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Abstract: The aim of this study was to test the validity of mirror neuron activity in humans through
analysis of electroencephalographic (EEG) functional connectivity during an action not directed towards
an object. We investigated changes in EEG interchannel synchronization prior to and during action
execution and also prior to and during observation of the same action. Twelve participants observed a
simple finger movement sequence. In a second testing session they physically executed the movement.
EEGs were recorded from 19 active sites across the cortex. Activity was considered in four frequency
bands (7-10 Hz, 10-13 Hz, 13-20 Hz, and 20-30 Hz) using a new measure: synchronization likelihood.
This technique considers rapid changes in signal synchronization and spatiotemporal patterns of coher-
ence. The results revealed no statistically significant difference in synchronization likelihood between the
observation and execution data. We found an increase in synchronization over a broad frequency range
during task processing and suggest that this may reflect interregional cortical coupling of intricately and
hierarchically interconnected networks that are active in a similar way during both observation and
execution of a movement. While EEG may be insensitive to differences present during the observation and
execution of a movement, the results of the present study shed some light on the general mechanisms of
cognitive integration.
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nonlinear dynamics

INTRODUCTION

In all aspects of life, humans spend a considerable amount of
time observing others in order to understand their behavior
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[Decety et al., 2002] and, in some cases, to imitate and learn
from that behavior [Demeris and Hayes, 1996; Meltzoff and
Moore, 1977, 1997]. The copying or imitation by an observer of
a feature of the body movement of a model [Heyes, 2001]
represents a fundamental part of human behavior used to
acquire new skills [Demeris and Hayes, 1996]. Since little is
known about the mechanisms that underlie these processes
[Buccino et al., 2004a,b; Calderon and Hu, 2003; Iacoboni et al.,
1999; Wohlschlager and Bekkering, 2002], the study of these
phenomena would seem important for understanding the neu-
rological basis of the processes of observation and imitation.
The neurological foundations seem to lie within “mirror
neurons” [e.g., Billard and Arbib, 2002; Iacoboni et al., 1999;
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Rizzolatti and Craighero, 2004]. These neurons were first
discovered in the ventral premotor cortex of the macaque
monkey with single neuron recording [Rizzolatti et al.,
1988]. These mirror neurons fired when the monkey exe-
cuted a goal-directed hand movement [Rizzolatti et al., 1988]
and also when it observed this same action executed by
another monkey or by a human [Gallese et al., 1996; Rizzo-
lati et al., 1996]. These findings support a proposal for an
observation/execution matching system that maps the ob-
served action onto an internal motor representation of the
action [lacoboni et al., 1999; Rizzolatti et al., 2001].

The research that has attempted to investigate the exis-
tence of mirror neurons can be discussed as indirect and
direct evidence. A claim cannot be made for direct evidence
for the existence of a mirror system unless cortical areas are
shown to be active during both the execution and observa-
tion of an action. If they are, they can be considered to have
mirror properties [Rizzolatti et al., 2001].

Indirect Evidence for the Mirror System

EEG research has provided indirect evidence for mirror
neuron activity [e.g., Cochin et al., 1998]. In this study,
healthy participants were tested only under observation
conditions. The central “mu” rhythm was desynchronized
during action observation in a similar way to that observed
during actual movement [e.g., Chatrian, 1976].

Brain imaging studies have also shown indirect evidence
for mirror neuron activity [e.g., Decety et al., 1997; Grézes et
al., 1998]. Unfortunately, participants in these studies only
observed hand or arm actions. As discussed above, the
involvement of these motor system areas (e.g., dorsolateral
prefrontal cortex, presupplementary motor area) during ac-
tion observation alone is not synonymous with these areas
possessing mirror properties [Rizzolatti et al., 2001, 2002].

Direct Evidence for the Mirror System

Relatively few studies have provided direct evidence for
the existence of an observation/execution matching system
in humans. Fadiga et al. [1995] found that the muscular
response pattern generated by a transcranial magnetic stim-
ulus during the observation of an action sequence was the
same as that recorded while the participants physically ex-
ecuted the same action. Similarly, a number of other groups
have provided evidence for the direct matching hypothesis:
Cochin et al. [1999] and Muthukumaraswamy and Johnson
[2004]; and Muthukumaraswamy et al. [2004] with EEG;
Hari et al. [1998]; and Nishitani and Hari [2000] with neu-
romagnetic recordings; lacoboni et al. [1999] with functional
magnetic resonance imaging; and Flanagan and Johansson
[2003] with an infrared eye tracking system.

