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Abstract

The mirror neuron system (MNS) is a trimodal system composed of neuronal populations that respond
to motor, visual, and auditory stimulation, such as when an action is performed, observed, heard or
read about. In humans, the MNS has been identified using neuro-imaging techniques (such as fMRI
and mu suppression in the EEG). It reflects an integration of motor-auditory-visual information
processing related to aspects of language learning including action understanding and recognition.
Such integration may also form the basis for language-related constructs such as theory of mind. In
this article, we review the MNS system as it relates to the cognitive development of language in
typically developing children and in children at-risk for communication disorders, such as children
with autism spectrum disorder (ASD) or hearing impairment. Studying MNS development in these
children may help illuminate an important role of the MNS in children with communication disorders.
Studies with deaf children are especially important because they offer potential insights into how the
MNS is reorganized when one modality, such as audition, is deprived during early cognitive
development, and this may have long-term consequences on language maturation and theory of mind
abilities.

Learning outcomes—Readers will be able to (1) understand the concept of mirror neurons, (2)
identify cortical areas associated with the MNS in animal and human studies, (3) discuss the use of
mu suppression in the EEG for measuring the MNS in humans, and (4) discuss MNS dysfunction in
children with (ASD).
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1. Introduction

The mirror neuron system (MNS) is a recently discovered, trimodal system for action
understanding and recognition that responds to auditory, visual, and motor stimulation
(D'Ausilio, 2007). “Mirror neurons’ have been directly observed in primate studies using depth
electrodes (Gallese, Keysers, & Rizzolatti, 2004; Rizzolatti, Fadiga, Gallese, & Fogassi,
1996; Rizzolatti, Fogassi, & Gallese, 2001) and localized to area F5, which is thought to be a
homolog of Broca's area, to the superior temporal sulcus (STSa), a possible homolog
Wernicke's area, and the inferior parietal cortex (Rizzolatti et al., 2001; Rizzolatti & Arbib,
1998). These neurons have been shown to discharge both when a monkey performs specific
hand actions, such as grasping an object, and when it observes the same action performed by
another monkey or human (Gallese, Fadiga, Fogassi, & Rizzolatti, 1996; Rizzolatti et al.,
1996, 2001). That is, the neurons ‘mirror’ the behavior of another individual. Furthermore,
area F5 contains audio-visual mirror neurons that discharge not only when an action is observed
or performed, but also when only the sound of that action is heard (Kohler et al., 2002). Hence,
it has been hypothesized that the MNS responds to the execution of a movement as well as the
audiovisual representations of the same movement, providing an audiovisual-to-motor link or
integration between seeing, hearing and doing (Pineda, 2005). In children where the MNS is
dysfunctional this audiovisual-to-motor link will be deficient and potentially result in a number
of problems, including communication disorders.

Recent studies have inferred the presence of mirror neurons in humans using neuroimaging
methods. For example, functional magnetic resonance imaging (fMRI) studies have shown that
neurons within the ventral premotor corteXx, centered in Broca's area, respond during the
observation of arm and hand actions suggesting human correlates of mirror neurons described
in the animal studies (Buccino et al., 2001). Gazzola, Aziz-Zadeh, & Keysers (2006) have
reported activation of the left hemispheric temporo-parieto-premotor circuit in humans, an area
that responds both during the motor execution of an action and when individuals listen to the
sound of that action (examples include ripping paper and breaking peanuts). Similar
neuroimaging studies have also revealed areas in the human premotor cortex that respond both
when participants observe actions being performed and when they read phrases relating to
those actions, such as “biting the banana” or “grasping the pen” (Aziz-Zadeh, Wilson,
Rizzolatti, & lacoboni, 2006b). A number of additional regions of the human cortex appear to
have mirror properties, including the superior temporal sulcus (STS) and the extrastriate body
area, suggesting a broader mirror neuron system than is typically described (Pineda, 2008).
Nonetheless, the animal and human studies, taken together, suggest that an action-observation-
execution matching system similar to that reported in the primate studies, also exists in humans
(see Oberman & Ramachandran 2007 for a detailed review of human neuro-anatomical
substrates of the mirror neuron system).

