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1 | AUTISM SPECTRUM DISORDERS

The Mirror Neuron System (MNS) plays a crucial role in action perception and imitative
behavior, which is suggested to be impaired in Autism Spectrum Disorders (ASDs). In this
review, we discuss the plausibility and empirical evidence of a neural interaction between
the MNS, action perception, empathy, imitative behavior, and their impact on social deci-
sion making in ASDs. To date, there is no consensus regarding a particular theory in ASDs
and its underlying mechanisms. Some theories have completely focused on social diffi-
culties, others have emphasized sensory aspects. Based on the current studies, we sug-
gest amultilayer neural network model including the MNS on afirst layer and transforming
this information to a higher layer network responsible for reasoning. Future studies with
ASD participants combining behavioral tasks with neuroimaging methods and transcra-
nial brain stimulation as well as computational modeling can help validate and comple-
ment this suggested model. Moreover, we propose applying the behavioral paradigms,
and the neurophysiological markers mentioned in this review article for evaluating psy-
chiatric treatment approaches in ASDs. The investigation of modulating effects of differ-
ent treatment approaches on the neurophysiological markers of the MNS can help find

specific subgroups of ASDs patients and support tailored psychiatric interventions.
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in the type and severity of symptoms people experience.* Table 1

provides an overview of the DSM-5 criteria for ASD with examples.

Autism Spectrum Disorders (ASDs) are neurodevelopmental disor-
ders characterized by impairment in communication and social in-
teractions, and restricted repetitive and stereotyped behaviors.*
According to the Diagnostic and Statistical Manual of Mental
Disorders (DSM-5), people with ASD have difficulty with commu-
nication and interaction with other people, restricted interests, and
repetitive behaviors and symptoms that hurt the person’s ability to
function properly in school, work, and other areas of life. Autism
is known as a “spectrum” disorder because there is wide variation

The criteria for obtaining the severity level for ASD are shown in
Table 2. In contrast to DSM-4 under the DSM-5 criteria, individu-
als with ASD must show symptoms from early childhood, even if
those symptoms are not recognized until later. This criteria change
encourages earlier diagnosis of ASD and also allows people whose
symptoms may not be fully recognized until social demands exceed
their capacity to receive the diagnosis. The earliest symptoms in
ASDs include the lack of attention to faces, imitative behaviors,®
and motor impairments.’
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In ASDs, a variety of neural structures are affected, ranging from
the brain stem to the cerebellum and cerebral cortex.®! As far as
the cortical abnormalities are concerned, of particular interest is the
connectivity deficit found in the parieto-frontal network, ie, in the
circuit whose areas are endowed with the mirror mechanism.? It has
been proposed that a malfunctioning of the mirror mechanism is one
of the factors underlying the cognitive aspects of the deficit.*®

Osterling et al (2002) addressed whether autism can be distin-
guished from mental retardation by 1 year of age.14 They used home
videotapes of first birthday parties from 20 infants later diagnosed
with ASDs, 14 infants later diagnosed with mental retardation (with-
out autism), and 20 typically developing infants. Results indicated
that 1-year olds with ASDs can be distinguished from 1-year olds
with typical development (TD) and those with mental retardation.
The infants with ASDs looked at others and oriented to their names
less frequently than infants with mental retardation. The infants
with ASDs and those with mental retardation used gestures and
looked to objects held by others less frequently and engaged in re-
petitive motor actions more frequently than typically developing
infants. These results demonstrate that ASDs can be distinguished
from mental retardation and typical development already by 1 year
of age.™*

Although several studies have shed light on specific facets of
ASDs, there is still no consensus on a universally accepted theory
to explain its underlying mechanisms. While some theories have ex-
clusively focused on sensory aspects, others have emphasized so-
cial difficulties and deficits in imitating and understanding actions
of others. However, sensory, motor, and social processes in ASDs
might be interconnected to a higher degree than what has been tra-
ditionally thought.*®