In these studies participants were directly assessed per-
forming hand movements in an observation condition and
in an action condition with various purposes: to observe the
movement with the purpose of later imitation [Fadiga et al.,
1995; Tacoboni et al., 1999]; to observe the movement with
the purpose of recognizing it [Fadiga et al., 1995]; or to
observe the movement with no specific goal [Cochin et al.,

1999; Hari et al., 1998; lacoboni et al., 1999; Muthukuma-
raswamy and Johnson, 2004; Muthukumaraswamy et al.,
2004; Nishitani and Hari, 2000]. The nature of the task is
important, as reported by Decety et al. [1997] and Grezes et
al. [1998]. They showed that cortical areas involved in the
process of observation were dependent on the instructions
given to the participants. For example, Decety et al. [1997]
found that the dorsolateral prefrontal cortex and the pre-
supplementary motor area were activated when participants
were provided with instructions to observe a movement
with the later requirement to imitate it. In contrast, the right
parahippocampal gyrus was activated in a situation where
there was a requirement to recognize the movement after its
observation. In addition, Grezes et al. [1998] showed that
observation of meaningful actions with no goal elicited ac-
tivity in the ventral pathway. However, observation of
meaningless action with no goal activated the dorsal path-
way. Observation, with the aim to replicate the action at a
later stage, involved the dorsal pathway for both meaningful
and meaningless actions. Therefore, the nature of the in-
structions given to the participants seems to be important
and is differentiated by neural activity.

The research that has considered mirror neurons has stud-
ied brain activity during the execution and the observation
of an action and done so through a variety of different
techniques. To our knowledge, only Kilner et al. [2004]
examined the existence of mirror neurons by focusing on
electrocortical activity prior to the observation of a predicted
movement. They showed that a readiness potential, an elec-
trophysiological marker of motor preparation, was also
present prior to the observation of an action performed by
another.

The precise role of mirror neuron activity during obser-
vation of action has only recently been considered [e.g.,
Buccino et al., 2004a,b; Rizzolatti and Craighero, 2004]. Buc-
cino et al. [2004a,b] proposed that the process of observing
an action to replicate it later requires a transformation of a
visual action into a corresponding motor action and that this
process relies on the mirror neuron system. Mirror neurons
fire while an individual observes an elementary motor act,
and the observed action is then divided into simpler parts
and coded motorically. Where the observed action matches
or is similar to an existing action already in the mirror
neuron system, corresponding motor representations are
activated and the action can be replicated [Buccino et al.,
2004a,b]. Therefore, cognitive processes such as visual per-
ception, visual and kinesthetic imagery, and working mem-
ory are proposed to be involved in the observation process
where imitation is required at a later stage.

The analysis techniques used in most of the studies dis-
cussed above have been single-cell recordings from mon-
keys and functional magnetic resonance imaging (fMRI) or
positron emission tomography (PET) for humans. While
fMRI and PET show excellent spatial resolution, they pro-
vide relatively poor temporal information [Pfurtscheller and
Lopes da Silva, 1999; Servos, 2000]. To allow the examina-
tion of movement-related changes in cortical activation, a




Figure I.
The finger movement sequence.
[Color figure can be viewed in
the online issue, which is avail-
able at www.interscience.wiley.
com.]

technique is required with millisecond temporal resolution.
EEG addresses this methodological concern and has been
shown to be effective in the analysis of preparation, execu-
tion, and recovery of a movement [e.g., Stancak et al., 2000]
and observation of an action [e.g., Cochin et al., 1999].
Integration and coordination of different brain regions has
been recognized as an important component of information
processing [e.g., Stam et al., 1996; van Putten and Stam,
2001]. However, the techniques generally used to examine
these interactions have some limitations [Stam and van Dijk,
2002]. Using power change as an indicator of event-related
desynchronization [e.g., Pfurtscheller, 1988; Pfurtscheller
and Aranibar, 1977; Salmelin and Hari, 1994] has been ar-
gued to reveal only part of the relevant information since it
can only be used as an index of local cortical engagement
[Stam et al., 2002]. Estimating the similarity between time
series of electrical potential via linear techniques such as
coherence includes a number of limitations. These include
the inability to characterize nonstationary data with rapidly
changing interdependencies and identification of nonlinear
interdependencies between the underlying dynamical sys-
tem [see Stam et al., 2002; Stam and van Dijk, 2002, for
further details of these concerns]. Friston [2000] has argued
that nonlinear interactions between brain regions and the
rapid changes in synchronization are important consider-
ations for EEG research. To detect these nonlinear interac-
tions between brain regions, Rulkov et al. [1995] and Schiff
et al. [1996] published similar approaches. Unfortunately,
they were unable to give a normalized estimate of the inter-
dependencies between time series [e.g., Pereda et al., 2001].
More recently, Stam and van Dijk [2002] provided a direct
estimate of the dynamical linear and nonlinear interdepen-
dencies between simultaneously recorded EEG time series.
Since there have been few studies that provided direct
evidence for the existence of mirror neurons, several issues
require further investigation. First, it is important to con-
sider actions not directed towards an object. Actions not
oriented towards a goal are of interest since they have been
proposed as a more rigorous analysis of the kinematic cri-
teria of the movement than have object-oriented actions
[Babiloni et al., 2002]. Second, consideration of the temporal
course of electrocortical activation during a simple motor
task completed under observation and execution is also
important. Third, measurement of functional integration
during the distinct stages of an action performed under
different conditions via the synchronization likelihood mea-

sure may reveal information relating to mirror neuron ac-
tivity.

The aim of the present study was to test the validity of
mirror neuron activity through the analysis of EEG activity
with the synchronization likelihood technique. It was hy-
pothesized that the neurophysiological mechanisms under-
lying the observation of a sequential finger movement, in
particular changes in between-area coupling, would show
functional similarities to those identified in the physical
execution of the same movement in frequency bands lying
within a range of 7-30 Hz. The premovement and actual
movement phase was considered for both conditions.

