (see below) were trig-
gered by the electromygraphic (EMG) bursts recorded from surface
electrodes placed on the flexor digitorum superficialis on the anterior–
medial aspect face of the observed person's left forearm. As stimulation
was applied to the non-dominant hand, any interference with semantic
recognition related to writing or tool action was avoided. EMG signals
were filtered (100 Hz low pass) and rectified, then passed through a 5
mV threshold and finally transformed in a 5 V trigger signal sent to an
EEG amplifier in order to serve as a synchronizing event (Fig. 1A). The
stimuli were 0.2 ms square electrical pulses delivered through a pair
of Ag–AgCl cup electrodes to the left median nerve at the wrist. The
intensity was adjusted in order to elicit small visible thumb twitches.
The subject's predicting nerve stimulation can be reasonably ruled
out because at rest, stimulation was given with a random variation of
inter-trial intervals ranging from 0.5 to 2.0 s (mean 1.7 s). During the
observation condition, electric stimulation was triggered by the flexion
part of the handmovement. Themean inter-trial interval was 1.5 swith
a range between 0.4 and 2.0 s.

EEG was recorded with 128 channels (ANT neuro system) at a sam-
pling frequency of 2048 Hz and with a resolution of 22 bits (71.5 nV per
bit). An active-shield cap using 128 Ag/AgCl-sintered ring electrodes
and shielded co-axial cables (5–10 electrode system placements) was
comfortably adjusted to subjects' head. All electrodes were referred to
the contralateral earlobe.

EEG analysis

Off-line, data treatment was performed by means of ASA software
(ANT neuro system) and in-house MATLAB-based tools. DC offset was
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removed, then events containing ocular and any other remaining arti-
facts were identified by careful visual inspection and rejected. We
have followed the same methodology as used previously (Cebolla
et al., 2011). Briefly, this consists of the treatment of (1) the N30 evoked
component, (2) time frequency analysis of EEG related to single trials,
and (3) time frequency source analysis of EEG related to single trials.

N30 evoked potential
SEPs were obtained by averaging around 200 trials of 300 ms dura-

tion per subject (−150 ms before up to 150 ms after the stimulus).
Then a topographic analysis was performed in each subject at N30 la-
tency and a dependent t-test (observation versus at rest, p b 0.05)
over all 128 electrodes for the 11 subjects was calculated and displayed
in 3D t-test maps.

Time–frequency analysis of EEG related to single trials
We applied Hilbert transform analysis (Bendat and Piersol, 2000) to

the raw EEG signals in order to obtain the instantaneous amplitude and
phase required to calculate the baseline-normalized spectrogram or
event-related spectral perturbation (ERSP) and tomeasure the synchro-
nization of ongoing oscillations or inter-trial coherence (ITC) (Delorme
and Makeig, 2004). ERSP and ITC are both time–frequency measure-
ments, but the information they provide is different: ERSP (Makeig,
1993; Pfurtscheller and Neuper, 1994) measures variations in power
spectrum at specific frequency ranges of ongoing rhythms. These varia-
tions are related to the specific aspect of information processing that is
time-locked, but not necessarily phase-locked to stimulus. ITCmeasures
the synchronization of ongoing oscillations (~phase lock) with respect
to an event, independently of amplitude variation (Tallon-Baudry
et al., 1996). The same time window (−150 ms to +150 ms) was
used for the ERSP and ITC analysis as for the ERP. In ERSP 2D plots, the
color green indicates the absence of significant power perturbation
(p N 0.001) and gradations of blue or red show significant ERD and
ERS respectively for a given frequency and time interval. In ITC 2D
plots, blue indicates non-significant phase consistency changes [0, 0.2
values], and gradations of green to red significant values (p N 0.001)
[0.2, 1 values] for a determined frequency and time interval (Delorme
and Makeig, 2004; Makeig et al., 2004a), for a review). We calculated
the grand average of ERSP and ITC and the statistical differences
between conditions by means of dependent t-test (observation versus
at rest; p b 0.05, 128 electrodes, n = 11 subjects). The results were
displayed on scalp maps for the frequency bands of interest, delimited
as alpha (8–12 Hz), beta (12–30 Hz) and gamma (30–45 Hz) at the
mean latency of the N30.

