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The observation of actions executed by others results in desynchronization

of electroencephalogram (EEG) in the alpha and beta frequency bands

recorded from the central regions in humans. On the other hand, mirror neur-

ons, which are thought to be responsible for this effect, have been studied only

in macaque monkeys, using single-cell recordings. Here, as a first step in a

research programme aimed at understanding the parallels between human

and monkey mirror neuron systems (MNS), we recorded EEG from the

scalp of two monkeys during action observation. The monkeys were trained

to fixate on the face of a human agent and subsequently to fixate on a target

upon which the agent performed a grasping action. We found that action

observation produced desynchronization in the 19–25 Hz band that was

strongest over anterior and central electrodes. These results are in line with

human data showing that specific frequency bands within the power spectrum

of the ongoing EEG may be modulated by observation of actions and therefore

might be a specific marker of MNS activity.
1. Introduction
The mu rhythm is an electroencephalogram (EEG) oscillation within the alpha

band range of 8–13 Hz recorded over central scalp locations. Suppression of

power in this frequency band over central sites is thought to occur during

action execution and observation of action [1–5]. This rhythm desynchronizes

(i.e. decreases in amplitude) over sensorimotor areas during preparation,

execution or imagination of movement or during somatosensory stimulation

[6–9]. Particular attention has recently been paid to the mu rhythm as it is

thought to provide a non-invasive tool that could be used to tap into

neural responses related to the putative mirror neuron system (MNS) in

humans [4,10–13]. However, most of our knowledge about the MNS comes

from neurophysiological studies conducted with macaque monkeys, using

single-unit recording in the ventral premotor cortex (area F5) [14–16]. Sub-

sequent studies in the posterior parietal cortex (area PFG), an area

anatomically connected with F5, found visuomotor neurons endowed with

similar mirror properties [17–19]. Only one study in humans, using patients

with epilepsy, has recorded single-cell activity finding mirror properties in

areas (mesial cortex, entorhinal cortex and the parahippocampal region) that

are not considered to be part of the classical MNS [20]. Thus, the nature of

mirror neurons in humans within the parietal and frontal regions remains

an open question. Owing to the invasive nature of this recording technique,

direct evidence of the existence of MNS in humans is still lacking.

Our understanding of the nature and properties of mirror neurons rests

primarily on the adult macaque monkey model. In contrast to the large body of

http://crossmark.crossref.org/dialog/?doi=10.1098/rstb.2013.0415&domain=pdf&date_stamp=2014-04-28
mailto:gino.coude@nemo.unipr.it
http://dx.doi.org/10.1098/rstb.2013.0415
http://dx.doi.org/10.1098/rstb.2013.0415
http://rstb.royalsocietypublishing.org
http://rstb.royalsocietypublishing.org


rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

369:20130415

2
research in humans [6,7,10–13], scalp-EEG recordings are

seldom performed with monkeys, and only a few research

studies are available. Early reports on the characteristics of

scalp-EEG in adult macaques, however, suggest that the baseline

spontaneous dominant rhythm is around 10–12 Hz [21,22], a

frequency comparable to that observed in adult humans [23].

The main evidence for oscillatory activity of the motor

and somatosensory cortex has been derived from local field

potentials (LFPs) recorded from electrodes inserted into the

cortex of non-human primates. In an early study, Murthy &

Fetz [24] described bursts of activity in the 25–35 Hz

frequency band from the motor and somatosensory cortices

that appeared to occur during movements in which the

monkey relied on tactile and proprioceptive information

during exploration to find a raisin. However, the experimen-

tal design lacked precise timing for the actions, and the

correlation between the frequency bursts and the monkey

behaviours was not conclusive.

Sanes & Donoghue [25] measured LFPs from the motor

cortex of two monkeys trained on a motor task and maintain-

ing precise timing of the animal’s behaviour. They found that

bursts of 15–30 Hz were most prominent while the monkey

was waiting for the go-cue to perform the motor action and

that the onset of the action resulted in a desynchronization

in the 15–30 Hz activity that returned to baseline once the

action was complete, and the monkey was still again. This

study suggests that the 15–30 Hz frequency band may reflect

a ‘resting’ state of the motor system [26] that is desynchronized

during task performance.