SUBJECTS AND METHODS
Participants

Twelve individuals (mean age = 23.92 years, SD = 3.17)
with no neurological or psychiatric problems participated in
the study after they provided written informed consent and
the study was approved by the local ethics committee (Co-
mité Consultatif de Protection des Personnes dans la Recher-
che Biomédicale, CCPPRB). All participants were assessed
as right-handed by the Edinburgh Handedness Inventory
[Oldfield, 1971]. Participants were not informed of the goals
of the study.

Task

The participants were asked to perform a finger move-
ment sequence. This consisted of a flexion followed by an
extension of the right forefinger to create an angle of 90°
between the distal and medial phalange while the hand
remained in a supine position (Fig. 1). This simple sequential
finger movement requires the execution of a central motor
program with particular temporal and spatial sequences.
This movement was chosen because it was executed at a
distance from the scalp, preventing mechanographic arti-
facts in the EEG [Derambure et al., 1999], and because it was
not object-oriented.

Experimental Procedure

The participants were examined in two conditions: first an
action observation condition and second an action execution
condition. The ordering was the same for the 12 participants
since we required them to observe the movement and rep-
licate it at a later stage in order to investigate the role of
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TABLE I. Temporal course of a trial in action
observation condition

Movement
Premovement observation Postmovement
(Stage 1) (Stage 2) (Stage 3)
4s 2s 6s
Amber Video Red

mirror neurons in imitation [viz., Rizzolatti and Craighero,
2004]. Multichannel EEG was recorded in both conditions
while participants sat in a darkened room with their arms
lying on armrests. To reduce artifacts throughout the EEG
data collection, participants were asked to fix their attention
on a target point placed on a screen situated 1.30 m in front
of them, to keep their jaw relaxed, and to avoid blinking.
These instructions were provided before each set of trials.

A metronome, set to 2 Hz, was used to impose constant
timing of the movement pattern and ensure a similar num-
ber of finger contacts per trial across the conditions [Debaere
et al.,, 2003] and the participants [Gerloff et al., 1997]. This
consistency also ensured similar experimental circumstances
in the execution and observation conditions [Manganotti et
al., 1998].

Action observation condition

Each participant performed 40 trials for the observation
task described above. Each trial comprised three stages that
were presented to the participant via a video display. In-
structions were provided to the participants requiring them
to observe the movement with the intention of repeating it at
a later stage.

The first stage of each trial, lasting 4 s, presented the
participant with an amber monitor screen. This screen
warned the participant about the imminent movement re-
quirement. During the second stage, lasting 2 s, participants
observed a video displaying a live model executing the
finger movement sequence at 2Hz (Table I). In the third, 6 s
stage, a red background appeared and the participant
stopped viewing the movement and relaxed. The time inter-
val between the beginning of viewing the movement and the
onset of the next was 12 s.

Action execution condition

Each participant performed 40 trials for the task described
above and followed a similar procedure to the observation
trials. The first stage warned the participant about the im-
minent movement requirement. In the second stage, a black
background was presented to the participant. They per-
formed the metronome-controlled finger movement at a rate
of 2 Hz. In the third stage, the red background prompted the
participant to stop the movement and relax. The procedure
is represented in Table II. The time interval between the
beginning of one movement and the onset of the next was
12 s.

The metronome provided an audible presence throughout
each stage of both conditions. All trials were triggered using
a specially designed interface based on a photoresistive di-
ode that responded to the screen color change. Two 8-min
blocks of 40 trials were performed. Each block was separated
by a 5-min rest period. The first block was the action obser-
vation block and the second the action execution block.

Data Acquisition and Recording

Electrical brain activity was recorded from 19 Ag/AgCl
pad electrodes held on the head with a rubber cap (Fp1, Fp2,
Fz, F7, F8, F3, F4, Cz, C3, C4, PZ, P3, P4, T3, T4, T5, T6, O1,
and O2) and placed in accordance with the international
10-20 system [Jasper, 1958]. Mastoids were used for the
reference electrodes and the ground electrode was located
on the forehead. Electro-oculograms (EOGs) were also reg-
istered from the canthi of both eyes (horizontal EOG) and
the supra- and infraorbital of the right eye (vertical EOG).
Electrode impedance was kept homogeneously below 5 kD
throughout the experimentation and was checked systemat-
ically between the two blocks of trials. Amplifier bandwidth
was set between 0.15 and 114 Hz using a computer-based
EEG recorder (Coherence, Deltamed, Paris, France). Base-
line-corrected activity was sampled at 256 Hz. AD resolution
was 16 bit.

Synchronization Likelihood

Synchronization likelihood [Stam and van Dijk, 2002] is an
EEG analysis technique that can be used to determine time-
dependent correlations between EEG channels. The method
provides a normalized estimate of the dynamical interde-
pendencies between a time series (e.g., an EEG channel) and
one or more other time series. Synchronization likelihood is
a measure that describes how strongly a channel is synchro-
nized to all the other channels. Values of synchronization
likelihood (SL) ranging from 1 to 0.1 indicate maximal syn-
chronization and, in the case of only random correlations, SL
tends to be 0 [Stam et al., 2002; Stam and van Dijk, 2002].
Consideration of all the possible pair combinations of N
electrodes (i.e., [N*N-1]/2) can lead to local and lateralized
effects. However, we chose to examine SL across all elec-
trodes to provide a meaningful data reduction and to make
analysis manageable in the early stages of the use of this new
EEG analysis technique. The technique, used in this way, has
successfully studied rapid changes in synchronization and
spatiotemporal patterns of coherency. More details concern-
ing the technique can be found in the Appendix.

