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Abstract
Individuals with autism show impairments in emotional tuning, social interactions and
communication. These are functions that have been attributed to the putative human mirror neuron
system (MNS), which contains neurons that respond to the actions of self and others. It has been
proposed that a dysfunction of that system underlies some of the characteristics of autism. Here,
we review behavioral and imaging studies that implicate the MNS (or a brain network with similar
functions) in sensory-motor integration and speech representation, and review data supporting the
hypothesis that MNS activity could be abnormal in autism. In addition, we propose that an
intervention designed to engage brain regions that overlap with the MNS may have significant
clinical potential. We argue that this engagement could be achieved through forms of music
making. Music making with others (e.g., playing instruments or singing) is a multi-modal activity
that has been shown to engage brain regions that largely overlap with the human MNS.
Furthermore, many children with autism thoroughly enjoy participating in musical activities. Such
activities may enhance their ability to focus and interact with others, thereby fostering the
development of communication and social skills. Thus, interventions incorporating methods of
music making may offer a promising approach for facilitating expressive language in otherwise
nonverbal children with autism.
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Social and communication impairments represent some of the key diagnostic characteristics
of autism [3]. Individuals with autism may show delays in language acquisition, with
deficits ranging from the complete absence of functional speech, to the existence of
adequate linguistic knowledge that is coupled with impairment in the functional use of that
knowledge [107,108]. It has been estimated that between 30 and 50% of individuals with
autism never develop functional speech [90]. Even when language develops in these
individuals, verbal communication is often restricted to the expression of instrumental
functions, or simple labeling [106]. If a child remains nonverbal by the age of five or six, the
prognosis for social skills and expressive language has traditionally been thought to be poor
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[22]. However, there is evidence suggesting that the acquisition of language after this
“critical period” in autism is also possible [see 89, for a review].

The communication impairment in autism is believed to reflect a lack of understanding of
the mind. Theory of mind refers to the ability to understand another person’s mental state,
including their beliefs, intents and desires, as separate from one’s own thoughts, experiences
and behaviors [9,88]. This understanding of the mind typically begins in infancy toward the
end of the first year of life, with the emergence of intentional communication such as joint
attention (i.e., alerting one another to a stimulus via nonverbal means), simple requesting,
and sharing. In particular, joint attention may reflect the child’s motivation to communicate,
which is an important prerequisite for social interaction [101]. Theory of mind thus relates to
the development of language and social communication because it underlies the fundamental
ability to understand actions and intentions of others, and to communicate them effectively.
In individuals with autism, theory of mind deficits have been linked to both impairments in
executive functioning [54,65,86] and communication difficulties [87,107]. This inability to
understand others’ intentions and behaviors may help to explain why language is delayed in
children with this disorder, and why a significant proportion of them never acquire language
at all [108].

Research has demonstrated a relationship between joint attention and language development
in children with autism. In one longitudinal study, children with autism were first assessed
between 2 and 6 years of age, and assessed again approximately 8 years later [101]. The
results showed that one of the strongest predictors for subsequent language acquisition and
expressive language abilities was responsiveness to bids for joint attention at initial
assessment. This finding highlights the importance of joint attention in predicting the
language and communication deficits that are the hallmarks of autism.

Besides poor joint attention, the communication deficits in autism may be related to
imitation difficulties. Imitation involves translating another person’s action into one’s own,
and is also considered to be a precursor of language development [39]. Numerous studies
have reported imitation deficits in autism [see 117 for a review] and more recent evidence
has provided further support for this claim. For example, Vanvuchelen et al. [113] found that
individuals with autism showed impaired performance in both gestural imitation and general
motor skills, suggesting that their imitation deficits may be part of a broader perceptual-
motor problem. Perra et al. [87] found that children with autism performed worse than other
children (typically developing children and children with general developmental delay) on
imitation and theory of mind tasks. Taken together, these studies indicate that imitation
deficits in autism are associated with problems both in comparing self with others and in
motor planning. One hypothesis, which we explore below, is the notion that these behavioral
deficits may actually be attributable to a common neural mechanism.

1. Mirror neuron dysfunction and communication deficits in autism
Over the past decade, some researchers have proposed that mirror neuron dysfunction might
underlie the behavioral manifestations presented in autism [e.g., 39,57,80,81,118]. The
mirror neuron system (MNS) was first discovered by recordings in area F5 of the macaque,
following observations that a specific set of neurons in the ventral premotor cortex fired in
response to both observed and performed actions [e.g., 25,32,95]. Since then, there has been
increasing evidence to suggest that a comparable system exists in the homologous region of
the human brain, namely Brodmann area 44 (Broca’s area) [29,34], an area of the inferior
frontal cortex that has been strongly linked with language. Other areas such as the inferior
parietal lobule and the superior temporal sulcus are also believed to contain mirror neurons
[e.g., 17,18,93]. Mirror neurons are involved not only in the perception and comprehension
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of motor actions in humans, but also in higher-order cognitive processes such as imitation
[e.g., 92,96] and language [e.g., 5,6,93], which are often impaired in individuals with
autism. There is a growing body of literature suggesting a probable link between autism and
abnormalities in the mirror neuron system [40,94]. At the same time, there are researchers
[42] who argue that the mirror neuron explanation may not account for all of the deficits in
autism. It therefore seems likely that more research will need to be carried out before a clear
consensus on the role of the mirror neuron system in the deficits characterizing autism is
achieved. For the purposes of the present paper, however, a plausible working hypothesis is
that a mirror neuron system exists in the human brain, and a dysfunction of a multiregional
brain network that behaves like the mirror neuron system may underlie some of the core
symptoms of autism.

The idea of a mirror-like system in language processing was first posited in the “motor
theory of speech perception” [70], well before the discovery of mirror neurons. According to
this theory, speech perception relies heavily on observation of the articulatory (motor)
gestures of the speaker (e.g., movements of the mouth, lips, and tongue), rather than the
acoustic cues of speech sounds. To successfully process spoken language, these motor
actions must be represented in the listener’s brain, so that the regions critical to speech
production also become activated when the listener sees articulatory gestures. In other
words, to attain a shared understanding, there should be a level of synchronicity in motor
representation between the speaker and the listener. Another model of speech perception
also highlights the importance of facial gestures and manual gesticulations in language
comprehension [102].