In these studies [24–26], LFP activity was band-pass

filtered from 10 to 100 Hz preventing the analysis of slower,

alpha band, activity. One study examined the spectrum of cor-

tical activity in baboons [27]. Recording electrocorticogram

(ECoG) from the somatosensory and parietal cortices while

the animals were able to move freely, the researchers identified

two rhythms that were synchronized while the animals were

still and desynchronized during movements. Consistent with

the studies reported above [24–26], activity in 18–27 Hz

measured over the motor cortex was most prominent, whereas

power in the 10–15 Hz band in the inferior parietal lobe (IPL)

was maximal during periods of inactivity. Interestingly, the

location and activity of these rhythms mirrored recent find-

ings by Ritter et al. [28], who recorded simultaneous EEG

and functional magnetic resonance imaging while human

adults performed movements of opening and closing of their

hands. They found that desynchronization of the mu rhythm

correlated with the blood oxygen level-dependent response

in the posterior IPL and rolandic beta desynchronized in the

posterior bank of the somatosensory cortex.

All of these studies measured motor and somatosensory

cortical activity during the execution of movements, but

none measured LFPs or ECoG from monkeys observing

actions. These studies suggest a remarkable correspondence

in the neural activity (both in the frequency bands and the

desynchronization during movement) between non-human

primates and humans.

As a first step in bridging the knowledge gap between

EEG during action observation that is recorded from the

human scalp and the extensively studied MNS in macaques,

we sought to determine whether an analogue of human EEG

is recordable on the scalp of the adult rhesus macaque, and

whether it was possible to modulate macaque EEG response

through action observation.
2. Materials and methods
(a) Animals and surgical procedures
Two captive-born and individually housed adult female rhesus

macaques (Macaca mulatta) served as subjects (M1 and M2). All

experimental protocols were approved by the Ethical Committee

for Animal Research of the University of Parma and by the

Superior Institute for Health (last appraisal no. 2783, 26 January

2010). The authorization for conducting our experiments was

confirmed by the Animal Health and Veterinary Medication

Division of the Department of Public Veterinary Health, Nutri-

tion and Food Safety of the Italian Ministry of Health (permit

by ministerial decree no. 6/99-A, 29 January 1999; last renewals

nos. 54/2010-B, 55/2010-C, 18 March 2010). The monkeys were

housed and handled in strict accordance with the recommen-

dations of the Weatherall Report about good animal practice.

The well-being and health conditions of the animals were con-

stantly monitored by the institutional veterinary doctor of the

University of Parma.

A titanium head post (Crist Instrument, Hagerstown, MD) was

surgically implanted on the skull using titanium screws. For this

procedure, each animal was deeply anaesthetized with ketamine

hydrochloride (5 mg kg21 i.m.) and medetomidine hydrochloride

(0.1 mg kg21 i.m.) and its heart rate, temperature and respiration

were carefully monitored and kept within physiological range.

Pain medication was routinely given after surgery.
(b) Behavioural procedures
Each monkey was seated facing a table (60� 60 cm) onto which

two small objects (two metallic cubes that served as the target

objects) were placed out of reach; one on the right, and one on the

left side. The experimenter (hereafter called agent) sat at the other

end of the table in front of the monkey with his right hand resting

on a central platform located on the table between the two targets.

The monkeys were previously trained to orient their gaze across

two different fixation windows. The first window (158 � 158)
was located on the agent’s face (face window) and the second

(228� 228) on either the left or right target object (target window).

The experimental set-up and the task are illustrated in figure 1.

The monkey had to keep her hand on a handle embedded in the

table during the whole task trial, including the baseline. A task

trial began only if the monkey’s hand was in contact with the

handle for at least 1000 ms (figure 1a), at which point an LED

instructed her to fixate the first window (face window; figure 1b).

After 500 ms, the agent on cue shifted his head/gaze towards

either the left or the right target object location (figure 1c). After

500 ms, a laser point instructed the monkey to shift her gaze to the

same target object location (the target window) and to maintain

her fixation in that second window for 1000 ms (figure 1d). While

the monkey was fixating the target object, the agent was instructed

to grasp the target object with his right hand (figure 1e). A juice

reward was delivered after 200–300 ms if the monkey correctly

fixated the windows for the established period of time. In order to

keep artefacts, owing to hand movements to a minimum, the

monkey was required to keep the hand, in a resting position, on

the handle throughout the entire trial to get the reward. The release

of the handle resulted in the trial being automatically aborted.