Time–frequency source analysis of EEG related to single trials
As the information provided by ERSP and ITC is not redundant, the

revealed cortical clusters with significant ERSP or ITC may or may not
have a similar location. We combined both measurements in order to
better approach the network underlying the specific process we stud-
ied. We focused on the brain areas that exhibit ERSP and ITC around
the frequency bands of interest. The analytic signal at the target center
frequency was first calculated for each EEG sensor channel for the nth
trial of the experiment. We applied swLORETA (StandardizedWeighted
Low Resolution Electromagnetic Tomography) (Palmero-Soler et al.,
2007) to the analytic signals for each individual trial. swLORETA is
based on sLORETA (Pascual-Marqui, 2002); it incorporates a singular
value decomposition-based lead field weighting. The ERPS and ITC in
brain space over the n trials were then calculated as in (Lin et al.,
2004). The solution was computed by using 2030 voxels (5.00-mm
grid spacing) and it was restricted to gray matter (based on the proba-
bilistic brain tissue maps available from the MNI (Collins et al., 1994;
Evans and Collins, 1993a;Mazziotta et al., 1995). The solutionwas com-
puted at the time of the N30 peak in a centered window of 5 ms as the
active condition and with a same size window during the baseline
period (at −150 ms before stimulus onset) as the reference condition.
This window size was chosen in order to avoid the influence of other
component, for example the N23–24 (Cheron and Borenstein, 1992;
Valeriani et al., 2000). The same time window was chosen for active
and reference conditions in order to avoid differences in signal-to-
noise ratio. Finally, voxels and the recording array (128 electrodes)
were placed in registration with the Collins 27 MRI produced by the
Montreal Neurological Institute (Evans and Collins, 1993b). The Bound-
ary Element Model (BEM) was used for solving the forward problem
(Geselowitz, 1967). Talairach coordinates were obtained for every
voxel by placing the corresponding Talairach markers onto the Collins
anatomical template (Lancaster et al., 2000). The final coordinates
of the maxima values (x,y,z, Talairach coordinates) we provided for
labeling the corresponding brain areas were based on the Talairach
atlas.

Statistical analysis
We used the nonparametric permutation method (Holmes et al.,

1996) for identifying the N30 sources (Cebolla et al., 2011). As a first
step, we used the classical baseline period preceding the stimulation
as reference condition (at −150 ms before stimulus onset and of 5 ms
of duration) and the N30 component period as active condition (5 ms
of duration centered at N30 peak) to calculate nonparametric statistic
maps, which represent specific brain sources of the N30 component in
each condition for the whole population. This analysis allowed us to
characterize the effects of observation in the N30 sources, but it did
not permit us to identify sources that are identically active before and
after the stimulation, i.e. in the reference and active conditions. In
order to overcome this limitation, as a second step we computed non-
parametric statistic maps by using the N30 component period at rest
as a reference condition and the N30 component period during observa-
tion as an active condition. This allowed us to distinguish the two con-
textual “brain states” (rest and observation) and to specify which
sources were more active in each condition (rest N observation and in-
versely, observation N rest). In this way we obtained sources specific to
each brain state, which coexist with the N30 generators per se.

We used a paired t-test for swLORETA solutions to compare the
active versus reference conditions in each subject, with a null hypothesis
corresponding to the absence of difference between the active and
reference conditions, which is equivalent to stating that the distribution
of the voxel values of the subjects' difference inverse solution images
has a zeromean.We used the 95th percentile of the permutation distri-
bution for the maximal statistics (Cebolla et al., 2011, for detailed
description), which defines the 0.05 level of corrected significance
threshold. In other words, we can reject the null hypothesis for any
voxel with t-values of the un-permuted T image greater than the 95th
percentile of the permutation distribution of the maximal statistics
(Holmes et al., 1996).