The discovery of mirror neurons provided support for the involvement of the motor system
in auditory speech perception. The shared representations of observed and executed actions
in these neurons may serve as a foundation for our capacity to understand the experiences of
other people, which is crucial to effective communication and social interaction.
Accordingly, it has been hypothesized that an intact mirror neuron system might underlie
normal language functions in humans [6,93], and that language comprehension may be
achieved through action understanding and mental simulations of sensory-motor structures
[10,33,93]. Speech perception is essentially a multi-modal experience in that the
development of language typically occurs in the presence of facial articulatory gestures and
body movements, rather than by acoustic signals alone [6,102]. Thus, the shared
representations of mouth movements and visual and auditory perceptions within the mirror
neuron system may help to strengthen the associations between objects and their names [81].

Evidence for the involvement of the motor areas in speech perception comes from
neuroimaging studies with normally developing individuals. For example, functional MRI
(fMRI) revealed that when participants read sentences containing motor words that were
associated with the hand, leg, or head, the regions in the sensorimotor cortex that would
normally be involved in the execution of that action became activated [46,47]. Similarly,
listening to speech sounds activated speech production motor areas [119], and both seeing
and listening to speech activated regions of the putative mirror neuron system (specifically,
the superior temporal sulcus and inferior frontal gyrus). Furthermore, transcranial magnetic
stimulation (TMS) studies showed an increase in motor-evoked potentials of the tongue
when participants listened to speech [28], and that the excitability of motor regions
underlying speech production correlated with activity in Broca’s area [115].

Behavioral studies have also provided evidence for the link between motor actions and
speech production. For example, when participants observed the grasping of an object while
they simultaneously pronounced a syllable, their lip apertures and voice peak amplitudes
were greater when the grasped object was large (as opposed to small) [36]. A follow-up
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study found that the effect of action observation on speech production as a function of object
size was more pronounced in children than in adults [38]. This finding indicates that the
transfer of action from observed gesture to mouth movement may play a critical role during
the period of language acquisition in children.

There is substantial evidence that non-linguistic visual or auditory stimuli can elicit
activation in sensorimotor regions. Seeing well-learned actions and/or listening to their
sounds produces activity in a network of premotor and parietal brain regions [e.g., 8,24,43–
45]. When participants listened to musical passages that were similar to those they had
previously learned how to play, the inferior frontal gyrus was activated [69]. Thus, this brain
region appears to be involved in auditory-motor mapping. Regardless of whether a particular
action is heard, seen, or performed, a similar network within the mirror neuron system
appears to underlie the representation of the same action.

The involvement of this multisensory and motor system is particularly evident in experts,
such as musicians. Neuroimaging studies using voxel-based morphometry found evidence
for structural brain changes such as increased gray matter volume in the inferior frontal
gyrus in instrumental musicians compared with non-musicians [35,103]. In addition to
parietal regions (supra-marginal gyrus and superior parietal cortex) and more dorsal
premotor regions, the inferior frontal gyrus constitutes part of a network of multi-modal-
sensorimotor integration regions. In fMRI studies, it has been demonstrated that practicing
an instrument leads to the rapid establishment of an auditory-motor and visual-motor
network with increased coherence in this network of brain regions [7,8]. Listening to music,
reading musical notation, watching musical performances of pieces that one knows how to
play, and actually playing that music, all appear to engage a network of brain regions related
to the putative human mirror neuron system [83].

Given that the mirror neuron system is believed to involve both sensorimotor integration and
speech representation, it is likely to underlie some of the communication deficits in
individuals with autism spectrum disorder (ASD). Recent research has provided preliminary
support for this hypothesis. Because individuals with high-functioning autism are over-
represented in this literature, the work reviewed here should be viewed with caution when
extrapolated to individuals with low-functioning autism, especially those who are nonverbal.
Nonetheless, published research studies represent a good starting point for understanding the
mechanisms underlying speech-motor impairments in individuals with ASD. For example,
Nishitani et al. [78] used magnetoencephalography (MEG) and electromyograms (EMG) to
measure brain activity and lip movement when individuals with Asperger’s syndrome were
asked to imitate orofacial gestures. Compared to controls, the ASD group had EMGs that
lasted almost twice as long. Moreover, the ASD group showed weaker activations in Broca’s
area, which was delayed by 45–60 ms. Similarly, when imitating facial expressions inside
the MRI scanner, children with autism showed decreased activity in Broca’s area relative to
controls [23]. Although behavioral performance between these two groups did not differ,
Broca’s area activity in the autism group correlated with severity of autism as measured by
the social subscales of standardized tests [71,72]. In another study, Theoret et al. [110] used
TMS and found that the level of excitability in the primary motor cortex during action
observation was lower in individuals with ASD compared to controls. A structural imaging
study found that compared to controls, individuals with autism had reduced cortical
thickness (decreased gray matter) in regions of the mirror neuron system, including Broca’s
area, the inferior parietal lobule and the superior temporal sulcus [40]. Moreover, the extent
of the reduction in cortical thickness in these regions correlated with the severity of
communicative and social symptoms in autism.
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Familiarity may also play a role in activating the MNS in individuals with autism. Using
EEG, Oberman et al. [82] found that the mu suppression over sensorimotor cortex was
greater when children with autism watched videos of actions performed by familiar
individuals (their guardian, siblings, or themselves) compared to those performed by
strangers. Typically developing children, on the other hand, had similar levels of mu
suppression regardless of who performed the actions. Thus, the MNS in individuals with
autism (although impaired) does, in fact, respond to observed actions, but only when the
person engaged in the action has some personal significance. This finding is consistent with
reports of improved social and communication skills when children with autism interact
with a familiar, as opposed to an unfamiliar, individual [e.g., 60,66]. It also highlights the
importance of family and establishing a level of familiarity in therapy of individuals with
autism.

2. Music making as an intervention to engage the mirror neuron system
and facilitate expressive language

As reviewed above, there is now growing evidence that links a dysfunctional or broken
mirror neuron system (or related network) to the behavioral deficits in autism. The
involvement of a sensorimotor system in language processing has received support from
neuroimaging data showing motor activity during language tasks [e.g.,46,91], as well as
from behavioral data showing modulation of motor performance during language processing
[e.g., 13,19,37]. Given the important role that the MNS might play in the understanding of
actions and processing of language, and the MNS abnormalities and communication deficits
associated with autism, a treatment approach designed to engage the putative human MNS
may have significant clinical potential. Development of such an approach is particularly
important because at present, there appears to be no evidence-based intervention that
consistently produces significant improvements in expressive language in individuals with
autism [31].