While the primate and human MNS share the basic properties of action execution-observation,
the human MNS appears to extend its function to other aspects of social cognition, more
specifically to language and communication as well as imitation learning (Oberman et al.,
2005; Oberman, Pineda, & Ramachandran, 2006; Oberman, Ramachandran, & Pineda,
2008). Indeed, the discovery of mirror neurons in monkeys and a homologous “mirror system”
in Broca's area in the human brain has revived the ‘gestural origins’ theory of the evolution of
the human capability for language (Rizzolatti and Arbib, 1998; Arbib, 2005; 2008). This has
encouraged the exploration of the role of the MNS in special populations such as autism
spectrum disorder (ASD) and deaf children, since Broca's area contains representations for arm
and other movements that are implicated in verbal-and sign-based language systems (Rizzolatti
& Arbib, 1998; Rizzolatti et al., 2001).
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2. MNS and cognitive development

Given its functional properties, the MNS appears to play a role in allowing children to learn
from other people's actions and to generalize through observation and imitation, by mapping
such actions onto their own actions and language. The “direct matching hypothesis’ put forward
by Rizzolatti et al., 2001, suggests that we understand actions and intentions by mapping the
auditory/visual representation of the observed action onto our motor representation of the same
action. Thus, once the actions of another individual are represented and understood in terms
of one's own actions, it is possible to predict the mental state of the observed individual, leading
to a ‘theory of mind’ (Oberman et al., 2005, 2006, 2008; Oberman & Ramachandran, 2007;
Pineda, 2005; Rizzolatti et al., 2001). Theory of mind refers to our ability to infer another
person’'s mental state, including their beliefs and desires, from their experiences and behavior.
Hence, if we watch a person reaching into a box labeled “crayons,” we can assume that he/she
wants a crayon and that the individual believes there are crayons in the box (Schick, de Villiers,
de Villiers, & Hoffmeister, 2007). Theory of mind thus relates to cognitive development and
social communication because it provides a fundamental ability to understand the actions and
intentions of others, and to communicate them effectively.

Listening to, and reading action-related words and sentences such as “to pick” or “he kicked
the ball” have been shown to invoke mirror neuron activity implicating the MNS in language
processing and comprehension (Buccino et al., 2005; Gazzola et al., 2006; Hauk &
Pulvermuller, 2004; Tettamanti et al., 2005). TMS studies have provided further evidence for
the modulation of motor areas involved in speech production when listening to action-related
sentences (Buccino et al., 2005), suggesting a possible role for the MNS in speech
comprehension (Oberman & Ramachandran, 2007). In general, action-related language may
play a useful role in language development because it provides a capacity for children to not
only observe, embody, and perform the actions, but to communicate the meaning and intentions
behind such actions using a symbolic language.

As previously described, there is now substantial evidence for the existence of a human MNS,
and some of its properties have been delineated with respect to imitation learning, social
communication and language development. However, much more research is needed to fully
comprehend how the MNS relates functionally to the neurobiological development of cognition
and language, and whether deficits in MNS may underlie cognitive and/or language disorders.
Thus, studies that address the development of the MNS in both typically developing children
and in children with a communication disorder such as in ASD and hearing impaired is the
next step in understanding the role of the MNS.

3. EEG correlates of the human MNS

In addition to fMRI studies, there is now electroencephalography (EEG) evidence for MNS
activity in humans, including young children (Lepage & Theoret, 2006). Suppression of EEG
oscillations in the mu frequency range (8-13Hz) over the sensorimotor cortex appears to be
correlated with mirror neuron activity (Oberman et al., 2005, 2006). For example, suppression
of EEG brain rhythms in the mu frequency range occurs when observing, performing, and
hearing actions in individuals with a properly functioning MNS (Pineda, 2005). However, no
such modulation is present when subjects watch object movements that are not performed by
humans (Cochin, Barthelemy, Lejeune, Roux, & Martineau, 1998). Converging evidence from
studies from many laboratories demonstrate that mu power is reduced (suppressed) in adults,
both when they perform actions and when they observe others performing actions, reflecting
the observation/execution system associated with the MNS (Oberman et al., 2005, 2006,
2008; Pineda, 2005).
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In Fig. 1, we show mu suppression in EEG recordings from a group of 10 typical young adults
(ages 19-27 years). Recordings are from electrodes along the coronal plane at the midline (Cz),
left (C3) and right (C4) hemispheres along the coronal plane. Mu suppression was measured
in conditions where the subject performed an action (opening and closing their hand), and when
they observed another person performing the same action on a video screen, consistent with
previous studies (Obermann et al., 2005). EEG evidence for the action observation-execution
mechanism within the MNS has also recently been verified in children (Lepage & Theoret,
2006;0berman et al., 2008). Given that EEG recordings are easily and routinely obtained in
pediatric populations, EEG mu suppression provides a noninvasive and cost effective technique
to examine development of the MNS in children who have communication disorders.