Results

N30 evoked potential analysis

The frontal N30 SEP component was easily identified in each of the
11 subjects in both rest and observation conditions (mean peak laten-
cies were 32.6 ± 2.71 ms and 33.1 ± 1.7 ms, respectively, in the repre-
sentative electrode FFC4h). In order to highlight amplitude differences,
Fig. 2A compares the scalp N30 evoked potential topography obtained
with a 128-electrode array in each of the 11 subjects atN30peak latency
during observation (left part) and in the rest condition (right part). In
the observation condition, the N30 component presented an increase
in amplitude and an extension of its topography as illustrated by darker
and larger blue areas. The amplitude increase (mean peak amplitudes
were 3.41 ± 2.03 and 4.84 ± 2.24 at rest and during observation, re-
spectively, in representative electrode FFC4h (p b 0.002), Fig. 2B) was
analyzed by means of the dependent t-test, calculated over all 128 elec-
trodes for the 11 subjects. The 3D t-test maps (Fig. 2C) show significant
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amplitude increase (p b 0.05) in the fronto-central region, contralateral
to the electrical stimulation, at N30 latency. Other significant amplitude
differences were observed in smaller areas of the fronto-central and pa-
rietal regions, ipsilateral to the stimulation.

The effect of just seeing an immobile hand analyzed in another
group of 7 subjects, where a static hand observation was compared to
the eye's-closed rest state, showed that the N30 amplitude did not
increase during this observation task with respect to the rest condition
(eyes closed) (p = 0.806).

ERSP and ITC analysis

Fig. 3 illustrates the ERSP (A) and ITC (B)measurements in both con-
ditions for one representative subject and channel on the left, and for all
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subjects with full electrode montage by grand average on the right.
T-test topographical maps illustrate the statistical differences (p b 0.05,
128 channels, 11 subjects) of power perturbation and phase-locking
for three classical frequency bands of brain rhythms, namely alpha
(8–12 Hz), beta (12–30 Hz) and gamma (30–45 Hz) in both rest and
observation conditions at N30 latency (Figs. 3A, B on the right, last
row).

In the rest condition the N30 component was mainly accompanied
by an increase in gamma spectral power (ERS at 30–45 Hz) and con-
comitant phase locking, both situated in contralateral fronto-central
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areas. In addition to these features, in observation condition, lower fre-
quency rhythms were also involved as illustrated by grand average
maps (Figs. 3A,B on the right); in this way, t-test topographical maps
show an increased alpha power in contralateral fronto-central areas
and an increase of phase-locking extendedwidely from the contralater-
al to the ipsilateral fronto-central areas. Beta power increase was essen-
tially localized over a wide frontal area and beta phase-locking increase
was restricted to a more posterior cluster. For the gamma frequency
band, only a small cluster of significant power increase was observed
in a fronto-lateral site, contralateral to the electrical stimulation. In con-
trast to the other frequency bands, therewas no significant difference in
gamma phase-locking between rest and observation conditions.

We may conclude from this ERSP and ITC analysis that the observa-
tion condition was characterized with respect to the resting condition
by a well localized power increase in the alpha and beta rhythms in
the fronto-central areas and of the gamma rhythm in a more restricted
site. These power increases were mainly accompanied by a fronto-
central phase locking of the alpha rhythm.
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Fig. 4. N30 sources in the alpha band. Nonparametric statistical maps calculated on all subjects
ponent independently at rest (A, C) and during observation conditions (B, D) with respect to
condition.
swLORETA for ERS and ITC sources localization of the N30

In order to avoid the pitfalls occurring at scalp level associated with
mixing of multiple cortical processes by volume conduction (Makeig
et al., 2004a,b), we used swLORETA to localize the ERS and ITC sources.
Figs. 4, 5 and 6 illustrate the nonparametric statistical maps plotted for
all subjects in alpha, beta and gamma frequency bands separately, for
ERS and ITC sources of the N30 component, plotted independently
both at rest and during observation condition, with respect to the clas-
sical baseline as reference period.