2 | ACTION PERCEPTION AND IMITATIVE
BEHAVIOR IN ASDS

Imitation plays a central role in human development and learning
of motor, communicative, and social skills.'®'” Nevertheless, the
neural basis of imitation and its functional mechanisms in ASDs
remain elusive. In their pioneering study, di Pellegrino et al (1992)
reported for the first time that in the premotor cortex of the ma-
caque monkey (area F5) there are neurons that fire both when the
monkey performs an action and when it observes an individual
making a similar action.® Based on this finding, lacoboni et al
(1999) hypothesized that imitation may be based on a mechanism
directly matching the observed action onto an internal motor rep-
resentation of that action (“direct matching hypothesis”)."” To test
this hypothesis, human participants were asked to observe and im-
itate a finger movement and to perform the same movement after
spatial or symbolic cues. Brain activity was measured with func-
tional magnetic resonance imaging (fMRI). They found brain re-
gions (the left inferior frontal cortex and the right superior parietal
lobule) become active during finger movement, regardless of how
it is evoked; however, their activation increased when the same

movement was elicited by the observation of an identical move-
ment made by another individual.’” In a recent seminal review
article, Rizzolatti et al (2014) discussed the role that the cortical
motor system plays in understanding and imitating the behavior
of others.!” Their notion is that there is a mechanism, the mir-
ror neuron mechanism (MNM), located in the motor system that
plays a fundamental role in action understanding. Empirical find-
ings supporting this notion have led to a paradigmatic conceptual
shift in cognitive neuroscience and psychology. As summarized
by Jeannerod: “..the observation of actions performed by other
agents generates in the brain of the observer representations sim-
ilar to those of the agents. This circular process, from the self to
action and from action to other selves, has as a consequence that
action representations can be shared by 2 or more people. These
new findings have radically changed the traditional view of the
motor system as an executive system that merely follows instruc-
tions elaborated somewhere else. Motor system now stands as a
system that allows understanding the behavior of others and even
as a probe that explores the external world for interacting with
other people and gathering new knowledge”.?°

Intriguingly, the mu rhythm has also been used as a physiological
indicator of the human mirror neuron system (MNS).2%?2 Mu rhythm
is an EEG measure of resting motor neurons, which is normally
suppressed by input because of action observation or movement
execution.?

Oberman et al (2005) investigated MNS sensitivity by examining
mu suppression to familiarity, ie, the degree to which the observer is
able to identify with the actor on the screen using familiar versus un-
familiar actors.?* They used 4 conditions: an unfamiliar hand grasp-
ing an object (“stranger”), the hand of the child's relatives performing
the same action (“familiar”), the participant’s own hand (“own”), and,
finally, bouncing balls (“control condition”). Their results show that
mu suppression was sensitive to the degree of familiarity. Both typ-
ically developing participants and those with ASD showed greater
suppression to familiar hands compared to those of strangers. These
findings suggest that the MNS responds to observed actions in in-
dividuals with ASD, but only when individuals can identify in some
personal way with the stimuli.

Since the sensory-motor cortex has neurons that are active

during perception and execution,?>%

we hypothesize that a pertur-
bation of M1 impairs the MNS leading to deficits in imitating behavior
in ASDs. Evidence for this notion can be derived from studies using
transcranial magnetic stimulation (TMS) to induce motor-evoked po-
tentials (MEPs). Theoret et al (2005) investigated the neural mecha-
nism matching action observation and execution in adults with ASD
and normal controls.?’ They applied TMS over the primary motor
cortex (M1) during observation of finger movements. They showed
that the overall modulation of M1 excitability during action observa-
tion was significantly lower in individuals with ASD compared with
matched controls. A further TMS study also found reduced excitabil-
ity of the motor cortex in ASD patients compared to controls and,
remarkably, also found a negative correlation between the activity
of the motor cortex and self-reported social impairment.?®
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TABLE 1 Overview of the DSM-5 criteria for autism spectrum disorders (ASD) with examples