Although other stimuli have been presented to the monkeys,

using the above-described experimental protocol, in this study,

we are presenting only the most relevant data for the purpose

of the study: observation of grasping.
(c) Data recording
A custom lycra EEG cap (Electro-Cap International, USA)

was made and fitted with 14 tin electrodes. The electrode layout

is illustrated in figure 2. Impedances were below 20 kV. EEG was
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Figure 1. Task and fixation windows. (a) The monkey and the agent are holding their hand on the table. (b) The monkey receives the instruction to fixate on
a space window around the agent’s face (face window). (c) The agent shifts his gaze towards the target object that could either be on the left or the right side.
(d ) The monkey receives the instruction to fixate on a space window around the target object (target window). (e) The agent grasps the target object. ( f ) The
monkey receives a liquid reward if she successfully oriented her gaze in the correct windows throughout the task. The red squares indicate in which fixation window
(face window or target window); the monkey was required to orient her gaze.
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Figure 2. Electrode position on the scalp. Thirteen electrodes were placed
approximately above the frontal, central and occipital cortices and were
labelled anterior, central and posterior, respectively.
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band-pass filtered from 0.1 to 100 Hz prior to recording (James

Long Company, USA) and digitized at a rate of 40 kHz (and

down sampled to 1000 Hz offline) recorded using an Omniplex

recording system (Plexon, USA). Eye movements were monitored

throughout the experiment using a customized eye tracker (Univer-

sity of Tuebingen, Germany) equipped with a charge-coupled

device camera (model ZC-F11CH4; Ganz, USA). The pupil was lit

with infrared LEDs. The fixation task, including window size, dur-

ation, reward, etc., was computer-controlled though a customized

LABVIEW program (National Instruments, USA).
(d) Data pre-processing and artefact editing
All pre-processing and subsequent analyses were carried out in

MATLAB (R2013A; Mathworks, USA). Continuous EEG data

from each day of recording (four total days for each monkey)

were first baseline corrected, and forward/reverse Butterworth

filtered (2–40 Hz pass band, 0.1–50 Hz stop band, 10 dB attenu-

ation and 3 dB maximum ripple). An additional 49–51 Hz notch

filter with 20 dB attenuation was also applied in order to remove

any residual 50 Hz line noise present in the data. For each

monkey, a list of channels containing spurious data (owing to

electrical/mechanical failure during recording) was identified,

and removed from further analysis. Continuous data from the

remaining channels were then average referenced and segmented

into epochs containing each individual trial. Each trial epoch was

chosen to retain the interval beginning 700 ms prior to the end

of the baseline, and ending 500 ms after the event of interest,

which corresponded to the moment of contact between the

experimenter’s hand and the target object.

In order to remove trials with significant movement-related

artefact, a threshold of 650 mV was chosen for both monkeys.

Trials in which more than one channel exceeded this threshold

were dismissed. Excluded from this criterion were the two

most anterior channels positioned closest to the eyes. Because

the eye movements of the monkey were built into the experimen-

tal design, and thus present on every trial, we could not exclude

trials based on the presence of eye-movement artefact (we chose,

instead, to remove this artefact via independent components

analysis (ICA), as described below). For M1, this threshold pro-

cedure resulted in a pool of usable data consisting of 82 total

trials containing more than 50% of the original data. For M2,

we retained 74.66% of the original data, resulting in a usable

pool of 79 trials.
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Figure 3. Mean ERD for the anterior, central and posterior groups of electrodes for (a) M1 and (b) M2. Only the three most sensitive frequency bands are shown.
*p , 0.05, Tukey’s HSD.
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As noted above, the presence of eye-movement-related arte-