Recent research has shown that representations of the mirror neurons can be altered by
training. Using TMS, Catmur et al. [21] found that a relatively short period of incongruent
sensorimotor training (performing index-finger movements while observing little-finger
movements, rather than performing movements with the same finger observed) was
sufficient to alter the expected pattern of mirror neuron responses during observation of the
trained actions. This indicates that experience-dependent plasticity also exists in the mirror
neuron system, a finding that is consistent with a large body of literature on brain changes
following sensorimotor skills training [e.g., 26,35] and sensory deprivation [e.g., 76,97]. The
fact that components of the putative MNS can be manipulated through sensorimotor training
highlights the possible benefits of incorporating a motor component in the treatment of a
disorder such as autism, that may be related to a dysfunction of the MNS.

Music making is one possible medium through which the putative MNS can be engaged.
Music is a unique, multi-modal stimulus that involves the processing of simultaneous visual,
auditory, somatosensory, and motoric information; in music making, this information is used
to execute and control motor actions [98]. It has been suggested that because music making
activities involving imitation and synchronization may engage regions of the brain that
overlap with regions that presumably contain mirror neurons, music making activities may
be particularly useful for the treatment of developmental disorders such as autism [83]. In
their Shared Affective Motion Experience model, the core idea is that music is perceived not
merely as an auditory signal but as an intentional expressive motor act. As described below,
our proposed intervention goes beyond music listening alone. Rather, it links and maps the
perception of sounds with actions, including both manual and articulatory actions.
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It has long been noted that children with autism thoroughly enjoy the process of making and
learning music [e.g., 41,112,120]. Listening to music can evoke a great intensity of emotions
in these individuals [2,49], who typically have difficulty processing emotions [54]. This
positive response to music and music making may help children with autism engage and
interact with others, thus allowing them to participate in activities that could facilitate the
acquisition of social, language, and motor skills [116]. For example, research has shown that
music-based activities facilitate the use of sign language and other nonverbal methods of
communication in children with autism [20]. Verbal instructions that combine melodic and
rhythmic patterns with visual cues result in better retention of the words being taught to
children with autism [109]. Furthermore, learning through music has been found to improve
joint attention behaviors and nonverbal social communication skills in children with autism,
with some generalization to settings beyond the music therapy sessions [63]. Clearly, the
idea of using music in a therapy context for individuals with autism is not new. However,
most existing research involves small-scale case studies, unstructured music listening or
music making, and the efficacy of music therapy has rarely been systematically investigated
using a controlled design, properly evaluated outcomes or statistical analyses [59].
Furthermore, previous therapy methods have not been well informed by a neuroscientific
understanding of the underlying disorder and the forms of music making used as a therapy.

In addition to a strong interest in music, individuals with autism also show enhanced music
perception skills. In the first report of autism, Kanner [58] described the exceptional musical
skills of several individuals. One notable example was an 18-month-old boy, who was able
to discriminate among many symphonies. Subsequent investigations have also reported
enhanced music perception abilities in autism. Relative to controls, individuals with autism
have been shown to have superior pitch memory [e.g., 4,48] and pitch discrimination skills
[e.g., 12,51,52]. Although no study has directly examined the prevalence of absolute pitch in
this population, anecdotal reports do suggest unusual absolute pitch abilities [14,50], and it
has been suggested that autism and absolute pitch may share biological markers [16].

The value of incorporating principles and practices of music making in the treatment of
language disorders (such as autism) is reinforced by neuroimaging research showing
overlapping responses to music and language stimuli [e.g., 67,68,85,100]. In particular,
fMRI studies have reported activation of Broca’s area during music perception tasks
[67,111], active music tasks such as singing [84], and imagining playing an instrument
[11,74]. Moreover, a common network appears to support the sensorimotor components for
both speaking and singing [64,84,91].

From a therapeutic perspective, engaging in musical activities has been shown to improve
verbal abilities in language-delayed children [56]. Given the overlap between the language
and music systems in the brain, we propose that music making (through singing and/or
playing an instrument) may provide an alternative medium for accessing and engaging this
system. These activities can potentially enhance social interactions and communication
skills in nonverbal children with autism. Evidence relating to this topic is discussed below.

Despite having either a reduced, or complete lack of ability to speak, many children with
autism are still able to sing, and accurately reproduce complicated tunes and jingles from
television commercials [120]. This dissociation between singing and speaking is strikingly
similar to that observed in patients with Broca’s aphasia, who are often able to sing the
lyrics of a song better than they can speak the same words [e.g., 53]. One successful
rehabilitative technique for restoring language function in patients with aphasia is melodic
intonation therapy (MIT); more generally, MIT is a form of auditory-motor mapping
training (AMMT). MIT emphasizes the prosody of speech through slow, pitched
vocalizations [1,104], and engages an auditory-motor mapping network as well as
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sensorimotor feedback regions through the association of hand tapping and intoned vocal
output [79].MIT, when employed in an intensive course of therapy with patients who have
chronic non-fluent aphasia, has been shown to be successful in generating propositional
speech [e.g., 1,99,104].

The efficacy of an adapted version of MIT in autism has also been reported in a case study
of a 3-year-old nonverbal boy [75]. After 35 sessions, he was able to combine words and
could respond to intoned questions or statements. While the results of this study are very
encouraging, it is possible that the therapy coincided with the boy’s delayed language
development. However, another case study of a 6-year-old girl with autism also reported the
efficacy of singing in eliciting speech [55]. Thus, it is possible that an adapted version of
MIT could provide a useful alternative to traditional speech therapy for children with
expressive language impairment linked to autism. Although the nature of language deficits
varies greatly among individuals with autism, these two case studies indicate a particular
potential of an intonation-based speech production technique in assisting children who are
nonverbal.

The application of MIT to the treatment of children with autism requires some modifications
to the original procedure designed for the treatment of aphasia. Because the modified
technique involves repeated trials of sound-motor mapping, it has been referred to as
auditory-motor mapping training, or AMMT [114]. In this intervention, it is important to
first establish a comfortable environment for children with autism. Each training session
involves a vocalization procedure, during which the child is encouraged to vary the intensity
and length of speech sounds. A series of picture stimuli (combined with signs or actual
objects) that represent high frequency words, actions, and social phrases are then presented
using a procedure adapted from MIT [79]. In addition to intonation, a key component of
AMMT is the use of a set of tuned drums (or other tuned percussion instruments) to
facilitate sound-motor mapping. The therapist introduces the target words or phrases by
simultaneously intoning (singing) the words and tapping the drums on the same two pitches.
The child progresses from passive listening, to unison singing, to partially supported
singing, to immediate repetition, and finally to producing the target word or phrase on their
own. Through intensive repetition in a comfortably structured environment that is often used
in the context of therapy for autism, the previously nonverbal child learns to vocalize and
possibly associate sound with meaning [114].