A. Persistent deficits in social communication and social interaction across multiple contexts, as manifested by the following, currently or by

history

1. Deficits in social-emotional reciprocity, ranging, for example, from abnormal social approach and failure of normal back-and-forth conversa-
tion; to reduced sharing of interests, emotions, or affect; to failure to initiate or respond to social interactions

2. Deficits in nonverbal communicative behaviors used for social interaction, ranging, for example, from poorly integrated verbal and nonverbal
communication; to abnormalities in eye contact and body language or deficits in understanding and use of gestures; to a total lack of facial

expressions and nonverbal communication

3. Deficits in developing, maintaining, and understanding relationships, ranging, for example, from difficulties adjusting behavior to suit various
social contexts; to difficulties in sharing imaginative play or in making friends; to absence of interest in peers

Specify current severity:

Severity is based on social communication impairments and restricted, repetitive patterns of behavior (see Table 2)

B. Restricted, repetitive patterns of behavior, interests, or activities, as manifested by at least two of the following, currently or by history

1. Stereotyped or repetitive motor movements, use of objects, or speech (eg, simple motor stereotypes, lining up toys or flipping objects,

echolalia, idiosyncratic phrases)

2. Insistence on sameness, inflexible adherence to routines, or ritualized patterns of verbal or nonverbal behavior (eg, extreme distress at small
changes, difficulties with transitions, rigid thinking patterns, greeting rituals, need to take same route or eat same food every day)

3. Highly restricted, fixated interests that are abnormal in intensity or focus (eg, strong attachment to or preoccupation with unusual objects,

excessively circumscribed or perseverative interests)

4. Hyper- or hypo-reactivity to sensory input or unusual interest in sensory aspects of the environment (eg, apparent indifference to pain/
temperature, adverse response to specific sounds or textures, excessive smelling or touching of objects, visual fascination with lights or

movement)

Specify current severity:

Severity is based on social communication impairments and restricted, repetitive patterns of behavior (see Table 2)

C. Symptoms must be present in the early developmental period (but may not become fully manifest until social demands exceed limited

capacities, or may be masked by learned strategies in later life
Early primary caregivers report no longer essential

“Early Childhood” approximately age 8 and younger

D. Symptoms cause clinically significant impairment in social, occupational, or other important areas of current functioning

Select one severity level specifier for Social Communication and one for Restricted Interests and Repetitive Behaviors

Minimal social impairments: “without supports in place, deficits in social communication cause noticeable impairments. Has difficulty initiating
social interactions and demonstrates clear examples of atypical or unsuccessful responses to social overtures of others. May appear to have

decreased interest in social interactions.” (from DSM 5 severity rating)

Minimal RRB impairments: “Rituals and repetitive behaviors (RRB’s) cause significant interference with Functioning in one or more contexts.
Resists attempts by others to interrupt RRB’s or to be redirected from fixated interest.” (from DSM 5 severity rating)

E. These disturbances are not better explained by intellectual disability (intellectual developmental disorder) or global developmental delay.
Intellectual disability and autism spectrum disorder frequently co-occur; to make comorbid diagnoses of autism spectrum disorder and
intellectual disability, social communication should be below that expected for general developmental level

Most studies on the relationship between mirror mechanism
and autism have employed EEG and MEG techniques. They revealed
that the cortical rhythms that desynchronize in typically developing
children (TD) during both execution and observation of hand move-
ments do desynchronize in children with autism only during active

hand movements.?+2%30

3 | THE MIRROR NEURON MECHANISM
AND ACTION UNDERSTANDING

The ability to understand and control motor actions is an important
facet of everyday life. For example, the ability to mimic the body lan-
guage of others can influence both social interactions and personal

relationships.33? Previous studies have shown that participants

with ASDs have deficits in imitating the actions of others % and in
learning motor actions (eg, simple body movements).'® Therefore,
learning motor actions has been associated with mimicking the ac-
tions of others and understanding the purpose of the action.'® Also,
this capability enables us to identify when and where to perform a
certain social action, such as a wave or a handshake.*