TABLE Il. Temporal course of a trial in action
execution condition

Movement
Premovement action Postmovement
(Stage 1) (Stage 2) (Stage 3)
4s 2s 6s
Amber Black Red
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Data Processing

EEG data were analyzed off-line. Forty trials were com-
pleted during the 8-min condition. Each trial was subdi-
vided into three stage epochs. For the action observation
condition, the epochs were 4 s prior to the onset of the
observation of movement until the onset of the observation,
the 2 s of the observation of movement, and the 6 s after the
movement. The same principle was applied to the action
condition. Analysis of the third epoch revealed that eye
movement artifacts contaminated the data in the final 3 s of
some trials. Consequently, this epoch was reduced to 3 s in
length and the last second of this 3-s epoch served as the
baseline reading (Fig. 2). This period was chosen as an
appropriate reference state, since there was no meaningful
stimulus input. Participants were instructed to relax and to
rest passively while viewing the simple visual stimuli of a
red screen. The reference state was compared with premove-
ment and movement stages during execution and observa-
tion to increase the validity of the experimental process (Fig.
2). EEG data were analyzed in four frequency bands: 7-10
Hz, 10-13 Hz, 13-20 Hz, and 20-30 Hz. The digital filter
decomposed the data without phase distortion. It did not
interfere with any nonlinear component occurring within
the frequencies of interest. It applied a Fourier transform to
the data, setting all frequencies outside the passband to zero,
and then it applied an inverse Fourier transform. In the
present study, we used SL as a general measure of functional
coupling between EEG signals with the added advantage of
a high time resolution. Furthermore, we had a priori reasons
to consider specific frequency bands with known physiolog-
ical properties. Synchronization likelihood was computed
for each frequency band, each electrode site, and each stage
of the movement (i.e., baseline, premovement, and move-
ment stages) during execution and observation. For each
frequency band and for each stage of the movement during
execution and observation, the mean SL of the 19 electrodes
was also computed.

The first artifact-free trial was selected for analysis. Pa-
rameters for the computation of the synchronization likeli-
hood were: 1 sample for the lag; 10 for the embedding
dimension; 10 for the Theiler correction (w;); 1 for w,; 0.010
for p.g and 1 for the speed. The speed controls how many
calculations the software implementation skips. When speed
is set to 1, SL is computed for all the time points.

Statistical Analysis

Mean synchronization likelihood and synchronization
likelihood for electrode sites were considered successively.

v
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Mean synchronization likelihood

Mean synchronization likelihood data were analyzed for
each of the four frequency bands with four separate
3(stages) X 2(conditions) ANOVAs. There were two within-
participant factors: stage (three levels: premovement, move-
ment, and baseline) and condition (two levels: observation
and execution). These ANOVAs were computed to deter-
mine, more specifically, whether: baseline SL values were
significantly different from movement and premovement
values; premovement SL values were significantly different
from movement SL values; and SL values during observa-
tion were significantly different from those during actual
execution. Post-hoc comparisons were calculated using
Tukey’s HSD test when ANOVA results were significant.
Tukey’s HSD compares means in order to determine where
the significant difference lies.

Synchronization likelihood for electrode sites

SL for each electrode was analyzed for each of the four
frequency bands with a 2(conditions) X 19(electrode sites)
ANOVA. There were two within-participant factors: condi-
tion (two levels: observation and execution) and electrode
(19 levels corresponding to the 19 EEG channels). Movement
stages were analyzed separately. Post-hoc comparisons were
calculated using Tukey’s HSD test.

A similar procedure to the one employed by Cochin et al.
[1998] was used for the post-hoc tests for the electrode main
effect. This consisted of comparing each electrode with all of
the others for each frequency band irrespective of condition
and grouping electrodes according to the value of their SL
and to statistically significant results. The cut-off values for
including a channel in a functional grouping were deter-
mined by the significance of the result obtained in the sta-
tistical tests. For example, in the 7-10 Hz frequency band for
the premovement (stage 1), SL values for FZ, P4, and P3
were 0.0795, 0.0639, and 0.0624, respectively, independent of
condition. These electrodes could be ranked in the following
decreasing order: FZ, P4, and P3. Tukey’s HSD test revealed
that FZ was not statistically different from P4. P4 was not
significantly different from P3, but FZ was statistically dif-
ferent from P3. Two groupings were made according to the
SL values” statistical equality (Fig. 3). The first grouping
included FZ and P4, and the second grouping comprised P4
and P3. These two groups were nonhomogeneous, since P4
belonged to two different groupings. This way of proceed-
ing allows a quick and clear view of significant differences
between electrodes. All statistical analyses were performed
using Statistica (1997).