How can AMMT help facilitate the acquisition of language skills via regions of the brain
that overlap with the putative MNS system? Evidence from prior research indicates that
three components may be of particular importance: singing, imitation, and motor activity.
Specifically, recent research has shown that compared to speaking, singing engages a
bilateral fronto-temporal network more prominently, and that this network contains some
components of the MNS [15,84]. Furthermore, an adapted form of MIT [79] can facilitate
the production of expressive language in aphasic patients with left-hemisphere lesions by
engaging a fronto-temporal network in the right hemisphere [84,99].Moreover, the motor
(hand-tapping) component of MIT may serve to engage a sensorimotor network that controls
orofacial and articulatory movements [73]. This overlap may facilitate the auditory-motor
mapping that is critical to meaningful vocal communication [69]. Additionally, the
communication deficits of children with autism may be due to the oral motor speech deficits
observed in language-delayed children with speech apraxia [77], thus highlighting the
possible benefits of singing as an intervention [61].

Given the link between MNS and imitation, it has been suggested that imitation could be
incorporated as part of an intervention program for individuals with autism. After repeated
sessions of imitation, children with autism spent less time in gross motor activity [27] and

Wan et al. Page 7

Brain Res Bull. Author manuscript; available in PMC 2010 December 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



more time initiating social interactions [27,30]. The benefit of imitation in expressive speech
production is already evident in MIT (or any form of AMMT). The intervention involves
intensive treatment sessions, which consist of multiple trials where the patient attends to the
therapist’s orofacial actions, and imitates the intoned phrases produced by the therapist
[1,104]. Thus, the positive outcome of imitation observed in children with autism indicates
that AMMT, in general, could be a promising intervention technique to facilitate acquisition
and/or development of social and communication skills.

In addition to activating brain regions that overlap with the putative MNS in humans,
AMMT can exert its therapeutic effects in other ways. For example, just as MIT includes the
use of hand-tapping to promote engagement of the sensorimotor network in patients with
aphasia [79], AMMT has an important hand-motor component which incorporates the use of
drums, or any of a variety of other percussion instruments, in children with autism. The use
of such instruments would serve the dual functions of promoting motor activity and
capturing the child’s interest in the therapy. On one hand, the simultaneous engagement of a
number of sensorimotor systems during AMMT has the potential to strengthen the
connections between auditory and motor regions. On the other hand, the act of music
making itself has the potential to facilitate social communication and interaction in children
with autism because it exploits their strong interest in music as well as their positive
response to it. The value of incorporating musical instruments within the therapy context has
been highlighted by a number of studies. For example, Kern and Aldridge [62] incorporated
singing and instrumental playing (e.g., drums, cabasa, and sound tubes) as an intervention
for increasing social interaction in children with autism. Through interactive music making,
the experimenter modeled turn-taking, appropriate use of body contact, and choice-making
behaviors to the child. A peer was also introduced to the child to facilitate play and joint
activities. Four children with autism participated in the study, and they all showed increased
levels of peer interaction following 20–30 teacher-mediated sessions. A similar finding was
also reported by Stephens [105]. In that study, musical segments filled with background
music, dancing, instrumental playing (e.g., tambourines and maracas), and action imitation,
were interspersed with non-musical segments during which the child would perform action-
word imitation with the experimenter. All three children tested showed increased
willingness to spontaneously imitate the action and word pairs after the experimenter
imitated them during the musical segments. Thus, interactive music making using
instruments can provide a useful framework for learning and for the development of social
skills in children with autism.

As summarized in Fig. 1, individuals with autism have relative strengths and weaknesses,
which may be related to functions and dysfunctions of the putative human mirror neuron
system. An intervention or training (i.e., AMMT) that enhances interactions between the
auditory and motor systems might represent an effective therapeutic strategy through which
individuals with autism can develop their communication skills. Specifically, AMMT
engages an action observation, hearing-doing network, which overlaps with components of
the MNS. The important function of the MNS in action understanding and vocal production,
coupled with the hypothesis that autism is linked with mirror neuron dysfunction, suggests
that strategies that engage and stimulate brain regions that are involved in action observation
and may be part of the MNS, could potentially ameliorate some of the associated
communication deficits. In particular, therapies that incorporate elements of music making
may offer a viable approach to help facilitate social skills, interactions with others, and
communication, including expressive language in otherwise nonverbal autistic individuals.
Interactive music making (using instruments) is useful in facilitating communication and
social skills, while singing engages the MNS network that is believed to be deficient in
individuals with autism.
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Our proposed intervention relies on intentional involvement with the individual, as well as
engagement of multiple sensory and motor modalities. These aspects are likely to improve
learning independently of any direct involvement of the MNS. However, one important
aspect of our intervention is the observation of an action that is coupled with sounds, which
is designed to engage the MNS. Although it may be difficult, an ideal research design would
test the relative contributions of these features of AMMT. For example, AMMT could be
compared with a control treatment that is similarly engaging and multisensory, while lacking
an imitation component, or lacking a hand-motor component. Such a comparison may help
us to assess the importance of the MNS or the auditory-motor mapping system in inducing
changes of speech output versus systems that mediate multisensory integration as well as
intention and motivation. If proved to be effective, it is hoped that future research will focus
on combining such methods of music making with speech therapy. This effort may
ultimately lead to specialized treatments for autism that maximize the individual’s potential
for developing or re-learning expressive language function (e.g., through interactive
AMMT), and thus, improve the quality of life for people with autism and their families.

Acknowledgments
We sincerely thank the Nancy Lurie Marks Family Foundation for their support.

