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Abstract

Since the discovery of mirror neurons (MN) in the monkey there has been a renewed interest in
motor theories of cognitive and social development in humans providing evidence for an action
observation/execution matching system. It has been proposed that this system plays a fundamental
role in the development of complex social and cognitive behaviors such as imitation and action
recognition. In this review we discuss what is known about MNs from the work using single-cell
recordings in the adult monkey, the evidence for the putative MN system in humans, and the
extent to which research using electroencephalography (EEG) methods has contributed to our
understanding of the development of these motor systems and their role in the social behaviors
postulated by the MN hypothesis.
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Introduction

Since the discovery of mirror neurons (MN) by Rizzolatti and colleagues [17, 22, 29, 65],
there has been a renewed interest in motor theories of social development [13, 26, 28, 30,
31, 64]. Prior to the description of MN , theories of the role of motor action on cognition
were dependent upon internalizing the motivations, goals, and desires of others’ actions
through one’s own actions and interactions with the world [47, 72, 77] and were based on
behavioral observation as the neural mechanisms through which information was
internalized were poorly understood. The discovery of MNs provided a potential
explanatory path for these theories . The proposal put forth by this theory is that when an
individual observes an action the same cortical network involved in execution of that action
is activated. This matching system has been hypothesized to serve action recognition
through the activation of an internal motor knowledge of an action via the visual or auditory
description of the action, therefore, because the observer "knows" the outcome based on his
or her own motor representation, he/she gains a direct and embodied understanding of the
actor’s goal. This has led many to propose that the MN system may underlie the
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development of complex socio-cognitive and behavioral processes such as action
understanding, imitation, and empathy [23, 31, 63, 66].

In this review we first discuss the characteristics of MNs as evidenced by single-cell
recordings made in adult rhesus macaques and highlight the hypotheses that have been
proposed by this evidence. Because of the invasive nature of single-cell recording, there is
limited evidence for MNs in the human motor cortex. However, there is converging
evidence from functional imaging (fMRI) electroencephalogram (EEG) and
magnetoencephalogram (MEG) studies which strongly supports the existence of a human
MN system. Finally, in the latter part of this paper we discuss the issue of development of
the MN system and we review current evidence linking a cortical matching mechanism,
measured with EEG methods and the activity of MNs, as it is usually assessed with single-
cell recordings. Although this relation has never been investigated, we will critically
evaluate the evidence of such a link based on the current literature and on the recent
developmental work on EEG signal changes in early infancy in relation to action perception
and execution.

Mirror Neurons in the Monkey

The incidental discovery of MNs was accomplished through the use of single-cell
recordings. By trying to understand at a neurophysiological level how monkeys perform
simple grasping actions, di Pellegrino and colleagues [17] noticed that the neurons they were
recording from were activated when the monkey observed an experimenter executing
grasping actions. The researchers were focusing their study on area F5 of the monkey
premotor cortex (see Figure 1), a region dominated by neurons activated during goal-
directed hand movements. Their discovery suggested that the premotor cortex was not solely
involved in action execution, but also contributed to visual processing of motor actions
performed by others suggesting an observation/execution matching system based on the
activation of an internal motor representation of actions.

The primary feature of MNs is their activation during both the execution and observation of
actions. One of the main properties of MNs is the congruence between the effective
executed and observed action. This pattern of firing activity has been interpreted as
providing a functional mapping of the perceptual aspects of the actions of others onto the
observer’s motor representation of that action. As a consequence, neural mirroring allows
the observer to have a direct, automatic, effortless "understanding” (an understanding from
‘within’) of the actions of others [28, 63, 67].

Subsequent studies reported additional response properties of MNs. For example it was
found that some F5 MNs exhibit remarkable generalization properties. Notably, they
responded to the same action executed with different effectors, e.g. grasping with the hand
or grasping with the mouth [22, 66], to the sound associated with familiar actions [38] and
even to partially occluded actions that can be ‘inferred’ only from their initial motion path
[75]. Together these findings prompted the idea that MNSs can visually describe the goal of
an action by exploiting inputs of different sensory information or even when part of the
visual information is lacking.