TABLE lll. Summary of the 3(stages) X 2(conditions) ANOVAs for each frequency band

7-10Hz 10-13Hz 13-20Hz 20-30Hz

F P F P F P F P
S 331.25 * 114.62 * 149.48 * 152.02 *
C 0.006 0.94 0.366 0.56 0.038 0.85 1.699 0.22
SXC 0.252 0.78 0.583 0.57 0.699 0.51 0.440 0.65
*P<0.000001.
S, stage; C, condition.

RESULTS marized thus: for the 7-10 Hz and 13-20 Hz bands, SL

Mean Synchronization Likelihood

Four separate 3(stages) X 2(conditions) ANOVAs were
computed (see Table III).

Nointeraction and no main effect for the conditions factor
were found at any frequency band (see Table IIT). However,
ANOV As yielded significant main effects for the stages fac-
tor for the 7-10 Hz band, F(2,22) = 331.25, P < 0.000001; the
10-13 Hz band, F(2,22) =114.62, P < 0.000001; the 13-20 Hz
band, F(2,22) = 149.48, P < 0.000001; and the 20-30 Hz
band, F(2,22) = 152.02, P < 0.000001 (see Table III).

Tukey’s HSD post-hoc tests were computed, since ANO-
VAs displayed main effects for the stages factor. Irrespective
of observation or execution, four results were found. For the
10-13 Hz, 13-20 Hz, and 20-30 Hz bands, synchronization
for the premovement stage was significantly lower than the
movement stage (P = 0.000216; P = 0.000558; P = 0.016553).
For the 7-10 Hz band, there was no change in synchroniza-
tion from the premovement to the movement stage (Fig. 4).
For all the frequency bands, synchronization was signifi-
cantly higher in the baseline than the premovement phase (P
= 0.000136, 7-10 Hz band; P = 0.000136, 10-13 Hz; P
=0.000136, 13-20 Hz; P = 0.000136, 20-30 Hz). For all the
frequency bands, synchronization was significantly higher
in the baseline than in the movement phase (P = 0.000136,
7-10 Hz band; P = 0.000136, 10-13 Hz; P = 0.000136, 13-20
Hz; P = 0.000136, 20-30 Hz) (see Figs. 4, 5 for more detailed
information).

Synchronization Likelihood for Electrode Sites

Twelve separate 2(conditions) X 19(electrode sites) ANO-
VAs were computed (Table IV). No main effect was found
for the condition factor in any frequency band at any stage
of the movement (i.e., baseline, premovement, and move-
ment stages). However, ANOVAs revealed a significant
main effect for the electrode site factor across the frequency
bands and for all the stages of the movement (Table IV).

Tukey’s HSD test completed on the main electrode sites
effects allowed the classification of electrodes into groups.
Electrode sites were grouped by similar SLs. Up to seven
electrode groups were identified, depending on the move-
ment stage and the frequency band (Fig. 3). None of the
groups were homogeneous. Regardless of the movement
stage and the conditions, electrode classification can be sum-

values of F3, F4, FZ, C3, C4, CZ, and P3 were significantly
higher than those of F7, F8, O1, O2, and T6; for the 10-13 Hz
band, FZ was significantly higher than O1, O2, and F8. For
the 20-30 Hz, SL values of FZ, C3, C4, CZ, and PZ were
significantly higher than those of F7, F8, T3, T4, T5, T6, FP2,
01, and O2 (Fig. 3).

Significant condition-electrode site interaction was only
observed for the 7-10 Hz band in the movement stage,
F(18,198) = 2.166, P < 0.006 (Table 1V). Tukey’s HSD post-
hoc test analysis showed no significant differences for any
given electrode under the conditions of observation and
execution (Fig. 6).

DISCUSSION

The aim of this study was to compare directly the EEG
activity prior to and during the physical execution of a
self-paced finger movement with that prior to and during
the observation of the same task in frequency bands 7-
30 Hz.

The discussion is organized into two sections. The first
discusses the existence of an execution/observation match-
ing system in humans. The second considers the variability
of EEG synchronization in the four frequency bands.

While there was evidence for local synchronization and
global coupling, interpretation of these results should be made
cautiously. The data analysis technique of SL does not allow for
absolute comparison with research that has not used this ap-
proach. SL considers more global integration and synchroniza-
tion of brain activity, whereas measures of event-related syn-
chronization and desynchronization (ERS/ERD) power assess
local changes in activation. In addition, SL measurement does
not depend on amplitude. Therefore, a local decrease in power
may coincide with a global increase in coupling. For example,
Gerloff et al. [1998] have shown that changes in regional EEG
power and EEG coherence describe different aspects of cortical
activity and thus act independently.