For the alpha rhythm, no source of significant power increase was
found in the rest condition (Fig. 4A) whereas during observation, a clus-
ter of significant ERS was found in BA2 and BA40 (primary and second-
ary somatosensory cortex) with a maximum in BA40 (41.6, −28.8,
36.1) (Fig. 4B). Significant ITC activity in the alpha band was localized
in the premotor cortex with a single maximum in BA6 (39.1, −13.5,
35) in the rest condition (Fig. 4C)whereas, in the observation condition,
a large cluster extending from the primary motor cortex through the
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primary somatosensory cortex to the secondary somatosensory cortex
was observed with three maxima in BA4 (35.2, −15.3, 37.5), BA3
(35.8,−28.9, 53.2) and BA40 (51.5,−29.6, 37.7), respectively (Fig. 4D).

For the beta rhythm, two frontal clusters of significant ERS were
found in the contralateral primary motor cortex with a maximum in
BA4 (31.4, −18.4, 41.6), and in the ipsilateral premotor cortex with a
maximum in BA6 (−7.7, −0.7, 59.4) at rest (Fig. 5A). During observa-
tion, a large central–posterior cluster of significant ERS was observed,
extending from themotor cortex through the secondary somatosensory
cortex to the insular cortex, with three maxima in BA4 (34.5, −20.8,
38.7), BA40 (41.9, −33.7, 33.5) and BA13 (43.2, −47.8,24.5), respec-
tively (Fig. 5B). Another smaller cluster of significant ERS was found in
occipital lobe in the secondary visual cortex with a maximum in BA18
(27.6, −84.3, 7.9) (Fig. 5B). Concerning beta phase locking, a central
cluster of significant ITC activity was found at rest in the primary
motor cortex, with a maximum in BA4 (34.3, −17.3, 32.8) (Fig. 5C). In
observation condition, significant ITC extended from the premotor and
motor cortex, with maxima in BA6 (38.9, −8.2, 44.7) and BA4 (36.5,
−20.3, 42.4), respectively, to the somatosensory cortex and angular
gyrus with maxima in BA2 (31.8,−27.0, 35.4) and BA39 (47.5,−61.7,
22.3), respectively (Fig. 5D).

For the gamma rhythm, significant ERSwas localized pre-centrally at
rest in the motor and premotor cortex, with maxima in BA4 (39.3,
−19.6, 35.2) and BA6 (33.9,−6.9, 36.7) respectively (Fig. 6A). In obser-
vation condition a significant cluster was found post-centrally, in-
volving the primary somatosensory cortex (BA2), but showing a
maximum in the secondary somatosensory cortex in BA40 (40.7,
−31.6, 34.0) (Fig. 6B). Concerning gamma phase locking, a central clus-
ter of significant ITC was found during both rest (Fig. 6C) and observa-
tion conditions in the motor cortex in BA4 (39.1, −13.6, 35.9 and
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39.3, −18.5, 39.8 for the rest and observation conditions, respectively)
(Fig. 6D).
swLORETA for ERS and ITC sources localization of the contextual brain
states

Fig. 7 illustrates the nonparametric statistical maps of the ERS and
ITC sources particular to the rest or observation contextual brain states.
This was obtained by determining which sources were significantly
more active in one condition with respect to the other at the latency
of the N30 component for the three classical frequency bands (Fig. 7,
on the left: at rest N observation; on the right: observation N at rest).
We found that ERS sources in the brain state associated with the rest
condition (at rest N observation) were localized in the right precuneus
(BA31, 19.2, −68.5, 19.3) for alpha, right precuneus (BA7, 13.5, −71.1,
40.1) for beta and left superior temporal gyrus (BA39, −44.4, −50.0,
8.7) for gamma frequency band. ERS sources related to the brain state
of the observation condition (observation N at rest) were localized in
the right middle frontal areas (BA9, −13.5, 43.6, 15.7 for beta and B10,
13.3, 40.6,−11.1 for gamma frequency band).