In addition to area F5, neurons with mirror properties were also found in area PF/PFG of the
inferior parietal lobule (IPL) [27, 68]. The visual responses of a subset of IPL MNs were
investigated and findings suggested that their discharge is modulated by the final goal of the
action (placing or eating) in which the grasping was embedded during both observation and
execution [6, 27]. Fogassi and colleagues [27] suggested that this pattern of response reflects
the monkey's prediction about the final goal, with the possible specific cognitive role of IPL
MNs in encoding the intentions of the actor.
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In the last decade several other studies on the properties of mirror neurons have been
collected from other labs demonstrating that their neuronal discharge can be modulated by
several factors such as the viewpoint under which an action is observed [9], the space in
which an action is observed (peripersonal or extrapersonal space) [10], and the reward value
the target object [8]. Other studies demonstrated that after months of sensorimotor training
with a tool some neurons in the premotor and primary motor cortex showed mirror
properties specific for the tool [24, 74]. Together these findings suggest that sensorimotor
experiences influence MN discharge making this mechanism plastic in relation to individual
experiences.

In addition to hand MNs another important class of MNs are those for mouth actions and
mouth facial gestures. Ferrari, Gallese, Rizzolatti, & Fogassi [22] identified MNs involved
in a number of different mouth actions related to ingestive actions. The most exciting
finding was that a subset of the mouth MNs activated for observation of communicative
gestures (e.g. lip smacking). This class of MN may have its greatest impact when
considering their function in humans, specifically as it relates to their involvement in
communication and emotional understanding, which are social behaviors that rely heavily
on interpreting oro-facial movements [13]. In fact the capacity to activate shared
representations of emotional face expressions may support emotional contagion responses
involving motor, somatosensory, and affective components that facilitate the automatic
reproduction of the affective states of others’ (see [35] for a review).

As we will discuss in the next section, there is considerable evidence that suggests humans
have a MN system that is structurally and functionally similar to that of the monkeys’,
however, many of the features of MNs have yet to be characterized in humans and there
remains conflicting evidence in some of the domains.

Evidence for Mirror Neurons in Humans

The invasiveness of single-cell recordings has generally precluded its application to research
with humans. This has led some scholars to doubt that a similar system could be present in
humans. Only one study using single-cell recordings in humans found mirror responses to
facial gestures in supplementary motor area (SMA), entorhinal cortex and parahippocampal
gyrus [51]. The properties of these neurons have been characterized under only a few
experimental conditions making the interpretations of their firing inconclusive and further
exploration is required.

Several methods such as functional neuroimaging (fMRI) and changes in sensorimotor alpha
(or mu) of the electroencephalogram (EEG) and magnetoencephalogram (MEG) have been
successful in identifying neural activity associated with the execution and perception of
biologically meaningful stimuli. Functional neuroimaging studies have shown that during
the observation and execution of actions a cortical network is activated formed by the
posterior part of the inferior frontal gyrus (IFG), the premotor cortex (PM), and the inferior
parietal lobe (IPL) [7, 18, 34, 42]. The cytoarchitecture of each of these regions is believed
to be the human homologue of the monkey regions associated with the MN circuit (see
Figure 1).

A recent meta-analysis on 125 fMRI studies confirmed the results of an increasing number
of investigations showing a consistent pattern of activation of the IFG, PM and IPL. These
areas are central to processing action observation and execution [49]. The recruitment of
other areas such as the cerebellum and the limbic system suggest that additional areas not
strictly related to motor functions are probably involved in integrating the affective
components accompanying an action.
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Electroencephalography as a tool to investigate the MN system

Neuroimaging studies have contributed significantly to identifying the structures involved in
the human MN system, but the sensitivity to movement and the cost has limited its broader
use, especially in developmental studies with infants and young children. Examining the
reactivity of the sensorimotor alpha (or mu) rhythm of the EEG and MEG has expanded our
understanding of a number of critical features of the human MN system.

In 1954, Gastaut and Bert [32] were the first to describe the mu rhythm. They observed
desynchronization of mu amplitude associated with the onset of films depicting biological
motion (e.g. a bike race, boxing, or a funeral), and that the magnitude of desynchronization
was related to the amount of identification the participant had with the actor on the screen.
Although their descriptions were qualitative in nature, the effect of mu desynchronization to
the observation of human motion described by this study has been replicated by several
investigations [14, 15, 33, 45].

Pfurtscheller and colleagues [61] identified the characteristics of hand and foot mu rhythm
desynchronization in adults performing repetitive movements. They noted a
desynchronization in 10Hz prior to onset of motion and then synchronization 2 seconds
following movement in lateral central electrodes (C3/4) for the hand and fingers and medial
central electrode (Cz) for the foot [4, 61]. The central electrodes are on scalp locations above
the sensorimotor cortex and roughly reflect a somatotopic organization.