Execution/Observation Matching System

There was no significant difference in SL between the
observation and execution data. Higher SL values were
found during the baseline condition in comparison to those
obtained during the premovement and movement stages
irrespective of conditions. This finding suggests that inter-
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Figure 4.
Mean synchronization likelihood in each of the four frequency
bands irrespective of condition.

actions between brain areas are more extensive during a
resting state than during an active state. This point is sup-
ported by Mazoyer et al. [2001], Shulman et al. [1997], and
Wicker et al. [2003]. In their meta-analysis, they have shown
that groups of brain areas were active at rest (i.e., in a state
where the eyes are closed, during visual fixation, during the
passive observation of a visual stimuli, or in situations in
which relaxing and thinking of nothing was proposed) and
that this activity decreased during the completion of diver-
sified goal-directed actions such as visual tasks [Corbetta et
al., 1995], cognitive tasks [e.g., Greicius et al., 2003], and
tasks in which the participants had to focus on external
stimuli [e.g., Brunet et al., 2000]. The interpretation of these
findings has been that a resting state is far from being an
inactive state [e.g., Binder et al., 1999]. Sustained information
processing occurs during this state and may be attenuated
when individuals are involved in a task [Gusnard and
Raichle, 2001]. More specifically, when a person is not ac-
tively committed to a behavior, mental activities occur spon-
taneously, such as daydreams [e.g., Stark and Squire, 2001],
free association [e.g., Mazoyer et al., 2001], autobiographic
episodes [e.g., Mazoyer et al., 2001], and inner speech and
imagery [e.g., Mazoyer et al., 2001]. Ingvar [1985] and Gus-
nard and Raichle [2001] suggested that these unpremedi-
tated activities do not express noise but are a simulation of
behaviors, an inner rehearsal or optimization of cognitive
and behavioral serial programs.

Wicker et al. [2003] has suggested that the choice of an
appropriate baseline is particularly problematic for cogni-
tive tasks involving integrated brain areas. The baseline
values may display variations both within and across par-
ticipants. Bearing this in mind, the function of the baseline
measure in this study was to reference a state of “zero
activity” [Stark and Squire, 2001] to be compared with the
experimental states examining the processes of action and
observation of action.

The data from this study suggest a close functional equiv-
alence, in terms of neuronal synchronization, between the
observation and execution conditions. No significant differ-

ence in SL was found between the two conditions irrespec-
tive of the stage of the sequential finger movement (i.e., prior
to and during the movement). This finding offers support to
Kilner et al. [2004], who showed the presence of a readiness
potential prior to observation of an action. The data are also
consistent with Cochin et al. [1999], Babiloni et al. [2002],
Muthukumaraswamy and Johnson [2004], and Muthukuma-
raswamy et al. [2004].

Cochin et al. [1999] showed equivalence in EEG data and
especially in lower alpha-band power over posterior frontal
cortex, motor cortex, posterior temporal cortex, and cen-
troparietal cortex, during the observation and execution of
finger movements. Within the same frequency band, we also
found the greatest SL in these regions irrespective of condi-
tion. Similarly, Muthukumaraswamy et al. [2004] reported
an attenuation of the mu rhythm (an 8-13 Hz rhythm gen-
erated by the sensorimotor cortex) during both observation
and execution of a precision grip. Babiloni et al. [2002] also
found comparable alpha and beta synchronization and de-
synchronization values in central regions overlying premo-
tor and primary sensorimotor cortex during observation and
action of an aimless middle-finger extension task. Therefore,
the nature of the task, whether it is goal-directed or aimless,
seems to have had little effect on the responsivity of the
observation/execution matching system and supports the
findings of Fadiga et al. [1995], Maeda et al.[2002], and
Tacoboni et al. [1999]. However, certain caution should be
exercised when considering such an assertion. Muthukuma-
raswamy and Johnson [2004] and Muthukumaraswamy et
al. [2004] recently reported the sensitivity of the mu rhythm
to different forms of observed motor behaviors. Mu rhythms
were desynchronized during the observation of effector-
object interaction and, to a lesser extent, the observation of
motorically equivalent but nonobject-directed movement.

Our results offer some support for the existence of a
mirror neuron system in humans. However, it is possible
that, as Muthukumaraswamy and Johnson [2004] asserted,
the results show only a tenuous link with “true” mirror
neuron activity since it is improbable that surface EEG can
directly record the activity of such neurons. EEG may also be
insensitive to “real” differences that are present between the
observation and execution of a movement.

There is strong evidence that cortical motor areas are
active during observation and execution of actions [e.g.,
Fadiga et al., 1995], even though during the observation of
an action no discernible muscle activity is present [Baldis-
sera et al., 2001; Gallese et al., 1996; Muthukumaraswamy
and Johnson, 2004; Rizzolatti and Craighero, 2004]. The ac-
tivation of the motor system and the absence of electromyo-
graphic (EMG) activity during observation have been ex-
plained by motor output being blocked through an
inhibitory mechanism at the level of the spinal cord [Jean-
nerod, 2001; Rizzolati and Craighero, 2004]. Therefore, EEG
measures may not be able to account for EMG differences
between observation and execution of an action, since the
inhibitory mechanism, which is at the origin of these differ-
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Figure 5.

