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Abstract
ASD is associated with mentalizing deficits that may correspond with atypical mirror system (MS) activation. We investigated 
MS activity in adults with and without ASD when inferring others’ intentions using TMS-induced motor evoked potentials 
(MEPs) and mu suppression measured by EEG. Autistic traits were measured for all participants. Our EEG data show, high 
levels of autistic traits predicted reduced right mu (8–10 Hz) suppression when mentalizing. Higher left mu (8–10 Hz) sup-
pression was associated with superior mentalizing performances. Eye-tracking and TMS data showed no differences associ-
ated with autistic traits. Our data suggest ASD is associated with reduced right MS activity when mentalizing, TMS-induced 
MEPs and mu suppression measure different aspects of MS functioning and the MS is directly involved in inferring intentions.

Keywords Autism spectrum disorder (ASD) · Mirror system (MS) · Mentalizing · Transcranial magnetic stimulation 
(TMS) · Electroencephalography (EEG) · Intentions

Introduction

Experimental evidence and anecdotal reports suggest that 
individuals with autism spectrum disorder (ASD) diagnoses 
display difficulties inferring the thoughts, feeling and beliefs 
of others, collectively known as ‘mentalizing’ (Baron-Cohen 
et al. 1997; Castelli et al. 2002; Jolliffe and Baron-Cohen 
1999; Kana et al. 2014; Senju et al. 2009). ASD is a term 
used by the most recent edition of the Diagnostic and Sta-
tistical Manual of Mental Disorders (DSM-5) to describe 
a number of neurodevelopmental disorders characterised 
by difficulties in social communication as well as restricted 
and repetitive behaviours (American Psychiatric Associa-
tion 2013). Due to the spectral nature of ASD, individuals 
with and without ASD diagnoses display varying degrees 

of autistic traits. Individuals without an ASD diagnosis but 
who display relatively high levels of autistic traits have also 
been shown to exhibit mentalizing deficits (Gökçen et al. 
2014, 2016).

The ‘broken mirror’ theory of ASD suggests that dys-
function in brain areas known collectively as the mirror 
system (MS) underlie some of the social communication 
difficulties experienced by individuals with ASD (Iacoboni 
and Dapretto 2006; Oberman and Ramachandran 2007). The 
main components of the human MS are considered to be the 
inferior frontal gyrus (IFG) and the inferior parietal lobe 
(IPL; Rizzolatti and Craighero 2004; Rizzolatti and Sini-
gaglia 2010). Areas of the MS are active during the per-
formance of an action as well as the observation of similar 
actions (di Pellegrino et al. 1992; Rizzolatti et al. 1996). It is 
thought that by displaying similar activation patterns during 
the observation of actions as when performing actions, the 
MS simulates observed actions in the observer’s own motor 
system to facilitate action understanding (Rizzolatti and 
Craighero 2004). This is known as the motor resonance the-
ory (Agnew et al. 2007; Landmann et al. 2011; Leslie et al. 
2004; Rizzolatti et al. 2002). According to the broken mir-
ror theory, atypical MS activation in individuals with ASD 
results in reduced understanding of the actions of others, 
which in turn underlies some of the social communication 
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difficulties these individuals experience (Iacoboni and 
Dapretto 2006; Oberman and Ramachandran 2007).

Although the broken mirror hypothesis is an attractive 
theory, the literature supporting the possibility of atypi-
cal MS activation in individuals with ASD is limited, par-
ticularly in adults. A number of behavioural studies, fMRI 
studies and studies using electromyographic recordings have 
shown children with ASD display both behavioural impair-
ments and atypical MS activity during tasks typically associ-
ated with MS functioning such as imitation (Dapretto et al. 
2006; Hobson and Hobson 2008; Rogers et al. 2003; Wil-
liams et al. 2004), action planning (Cattaneo et al. 2007; 
Dowd et al. 2012; Fabbri-Destro et al. 2009) and gestural 
performance (Dewey et al. 2007). In contrast, adults with 
ASD generally display typical behavioural performances 
on tasks traditionally associated with MS functioning (Bird 
et  al. 2007; Avikainen et  al. 2003) and the majority of 
neuroimaging studies (fMRI, EEG and TMS) have shown 
that adults with ASD display typical levels of MS activity 
(Avikainen et al. 1999; Dinstein et al. 2010; Enticott et al. 
2013b; Marsh and Hamilton 2011). Only a limited number 
of studies have provided evidence to suggest MS activation 
is atypical during these tasks in adults with ASD (Bernier 
et al. 2007; Enticott et al. 2012; Honaga et al. 2010; Mar-
tineau et al. 2010) and adults with high levels of autistic 
traits (Cooper et al. 2013; Lepage et al. 2010; Puzzo et al. 
2009). Therefore, evidence to support general dysfunction of 
the MS in ASD, particularly in adults, is limited (Hamilton 
2013).