Indeed a number of studies have shown equivalent desynchronization for execution and
observation of hand movements [36, 39, 52, 54]. And studies by Muthukumaraswamy and
colleagues showed mu rhythm desynchronization only to goal-directed hand movements,
showing modulation of the mu rhythm to the goal, rather than the action itself [52, 54].
However, additional research has shown that non-goal directed actions devoid of a target
desynchronize the mu rhythm [4, 36, 61]. Although the goal-directedness of the movement
may modulate the mu rhythm, it is not a prerequisite for the suppression effect.

The mu rhythm responds to many of the same types of stimuli that were tested in the
monkeys beyond observation/execution matching. Desynchronization of mu has been shown
as a result of: (a) action related auditory stimuli [41]; (b) oral ingestive and communicative
gestures [53]; (c) positive and negative emotion faces [50]; and (d) abstract motion stimuli,
including robatic actions [58] and point-light biological motion [44, 73]. Taken together
these data suggest that, in addition to basic observation/execution matching, the mu rhythm
may be sensitive to the goals of actions across modalities. The study of the EEG
desynchronization during action observation has also been used to investigate the role of
experience and learning in modyfing the activity of the mirror system. In humans this has
been studied extensively by examining mu activity during actions observed by specialists
and non-specialists. For example, studies contrasting dancers versus non-dancers observing
dance movements show greater desynchronization in the dancers familiar with the dance
movement [60]. Moreover, evidence shows that activation of the action observation/
execution matching system improves athletes’ ability to understand the outcome of their
sport related actions sooner and more accurately than the non-athletes [1]. These studies
parallel those obtained with fMRI investigations showing that the MN areas are more active
during the observation of a movement that has been specifically learned during one's own
professional training, such as in dancing [11, 12]. Together, these findings suggest that
motor experience modifies internal motor representations and the related neural networks
involved in processing sensorimotor control.

The assumption that the mu rhythm reflects activation of the MN system has been further
supported by studies using both EEG and functional MRI [3]. The results clearly showed
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that during action observation mu desynchronization correlated with activity in the IPL and
other areas associated with the MN system [37], such as the supplementary motor area and
the dorsal premotor area. These data suggest that the mu rhythm could be considered a
neural signature of the MN system.

The use of these noninvasive methods has provided converging evidence for a human MN
system. They also offer an opportunity to measure MN activity in different populations and
under different conditions to begin to better understand the role of MNs in typical and
atypical development as well as more complex social behaviors such as imitation and
empathy.

Development of the MN System

In the last few years MN research has taken several directions but one of the most exciting
and inevitable questions that has been raised is how MNs emerge ontogenetically. This
represents a formidable challenge in brain research because this knowledge bears empirical
and theoretical implications in the way environmental and epigenetic factors contribute to
shape neural networks involved in the processing of social information. Furthermore, this
issue is even more compelling when considering therapies/preventive interventions targeting
the social/cognitive impairments that are associated with MN functioning. The relevance of
this topic has also led several scholars to debate the possible function of MNs in imitation
and action recognition. It is therefore of utmost importance to monitor the emergence of
MNs in the course of infant development and to establish to which extent behavioral and
cognitive changes are associated and parallel modifications in their activities.

A growing body of evidence derived by means of behavioral studies (for a review see [13,
26, 40]) and more recently by electrophysiological studies [25], described below, is
supporting the presence of a mirror mechanism in the very early stages of development. By
means of EEG recordings of the mu rhythm in infancy it is now feasible to track
developmental changes of the action observation/execution matching mechanism.

The mu rhythm is characterized by frequencies that fall within the range of the alpha
rhythm, however, the alpha rhythm is not static but changes developmentally. Marshall, Bar-
Haim, & Fox [43] have shown that the alpha rhythm steadily increases in frequency over
infancy and early childhood. Moreover, their data suggest that the mu rhythm follows a
similar developmental trajectory with peaks at 5 or 6Hz in 5-month-old infants that increase
to 8Hz in 2-year-olds and reach approximately adult frequencies (9 to 10Hz) by 4 years of
age. Lepage and Theoret [39] examined mu rhythm activity during the execution and
observation of a precision grip in 4- to 11-year-old children. They found desynchronization
to both execution and observation condition in 8-13Hz, frequencies similar to that reported
in the adult literature, confirming the finding by Marshall and colleagues [43].

Although the development of the mu rhythm is still poorly understood, it is possible that the
changes occurring in the course of ontogeny reflect several events occurring in the child’s
brain and in the refinement of the sensorimotor system. It is therefore plausible that learning
processes may affect the mu rhythm. Based on the MNs’ hypothesized function in action
understanding, the system is sensitive to others’ behavior when the motor representations of
those behaviors are developed. In fact, behavioral evidence has confirmed that the capacity
to understand the actions of others depends on the motor experiences of the infant [69].