Example of the synchronization likelihood (SL) variability over
time in the (A) 7-10 Hz, (B) 10-13 Hz, (C) 13-20 Hz, and (D)
20-30 Hz frequency bands for a single participant during the
observation condition (column |) and the execution condition
(column 2): (a) pre-movement stage; (b) movement stage; (c)
Baseline stage. The abscissa represents time (in seconds), the

ences, operates outside of the scalp region. It may also be
possible that differences across observation and execution
are related to functional localization and not to functional

ordinate indicates the EEG channels. The value of the SL for each
channel and each time point is indicated through a grey scale;
darker shades correspond to higher levels of synchronization. The
numbers on the right scale indicate the average synchronization
values for each of the channels. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.].

integration. This suggestion is consistent with the findings of
Grezes and Decety [2001]. In their meta-analysis, which was
limited to PET and fMRI studies, they showed that the brain
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Figure 5. (continued)

areas involved during action observation did not completely
overlap those which were identified during the execution of
the same action. Although some common cortical areas were
activated in both situations (e.g., supramarginal gyrus and
dorsal premotor cortex), some were only involved in execu-
tion (e.g., primary motor cortex, sensorimotor cortex, oper-
cular premotor cortex), whereas others were exclusively
seen in observation (e.g., inferior, superior, and middle tem-
poral gyrus). EEG, which is arguably a weaker technique for

the study of functional localization, may not be as effective
in locating regions of the brain that are directly responsible
for motor, sensory, or cognitive functions. Finally, a differ-
ence between execution and observation could lie in deep
motor structures, such as basal ganglia, whose activity is not
present in scalp EEG.

A further methodological issue requiring consideration
relates to the instructions provided to the participants. In
this study, the participants were instructed to observe the




C

(a) 13-20 Hz
oo
FedM 0841
03 Folm noss
e 003
Flm o
ram om
N Lo
Tam 0%
T3m 206
Cam o
Om L6
e L%
r5a son
Pas s
" c0es
QM ina
oM 0@
i )
0 cwm 1ma
ha e
03

o

WESHEREAAIRERRERES

ans

(a) 13-20 Hz

§

EEESEERE

FRFEES

HESHESEEBEGEREAREEE g

03

Figure 5. (continued)

movements with the intention of repeating it at a later stage.
This requirement led to a greater attention to the task and a
subsequent retention phase. Both these behaviors have been
found to influence the nature of cortical activity. For exam-
ple, Decety et al. [1997] and Grezes et al. [1998] have shown
the involvement of the dorsolateral prefrontal cortex, the
presupplementary motor area, and the dorsal pathway
when participants were provided with the instructions to
observe a movement with the later requirement to imitate it.

The results of the present study are therefore consistent with
those of Decety et al. [1997] since, in all frequency bands, the
greatest synchronization likelihood was seen in the frontal
areas (F3, Fz, F4), motor areas (C3, Cz, C4), and parietal area
(P3, Pz, P4) (Fig. 3). This finding emphasizes the importance
of clear, well-understood, and consistent instruction pro-
vided to the participants in this type of research in order to
reduce instructional content as a possible confounding vari-
able within the datasets.
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Frequency Bands

Since there was no statistically significant difference be-
tween the execution and observation data in the present
study, the results have been compared to research that has
independently studied perception and observation and that
which considered motor tasks such as self-paced voluntary
movements.

In all the frequency bands except for 7-10 Hz, there was a
significant increase in synchronization from the premove-

ment to the movement phase irrespective of condition. This
finding is similar to studies that have described local cortical
activity during movement preparation and execution, in that
changes in brain oscillations are connected with the different
stages of the movement. General findings indicate that up-
per alpha band desynchronization (10-13 Hz) starts about
2.5 s before a movement starts. After the movement onset,
alpha returns to its initial level of synchronization within a
few seconds [e.g., Stancak and Pfurtscheller, 1996; Toro et




TABLE IV. Summary of the 2(conditions) X 19(electrode sites) ANOVAs for each frequency band

and for each stage presented

20-30Hz

13-20Hz

10-13Hz

7-10Hz

Mvt

Baseline Pre-mvt

Mvt

Baseline Pre-mvt Mvt Baseline Pre-mvt

Mvt

Pre-mvt

Baseline

0.043 0.84 1373 027 0172 0.69 1344 027 1.669 022 1177 0.30

0.15
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*

*P < 0.006, **P < 0.00001, ***P < 0.000001.

Mvt, movement; C, condition; ES, electrode site.
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Figure 6.
Synchronization likelihood for each of the |19 electrodes in the
conditions of observation and execution in the 7—10 Hz band.

al., 1994]. In contrast, beta desynchronization (14-30 Hz)
begins around 1.5 s before the movement onset [e.g., Deram-
bure et al., 1993], reaches its maximum level before the end
of the movement, and is followed by synchronization reach-
ing a maximum after the movement execution [Pfurtscheller
et al., 1996; Stancak and Pfurtscheller, 1995]. It is important
to note that beta synchronization occurs while the upper
alpha rhythm still displays a desynchronization.

As discussed above, interpretation of the results should be
made cautiously, since local and global activity may depict
different aspects of cortical activity. We would support fur-
ther consideration of this relationship during physical exe-
cution and observation of a movement. However, we have
compared our results with those of two studies that consid-
ered coherence estimates [Manganotti et al., 1998; Serrien et
al., 2003]. While this indicator is not entirely suitable to
consider nonstationary data with rapidly changing interde-
pendencies [Stam and van Dijk, 2002], alpha band and beta
band activity was contrasted.