Despite the limited evidence suggesting atypical MS 
activity in adults with ASD during tasks traditionally 
associated with MS functioning (e.g. imitation and action 
planning), fMRI studies have found reduced MS activation 
(IFG and IPL) in adults with ASD during mentalizing tasks 
compared to control participants (Baron-Cohen et al. 1999; 
Holt et al. 2014; Kana et al. 2014). A wide body of neuro-
imaging literature has provided evidence for MS involve-
ment in mentalizing in typically developing adults: higher 
MS activity has been shown during mentalizing tasks than 
non-mentalizing tasks (fMRI; Adams et al. 2010; Centelles 
et al. 2011; de Lange et al. 2008; Schurz et al. 2014; PET; 
Brunet et al. 2000). Additionally, both fMRI and TMS stud-
ies have found higher MS activation during the observa-
tion of actions with social context compared to non-social 
actions even in the absence of mentalizing tasks (Bucchioni 
et al. 2013; Ciaramidaro et al. 2014; Enticott et al. 2013b; 
Iacoboni et al. 2004). Lesions to IFG, both in brain damaged 
patients (Besharati et al. 2016; Dal Monte et al. 2014) and 
when temporary functional lesions are induced via direct 
current stimulation in patients undergoing surgery to treat 
epilepsy (Herbet et al. 2014), have been shown to impair 
mentalizing performances. Collectively, these data show that 
MS has a role in mentalizing and that MS functioning is 

atypical in adults with ASD when the mentalizing system is 
engaged. Therefore, it is possible that reduced MS activity 
during mentalizing tasks may contribute to the mentalizing 
difficulties these adults experience.

Despite numerous studies providing evidence for a role 
of the MS in mentalizing, some fMRI studies have not 
found higher levels of MS activity during mentalizing tasks 
compared to non-mentalizing tasks in typically develop-
ing participants (Castelli et al. 2000, 2002; Gallagher et al. 
2000; Spunt et al. 2011; White et al. 2014). Differences in 
the stimuli used are likely to have contributed to inconsist-
encies in the existing literature. fMRI studies have shown 
that different brain areas are active during mentalizing tasks 
depending on the stimuli used (Gobbini et al. 2007; Schurz 
et al. 2014), higher MS activation is elicited when dynamic 
stimuli are used rather than static stimuli and when stimuli 
depict bodies rather than faces (Schlochtermeier et al. 2015). 
The majority of mentalizing tasks that have not elicited MS 
activation have used simplistic cartoons, still images or pas-
sages of text as stimuli (Castelli et al. 2000, 2002; Gallagher 
et al. 2000; White et al. 2014). If MS functioning is atypi-
cal in adults with ASD during mentalizing tasks then these 
individuals may display more prominent differences in brain 
activation and greater behavioural impairments on mental-
izing tasks that typically elicit greater levels of MS activity.

Transcranial magnetic stimulation (TMS) and electroen-
cephalography (EEG) are two techniques that have often 
been used to non-invasively obtain indirect indices of MS 
activity, but it is unknown precisely how these two indices 
of MS activity relate to each other. TMS involves adminis-
tering brief magnetic pulses through a magnetic coil placed 
on the scalp in order to induce transient changes in activity 
in the underlying region of the cortex (Hallett 2000). When 
single TMS pulses are applied to the primary motor cortex 
(M1), the resulting increases in corticospinal activity can 
be measured by recording increased activity in contralat-
eral hand muscles via electromyography (EMG; Aziz-Zadeh 
et al. 2002; Fadiga et al. 2005). These increases in muscle 
activity induced by TMS (known as motor evoked poten-
tials; MEPs) are larger when individuals view hand actions 
compared to when TMS is applied at rest and therefore 
these increases in MEP sizes during action observation are 
regarded as an index of MS activity (Fadiga et al. 2005; 
Patuzzo et al. 2003; Strafella and Paus 2000). In contrast, mu 
rhythm; large amplitude oscillations in the alpha frequency 
band (8–12 Hz) over sensorimotor cortex detected by EEG, 
is suppressed during action observation as well as the per-
formance of actions and thereby provides another index of 
MS activity (Fox et al. 2016; Frenkel-Toledo et al. 2014; 
Oberman et al. 2007). Two previous studies that have com-
bined EEG and single-pulse TMS to measure MS activity in 
typically developing populations have shown that although 
measurements from both these techniques are sensitive to 
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motor resonance mechanisms, they are not correlated with 
each other (Andrews et al. 2015; Lepage et al. 2008). There-
fore, it is possible that these measurements reflect different 
aspects of MS functioning. It is important to note that these 
indices of MS activity also differ in their spatial and tempo-
ral properties; EEG measures the sum of post-synaptic neu-
ronal activity over a large area, and an index of mu suppres-
sion is typically taken over a relatively long time period (i.e., 
> 1 s). By contrast, TMS measures brief induced increases 
in corticospinal activity from peripheral muscles (Andrews 
et al. 2015; Pineda 2005; Rossini et al. 1994). Using both 
of these non-invasive measures of MS activity simultane-
ously allows a more complete picture of MS functioning to 
be collected.