When we observe a motor action (eg grasping a cup) done by an-
other individual, we usually extract 2 types of information: the goal
(grasping) and the intention underlying it (eg grasping for drinking).
Boria et al (2009) examined whether children with ASD are able to
understand these 2 aspects of motor actions.® In their study, one
group of high-functioning children with ASD and one of TD children
were presented with pictures showing hand-object interactions and
asked what the individual was doing and why. In half of the “why”

trials, the observed grip was congruent with the function of the
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TABLE 2 Criteria for obtaining the severity level for autism spectrum disorders (ASD)

Severity level for
ASD Social communication

Level 3: Requiring Severe deficits in verbal and nonverbal social
very substantial
support functioning; very limited initiation of social
interactions and minimal response to social

overtures from others

Level 2: Requiring
substantial support

social interactions and reduced or abnormal
response to social overtures from others

Level 1: Requiring Without supports in place, deficits in social

support

communication skills cause severe impairments in

Marked deficits in verbal and nonverbal social
communication skills; social impairments apparent
even with supports in place; limited initiation of

communication cause noticeable impairments. Has
difficulty initiating social interactions and demon-
strates clear examples of atypical or unsuccessful

Restricted interests & repetitive behaviors

Preoccupations, fixated rituals, and/or repetitive behaviors
markedly interfere with functioning in all spheres. Marked
distress when rituals or routines are interrupted; very difficult
to redirect from fixated interest or returns to it quickly

RRBs and/or preoccupations or fixated interests appear
frequently enough to be obvious to the casual observer and
interfere with functioning in a variety of contexts. Distress or
frustration is apparent when RRB'’s are interrupted; difficult to
redirect from fixated interest

Rituals and repetitive behaviors (RRB’s) cause significant
interference with functioning in one or more contexts. Resists
attempts by others to interrupt RRB’s or to be redirected from
fixated interest

responses to social overtures of others. May appear

to have decreased interest in social interactions

object (“why-use” trials); in the other half it corresponded to the grip
typically used to move that object (“why-place” trials). The results
showed that children with ASD have no difficulties in reporting the
goals of individual motor acts. In contrast, they made several errors
in the why task with all errors occurring in the “why-place” trials.
Thus, children with ASD have no deficit in the second type of under-
standing (ie, what action is being executed or performed), while they
have difficulties in understanding others’ intentions when they have
to rely exclusively on motor cues.®>

Some authors argue for the involvement of the MNS in under-
standing what action to perform and the purpose of producing the
action.¢%7 However, the mirror neuron theory of action under-
standing has also been criticized.®®*° Hickock and Hauser (2010)
argue that the interpretation of mirror neurons as supporting action
understanding was a wrong turn at the start, and that a more appro-
priate interpretation was lying in wait with respect to sensorimotor
learning.*® They suggest interpreting “mirror neurons” as sensorim-
otor association cells relevant to action selection, just like object-
oriented cells. According to their point of view, empirical findings
favor the sensorimotor account by showing that action understand-
ing and motor system function dissociate, that motor actions alone
are insufficient to explain action understanding, and that animals
comprehend many actions that they cannot execute.384°

Conversely, other researchers cast doubt on one of this cri-
tigue by demonstrating a correlation between the activity of the
MNS and the observed action of the monkeys' extrapersonal
space, rather than their peripersonal space.*’ These findings
demonstrate that neuronal responses to an object rely on the
actual possibility for the monkey to interact with the observed
stimulus.