Studies involving the MNS and language comprehension that have examined the modulation
of the MINS while reading or listening to action-related words and sentences have been
conducted only with TMS and fMRI neuroimaging techniques (Aziz-Zadeh et al., 2006b;
Buccino et al., 2005; Gazzola et al., 2006; Tettamanti et al., 2005). Complimentary studies are
needed that use mu suppression to examine MNS involvement in language development in
typically developing children and in children with communication disorders. Our research
group is currently pursuing studies with mu suppression and language that aim to illuminate
developmental effects between younger and older children that correlate to language
development and comprehension. Such studies may provide important insight into to the role
of the MINS in cognitive disorders such as in children with ASD and deafness, which can
address the impact of delayed language development and auditory deprivation on the MNS
development.

4. MNS dysfunction in children with cognitive disorders
4.1 Children with autism

Itis well established that children with ASD have deficits in imitation (Williams 2004; review).
Because the MNS is implicated in imitation learning, recent studies have sought to examine
the development of the MNS in children with ASD. Oberman et al. (2005) measured mu
suppression in ten high-functioning individuals with ASD, and ten age- and gender-matched
control subjects, while watching videos of (1) a moving hand, (2) a bouncing ball, and (3)
virtual noise, and while also moving their own hand. Control subjects showed significant mu
suppression to both self and observed hand movements, whereas the ASD group showed
significant mu suppression only to self-performed hand movements and not to observed hand
movements. In a follow-up study, Oberman et al. (2008) measured mu suppression in thirteen
high-functioning children with ASD, and thirteen age- and gender-matched control subjects,
all of whom were between the ages of 8 and 12 years. Mu suppression was measured while the
children were watching videos of (1) a stranger opening and closing their right hand, (2) the
child's guardian or sibling performing the same hand motion, (3) the participant's own hand
performing the same action, and (4) a video of two bouncing balls moving vertically toward
and away from each other. Results revealed that children with ASD (and typically developing
children) showed greater mu suppression to actions performed by familiar individuals (such
as their guardians/parents) compared to those of strangers. Taken together, the results from
these two studies suggests that the MNS in individuals with ASD responds to observed actions,
but only when the individuals can identify in some personal way with the stimuli, or the
individuals engaged in the action (Oberman et al., 2008). These results are consistent with
clinical observations of improvements in social skills and communication when ASD children
interact with a parent or sibling, thus suggesting that family and familiarity may play an
important role in therapy of individuals with ASD. Overall, results of these studies are
consistent with other recent work that supports the role of an impaired MNS in individuals
with ASD (Bernier, Dawson, Webb, & Murias, 2007; Dapretto et al., 2005; Theoret et al.,
2005).
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4.2 Children with cochlear implants

In typical development, the MNS is believed to integrate auditory, visual, and motor
stimulation, therefore, it is likely that the development of this tri-modal system will be
reorganized and perhaps deficient when one modality such as audition is deprived, for example
in deaf children. It is possible that deficits in MNS development in deafness may underlie
recently reported deficits in ‘theory of mind” development in deaf children (Schick et al.,
2007). Many of these children now receive cochlear implants at an early age, which allow
normal development of central auditory pathways and auditory cortical areas (Sharma &
Dorman, 2006). At present, studies in our laboratory are examining MNS development using
mu suppression in children with cochlear implants. Of interest, will be whether cochlear
implantation at an early age might prevent or alternately, overcome deficits in MNS
development resulting in normal “theory of mind’ development in cochlear-implanted children.

5. Summary

While the functioning of the MNS in humans has not been completely delineated, it has been
linked to aspects of cognitive development such as imitative learning, language acquisition
and social communication. Recent studies have shown that children with cognitive disorders,
such as children with ASD show deficits in MNS development. Because the MNS responds to
the execution of a movement as well as the audiovisual representation of the same movement
it is assumed to provide an audiovisual-to-motor integration between seeing, hearing and doing
(Pineda, 2005). Such multimodal integration would seem to be critical for a number of social
behaviors, including action comprehension and language development. Hence, problems with
MNS in special populations, such as ASD and hearing-impaired children, may be the basis for
communication disorders. Since MNS development can be studied using routine EEG
techniques in children, future studies should examine MNS development in other pediatric
populations who have, or are at-risk for developing communication disorders. It is our hope
that such studies will address the important role of language and MNS development in children
with communication disorders, which appears to be closely linked to theory of mind abilities
that are necessary for social communication. Therefore, studying the motor-audio-visual
processing of the MNS in deaf children will be particularly relevant.
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Mu suppression in EEG recordings from a group of 10 typical young adults (ages 19-27 years)
is shown. Recordings are from electrodes along the coronal plane at the midline (Cz), left (C3)
and right (C4) hemispheres along the coronal plane. Mu suppression was measured in
conditions where the subject executed an action (opening and closing their hand), and when
they observed another person performing the same action on a video screen.

J Commun Disord. Author manuscript; available in PMC 2010 July 1.

Electrode

ez
Fic3
Clca