fact was a potential confound which was addressed via an

ICA-based approach using the FastICA algorithm developed

for MATLAB by Hyvärinen [29]. For each day of recording, the

pool of trials that remained after thresholding was concatenated

and input into the algorithm. Of the resultant ICA components

for each day, two were identified which contained the eye move-

ments. This identification was made possible because of the precise

timing of eye movements at the end of the first fixation interval

(face window) on each trial, which was built into the experimental

design. Time series for each of these components contained a high-

amplitude/low-frequency (saccade-like) waveform that peaked

within the 300 ms following the end of the fixation interval,

during which the monkey made a saccade towards the target

object, on approximately half of the trials. The first component

was weighted most heavily at the left anterior-most anterior chan-

nel, whereas the second was weighted most heavily at the right

anterior-most anterior channel, and indeed, we confirmed that

the first of these contained the saccades which the monkey made

to the left, whereas the other contained the saccades made to the

right. Additionally, on most trials, each component contained a

saccade-like waveform at the end of the baseline interval corre-

sponding to the onset of fixation, as well as an eye movement in

the interval following the observation of the grasp/object–contact.

Thus, the removal of these components allowed us to reduce the

effects of the monkeys’ eye movements in the baseline, post-fixation

and grasp intervals of our data.

(e) Fast Fourier transform-based event-related
desynchronization analysis

In order to test for differences in event-related desynchronization

(ERD) across scalp locations, we computed ERD in each of three

frequency bands (7–13, 13–19 and 19–25 Hz) for each trial/chan-

nel. The ERD compared spectral power in the 500 ms interval

centred on the event of interest (the contact between the exper-

imenter’s hand and the target object), to power in the first

500 ms of the baseline interval. For each trial, EEG data during

the intervals to be compared were segmented, and Fourier coeffi-

cients for each interval were obtained via Fast Fourier transform.

Our choice to compare 500 ms intervals resulted in frequency

bins with a bandwidth of 2 Hz. ERD at each resultant frequency

bin was computed in dB units, i.e. ten times the log (log10) ratio

of power in the grasp interval and power in the baseline. Thus,

large negative ERD scores reflect strong desynchronization with

respect to baseline, whereas strong positive ERS scores reflect rela-

tive synchronization. ERD was then averaged over frequency bins

contained in our specified frequency bands (7–13, 13–19
and 19–25 Hz). In total, this procedure resulted in grasp versus

baseline ERD scores in each band, for each channel on each trial.

In order to assess differences in ERD topography, ERD in

each band was averaged within three disjoint sets of channels

(figure 2) corresponding to anterior (A1, A2, A3, A4), central

(C1, C2, C3, C4, C5 and C6) and posterior groups (P1, P2, P3).

These channel-group-averaged ERDs were then compared

across grasping observation trials via balanced ANOVA for each

band using the MATLAB statistical toolbox.
3. Results
(a) Event-related desynchronization topography
We compared ERD magnitudes for grasping observation trials

across anterior, central and posterior electrodes separately for

each frequency band via one-way balanced ANOVA. For M1

(figure 3a), the comparison of mean ERD for the three

groups of electrodes shows significant differences (F2,243¼

5.14, p , 0.01) only for the 19–25 Hz frequency band. Post

hoc comparisons revealed that for this band, anterior ERDs

(mean¼ 3.04, s.e. ¼ 0.54) are stronger than the posterior ERDs

(mean¼ 0.69, s.e. ¼ 0.52; Tukey’s HSD, p , 0.05). For M2

(figure 3b), the three groups of electrodes show significant differ-

ences for the 7–13 Hz (F2,234¼ 6.17, p , 0.01), the 13–19 Hz

(F2,234 ¼ 15.66, p , 0.01) and the 19–25 Hz frequency

bands (F2,234 ¼ 28.84, p , 0.01). Follow-up comparisons

showed that the anterior ERDs for 19–25 Hz frequency band

(mean¼ 26.5, s.e. ¼ 0.54) are stronger than the central

(mean¼ 23.73, s.e. ¼ 0.41), which, in turn, are stronger

than the posterior (mean¼ 21.36, s.e. ¼ 0.48; Tukey’s HSD,

p , 0.05). Likewise, in the 13–19 Hz band, we observed anterior

ERD (mean¼ 26.3, s.e. ¼ 0.5) stronger than central ERD

(mean¼ 24.19, s.e. ¼ 0.48), which, in turn, are stronger

than posterior ERD (mean¼ 22.3, s.e. ¼ 0.53; Tukey’s HSD,

p , 0.05). Finally, in the 7–13 Hz band, we observed anterior

ERD (mean¼ 24.17, s.e. ¼ 0.53) stronger than posterior

(mean¼ 21.72, s.e. ¼ 0.48).