A further line of evidence comes from studies transiently dis-
rupting cortical excitability by repetitive transcranial magnetic
stimulation (rTMS). Remarkably, it has been shown that people

are less accurate in identifying hand action goals after receiving

continuous theta-burst stimulation (cTBS) over the hand area than
after receiving cTBS over the lip area of the left ventral premotor
cortex (PMv), whereas they are less accurate in identifying mouth
action goals after receiving cTBS over the lip area than over the
hand area.*? Given that the application of cTBS over motor areas
diminishes the excitability of cortical tissues, these findings sug-
gest that PMv might have a causal role in understanding others’
actions.*®

In their review article, Rizzolatti & Sinigaglia conclude that the
mirror mechanism might allow others’ actions, emotions, or vital-
ity forms to be understood from the inside.*® However, this does
not imply that the mirror-based processing is enough to fully un-
derstand them. Fully understanding an action, an emotion, or a
vitality form is a multilevel process. The first level involves identi-
fying which outcome is the goal of the observed action and which
emotion or vitality form other individuals are displaying. Further
levels may involve representing others’ mental states (for example,
beliefs, desires, intentions, and so on). Reasoning about others’
mental states mainly activates a putative “mind-reading network”
that is formed by the prefrontal cortex (PFC), anterior cingulate

cortex (ACC), and the temporoparietal junction (TPJ).#4-4¢

4 | SOCIAL DECISION MAKING IN ASDS

Autism Spectrum Disorders are associated with deficits in social-
emotional reciprocity, social communication, and social interaction
across multiple contexts (see Table 1). Remarkably, several brain
regions shown to be affected in ASD have also been shown to be
involved in decision making. Neurobiological theories of ASD em-
phasize functional abnormalities in the amygdala, prefrontal cortex,
superior temporal sulcus, and fusiform gyrus; together, these re-
gions are thought to comprise the “social brain”.*”*’ An overlapping

set of regions, including the amygdala, prefrontal cortex, and ventral
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striatum, are implicated in decision making according to both func-
tional neuroimaging °C and lesion studies.’>*?

Previous studies have also shown that autonomic arousal differs
in ASD patients relative to controls.”>>* For example, Hirstein et al
(2001) found that an autistic group did not show difference in skin
conductance responses (SCRs) when making eye contact with their
mothers compared with looking at a cup, whereas the control group
showed significantly greater SCRs during eye contact.’

Johnson et al (2006) examined choice behavior and SCRs during
the lowa Gambling Task (IGT) in young adults with Asperger’s disor-
der (ASP) and healthy controls.>® This decision making task requires
participants to learn to make advantageous choices on the basis of
feedback in the form of monetary gains and losses.

Consistent with the known heterogeneity in ASD, the authors
found a subgroup of ASD participants (40%) which attended only to
losses and demonstrated very low choice consistency, ie individuals
in this subgroup were more motivated by avoidance of negative out-
comes than by positive reinforcement. Moreover, SCR results revealed
reduced responsiveness in the ASP group during the IGT compared
with the control group.> Further studies have also shown that partici-
pants with ASDs frequently switch between their decisions regardless
of whether the outcome of the decision is positive or negative.’®>’
Therefore, participants with ASDs do not modulate their choice de-
spite their understanding of the motivating purpose of the stimuli.

When viewing emotional expressions, adults spontaneously and
quickly activate congruent facial muscles (ie they smile to a smile and
scowl to a scowl). Automatic mimicry of facial expressions occurs
even when expressions are presented without instructions to mimic
and facilitates social interaction, supporting interpersonal rapport,
emotional contagion, and emotion recognition.’®>? Using facial elec-
tromyography (EMG), MclIntoch et al (2006) showed that ASD par-
ticipants did not automatically mimic facial expressions, whereas TD

participants did.>® In contrast, ASD participants and TD participants

FIGURE 1 A schematic sketch of the
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were equally successful on voluntary mimicry. Their data suggest that
autism is associated with an impairment of a basic automatic social-
emotion process affecting emotional contagion and social t:ognition.58
Moreover, several studies have shown that individuals with
ASD have not only deficits in recognizing emotional facial expres-
sions®®%2 but have also deficits in making a wide range of social
judgments from faces, including decisions related to threat (such as
judgments of approachability) and decisions not related to physical
threat (such as judgments of intelligence).4%¢3
Along with the understanding of the goal of an action (“what” is