This study aimed to investigate whether adults with diag-
noses of ASD display atypical MS activity when mentalizing 
and whether levels of MS activation correspond to mental-
izing performance. In this study, participants watched hand 
action videos, and after each video they had to either make 
decisions about the intention of the actor (mentalizing task) 
or the success of the action (non-mentalizing task). The 
video stimuli used showed different actors performing natu-
ralistic hand actions to ensure the stimuli were sufficiently 
complex and optimally activated the MS. TMS-induced 
MEPs and mu suppression were both used as indices of MS 
activity. A preliminary TMS study carried out on typically 
developing individuals, using the same stimuli, identified 
higher MS activation during a mentalizing task compared 
to a non-mentalizing task once the actors’ intentions had 
been revealed (Cole and Barraclough 2017). Therefore, in 
our study, single-pulse TMS was applied to the primary 
motor cortex (M1) at the end of each hand action when the 
outcome of the action or the intention of the actor had been 
revealed. Simultaneous EEG recordings were made through-
out the experiment. Participants without a diagnosis were 
grouped based on low or high levels of autistic traits. It was 
predicted that larger TMS-induced MEP sizes and greater 
levels of mu suppression would be found during the men-
talizing task compared to the non-mentalizing task, indi-
cating higher levels of MS activity. It was also predicted 
that high levels of autistic traits would be associated with 

reduced task-related changes in MS activity and that lower 
levels of MS activity would be related to poorer mentalizing 
performances.

Methods

Participants

Forty-three adults were recruited for this study, of which 13 
had a formal diagnosis of either Asperger’s disorder (11) 
or ASD. All of the participants with a diagnosis met the 
DSM-5 criteria for ASD and none of the participants had 
any existing learning difficulties or experienced delayed 
language development. Participants without an ASD diag-
nosis were recruited based on the level of autistic traits they 
displayed as measured by the Autistic Spectrum Quotient 
(AQ; Baron-Cohen et al. 2001). The average AQ score in the 
general population is 16.94 (Ruzich et al. 2015). Individuals 
were excluded from the study if they had AQ scores between 
16 and 19. Participants with scores between 0 and 15 were 
assigned to the ‘low AQ’ group and participants with AQ 
scores of 20 or higher were assigned to the ‘high AQ’ group. 
This resulted in three participant groups: low AQ (n = 15), 
high AQ (n = 15) and ASD (n = 13). Participants without an 
ASD diagnosis were grouped into low and high AQ groups 
due to findings of subtler versions of the behavioural and 
neural characteristics associated with ASD in individuals 
without a diagnosis but relatively high levels of autistic traits 
(Best et al. 2015; Di Martino et al. 2009; Lindell et al. 2009; 
Ridley et al. 2011; van Boxtel and Lu 2013). AQ scores were 
used to group these individuals initially and further psycho-
logical assessments were later used to quantify the level of 
autistic traits displayed in more detail (see Psychological 
Assessments). The participant groups did not significantly 
differ in age, verbal IQ, gender or years of formal education 
and all participants had verbal IQ scores within the normal 
range (> 70; see Table 1).

All participants were screened for symptoms of psychi-
atric disorders using the Mini-International Neuropsychi-
atric Interview (MINI) (Sheehan et al. 1998). Individuals 

Table 1  Demographic 
information; group mean (SD) 
values

p values were obtained from one-way MANOVA unless otherwise stated
a The verbal IQ scores were measured using the test of pre-morbid functioning

Low AQ High AQ ASD p ηp
2

N 15 15 13
Age 23.40 (6.82) 24.13(4.68) 28.30 (9.40) 0.16 0.09
Gender (m:f) 8:7 7:8 9:4 0.47  (X2) /
Years of formal 

education
15.60 (1.64) 16.20 (1.66) 15.38 (1.45) 0.37 0.05

Verbal  IQa 109.67 (14.09) 113.00 (9.22) 111.62 (14.98) 0.78 0.01
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were not eligible to take part if they were diagnosed with 
any psychiatric disorders or were identified by the MINI 
as displaying symptoms of any psychiatric disorders. An 
exception was made for mood disorders, anxiety and ADHD 
in the participants with ASD due to the high prevalence of 
these comorbidities (Matson et al. 2013; Matson and Wil-
liams 2014). In the ASD group, six participants were taking 
psychotropic medication to treat ADHD, depression or anxi-
ety (see Table 2). None of the participants without an ASD 
diagnosis were taking psychotropic medication.