Concerning ITC sources in the “brain state” related to the resting con-
dition (at rest N observation) at N30 peak latency,we found right occip-
ital (BA19, 50.9, −77.5, 2.2), left parahippocampal (BA28, −18.5,
−14.8, −10.1) and right middle temporal locations (BA21, 57.5,
−14.4,−18.5) for alpha, beta and gamma frequency bands, respective-
ly. ITC sources found in the brain state related to the observation condi-
tion (observation N at rest) were located in the cingulate gyrus (BA31,
−7.8, −26.1, 34.0) right angular gyrus (BA39, 39.6, −59.2, 24.4) and
left cuneal areas (BA10, 26.7, 54.6, 8.4; BA18, −7.6, 99.1, 2.3) for
alpha and beta and right middle frontal and for gamma frequency
bands, respectively.
Discussion

Based on a novel stimulation paradigm and distributed inverse
modeling, the present findings show that early modulations of the
EEG rhythms may directly account for the observed N30 amplitude in-
crease during observation of another person's hand movement (Rossi
et al., 2002). To our knowledge, no previous EEG studies have examined
power and phasemodulations during action observation at the short la-
tency of N30 component. The present methodology, refined from our
previous approach (Cebolla et al., 2011), has revealed several clusters
of maximal and significant ERS or ITC in the time frequency domain at
scalp level and in the swLORETA sources. Together, these maps support
the existence of a complex network of cortical areas operating at the
time of the N30 component, rather than a single generator of this SEP
component. At scalp level, we found that the N30 amplitude increase
is mainly related to increased contralateral precentral alpha, frontal
beta, and contralateral frontal gamma power spectra, and alsowith cen-
tral and precentral alpha and parietal beta phase-locking of ongoing
EEG signals, at this short latency. At the sources level, we found specific
contralateral post-central and parietal cortex activation, where the an-
gular gyrus (BA39) as an important MNN node, are implicated in the
N30 enhancement during the observation task.

Selective amplitude increase of the pre-central N30 SEP component
during the observation of hand movement was first demonstrated by
Rossi et al. (2002). The effect was related to mechanisms of storage
and encoding of somatosensory information, connected exclusively
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with the observed hand movement regardless of its complexity and
cognitive content. Authors showed that this N30 amplitude increase
was accompanied by a decrease of the 20 Hz post-stimulus rebound,
occurring around 500 ms after stimulus, in the contralateral precentral
area, thus at a longer latency than that of the N30 amplitude potentia-
tion. This ‘late’ beta ERS reflects the functional state of the primary
motor cortex (Neuper and Pfurtscheller, 2001). Furthermore, it has
been signaled to play a role in the mirror neurons system (Hari et al.,
1998; Jarvelainen et al., 2001; Rossi et al., 2002), supporting the hypoth-
esis that MNN might be implicated in the N30 amplification. Electro-
physiological studies also provided evidence of mirror activity, such as
a power decrease of the EEG mu rhythm during the observation of
grasping and reaching hand movements (Perry and Bentin, 2009) and
point-light biological motion (Ulloa and Pineda, 2007). It was recently
demonstrated that the observation of motor acts produced a modula-
tion (ERD followed by ERS rebound) of the EEG mu rhythm analogous
to that occurring during motor act execution. In particular, the cortical
motor system closely follows the velocity of the observed movements
(Avanzini et al., 2012). Interestingly, these authors demonstrated that
the power of beta rhythm followed the velocity profile of themovement
observed on video. Our study indicates alpha and beta power increase
(not an ERD or power decrease) at N30 latency. The fact that we used
an inter-sensory match between somatosensory and visual stimuli
(and not unique visual modality stimulation) may explain this discrep-
ancy. Besides, power decrease has been demonstrated during the obser-
vation of single movements: mu depression was more marked when
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the hand grasped different objects in different ways than when the
movementwas repetitive (Perry and Bentin, 2009). The fact that we an-
alyzed an ERP feature (and its related ongoing EEG activity), which re-
quires a hundred repetition of stimuli, may also explain the different
results.