References
1. Albert ML, Sparks RW, Helm NA. Melodic intonation therapy for aphasia. Arch Neurol

1973;29:130–131. [PubMed: 4717723]
2. Allen R, Hill E, Heaton P. ‘Hath charms to soothe …’ An exploratory study of how high-

functioning adults with ASD experience music. Autism 2009;13:21–41. [PubMed: 19176575]
3. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders (DSM-

IVTR). American Psychiatric Press, Inc; Washington, DC: 2000.
4. Applebaum E, Egel AL, Koegel RL, Imhoff B. Measuring musical abilities of autistic-children. J

Autism Dev Disord 1979;9:279–285. [PubMed: 489514]
5. Arbib MA. From grasp to language: embodied concepts and the challenge of abstraction. J Physiol

Paris 2008;102:4–20. [PubMed: 18440207]
6. Arbib MA. From monkey-like action recognition to human language: an evolutionary framework

for neurolinguistics. Behav Brain Sci 2005;28:105–124. [PubMed: 16201457]
7. Bangert M, Altenmuller EO. Mapping perception to action in piano practice: a longitudinal DC-

EEG study. BMC Neurosci 2003;4:26. [PubMed: 14575529]
8. Bangert M, Peschel T, Schlaug G, Rotte M, Drescher D, Hinrichs H, Heinze HJ, Altenmuller E.

Shared networks for auditory and motor processing in professional pianists: evidence from fMRI
conjunction. Neuroimage 2006;30:917–926. [PubMed: 16380270]

9. Baron-Cohen S, Leslie AM, Frith U. Does the autistic-child have a theory of mind? Cognition
1985;21:37–46. [PubMed: 2934210]

10. Barsalou LW. Perceptions of perceptual symbols. Behav Brain Sci 1999;22:637–660.
11. Baumann S, Koeneke S, Schmidt CF, Meyer M, Lutz K, Jäncke LA. A network for audio-motor

coordination in skilled pianists and non-musicians. Brain Res 2007;1161:65–78. [PubMed:
17603027]

12. Bonnel A, Mottron L, Peretz I, Trudel M, Gallun E, Bonnel AM. Enhanced pitch sensitivity in
individuals with autism: a signal detection analysis. J Cogn Neurosci 2003;15:226–235. [PubMed:
12676060]

13. Boulenger V, Roy AC, Paulignan Y, Deprez V, Jeannerod M, Nazir TA. Cross-talk between
language processes and overt motor behavior in the first 200ms of processing. J Cogn Neurosci
2006;18:1607–1615. [PubMed: 17014366]

14. Brenton JN, Devries SP, Barton C, Minnich H, Sokol DK. Absolute pitch in a four-year-old boy
with autism. Pediatr Neurol 2008;39:137–138. [PubMed: 18639762]

Wan et al. Page 9

Brain Res Bull. Author manuscript; available in PMC 2010 December 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



15. Brown S, Martinez MJ, Hodges DA, Fox PT, Parsons LM. The song system of the human brain.
Brain Res Cogn Brain Res 2004;20:363–375. [PubMed: 15268914]

16. Brown WA, Cammuso K, Sachs H, Winklosky B, Mullane J, Bernier R, Svenson S, Arin D,
Rosen-Sheidley B, Folstein SE. Autism-related language, personality, and cognition in people with
absolute pitch: results of a preliminary study. J Autism Dev Disord 2003;33:163–167. [PubMed:
12757355]

17. Buccino G, Binkofski F, Fink GR, Fadiga L, Fogassi L, Gallese V, Seitz RJ, Zilles K, Rizzolatti G,
Freund HJ. Action observation activates premotor and parietal areas in a somatotopic manner: an
fMRI study. Eur J Neurosci 2001;13:400–404. [PubMed: 11168545]

18. Buccino G, Lui F, Canessa N, Patteri I, Lagravinese G, Benuzzi F, Porro CA, Rizzolatti G. Neural
circuits involved in the recognition of actions performed by nonconspecifics: an fMRI study. J
Cogn Neurosci 2004;16:114–126. [PubMed: 15006041]

19. Buccino G, Riggio L, Melli G, Binkofski F, Gallese V, Rizzolatti G. Listening to action-related
sentences modulates the activity of the motor system: a combined TMS and behavioral study.
Brain Res Cogn Brain Res 2005;24:355–363. [PubMed: 16099349]

20. Buday EM. The effects of signed and spoken words taught with music on sign and speech
imitation by children with autism. J Music Ther 1995;32:189–202.

21. Catmur C, Walsh V, Heyes C. Sensorimotor learning configures the human mirror system. Curr
Biol 2007;17:1527–1531. [PubMed: 17716898]

22. Charlop, MK.; Haymes, LK. Speech and language acquisition and intervention: behavioral
approaches. In: Matson, JL., editor. Autism in Children and Adults: Etiology, Assessment, and
Intervention. Wadsworth Publishing; 1994. p. 234-246.

23. Dapretto M, Davies MS, Pfeifer JH, Scott AA, Sigman M, Bookheimer SY, Iacoboni M.
Understanding emotions in others: mirror neuron dysfunction in children with autism spectrum
disorders. Nat Neurosci 2006;9:28–30. [PubMed: 16327784]

24. D’Ausilio A, Altenmueller E, Belardinelli MO, Lotze M. Cross-modal plasticity of the motor
cortex while listening to a rehearsed musical piece. Eur J Neurosci 2006;24:955–958. [PubMed:
16930423]

25. Dipellegrino G, Fadiga L, Fogassi L, Gallese V, Rizzolatti G. Understanding motor events—a
neurophysiological study. Exp Brain Res 1992;91:176–180. [PubMed: 1301372]

26. Draganski B, Gaser C, Busch V, Schuierer G, Bogdahn U, May A. Neuroplasticity: changes in
grey matter induced by training—newly honed juggling skills show up as a transient feature on a
brain-imaging scan. Nature 2004;427:311–312. [PubMed: 14737157]

27. Escalona A, Field TM, Nadel J, Lundy B. Brief report: imitation effects on children with autism. J
Autism Dev Disord 2002;32:141–144. [PubMed: 12058842]

28. Fadiga L, Craighero L, Buccino G, Rizzolatti G. Speech listening specifically modulates the
excitability of tongue muscles: a TMS study. Eur J Neurosci 2002;15:399–402. [PubMed:
11849307]

29. Fadiga L, Fogassi L, Pavesi G, Rizzolatti G. Motor facilitation during action observation—a
magnetic stimulation study. J Neurophysiol 1995;73:2608–2611. [PubMed: 7666169]

30. Field TM, Field T, Sanders C, Nadel J. Children with autism display more social behaviors after
repeated imitation sessions. Autism 2001;5:317–323. [PubMed: 11708590]