Participants were also screened for contraindications for 
TMS; history of seizures, serious head injuries, brain related 
conditions, severe headaches, implanted metal or medical 
devices, family history of epilepsy and current pregnancy 
(Rossi et al. 2009).

This research project was approved by the Human 
Research Ethics Committee at Deakin University and was 
performed in accordance with the ethical standards laid 
down in the 1990 Declaration of Helsinki. All participants 
provided signed informed consent.

Psychological Assessments

All participants completed the Autism Spectrum Quotient 
(AQ), Autism Diagnostic Observation Schedule (ADOS-
2), The Awareness of Social Inference Test (TASIT), Social 
Responsiveness Scale (SRS-2) and Empathy Quotient (EQ). 
The AQ and ADOS-2 are designed to measure the level of 
autistic traits displayed, the SRS-2 and TASIT measure 
social functioning and the EQ provides a measure of empa-
thy. The three groups significantly differed from each other 
on all these measures (see Table 3). These psychological 
tests have been shown to display good psychometric proper-
ties (Allison et al. 2011; Hurst et al. 2007; McDonald et al. 
2006; Oosterling et al. 2010). The AQ was administered in 
the form of an online questionnaire before the participants 
took part in the experiment. The other assessments were 
administered at the Cognitive Neuroscience Unit at Deakin 
University as a 2-h session prior to the TMS testing session. 
Psychological assessment sessions always took place on a 

separate date to the TMS session and both sessions were 
completed within a 2 week time frame.

Experimental Set‑Up

Participants sat 600 mm away from an Eyelink 1000 plus 
eye-tracker (SR Research, Ontario) placed in front of a 
24″ LED computer monitor. Single EEG electrodes were 
placed at locations FCz, F3 and F4 according to the inter-
national 10–20 system of electrode placement. Typically, 
EEG recordings are taken from central electrodes (C3, C4, 
Cz) when investigating MS activity. However, due to the 
placement of the TMS coil over the primary motor cortex 
(M1) EEG recordings were taken from frontal electrodes 
(F3, F4, FCz) to reduce TMS-induced artefacts, and to allow 
sufficient contact between the TMS coil and the scalp. It has 
previously been shown that mu suppression can be measured 
across the entire scalp when observing and imitating hand 
actions and ASD participants have been shown to display 
differences in mu power over frontal regions (Dumas et al. 
2014). Reference electrodes were placed on the left and right 
mastoid bones and the ground electrode was placed on the 
forehead. Electrooculogram (EOG) electrodes were placed 
above and below the left eye to in order to identify EEG arte-
facts caused by blinking. EEG signals were recorded using 
Curry Neuroimaging Suite 7 (Compumetics Ltd, Australia). 
EEG signals were amplified using NeuroScan SynAmps RT 
(NeuroScan SynAmps, Compumedics Ltd.) and digitised at 
1 kHz. All electrode impedances were below 5 KΩ. EEG 
analyses and bandpass filtering were conducted offline.

TMS was administered using a Magstim  BiStim2 stimula-
tor (Magstim Company Ltd., Carmarthenshire, Wales, UK). 
Firstly, the location of the primary motor cortex (M1) was 
identified in each participant by measuring the position on 
the scalp five centimetres lateral and 1 cm anterior to Cz 
(according to the international 10–20 system of electrode 
placement). TMS pulses were then applied to this position 
on the scalp using a standard figure of eight 70 mm coil 

Table 2  Medication information for participants in the ASD group

Participant Medication (daily dosage)

1 Dexamphetamine (20 mg), 
Zoloft (150 mg)

2 Dexamphetamine (20 mg)
3 Ritalin (30 mg)
4 Valium (5 mg when needed)
5 Zoloft (50 mg)
6 Zoloft (50 mg)

Table 3  Participants’ psychological test scores; group mean (SD) val-
ues

a The TASIT scores were obtained from part 3 (social inference test)
b The reported SRS-2 scores are the unstandardized, raw scores, 
where scores above 60 indicate some social impairment and scores 
above 75 reflect severe social impairment

Low AQ High AQ ASD p ηp
b

AQ 8.80 (4.38) 24.07 (4.27) 32.00 (6.67) < 0.001 0.79
EQ 53.07 (11.82) 42.60 (13.61) 27.23 (12.09) < 0.001 0.43
TASITa 58.73 (3.10) 54.07 (4.13) 52.38 (5.49) 0.001 0.30
ADOS-2 1.40 (0.99) 4.67 (1.40) 8.54 (3.28) < 0.001 0.78
SRS-2b 27.87 (15.70) 58.60 (19.10) 101.46 