Because the observed handwas placed aside of the stimulated hand,
our experiment may present some similarity with the rubber hand par-
adigm described by Botvinick and Cohen (1998), which resulted in an
ownership illusion. However, in our design, which was not intended
to produce an ownership illusion, the observed hand was not placed
on top of the stimulated hand but well aside, and the forearm of the
moving hand was visible, clearly indicating that the movement was
being performed by another person. In addition, completion of the pres-
ent task took around 10 min, which is too long to experience such an
illusion (Tsakiris et al., 2007). Finally, none of our subjects reported
experiencing an ownership illusion. The reported activations are there-
fore clearly associated to the observation of movement performed by
another person.

The mirror neuron network and N30 modulation

An interconnected network linking the premotor and parietal cortex
that participates in a cortical mirror system encoding the peripersonal
and extrapersonal space has been revealed in monkeys (Caggiano
et al., 2009; Kraskov et al., 2009). In humans, by using bifocal transcra-
nial magnetic stimulation, Koch et al. (2010) demonstrated that the an-
terior intraparietal cortex (AIP) and the ventral premotor cortex (PMv)
were specifically activated when the subjects observed goal-directed
grasping performed by another subject. A wealth of neuroimaging
data documented a functional MNN involved in understanding action
intention that encompasses the inferior frontal gyrus (IFG), the inferior
parietal lobule (IPL) including the angular gyrus, and the posterior part
of the superior temporal sulcus (pSTS) (Newman-Norlund et al., 2010;
Rizzolatti and Sinigaglia, 2010; Shmuelof and Zohary, 2007).

The temporal and parietal areas implicated in the observation
condition at N30 latency could be related to proprioceptive information
additional to the somatosensory volley coming from the electrical stim-
ulation and then resulting in motor and premotor ERS-ITC activation at
rest (Cebolla et al., 2011). It is possible that, during observation of the
flexion–extension movements executed by the other person but with
an effect on the subject (un-painful electrical shocks), the implicated
parietal lobe area codes the precise kinesthetic aspects of themovement
as it has been explained in the context of the neuronmirror systemdur-
ing the observation and imitation of simple and random movements,
specifically, index/middle finger extensions (Iacoboni et al., 1999). In
the same context, the activation of the right BA40 as part of the parietal
operculum may provide here additional somatosensory information of
the observer's body schema through reafferent signals associated with
the observed action, that could be related to the preservation of his/
her individual “self” and “body identity” with respect to the person
performing the movement seated next to him (Iacoboni et al., 1999).
Similarly, self-aspects of experienced spatial unitywould explain the in-
volvement of the right angular gyrus (BA39) (Blanke et al., 2005).

Although the flexion–extension movement is somewhat simpler
than the goal-oriented gestures commonly used in studies investigating
the MNN, the simplicity of the task we used allows reproducibility and
precise kinematic analysis, as well as a clear-cut movement onset for
the triggering of the somatosensory stimulation in the subject. The
main point is that the experimental procedure offers the possibility of
quantitatively testing the effects of movement observation on a well-
defined afferent volley in fine reaching the cerebral cortex. Rossi et al.
(2002) demonstrated that the increase in N30 amplitude occurs regard-
less of the complexity or the cognitive content of the observed move-
ment. Lateralization in the MNN has been discussed with respect to
the nature of observed actions. In task involving action–language rela-
tionship or usual tool, lateralization to dominant hemisphere has been
reported (Canessa et al., 2008; Ortigue et al., 2010; Peeters et al., 2009,
2013). In many others tasks, bilateral activation of the MNN has been
demonstrated (Assmus et al., 2007; Di Dio et al., 2013; Vogt et al.,
2007). In our study, the observed task had no language content and
stimulation of the non-dominant hand avoid semantic recognition re-
lated to writing or tool action.

The design of our experiment cannot contribute to the actual debate,
critical about the action understanding theory proposed by Rizzolatti's
group, where the action goal of meaningful movements is the main de-
terminants in the mirror neuron system activity (Koch et al., 2010). In
this context, a sensori-motor learning theory has been recently pro-
posed (Hickok, 2009, Hickok and Hauser, 2010) and or a social associa-
tive learning theory (Heyes, 2010; Press et al., 2011) accounting for the
origin of mirror neurons. Under this view, themirror neuron system is a
product, as well as a process, of social interaction, as it can be trans-
formed by sensorimotor experience which is mainly obtained through
interaction with others (Heyes, 2010; Press et al., 2011).