)35

done) and the intention underlying it (“why” it is done),” social inter-

actions largely depend on the appraisal of the action from the dy-
namics of the movement: “how” it is performed (its “vitality form”).%*
Action dynamics enable the observer to understand the cognitive/
emotional state of the agent of the performed action. For instance,
a minute variation in the temporal contour, force, or direction of the
actions may help the observer understand whether the agent is gentle
or angry, whether he or she performs the action willingly or hesitating,
and so on. The dynamics of action carrying this kind of information is
called “vitality forms”.%>

Rochat et al (2013) show that, unlike TD individuals, individuals
with autism reveal severe deficits in recognizing vitality forms, and
their capacity to appraise them does not improve with age.64

Further studies have combined fMRI with the Facial Action
Coding System (FACS;%®) and revealed the somatotopic organization
of emotional facial expressions in the brain.®” Pathophysiological
alteration of the cortical excitability associated with deficits in rec-
ognizing facial emotional expressions and theory of mind skills in
neuropsychiatric disorders has been shown using TMS-based motor-
evoked potentials and functional magnetic resonance imaging.#48:¢?

Taken together, our ability to understand (i) the social context,
(ii) emotions of others, (iii) the intent of the motor actions, and (iv)

the vitality forms is necessary to make appropriate social decisions.

[ Social decision making

Mind-reading network saskl eagniin

proposed dynamical interaction between
Autism Spectrum Disorders (ASDs),
Social Decision Making, and the Mirror
Neuron System (MNS). The proposed
multilayer neural network model
includes the MNS on a first layer and
transforming this information to a higher
layer network responsible for reasoning.
The MNS involves the motor system,
the basal ganglia (BG), the insula, and
other brain regions revealing the mirror
neuron mechanism. Reasoning about
others’ mental states mainly activates

Reasoning

PFC ACC TPJ

Cognitive perspective taking

a putative “mind-reading network” that
is formed by the prefrontal cortex, the
anterior cingulate cortex (ACC), and the
temporoparietal junction (TPJ)*3-4670

MNS Imitating behavior
Action understanding
Motor BG Insula -
system etc. Automatic mimicry
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TABLE 3 Overview of useful behavioral and neurophysiological markers for the evaluation of psychiatric treatment approaches of autism

spectrum disorders (ASD) patients

Behavioral paradigms

Action observation and imitative behavior (eg imitating
finger movements)®’

Understanding the intention of actions®”

Recognizing vitality forms of actions.®*

fMRI-based BOLD response in brain regions during observation and imitation
EEG-based mu rhythm alterations
MEG-based power increase in beta activity (beta rebound, 21)

TMS-based measurement of motor cortical excitability by investigating

Neurophysiological markers

17,19
21-23

modulations of motor-evoked potentials (MEPs)?”%®
Disrupting motor cortical excitability by rTMS*3

Automatic mimicry of facial expressions>®>?

Choice behavior during the lowa Gambling task>
Making eye contact with a close relative compared with
looking at a cup®

Recognition of facial expressions**¢0:¢2
Social judgments based on facial perception®®%® cortex

EEG-based coherence analyses

Despite these remarkable findings, it remains unclear whether
there is a link between social decision making and the impairment
of the MNS. Approaching this question remains elusive due to our
limited knowledge of the neural mechanisms involved in the inter-
action between the MNS, motor control, and social decision making.
Based on the current knowledge, we assume that participants with
ASDs experience (i) MNS impairments, (ii) deficits in automatic mim-
icry of facial expressions but not in voluntary mimicry, (iii) deficits in
recognizing emotional facial expressions, (iv) deficits in understand-
ing action intention and its vitality form, which may overall cause
(v) severe deficits in social interaction and social decision making.
It is therefore plausible to assume a neurophysiological interaction
between the pathways responsible for the MNS, imitative behavior,
motor action, and social decision making.