31. Francis K. Autism interventions: a critical update. Dev Med Child Neurol 2005;47:493–499.
[PubMed: 15991872]

32. Gallese V, Fadiga L, Fogassi L, Rizzolatti G. Action recognition in the premotor cortex. Brain
1996;119:593–609. [PubMed: 8800951]

33. Gallese V, Lakoff G. The brain’s concepts: the role of the sensory-motor system in conceptual
knowledge. Cogn Neuropsychol 2005;22:455–479. [PubMed: 21038261]

34. Gangitano M, Mottaghy FM, Pascual-Leone A. Phase-specific modulation of cortical motor output
during movement observation. Neuroreport 2001;12:1489–1492. [PubMed: 11388435]

35. Gaser C, Schlaug G. Gray matter differences between musicians and nonmusicians. Ann NY Acad
Sci 2003;999:514–517. [PubMed: 14681175]

36. Gentilucci M. Object motor representation and language. Exp Brain Res 2003;153:260–265.
[PubMed: 12928762]

Wan et al. Page 10

Brain Res Bull. Author manuscript; available in PMC 2010 December 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



37. Gentilucci M, Benuzzi F, Bertolani L, Daprati E, Gangitano M. Language and motor control. Exp
Brain Res 2000;133:468–490. [PubMed: 10985682]

38. Gentilucci M, Stefanini S, Roy AC, Santunione P. Action observation and speech production:
study on children and adults. Neuropsychologia 2004;42:1554–1567. [PubMed: 15246292]

39. Hadjikhani, N. Mirror neuron system and autism. In: Carlisle, PC., editor. Progress in Autism
Research. Nova Science Publishing Inc; 2007. p. 151-166.

40. Hadjikhani N, Joseph RM, Snyder J, Tager-Flusberg H. Anatomical differences in the mirror
neuron system and social cognition network in autism. Cereb Cortex 2006;16:1276–1282.
[PubMed: 16306324]

41. Hairston M. Analyses of responses of mentally retarded autistic and mentally retarded nonautistic
children to art therapy and music therapy. J Music Ther 1990;27:137–150.

42. Hamilton AFD, Brindley RM, Frith U. Imitation and action understanding in autistic spectrum
disorders: how valid is the hypothesis of a deficit in the mirror neuron system? Neuropsychologia
2007;45:1859–1868. [PubMed: 17234218]

43. Hasegawa T, Matsuki KI, Ueno T, Maeda Y, Matsue Y, Konishi Y, Sadato N. Learned audio-
visual cross-modal associations in observed piano playing activate the left planum temporale. An
fMRI study. Brain Res Cogn Brain Res 2004;20:510–518. [PubMed: 15268927]

44. Haslinger B, Erhard P, Altenmuller E, Schroeder U, Boecker H, Ceballos-Baumann AO.
Transmodal sensorimotor networks during action observation in professional pianists. J Cogn
Neurosci 2005;17:282–293. [PubMed: 15811240]

45. Haueisen J, Knosche TR. Involuntary motor activity in pianists evoked by music perception. J
Cogn Neurosci 2001;13:786–792. [PubMed: 11564322]

46. Hauk O, Johnsrude I, Pulvermuller F. Somatotopic representation of action words in human motor
and premotor cortex. Neuron 2004;41:301–307. [PubMed: 14741110]

47. Hauk O, Pulvermuller F. Neurophysiological distinction of action words in the fronto-central
cortex. Hum Brain Mapp 2004;21:191–201. [PubMed: 14755838]

48. Heaton P. Pitch memory, labelling and disembedding in autism. J Child Psychol Psychiatr Allied
Discip 2003;44:543–551.

49. Heaton P, Allen R. “With concord of sweet sounds …” New perspectives on the diversity of
musical experience in autism and other neurodevelopmental conditions. Neurosciences and Music
Iii: Disorders and Plasticity 2009;1169:318–325.

50. Heaton P, Allen R, Williams K, Cummins O, Happe F. Do social and cognitive deficits curtail
musical understanding? Evidence from autism and Down syndrome. Br J Dev Psychol
2008;26:171–182.

51. Heaton P, Hermelin B, Pring L. Autism and pitch processing: a precursor for savant musical
ability? Music Percept 1998;15:291–305.

52. Heaton P, Pring L, Hermelin B. Musical processing in high functioning children with autism. Ann
NY Acad Sci 2001;930:443–444. [PubMed: 11458863]

53. Hebert S, Racette A, Gagnon L, Peretz I. Revisiting the dissociation between singing and speaking
in expressive aphasia. Brain 2003;126:1–13.

54. Hill EL. Evaluating the theory of executive dysfunction in autism. Dev Rev 2004;24:189–233.
55. Hoelzley PD. Communication potentiating sounds: developing channels of communication with

autistic children through psychobiological responses to novel sound stimuli. Can J Music Ther
1993;1:54–76.

56. Hoskins C. Use of music to increase verbal response and improve expressive language abilities of
preschool language delayed children. J Music Ther 1988;25:73–84.

57. Iacoboni M, Dapretto M. The mirror neuron system and the consequences of its dysfunction. Nat
Rev Neurosci 2006;7:942–951. [PubMed: 17115076]

58. Kanner L. Child psychiatry—mental deficiency. Am J Psychiatry 1943;99:608–610.
59. Kaplan RS, Steele AL. An analysis of music therapy program goals and outcomes for clients with

diagnoses on the autism spectrum. J Music Ther 2005;42:2–19. [PubMed: 15839730]

Wan et al. Page 11

Brain Res Bull. Author manuscript; available in PMC 2010 December 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



60. Kasari C, Sigman M, Yirmiya N. Focused and social attention of autistic-children in interactions
with familiar and unfamiliar adults—a comparison of autistic, mentally-retarded, and normal-
Children. Dev Psychopathol 1993;5:403–414.