(26.00)
< 0.001 0.69
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held tangentially over the scalp at a 45° angle to the mid-
line. An initial intensity of 40% stimulator output was used 
and then the intensity of TMS stimulation was increased in 
5% increments until MEPs were produced. Stimulation was 
also applied around the estimated location of M1 in order to 
confirm that this was the optimal scalp location to produce 
MEPs in muscles of the right hand. MEPs were measured 
from the first dorsal interosseous (FDI) and abductor digiti 
minimi (ADM) muscles using Ag/AgCl surface electrodes. 
EMG signals were amplified using PowerLab 4/35 (with 
dual BioAmp; AD Instruments, Colorado Springs, CO). 
Once the optimal location for stimulation had been iden-
tified, the intensity of the TMS stimulation was adjusted 
in order to find the participants’ resting motor threshold 
(RMT). Participants’ RMT was defined as the minimum 
stimulation intensity needed to induce MEPs with an average 
peak-to-peak magnitude of 1 mV over 5 consecutive trials. 
Twenty MEPs induced by stimulation at RMT were used as 
a measure of baseline corticospinal excitability (CSE).

Experimental Task

The experiment comprised of two blocks; a mentalizing 
task and a non-mentalizing task. In both tasks, participants 
watched short videos (4 s) of actors passing or attempting 
to pass a poker chip through slots in a wooden board to 
another person on the other side of the board (who was out 
of view; see Fig. 1). After each video, participants were 
asked to make a decision about the action; either about the 
intention of the actor (mentalizing task) or the success of the 
action (non-mentalizing task). Participants indicated their 
response by pressing buttons on the computer keyboard with 

their left hand. In the mentalizing task, participants watched 
videos that either showed an actor accidentally dropping a 
poker chip and therefore failing to pass the poker chip to 
the other player (‘clumsy’ action) or an actor deliberately 
not passing the poker chip (‘spiteful’ action). After each 
video, participants indicated whether they thought the action 
was ‘clumsy’ or ‘spiteful’. In the non-mentalizing block, 
participants watched videos in which actors either success-
fully passed the poker chip to the other player (successful 
action) or accidentally dropped the poker chip (unsuccess-
ful action). After each video, participants had to indicate 
whether the action was ‘successful’ or ‘unsuccessful’. The 
unsuccessful actions shown in the non-mentalizing block 
were the same as the ‘clumsy’ actions shown in the mental-
izing block. Before each block, participants were told which 
decision they would be required to make after each video in 
the upcoming block (the instructions given to participants 
are available in the supplementary material). Participants 
also completed 16 practice trials (8 mentalizing trials) before 
the main experiment so that they knew what the tasks would 
entail. The actors shown in the practice trials were not shown 
in the main experiment to avoid any preconceptions about 
the actors influencing decisions made in the main experi-
ment. The videos shown in this experiment are a subset 
of the videos used in a previous study (Cole et al. 2017). 
Grasping and pushing actions were shown; grasping actions 
involved actors grasping a poker chip and placing it through 
a slot at head height, pushing actions involved pushing the 
poker chip with the index finger through a slot that was level 
with the table in front of them (see Fig. 1). Twenty actors (10 
male) were shown performing each action (clumsy grasp, 
clumsy push, spiteful grasp, spiteful push, successful grasp, 

Fig. 1  Screenshots depicting the final frame of the video stimuli for 
one actor. The videos depict an actor: a Accidently dropping a poker 
chip (clumsy grasp). b Deliberately dropping a poker chip (spiteful 
grasp). c Passing a poker chip through the higher slot in the board 

(successful grasp). d Accidentally not passing a poker chip through 
the bottom slot (clumsy push). e Deliberately not passing a poker 
chip through the bottom slot (spiteful push). f Passing a poker chip 
through the bottom slot (successful push)
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successful push) resulting in 80 action videos in each of the 
two blocks (clumsy actions were seen in both blocks). Two 
types of actions (grasping and pushing) were used in order 
to make the stimuli more varied and these particular actions 
were chosen as they both utilise the FDI muscle.

A single TMS pulse at 1 mV RMT was delivered at the 
end of each video. A light sensor was used in order to time 
lock the TMS pulses to the timing of the videos. A black 
square was added to the top left corner of the videos and 
this black square was replaced with a white square for the 
last three frames in each video. The light sensor detected this 
change and sent a 5 V TTL pulse to the TMS stimulator via 
a BNC cable which triggered a single TMS pulse to be fired. 
The TMS machine subsequently sent a trigger to a PowerLab 
4/35 (ADInstruments Pty Ltd) to trigger EMG recording. 
EEG was continuously recorded throughout both the men-
talizing and non-mentalizing tasks but triggers were sent 
to the EEG machine at the start of each trial to record the 
type of action being shown. The order in which mentalizing 
and non-mentalizing blocks were completed was counter-
balanced across all participants and within each participant 
group. Once participants had completed both the mentaliz-
ing and the non-mentalizing task, twenty single TMS pulses 
were administered at RMT in order to compare baseline cor-
ticospinal excitability before and after the experiment.