Still, the anatomical model of cortical sources that we found for the
N30 component during the movement observation task suggests a
mirror neuron-like pattern involving the somatosensory and parietal
cortex, besides the premotor and motor areas accounting for the origin
of the N30 at rest. As we focused our study on the N30 component, it
cannot be ruled out that the observed change in rhythmic activity
results from earlier changes in the somatosensory cortex in spite of
the absence of consistent change in the N20 amplitude (Rossi et al.,
2002). As the N30 has been previously proposed as an index of sensori-
motor processing (Cheron, 1999; Rossi et al., 2002), here, duringmove-
ment observation condition, the augmentation in amplitude of the N30
component may reflect the integration of total proprioceptive informa-
tion, also incorporating a contribution from the neuron mirror system.

N30 component generators at rest and during observation

In accordance with our previous study (Cebolla et al., 2011), we
showed that ERS and ITC reconstructed solutions obtained by a distrib-
uted source localizationmethod are not redundant.When studyingN30
sources at rest and during observation, we observed the same location
in both conditions in the contralateral (right) motor cortex for gamma
ITC, but different locations for gamma ERS, with precentral motor and
premotor areas involvement for N30 at rest, and post-central activation
of the primary and secondary somatosensory cortex in the observation
condition (BA2/BA40). Precentral localization of the N30 component
has been elegantly documented by intra-cerebral recordings (Balzamo
et al., 2004; Kanovsky et al., 2003). Moreover, transcranial magnetic
stimulation (TMS) of the premotor cortex at a very low rate produced
specific N30 amplitude increase, suggesting that N30 amplitude
depends on motor cortex excitability (Rossini et al., 1991), possibly
due to an increase in premotor cortex inhibition (Urushihara et al.,
2006).

Phase-locking of gamma rhythms pre-centrally located has been pre-
viously proposed as a major mechanism for N30 generation (Cebolla
et al., 2009, 2011). This is reinforced by the present finding of similar
ITC activations of the motor cortex in both conditions. Phase locking in
the gamma band reflects a short-term binding process (Gray and
Singer, 1989). It may constitute the main mechanism underlying occur-
rence of the N30 component (Cebolla et al., 2009, 2011; Cheron et al.,
2007) while the gamma ERS, reflecting multimodal integration linked
to context (Crone et al., 1998), would play a modulating role on N30
amplitude.

Here we demonstrate an alpha phase-locking contribution to the
N30 in both conditions, with wider recruitment areas during observa-
tion, suggesting a functional role of alpha oscillation in N30modulation
in the latter condition. The phase-locking phenomenon is associated
with long-range neuronal synchronization, implicating communication
between distinct areas in sharing information that is crucial to sensori-
motor and contextual binding (Singer, 1999; Varela et al., 2001). Alpha
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oscillation has increasingly been regarded as reflecting a global inhibi-
tion of the cortex, facilitating cognitive control for improving behavioral
performance (Cheron et al., 2006; Haegens et al., 2010; Klimesch et al.,
1996, 2003, 2007). The synchronization of alpha oscillations appears
necessary for the binding of multimodal (here visual and somatosenso-
ry) segregated chunks of information in order to integrate themultisen-
sory element in the complex inter-personal action-perception loops
(Sadaghiani et al., 2012). The increase in alpha power in the primary
(BA2) and secondary (BA40) somatosensory cortex during observation
may thus reflect a ‘windshieldwiper’ effect through pulsed inhibition in
order to update incoming information (Sadaghiani et al., 2012).