61. Keith RL, Aronson AE. Singing as therapy for apraxia of speech and aphasia: report of a case.
Brain Lang 1975;2:483–488. [PubMed: 1218380]

62. Kern P, Aldridge D. Using embedded music therapy interventions to support outdoor play of
young children with autism in an inclusive community-based child care program. J Music Ther
2006;43:270–294. [PubMed: 17348756]

63. Kim J, Wigram T, Gold C. The effects of improvisational music therapy on joint attention
behaviors in autistic children: a randomized controlled study. J Autism Dev Disord 2008;38:1758–
1766. [PubMed: 18592368]

64. Kleber B, Veit R, Birbaumer N, Gruzelier J, Lotze M. The brain of opera singers: experience-
dependent changes in functional activation. Cereb Cortex 2010;20:1144–1152. [PubMed:
19692631]

65. Klin A. Attributing social meaning to ambiguous visual stimuli in higher-functioning autism and
asperger syndrome: the social attribution task. J Child Psychol Psychiatry 2000;41:831–846.
[PubMed: 11079426]

66. Knott F, Lewis C, Williams T. Sibling interaction of children with learning-disabilities— a
comparison of autism and downs-syndrome. J Child Psychol Psychiatr Allied Discip 1995;36:965–
976.

67. Koelsch S, Gunter TC, von Cramon DY, Zysset S, Lohmann G, Friederici AD. Bach speaks: a
cortical “language-network” serves the processing of music. Neuroimage 2002;17:956–966.
[PubMed: 12377169]

68. Koelsch S, Gunter TC, Wittfoth M, Sammler D. Interaction between syntax processing in language
and in music: an ERP study. J Cogn Neurosci 2005;17:1565–1577. [PubMed: 16269097]

69. Lahav A, Saltzman E, Schlaug G. Action representation of sound: audiomotor recognition network
while listening to newly acquired actions. J Neurosci 2007;27:308–314. [PubMed: 17215391]

70. Liberman AM, Mattingly IG. The motor theory of speech perception revised. Cognition
1985;21:1–36. [PubMed: 4075760]

71. Lord C, Risi S, Lambrecht L, Cook EH, Leventhal BL, DiLavore PC, Pickles A, Rutter M. The
autism diagnostic observation schedule-generic: a standard measure of social and communication
deficits associated with the spectrum of autism. J Autism Dev Disord 2000;30:205–223. [PubMed:
11055457]

72. Lord C, Rutter M, Lecouteur A. Autism diagnostic interview-revised—a revised version of a
diagnostic interview for caregivers of individuals with possible pervasive developmental disorders.
J Autism Dev Disord 1994;24:659–685. [PubMed: 7814313]

73. Meister IG, Buelte D, Staedtgen M, Boroojerdi B, Sparing R. The dorsal premotor cortex
orchestrates concurrent speech and fingertapping movements. Eur J Neurosci 2009;29:2074–2082.
[PubMed: 19453637]

74. Meister IG, Krings T, Foltys H, Boroojerdi B, Müller M, Töpper R, Thron A. Playing piano in the
mind—an fMRI study on music imagery and performance in pianists. Brain Res Cogn Brain Res
2004;19:219–228. [PubMed: 15062860]

75. Miller SB, Toca JM. Adapted melodic intonation therapy—case-study of an experimental language
program for an autistic-child. J Clin Psychiatry 1979;40:201–203. [PubMed: 422532]

76. Neville HJ, Bavelier D. Effects of auditory and visual deprivation on human brain development.
Clin Neurosci Res 2001;1:248–257.

77. Newmeyer AJ, Grether S, Grasha C, White J, Akers R, Aylward C, Ishikawa K, deGrauw T. Fine
motor function and oral-motor imitation skills in preschool-age children with speech-sound
disorders. Clin Pediatr 2007;46:604–611.

78. Nishitani N, Avikainen S, Hari R. Abnormal imitation-related cortical activation sequences in
Asperger’s syndrome. Ann Neurol 2004;55:558–562. [PubMed: 15048895]

79. Norton A, Zipse L, Marchina S, Schlaug G. Melodic intonation therapy: how it is done and why it
might work. Ann NY Acad Sci 2009;1169:431–436. [PubMed: 19673819]

Wan et al. Page 12

Brain Res Bull. Author manuscript; available in PMC 2010 December 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



80. Oberman LM, Ramachandran VS. Preliminary evidence for deficits in multisensory integration in
autism spectrum disorders: the mirror neuron hypothesis. Soc Neurosci 2008;3:348–355.
[PubMed: 18979385]

81. Oberman LM, Ramachandran VS. The simulating social mind: the role of the mirror neuron
system and simulation in the social and communicative deficits of autism spectrum disorders.
Psychol Bull 2007;133:310–327. [PubMed: 17338602]

82. Oberman LM, Ramachandran VS, Pineda JA. Modulation of mu suppression in children with
autism spectrum disorders in response to familiar or unfamiliar stimuli: The mirror neuron
hypothesis. Neuropsychologia 2008;46:1558–1565. [PubMed: 18304590]

83. Overy K, Molnar-Szakacs I. Being together in time: musical experience and the mirror neuron
system. Music Percept 2009;26:489–504.

84. Ozdemir E, Norton A, Schlaug G. Shared and distinct neural correlates of singing and speaking.
Neuroimage 2006;33:628–635. [PubMed: 16956772]

85. Patel AD, Gibson E, Ratner J, Besson M, Holcomb PJ. Processing syntactic relations in language
and music: an event-related potential study. J Cogn Neurosci 1998;10:717–733. [PubMed:
9831740]

86. Pellicano E. Links between theory of mind and executive function in young children with autism:
clues to developmental primacy. Dev Psychol 2007;43:974–990. [PubMed: 17605529]

87. Perra O, Williams JHG, Whiten A, Fraser L, Benzie H, Perrett DI. Imitation and ‘theory of mind’
competencies in discrimination of autism from other neurodevelopmental disorders. Res Autism
Spectrum Disord 2008;2:456–468.

88. Peterson CC. Mind and body: concepts of human cognition, physiology and false belief in children
with autism or typical development. J Autism Dev Disord 2005;35:487–497. [PubMed: 16134034]

89. Pickett E, Pullara O, O’Grady J, Gordon B. Speech acquisition in older nonverbal individuals with
autism: a review of features, methods, and prognosis. Cogn Behav Neurol 2009;22:1–21.
[PubMed: 19372766]

90. Prizant, BM.; Wetherby, AM. Communication in preschool autistic children. In: Schopler, E.;
Bourgondien, Mv; Bristol, M., editors. Preschool Issues in Autism. Plenum; New York: 1993. p.
95-114.