Based on the current studies, we suggest a multilayer neural
network model including the MNS on a first layer and transforming
this information to a higher layer network responsible for reasoning
(cf. Figure 1). Reasoning about others’ mental states mainly activates
a putative “mind-reading network” that is formed by the prefron-
tal cortex, anterior cingulate cortex (ACC), and the temporoparietal
junction (TPJ).*34¢70 Future studies with ASD participants combin-
ing behavioral tasks with neuroimaging methods and transcranial
brain stimulation as well as computational modeling can help vali-
date and complement this suggested model.

5 | USING BEHAVIORAL PARADIGMS
COMBINED WITH NEUROPHYSIOLOGICAL
MARKERS FOR TREATMENT EVALUATION
OF PATIENTS WITH ASDS

We agree with Rizzolati et al's assumption that psychiatry will be
one of the most promising fields in the research of the MNS.Y?

Therapeutic options to improve clinical deficits in ASDs in-

71,72

clude pharmacological interventions cognitive behavioral

Facial electromyography (EMG)

Skin conductance response (SCR)

58,59

54,55

fMRI-based BOLD response (eg in the Amygdala and medial prefrontal
44,62,63

45,77

4473 and experimental approaches using noninvasive tran-

therapy,
scranial brain stimulation.”*”> In psychiatric departments, diagno-
sis and treatment evaluation of ASDs is usually based on the DSM
V or the ICD-10 as well as psychometric scales.”® However, the
specific behavioral paradigms and the neurophysiological markers
mentioned in this review article are usually ignored. We therefore
propose applying the behavioral paradigms and the neurophysi-
ological markers mentioned in this review article for evaluating
the treatment process. Table 3 provides an overview of the pro-
posed behavioral and neurophysiological measures. Moreover,
the investigation of modulating effects of different treatment ap-
proaches on the neurophysiological markers of the MNS can help
find specific subgroups of patients and support tailored psychiat-
ric interventions, eg, investigating on a neurophysiological level

23,24,29

which patients show EEG-based mu rhythm alterations, or

hypoactivity of the prefrontal cortex during theory of mind tasks

2644 or reduced automatic mimicry of fa-

based on neuroimaging
cial expressions using facial electromyography.’®> Taking the
wide range of ASDs into account, future studies investigating the
effects of specific treatment approaches on specific neurophysi-
ological markers of the MNS might reveal diagnostic subgroups of
ASDs patients. Thus, each neurophysiologically defined subgroup

might need a specific treatment approach.

6 | CONCLUDING REMARKS

In this review, we discuss the plausibility and empirical evidence of
neural interaction between the MNS, action perception, imitative
behavior, and their impact on social decision making in ASDs. Several
studies in humans using TMS of the motor cortex, EEG-based mu
rhythm, and other neuroimaging techniques as well as facial elec-
tromyography convincingly demonstrate the involvement of the
MNS in action understanding and imitative behavior (for a review

see 43,76). However, in ASDs, also impairment of higher cognitive
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functions such as theory of mind skills and complex social cogni-
tion has been observed (for a review see 44). Based on the current
studies, we therefore suggest a multilayer neural network model in-
cluding the MNS on a first layer and transforming this information
to a higher layer network responsible for reasoning (cf. Figure 1).
Reasoning about others’ mental states mainly activates a putative
“mind-reading network” that is formed by the prefrontal cortex,
anterior cingulate cortex (ACC), and the temporoparietal junction
(TPJ).43-4670 Future studies with ASD participants combining be-
havioral tasks with neuroimaging methods and transcranial brain
stimulation as well as computational modeling can help validate and
complement this suggested model. Moreover, we propose applying
the behavioral paradigms and the neurophysiological markers men-
tioned in this review article for evaluating psychiatric treatment ap-
proaches in ASDs (see Table 3). The investigation of modulating the
effects of different pharmacological, neurostimulation, or psycho-
therapeutic treatment approaches on the neurophysiological mark-
ers of the MNS can help find specific subgroups of ASDs patients

and support tailored psychiatric interventions.
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