Behavioural Analysis

First, the ADOS-2, AQ, EQ, SRS-2 and TASIT scores were 
calculated and a one-way MANOVA was used to identify 
group differences in these scores. Then, the numbers of cor-
rect responses on the mentalizing and non-mentalizing tasks 
were calculated for each participant. Data screening identi-
fied that the behavioural data were not normally distributed 
and therefore a log transformation was applied. The log 
transformed data still violated the assumption of normality 
so non-parametric analyses were conducted. Potential group 
differences in behavioural performances were explored using 
a Kruskal–Wallis test and a possible task-related difference 
in performances across all participants was examined using 
a Wilcoxon signed rank test.

EMG Analysis

TMS was not performed on two participants in the high 
AQ group and four participants in the ASD group; two par-
ticipants in the ASD group and one participant in the high 
AQ group found TMS too uncomfortable and the remain-
ing three participants had motor thresholds deemed too 
high to continue (> 75% stimulator output). Trials in which 
muscle activity (± 0.1 mv) was identified within a 200 ms 
time window before the TMS pulse or trials in which FDI 
peak to peak MEP amplitudes were smaller than 0.2 mV 

were removed from the analysis (4.02% of all MEPs were 
excluded). Two participants in the high AQ group were 
removed from the analyses for having only 50% or fewer 
valid FDI MEPs for either task. This resulted in 35 partici-
pants (15 low AQ, 11 high AQ and 9 ASD) being included 
in the EMG analysis.

Preliminary analyses were carried out on the EMG data 
in order to clarify that RMTs were not significantly different 
between groups, that the experiment did not alter partici-
pants’ resting corticospinal activity and that the number of 
excluded MEPs did not significantly differ across tasks or 
participant groups. Group differences in RMTs were inves-
tigated using a one-way ANOVA. Changes in corticospinal 
activity as a result of the experiment were investigated by 
first calculating median MEP sizes (peak-to-peak amplitude 
[mV]) for both the 20 single TMS pulses given before the 
experiment and after the experiment for both muscles. Then, 
separate mixed-model ANOVAs were performed for each 
muscle investigating the influences of group (low AQ, high 
AQ, ASD) and time point (before or after the experiment) 
on MEP sizes. The data regarding the number of excluded 
MEPs violated the assumption of normality even after a log 
transformation was applied so non-parametric tests were 
used. An independent-samples Kruskal–Wallis test was used 
to investigate group differences and a related-samples Wil-
coxon signed rank test was used to investigate differences in 
the number of MEPs excluded between tasks.

For the main TMS data analyses, median MEP values 
were calculated for both the FDI and the ADM muscles for 
each participant and each task (mentalizing/non-mentaliz-
ing). Median baseline MEP values were also calculated for 
both muscles for each participant by combining MEPs from 
both pre- and post-experiment baseline measures. The raw 
median MEP values for each task were then converted into 
motor resonance values by computing the relative MEP sizes 
in comparison to MEP sizes at baseline:

Data screening found that the motor resonance data for 
both FDI and ADM muscles violated the assumption of nor-
mality so a log transformation was used. This transformation 
cannot be performed on negative values so a constant of 100 
was added to each motor resonance value prior to trans-
formation to ensure that all values were positive. After the 
log transformation, the distribution of the FDI data did not 
significantly differ from a normal distribution but the ADM 
data still violated the assumption of normality. Therefore, 
parametric analyses were used for the log transformed FDI 
data, but non-parametric analyses were conducted on the log 
transformed ADM muscle data.

MR =
[

(median MEP during task −median MEP at baseline)∕

median MEP at baseline] ∗ 100
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The FDI motor resonance data were analysed using 
a mixed-model ANOVA to investigate the influences of 
group (low AQ, high AQ, ASD) and task (mentalizing/non-
mentalizing) on MEP sizes. Potential group differences in 
the ADM motor resonance data were investigated using a 
Kruskal–Wallis test and potential differences in motor res-
onances across experimental tasks were explored using a 
Wilcoxon signed rank test.

EEG Analysis

Offline analyses of the EEG data were performed using 
Curry 7 Neuroimaging Suite software (Compumetics Ltd, 
Australia). Epochs of EEG data were created for videos 
shown in each task (mentalizing and non-mentalizing). 
Although, the action videos were 4000 ms long, the last 
350 ms of each epoch was removed in order to eliminate the 
artefact created by the TMS pulse. Therefore, each video 
epoch was 3650 ms long and 80 epochs of each type were 
created for every participant. EEG data collected when 
participants were viewing a fixation cross were used as a 
baseline measure. There were 160 fixation cross epochs (80 
for each task), each 1500 ms long. The first 500 ms of each 
fixation cross epoch were removed from the analysis because 
the fixation cross was shown directly after participants were 
required to make a response and therefore removing the 
first 500 ms reduced the possibility of increased mu power 
during fixation as a result of participants moving their left 
hand back to a resting position after they had made their 
responses. This resulted in 160 fixation epochs for each par-
ticipant that were each 1000 ms long.