91. Pulvermuller F. Brain mechanisms linking language and action. Nat Rev Neurosci 2005;6:576–
582. [PubMed: 15959465]

92. Ramachandran VS, Oberman LM. Broken mirrors—a theory of autism. Sci Am 2006;295:62–69.
[PubMed: 17076085]

93. Rizzolatti G, Arbib MA. Language within our grasp. Trends Neurosci 1998;21:188–194. [PubMed:
9610880]

94. Rizzolatti G, Fabbri-Destro M, Cattaneo L. Mirror neurons and their clinical revelance. Nat Clin
Prac Neurol 2009;5:24–34.

95. Rizzolatti G, Fadiga L, Gallese V, Fogassi L. Premotor cortex and the recognition of motor actions.
Brain Res Cogn Brain Res 1996;3:131–141. [PubMed: 8713554]

96. Rizzolatti G, Fogassi L, Gallese V. Neurophysiological mechanisms underlying the understanding
and imitation of action. Nat Rev Neurosci 2001;2:661–670. [PubMed: 11533734]

97. Sadato N, PascualLeone A, Grafman J, Ibanez V, Deiber MP, Dold G, Hallett M. Activation of the
primary visual cortex by Braille reading in blind subjects. Nature 1996;380:526–528. [PubMed:
8606771]

98. Schlaug G, Marchina S, Norton A. Evidence for plasticity in white matter tracts of chronic aphasic
patients undergoing intense intonation-based speech therapy. Ann NY Acad Sci 2009;1169:385–
394. [PubMed: 19673813]

99. Schlaug G, Marchina S, Norton A. From singing to speaking: why patients with Broca’s aphasia
can sing and how that may lead to recovery of expressive language functions. Music Percept
2008;25:315–323.

100. Schon D, Magne C, Besson M. The music of speech: music training facilitates pitch processing in
both music and language. Psychophysiology 2004;41:341–349. [PubMed: 15102118]

Wan et al. Page 13

Brain Res Bull. Author manuscript; available in PMC 2010 December 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



101. Sigman M, Ruskin E. Continuity and change in the social competence of children with autism,
Down syndrome, and developmental delays. Monogr Soc Res Child Dev 1999;64:1–63.
[PubMed: 10412222]

102. Skipper, JI.; Nusbaum, HC.; Small, SL. Lending a helping hand to hearing: another motor theory
of speech perception. In: Arbib, MA., editor. Action to Language Via the Mirror Neuron System.
Cambridge University Press; Cambridge, MA: 2006.

103. Sluming V, Barrick T, Howard M, Cezayirli E, Mayes A, Roberts N. Voxel-based morphometry
reveals increased gray matter density in Broca’s area in male symphony orchestra musicians.
Neuroimage 2002;17:1613–1622. [PubMed: 12414299]

104. Sparks R, Helm N, Albert M. Aphasia rehabilitation resulting from melodic intonation therapy.
Cortex 1974;10:303–316. [PubMed: 4452250]

105. Stephens CE. Spontaneous imitation by children with autism during a repetitive musical play
routine. Autism 2008;12:645–671. [PubMed: 19005033]

106. Tager-Flusberg H. Current theory and research on language and communicatiuon in autism. J
Autism Dev Disord 1996;26:169–172. [PubMed: 8744479]

107. Tager-Flusberg, H. Language acquisition and theory of mind: contributions from the study of
autism. In: Adamson, LB.; Romski, MA., editors. Research on Communication and Language
Disorders: Contributions to Theories of Language Development. Pauk Brookes Publishing;
Baltimore: 1997.

108. Tager-Flusberg, H. Language and understanding minds: connections in autism. In: Baron-Cohen,
S.; Tager-Flusberg, H.; Cohen, DJ., editors. Understanding Other Minds: Perspectives from
Autism and Developmental Cognitive Neuroscience. Oxford University Press; Oxford: 2000. p.
124-149.

109. Thaut MH. Measuring musical responsiveness in autistic-children—a comparative-analysis of
improvized musical tone sequences of autistic, normal, and mentally-retarded individuals. J
Autism Dev Disord 1988;18:561–571. [PubMed: 3215882]

110. Theoret H, Halligan E, Kobayashi M, Fregni F, Tager-Flusberg H, Pascual-Leone A. Impaired
motor facilitation during action observation in individuals with autism spectrum disorder. Curr
Biol 2005;15:R84–R85. [PubMed: 15694294]

111. Tillmann B, Janata P, Bharucha JJ. Activation of the inferior frontal cortex in musical priming.
Brain Res Cogn Brain Res 2003;16:145–161. [PubMed: 12668222]

112. Trevarthen, C.; Aitken, K.; Paoudi, D.; Robarts, J. Children with Autism. Jessica Kingsley
Publishers; London: 1996.

113. Vanvuchelen M, Roeyers H, De Weerdt W. Nature of motor imitation problems in school-aged
boys with autism—a motor or a cognitive problem? Autism 2007;11:225–240. [PubMed:
17478576]

114. Wan, C.; Zipse, L.; Norton, A.; Demaine, K.; Baars, R.; Zuk, J.; Bazen, L.; Schlaug, G. Using an
auditory-motor mapping therapy to improve expressive language abilities in nonverbal children
with autism. Proceedings of the 8th Annual Auditory Perception, Cognition, and Action Meeting;
Boston, MA. 2009.

115. Watkins KE, Strafella AP, Paus T. Seeing and hearing speech excites the motor system involved
in speech production. Neuropsychologia 2003;41:989–994. [PubMed: 12667534]

116. Wigram T. Indications in music therapy: evidence from assessment that can identify the
expectations of music therapy as a treatment for autistic spec trum disorder (ASD): meeting the
challenge of evidence based practice. Br J Music Ther 2002;16:11–28.

117. Williams JHG, Whiten A, Singh T. A systematic review of action imitation in autistic spectrum
disorder. J Autism Dev Disord 2004;34:285–299. [PubMed: 15264497]

118. Williams JHG, Whiten A, Suddendorf T, Perrett DI. Imitation, mirror neurons and autism.
Neurosci Biobehav Rev 2001;25:287–295. [PubMed: 11445135]

119. Wilson SM, Saygin AP, Sereno MI, Iacoboni M. Listening to speech activates motor areas
involved in speech production. Nat Neurol 2004;7:701–702.

120. Wing, L. Autistic Children. Constable Publishers; London: 1985.

Wan et al. Page 14

Brain Res Bull. Author manuscript; available in PMC 2010 December 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 1.
Graphical representation of the potential utility of AMMT in facilitating expressive language
in individuals with autism via the mirror neuron system.
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