The results described above demonstrate that grasping obser-
vation ERD is distributed along a clear antero-posterior gradient

in which the anterior and central electrodes are the most sensi-

tive, especially for the 13–19 and 19–25 Hz bands. To further

visualize this topographic specificity of EEG suppression,

ERD is plotted across five groups of electrodes defined accord-

ing to their scalp position along the antero-posterior axis
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Figure 4. Topographic view of ERD for grasping observation along the antero-posterior axis for (a) M1 and (b) M2. A1 – A2, C1 – C2 and P1 indicate the anterior,
central and posterior groups of electrodes along this axis, respectively. The 7 – 13, 13 – 19 and 19 – 25 Hz bands are all shown.
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(figure 4a,b). The ERD topography obtained for these groups

illustrates the fact that desynchronization for each band is clearly

not evenly distributed on the scalp, but rather, falls off from

anterior to posterior scalp locations.

Our experimental protocol required the monkeys to keep

their right hand on a handle throughout the whole EEG

recording trials (§2a). To verify that the ERDs obtained during

action observation were not confounded by clenching the

handle or doing other putative hand movements, we recorded

the electromyogram (EMG) activity of the flexor digitorum
superficialis muscle during a control session using the same

experimental protocol described above. The results shown in

the electronic supplementary material, figure S1, indicate that

no hand movements were made during the EEG recordings.
4. Discussion
To the best of our knowledge, this work is the first to report

action observation-induced ERD in adult monkey-scalp-

recorded EEG. We found ERD at the 19–25 Hz frequency

band sensitive to the observation of actions. This effect was

stronger in anterior-central regions compared with the pos-

terior ones. This band resembles both the spectral and

topographical characteristics of the beta rhythms (around

20 Hz) identified in humans which have demonstrated sensi-

tivity to the observation of others’ actions [3,11,13,30–33].

Our interpretation of these data is enhanced by the exper-

imental design making it unlikely that the findings are a

function of attentional differences, or the result of overt

motor responses. Throughout the experiment, the monkeys

were required to keep their arms and bodies still by keeping

their hand in a rest position over a handle located on the

table in front of them. By recording the EMG of the hand

flexor muscles ( flexor digitorum superficialis), we confirmed

that during the observation of the task the monkeys were

not involved in any active hand movement. In addition, care-

ful eye tracking of the monkeys’ gaze ensured that fixation on

the target was maintained and consistent across conditions. If

the animals shifted their gaze away from the stimuli or
moved their hand during a trial, then they were not

rewarded, and the trial was excluded from analysis. Thus,

the differential suppression of the signal recorded in the

19–25 Hz bands is probably due to the goal-directed move-

ment of the hand, suggesting that these frequency bands

are sensitive to the observation of biologically meaningful

events and may reflect the activation of specific cortical net-

works. Similar to the suppression recorded with EEG in

humans, the specific ERD described here in the beta bands

might reflect processing of information related to others’

actions [4,11,30], which is known from monkey single-cell

recording to involve premotor and parietal areas [14–19].
(a) Event-related desynchronization topography
Our data revealed stronger ERD over the anterior and central

electrodes compared with the posterior ones. For both monkeys,

the anterior and central electrodes were the most sensitive to EEG

activity modulation during action observation in the 13–19 and

19–25 Hz bands. This topographic differential sensitivity of

ERD has its parallel in the human data where both the alpha

and the beta bands desynchronize during the observation of

others’ actions. In particular, action observation affects the

rolandic rhythms recorded in central electrodes in humans

[3,10,11,13,30–34]. Within the rolandic rhythm there are, at

least, two components whose spectral peaks are described

around 10 and 20 Hz [35,36]. This pattern of activation in

humans, generally acquired via magnetoencephalography, is

interpreted as reflecting a frontoparietal network of sensorimotor

rather than visual processing of an occipital network [1].