EEG data were baseline corrected and band-pass filtered 
(1–30 Hz). Blink artefacts were detected by scanning the 
data from the EOG electrodes for voltages greater than 100 
or − 100 µV. Once the blink artefacts were detected, these 
were corrected using covariance analysis (Curry Neuroimag-
ing Suite 7, Compumetics Ltd, Australia). Any epochs that 
still contained non-cerebral artefacts (> 75 µV) were identi-
fied and removed from the analysis. Two participants were 
removed from the analysis (one participant from the high 
AQ group and one participant from the ASD group) because 
62.5% or less of the epochs were valid for one or more of 
the individual conditions (mentalizing videos, non-men-
talizing videos, fixation crosses in the mentalizing block, 
fixation crosses in the non-mentalizing block). Excluding 
these participants, only 5.6% of epochs were invalid across 
all participants. Preliminary analyses were carried out on 
the EEG data in order to clarify that the number of epochs 
that were excluded did not significantly differ between par-
ticipant groups or experimental conditions. The numbers of 
excluded epochs were not normally distributed even after a 
log transformation was applied so non-parametric analyses 

were conducted. A Kruskal–Wallis test was used to investi-
gate group differences in the number of epochs excluded and 
a Friedman’s ANOVA was used to identify differences in the 
number of excluded epochs across experimental conditions.

A Fast Fourier Transform (FFT) was used to calculate mu 
power in both the low alpha frequency range (8–10 Hz) and 
high alpha frequency range (10–12 Hz) during all epochs. 
The majority of previous studies investigating MS activity 
using EEG have used activity in the entire alpha frequency 
band (8–12/13 Hz) as a measure of mu power (Andrews et al. 
2015; Oberman et al. 2005, 2008; Perry et al. 2011; Ulloa 
and Pineda 2007). However, there is accumulating evidence 
to suggest that lower (8–10 Hz) and higher (10–12 Hz) alpha 
bands reflect different processes and should therefore be ana-
lysed separately (Dumas et al. 2014; Frenkel-Toledo et al. 
2014; Neuper et al. 2009; Pfurtscheller et al. 2000). Addi-
tionally, a previous study found reduced mu suppression in 
the 10–12 Hz range over frontal regions in adults with ASD 
but not the 8–10 Hz range when observing hand movements 
(Dumas et al. 2014). Consequently, lower and higher mu 
frequency bands were analysed separately in this study.

Average mu power in both frequency bands was then cal-
culated for each epoch type (four epoch types: mentalizing 
videos, non-mentalizing videos, mentalizing fixation and 
non-mentalizing fixation) for every participant. The degree 
of mu suppression during each experimental condition was 
calculated by comparing average mu power during the video 
epochs compared to the fixation epochs in the same condi-
tion: [(fixation-video)/fixation]*100. Larger values indicated 
greater degrees of mu suppression. The mu suppression data 
for both frequency bands violated the assumption of nor-
mality so the data were log transformed. Log transforma-
tions cannot be carried out on negative values so a con-
stant of 1300 was added to each data point to ensure that all 
values were positive before the log transformation. After 
the log transformation was applied, the data still violated 
the assumption of normality and therefore non-parametric 
analyses were conducted. Kruskal–Wallis tests were used to 
investigate group differences in mu suppression and related-
samples Wilcoxon signed rank tests were carried out to 
investigate task-related changes in mu suppression. Analyses 
were carried out separately for both frequency bands.

Eye‑Tracking Analysis

The eye-tracking data were analysed using EyeLink Data-
Viewer software (SR Research Ltd., Ontario, Canada). Three 
dynamic rectangular regions of interest (ROIs) were created 
for each action video individually. These ROIs corresponded 
to the head of the actor, the actor’s hand and the poker chip 
(see Fig. 2). These three interest areas were chosen based 
on eye-tracking data from a previous behavioural study 
using the same stimuli (Cole et al. 2017). The total number 
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and total duration of fixations in each ROI during each task 
(mentalizing/non-mentalizing) were calculated for each par-
ticipant. ROIs were analysed separately as these data are 
not independent (participants cannot fixate in more than 
one ROI at once). The eye-tracking data were not normally 
distributed even after a log transformation was applied and 
therefore non-parametric analyses were conducted. Inde-
pendent-samples Kruskal–Wallis tests were used to investi-
gate group differences and related-samples Wilcoxon signed 
rank tests examined differences between tasks for each ROI.