Electrophysiological evidence for the association between the developing motor repertoire
and action understanding is only beginning to emerge. In a study of 14- to 16- month-old
infants van Elk and colleagues [76] recorded EEG while infants observed other infants
walking or crawling. They found greater desynchronization in the mu rhythm for
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observation of crawling compared to walking and the magnitude of desynchronization was
significantly correlated with the amount of crawling experience the infants had. While the
understanding of the action was not directly assessed, these data show that the mu rhythm is
sensitive to the level of experience an infant has had with an action or its goals.

The majority of research examining the mu rhythm has employed reaching behaviors as
stimuli and young infants are still developing reaching behaviors [21]. Nevertheless, a
number of studies have examined observation of grasping behaviors in infants as young as 8
months [56, 70, 71]. Nystrom and colleagues [56] found desynchronization during the
observation of goal-directed grasps in 8 month olds in the 6-8 Hz frequency band, but did
not collect data on execution of grasps.

Southgate and colleagues replicated Nystrom and colleagues’ [56] findings in 9 month olds.
They also collected EEG data while the infants completed grasps and so they were able to
fully characterize the mu rhythm during action execution [70, 71]. The most interesting
finding came as a result of their design. In a task similar to Umilta and colleagues [75] on
monkeys, human infants were presented with goal-directed grasps and non-goal directed
actions in visible and occluded conditions. They found mu desynchronization occurred for
both the occluded and visible goal-directed grasp [70]. Infants of this age easily understand
the goal of these grasping actions and desynchronization of the mu rhythm suggests the
motor system is involved in extracting the goals of these actions [78].

Attempts at identifying mu rhythm desynchronization to grasping actions in infants younger
than 8-months have been inconclusive. In fact, in a study of 6-month-old infants observing
grasping behaviors, no desynchronization of the mu rhythm was found [55], providing
further evidence that a motor repertoire is required for activation of the MN system.

In the last few years we have conducted a series of studies to investigate, at a behavioral
level, newborn macaques’ capacity to match facial gestures. Similarly to human infants [48],
we showed that infant rhesus macaques imitate their mothers and other nonconspecifics
tongue protrusion and lip smacking and that these behaviors can be observed on the first
postnatal days [23, 26]. These imitative behaviors offer an execution paradigm that can be
used with infants shortly after birth to understand whether, as it has been proposed [26], a
mirror mechanism may underlie such behaviors. Recently, we used this paradigm while
collecting EEG data from rhesus infants in the first week of life [25]. We found
desynchronization in the 5 — 6Hz frequency band to the execution and observation of lip
smacking and tongue protrusion, compared to a non-biological control condition, in
electrodes placed approximately over the motor cortex (see Figure 2). These data are the
first to show that the motor system is activated equally to early imitative behaviors and
facial gesture observation in infant monkeys [25].

The MN System and their Implications in Social Behaviors

The work on the emergence of the MN system in human social cognition has implications
for individual differences and for conditions of perturbed social behavior. In particular,
autism spectrum disorder (ASD) is marked by deficits in domains that may be directly
related to MN function [2, 57].

The evidence from studies with children and adults diagnosed with ASD is conflicting. In
the earliest studies, mu desynchronization was observed for execution of repeated releasing
and clenching of a fist, but in children and adults with ASD, no desynchronization occurred
during observation [57]. A similar effect was observed in children with ASD watching
videos of a woman stretching versus balls bouncing [46] and for images of faces expressing
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the five basic emotions [16]. These studies concluded that children and adults diagnosed
with ASD had impairments in the MN system for the observation of actions.

Conversely, Raymaekers and colleagues used the same paradigm as Oberman, et al. [57] and
found that children with ASD had similar patterns of mu desynchronization as typically
developing children during the observation condition [62]. Similarly, Dinstein and
colleagues [19] showed that adults with ASD did not differ from typical adults in activation
of the MN circuit during a game of rock-paper-scissors, suggesting that children and adults
with ASD do not have impairments in their MN system.

Both sets of studies suffer from methodological problems. First, there were no assessments
of the participants’ imitation ability and this may play a role in the degree to which there is
MN activation. Bernier, Dawson, Webb, & Murias [5] tested adults with ASD and age
matched controls on a number of different hand gestures, facial expression, meaningless
hand movements, and actions on objects and scored the fidelity of imitation. They then
collected EEG data while they observed, executed, or imitated a precision grip [39, 52].
Compared to the controls, adults with ASD had significantly less mu desynchronization
during the observe condition. Importantly, this desynchronization was related to their
fidelity scores in the imitation task [5].