The sources of these two spectral peaks have been

suggested to be different. The alpha component has its

generator in the somatosensory cortex, whereas the beta in

the motor cortex [35,36]. In our study, we found that the

20–25 Hz band is the most sensitive in both monkeys, and

the magnitude of suppression is more robust in the anterior

and central electrodes. Other work in humans has shown

that during action observation, frequency bands within this

range show similar desynchronization [3,11,30,34,37] in central

electrodes while subjects are observing others’ behaviour. It is
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possible that this band is analogous to the human beta band

and that activity in this band may reflect the activation of

the motor cortex occurring while observing actions performed

by others. This result is also compatible with the idea that the

observation of hand grasping actions recruits mirror neuron

populations in the posterior parietal lobe, the ventral premotor

cortex and as recently demonstrated, in the primary motor

cortex [17,38,39]. Therefore, under the current experimental

conditions, this frequency band could be considered an

indirect correlate tapping the activity of the mirror mechanism.

Recent work in newborn monkeys has shown that lower

frequency bands recorded over frontal electrodes are sup-

pressed during the observation and execution of facial

gestures [40]. However, the frequencies sensitive to this set

of stimuli were within the 5–6 Hz band; similar to the

human alpha in infancy and consistent with developmental

findings of the human infant mu rhythm. Clearly, further

analysis is warranted to assess possible longitudinal changes

in EEG frequency bands in the monkey.

While the data between the two monkeys are congruent,

there are also differences. One monkey (M1) had greater sup-

pression only over the central electrodes, whereas the other

(M2) had significant suppression in the same frequency

bands in both the anterior and the central electrodes. Further-

more, in M2, the 13–19 Hz band also has significant

desynchronization, whereas this is not present in M1.

Single-cell studies in monkeys showed that neurons in F5

and PFG can code different aspects of an action: the type of

grip and the overall goal of the action, transcending the

motor specifics [17,41–45]. Such responses have been inter-

preted in terms of how the motor cortex is hierarchically

organized in order to allow an agent to visually guide move-

ments in space to reach [19,46–48]. The capacity of mirror

neurons to code the goal of an action suggests that in the

parietal–frontal cortical networks, actions (both executed or

observed) can be coded at a more abstract level, independently

from the specific dynamics and kinematics of the movements.

The current findings indicate that the 19–25 Hz band is sensi-

tive to movement directed at a target when it is performed

with a biological effector.

Future experiments are required in order to clarify impor-

tant issues, which are critical in mirror neurons research. It is

important to determine if the moving hand alone, miming

the action (but with no target to grasp) is a sufficient stimulus

to elicit EEG desynchronization. It is known from single-cell
studies that mirror neurons do not respond to mimed actions,

although a weaker response can be often present. It is possible

that with EEG recordings, the observation of biological move-

ments devoid of the target–object, which is known to involve

temporoparietal–premotor networks, could produce EEG

changes similar to those reported during observation of

goal-directed movements. The work in humans has shown

that meaningful and meaningless movements can induce

desynchronization of the alpha rhythm [3,8,10,37]. Related

to this point, it would be interesting to investigate whether

actions with a tool, or objects moving with a biological kin-

ematics towards a goal, are capable of eliciting a similar

desynchronization.
5. Conclusion
The relation between the scalp-EEG signals we present here

and the underlying activity of the mirror neuron system

should be interpreted with caution. First, a key component

of the mirror neuron system is its activation during the pro-

duction of goal-directed actions. In our study, we were

unable to analyse the data during action execution owing

to excessive artefact contamination. Therefore, we cannot

compare the ERD found in this experiment during action

observation with the activation of the motor cortex.

Second, the position of the head-post prevented placement

of electrodes over the parietal cortex resulting in limited

scalp coverage. In humans, the rolandic rhythms are

observed in central and parietal electrodes, and the greater

anterior desynchronization in the macaque may represent

a different pattern of scalp activity in response to mirror

neuron system activation.

Finally, the ability to measure scalp-EEG from an adult

macaque while they observe goal-directed actions is only

the first step in bridging the relationship between the firing

of mirror neurons and the activity observed at the scalp.

Future studies are needed to link the two signals through

simultaneous recordings of single-cell and scalp-EEG.

All experimental protocols were approved by the Ethical Committee
for Animal Research of the University of Parma and by the Superior
Institute for Health (last appraisal no. 2783, 26 January 2010).
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