The profile of the upper and lower alpha band activity
revealed coupling in the frontal, central, and parietal regions
during observation and action across the premovement and
the movement stages. These findings are consistent with
those of Serrien et al. [2003]. They found a stronger coher-
ence in the contralateral hemisphere than in the ipsilateral
hemisphere for a right-hand visual-manual reaction time
task. EEG coherence increased between the left sensorimotor
area and the frontal (C3-F3, C3-FC3) and parietal (C3-P3)
regions during movement preparation in the 8-12 Hz fre-
quency band. Stam et al. [2002] have shown lower alpha
band decrease in synchronization during the retention phase
of a working memory task. They interpreted this as reflect-
ing attentional processes. This finding supports the point of
view of Klimesch [1996] and Klimesch et al. [1996]. Although
the authors characterized synchronization in terms of local
ERD/ERS effects, they suggested that local desynchroniza-
tion in the lower alpha band is associated with attentional
processes and upper alpha band desynchronization with
semantic memory. The functional meaning of long-distance
coupling in the alpha band is less clear [Stam et al., 2003] but
may provide support for an intentional focus during the




finger movement during both observation and action [see
Wertheim, 1974, 1981].

In the case of beta activity (13-20 Hz and 20-30 Hz), the
greatest synchronization likelihood was seen in the frontal
areas (F3, Fz, F4), motor areas (C3, Cz, C4), and parietal
areas (P3, Pz, P4). This result supports Manganotti et al.’s
[1998] findings. They examined coherence changes during
sequential finger movements in the lower beta frequency
band. They showed that task-related coherence increases
were more important in electrode pairs located in the fron-
tal, central, and parietal areas. Task-related coherence de-
creases were detected for electrode pairs situated in the
temporal, occipital, and prefrontal areas. Beta band coher-
ence changes were also smaller than those of alpha (8-12
Hz), which was also the case in the present study.

CONCLUSION

This study provides support for similar EEG synchroni-
zation patterns in the frequency band 7-30 Hz for execution
and observation of an action not directed towards an object.
The findings also revealed a common cortical profile for the
premovement stages under the conditions of observation
and execution.

The new assessment technique of synchronization likeli-
hood provided a normalized estimate of the dynamical in-
terdependencies between the simultaneously recorded EEG
time series. The increase in SL may reflect interregional
cortical coupling of intricately and hierarchically intercon-
nected networks [Classen et al., 1998]. The largest synchro-
nization likelihood values, found during resting state, sug-
gest that sustained information processing is held during
this state and attenuated when individuals perform a motor
task [Gusnard and Raichle, 2001]. This may reflect a special
role for resting states that are not yet fully understood and
that warrant further investigation.

Finally, while we cannot conclusively provide direct sup-
port for the existence of the mirror system in humans, these
results shed some light on the mechanisms of cognitive
integration in observation and execution conditions.
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APPENDIX

Mathematical Background of
Synchronization Likelihood

Synchronization likelihood (SL) is a measure of the gener-
alized synchronization between two dynamical systems X and
Y [Stam and van Dijk, 2002]. Generalized synchronization
[Rulkov et al., 1995] exists between X and Y of the state of the

response system is a function of the driver system: Y = F(X).
The first step in the computation of SL is to convert the time
series x; and y; recorded from X and Y as a series of state
space vectors using the method of time delay embedding
[Takens, 1981]:

Xi = (Xi,X; + L Xis2x1 Xi43XL- - - /Xi+(m-1)XL) (1)

where L is the time lag and m is the embedding dimension.
From a time series of N samples, N-(m X L) vectors can be
reconstructed. State space vectors Y; are reconstructed in the
same way.

SL is defined as the conditional likelihood that the dis-
tance between Y; and Y; will be smaller than a cutoff distance
1y, given that the distance between X; and X; is smaller than
a cutoff distance r,. In the case of maximal synchronization
this likelihood is 1; in the case of independent systems it is
a small but nonzero number, namely P, This small number
is the likelihood that two randomly chosen vectors Y (or X)
will be closer than the cut-off distance r. In practice, the
cut-off distance is chosen such that the likelihood of random
vectors being close is fixed at P,, which is chosen the same
for X and for Y. To understand how P, is used to fix r, and
r,, we first consider the correlation integral:

I\L N-w
Cr=N(N%—W,J-- |_Z 8(r-1Xi—X1) (2)

i=lj=i+w

Here the correlation integral C, is the likelihood that two
randomly chosenvectors Xwill be closer thanr. The vertical
bars represent the Euclidean distance between the vectors. N
is the number of vectors, w is the Theiler correction for
autocorrelation [Theiler, 1986], and 8 is the Heaviside func-
tion: 8(X) = 0 if X > = 0 and 8(X) = 1 if X < 0. Now, r,is
chosen such that Cr, = P, and 1, is chosen such that Cr,
=P,+. The SL between X and Y can now be formally defined
as:

N-w

L

=i+w

L= e —wip— L
iz

8(rx - 1X1 - X] 1)8(I'y - 1Y1 - Y] 1) (3)

SL is a symmetric measure of the strength of synchroniza-
tion between X and Y (SLxy = SLyx). In Eq. 3 the averaging
is done over all i and j; by doing the averaging only over j,
SL can be computed as a function of time i. From Eq. 3 it can
be seen that in the case of complete synchronization SL =1
and in the case of complete independence SL = P, In the
case of intermediate levels of synchronization P, < SL < 1.
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