Second, familiarity with the stimulus seems to play a role in the activation of the MN system
in children with ASD. Oberman, Ramachandran, and Pineda [59] varied the degree to which
the hand performing the action was familiar to the participant. When children observed their
own hand or a hand of a relative performing the grasp, the magnitude of mu
desynchronization was no different than typically developing children; only in the condition
in which the hand belonged to a stranger did the children with ASD show no mu
desynchronization. Taken together, the results of Oberman, et al. and Bernier, et al. [5, 59]
suggest that features of the stimulus or individual differences may impact the degree to
which the MN system is activated in children and adults with ASD.

Conclusions

The discovery of MNs in the monkey has led to a great number of studies examining the role
of a putative MN system underlying action-perception links in human subjects. It has also
led to a great deal of speculation and theorizing (some of it unwarranted) regarding the areas
of human cognition and particularly social cognition that may involve this system. It is,
however, fair to say that developmental psychologists have debated the underlying
mechanisms that may account for the emergence of complex social cognition in the first
years of life. No one mechanism or brain system has successfully captured an understanding
of the emergence of joint attention, theory of mind and perspective taking, and empathic
behaviors that appear over the first years of life. Behavioral approaches that involve
imitation, social referencing, and observational learning are important theoretical and
conceptual approaches but what the MN system provides, possibly, is the underlying neural
system that supports these behavioral processes.

Improved brain technologies have made it possible to examine the MN system in a non-
invasive way during observation and execution in infant, child, and adult populations. There
are, however, a number of issues that are important to consider before concluding that these
findings are analogous to the single cell recordings in the monkey. Among these issues are:
1) timing of the activation. A reading of the monkey MN work suggests that MNs fire at
precise times during the execution of a motor action and similarly during a precise moment
of observation. Most brain imaging studies either cannot (e.g. functional imaging studies) or
have not examined this issue. In order to do this correctly, it is necessary to synchronize the
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behavior under execution or observation with the ongoing electrophysiology and to examine
event related changes. 2) Source localization; while functional MRI provides localization it
does not provide the timing necessary. On the other hand, the excellent temporal resolution
of EEG has problems with source localization. MEG has both good temporal and spatial
resolution but is generally difficult with infant and child populations. Thus, it is not clear
that the same MN system, identified in the monkey is being tapped by mu desynchronization
in the human. Future studies with finer synchronization and localization should address
these issues. 3) The link to social cognition. Until now much of the MN work with monkeys
has examined motor behaviors involved in grasping and localization of objects in space.
More complex social cognitive behaviors like imitation are just now being reported in non-
human primates (see above, [25]). It is important to move the monkey work forward to
understand the differences of the MN system between animals and humans in relation to
their particular social cognitive abilities.

In sum, there is great promise to understanding both typical and atypical social cognitive
development with the MN system. Solid empirical work with appropriate measurement
methods will advance our understanding of the links between this motor action perception
system and human qualities that make us the social beings we are.
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The mu-rhythm is optimal to investigate the mirror neuron system in infancy Studies in
monkeys demonstrate that the MNS is functional very early after birth Mu-rhythm
changes during ontogeny reflect events related to the sensorimotor system Very likely the
MNS is the underlying neural system that supports newborn imitation
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Figure 1.

Schematic view of brain regions considered to part of the MN system of humans (left) and
monkeys (right). Cortical regions in red and blue identify the crucial nodes of the MN
system in the cerebral cortex of humans and monkeys. The regions in green constitute the
parietal node of the MN system. F5, rostral part of the ventral premotor cortex in the
monkey; IFG, inferior frontal gyrus; PFG, rostral part of the inferior parietal lobule; PM,
premotor cortex; SMA, supplementary motor area; IPL, inferior parietal lobule; Cs, central
sulcus; Ls, lateral sulcus; IPs, intraparietal sulcus [20].
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Figure 2.

Mu desynchronization in one week-old rhesus macaques to the production and observation
of lip smacking (LS) and tongue protrusion (TP). (A) Examples of the settings and
procedures used during EEG acquisition. Infants were held by one experimenter while a
second experimenter acted as a live stimulus for facial gestures. (B) An example of the EEG
from a 3-day-old infant rhesus with desynchronization in the 5 — 6Hz frequency band during
gesture lip smacking observation (shaded area) and (B-C) average desynchronization during
the observation and gesture conditions in the frontal and posterior electrodes, respectively
(from [25]).
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