Among the three frequency bands of interest, the areas expressing
beta sources during observation task were the most distinctive, with
the participation on the one hand, of the secondary somatosensory cor-
tex (BA40), the insular cortex (BA13) and the secondary visual cortex
(BA18) for ERS, and on the other hand, of the primary somatosensory
cortex (BA2) and the angular gyrus as part of the temporo-parietal junc-
tion (BA39) for ITC. The involvement of such brain areas suggests the
mirror neuron-like pattern explained above.

Effect of contextual brain state on time–frequency sources

In addition to the N30 generators per se, we identifiedwhich sources
characterize the two contextual brain states (at rest and observation). At
rest, the left parahippocampal (BA28) activity was stronger than during
observation. Significant parahippocampal (and hippocampal) activity
was previously documented by fMRI in different “resting” conditions,
suggesting ongoing cognitive processing (Stark and Squire, 2001). We
also found significant right middle temporal gyrus (BA21), right middle
occipital gyrus (BA19), right precuneus (BA7) and left superior temporal
gyrus (BA39) activity that could reflect spontaneous thoughts involving
mental behavior planning (Partiot et al., 1995) and the attribution of
intentions requiring access to episodic memories (Brunet et al., 2000;
Tulving et al., 1994).

During observation, the contextual brain statewasmainly character-
ized by medial frontal gyrus (BA9), right medial frontal gyrus (BA10),
right middle temporal gyrus (BA39), and right frontal gyrus (BA10) ac-
tivations. These areas have been related to joint attention (Williams
et al., 2005). Although our paradigm did not explicitly require joint at-
tention, the nature of the task implied that operator and observer both
directed their attention to the operator's hand movement.

Bottom-up versus top-down modulation

When discussing the physiology of increased N30 amplitude, we
need to take into account the possibility of a bottom-up or of a top-
down mechanism. The former would correspond to direct interference
between visual input related to the movement and an afferent somato-
sensory volley triggered by that movement. A top-down mechanism
would instead correspond to a change in the functional state of the net-
work, induced by the context of carrying out an observation (i.e. the
task-related context). Both mechanisms can act through the recruit-
ment of oscillatory behavior, implicating phase-locking (Ganguly and
Kleinfeld, 2004) and change (increase or decrease) in power spectral
perturbation, due to the recruitment of other neuronal populations
(Palva et al., 2005). Our experimentalfindings indicate that themodula-
tion of the N30 occurs before the arrival of the visual afferent volley re-
lated to the somatosensory stimulation. This pleads against a direct,
bottom-up interference between visual and somatosensory input. In
the same line, as it was demonstrated that brain rhythm modulation
of the observational task follows the velocity profile of the observed
movement (Avanzini et al., 2012), the fact that the N30 emerge well
before the accomplishment of the velocity profile of a single handmove-
ment shows that only the top-down influence of theMNS canmodulate
this SEP component.
Based on two separated-sources analysis (N30 generators per se and
sources of the contextual brain states), we demonstrate that some cor-
tical areas that are similarly active before and after the stimulus contrib-
ute to the N30modulation, although they were not revealed by the N30
generators per se source analysis. Namely, this is the case for beta and
gamma ERS in BA9 and BA10, respectively, and alpha and gamma ITC
in limbic BA31 and in BA10, respectively. The functional emergence of
BA9 and BA10 (joint attention) confirms the involvement of the subject
in the observational requirement. Our study also demonstrates that the
occipital cortex (precuneus-BA31) alpha ERS, which corresponds to the
classical alpha rhythm at rest (eye-closed), does not contribute to the
N30 modulation. In contrast, the common identification of beta ITC in
BA39 by the two types of source analysis methods shows that this
region actively contributes to both the observation state and the en-
hancement of the N30 component. This demonstrates that during ob-
servation, one important node of the MNN (superior temporal gyrus,
BA39) exerts a top-down influence on somatosensory processing
indexed by the enhancement of the short latency N30 somatosensory
component.

Conclusion

We have demonstrated that the N30 potentiation during the task of
observing another person's hand movement involved the contralateral,
post-central andparietal cortex.Moreover, the angular gyrus (BA39), an
important node of the MNN, exerts a top-down influence on the so-
matosensory processing indexed by such amplitude potentiation.
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