Additional Analyses

For all analyses (behavioural, EMG, EEG and eye-tracking), 
any significant task-related differences that were identified 
were investigated further by analysing the data collected 
during the presentation of clumsy actions across the two 
tasks. Identical clumsy actions were shown during both the 
mentalizing and non-mentalizing tasks. Analysing the data 
in this way eliminates the possibility that apparent effects of 
the task are due to differences in observed action kinematics.

Due to the spectral nature of ASD, any significant group 
differences that were found were also examined across the 
continuum of autistic traits. A principal components analysis 
(PCA) was performed on all the psychological test scores 
in order to obtain a single score for each participant that 
reflected the level of autistic traits that they displayed. Linear 
regression analyses were then used to examine whether the 
levels of autistic traits significantly predicted the outcome 
variables e.g. levels of mu suppression. These additional 
analyses were conducted to further support the relationships 
between the outcome variables and ASD.

Bayes factors were also calculated for all non-significant 
results to provide evidence for, or against, our hypotheses, 
irrespective of sample size (Dienes 2014). Bayes factors of 
1 indicate equal amounts of evidence to support both the 
null hypothesis and the alternative hypothesis, higher Bayes 

factors indicate more evidence for the alternative hypoth-
esis and lower values suggest more evidence for the null 
hypothesis. Bayes factors lower than 1/3 are considered to 
reflect substantial evidence for the null hypothesis and Bayes 
factors higher than 3 indicate substantial evidence for the 
alternative hypothesis (Dienes 2014).

Results

Psychological Tests

A one-way MANOVA identified that scores on all psycho-
logical tests (ADOS-2, AQ, EQ, TASIT and SRS-2) were 
significantly different between groups (see Table 3). Post-
hoc pairwise comparisons identified that all groups were 
significantly different from each other on the ADOS-2, AQ 
and SRS-2 measures (Bonferroni correction applied). The 
Bonferroni corrected multiple comparisons identified that 
the high AQ and ASD groups did not significantly differ in 
TASIT scores (p = 0.92, B = 0.51). EQ scores did not sig-
nificantly differ between low and high AQ groups (p = 0.08, 
B = 4.62), however, the Bayes factor indicated there was 
evidence for a difference in EQ score between low and high 
AQ groups. All other group comparisons were significant 
(p < 0.001 except difference in AQ scores between high AQ 
and ASD groups; p < 0.01, and TASIT scores between low 
and high AQ groups; p = 0.02). In all cases, where significant 
group differences were found, the ASD group had scores that 
reflected the highest level of autistic traits and the low AQ 
group had scores reflected the lowest level of autistic traits.

Principal component analysis (PCA) was conducted using 
the psychological test scores in order to obtain a single value 
for each participant that represented the level of autistic traits 
that they displayed. The psychological test scores correlated 
with each other (all rs > 0.35) meaning that they were suita-
ble for PCA. The Kasier–Meyer–Olkin measure of sampling 

Fig. 2  The dynamic regions of interest (ROIs) used in the eye-track-
ing data analysis for one of the action videos are shown overlaid onto 
screenshots from a the start and b the end of that particular video. 

Three dynamic ROIs corresponding to (1) The poker chip, (2) The 
actor’s head and (3) The actor’s hand, were created for each of the 
120 videos individually
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accuracy was 0.84 (above 0.6), Barlett’s test of sphericity 
was significant χ2(10) = 146.07, p < 0.001 and the commu-
nalities were all above 0.7 which collectively supported the 
inclusion of all the psychological tests in the PCA. PCA with 
varimax rotation was used. The initial eigenvalues from the 
PCA analysis showed that one factor (with an eigenvalue of 
3.57) explained 71.36% of the variance in psychological test 
scores. No other factors had eigenvalues higher than Kaiser’s 
criterion of 1 and therefore only one factor was extracted. 
This factor was labelled ‘autistic traits’.

EEG Data

8–10 Hz

Group Differences There were significant differences 
in the levels of mu suppression in the 8–10 frequency 
band between groups during the mentalizing task at F4 
(H(2) = 6.21, p < 0.05). Additionally, linear regression anal-
ysis demonstrated that the level of autistic traits that par-
ticipants displayed significantly predicted the amount of mu 
suppression in 8–10 Hz band at F4 during the mentalizing 
task [F(1,38) = 0.47, p = 0.04,  R2 = 0.11; see Fig.  3]. Pair-
wise-comparisons with adjusted p values (using the Bonfer-
roni correction) are reported and demonstrate a borderline 
significant difference between the high AQ group and the 
ASD group (p = 0.05, r = 0.47; with lower levels of mu sup-

pression in the ASD group). [After applying a Bonferroni 
correction, the new significance threshold was p = 0.017 
(0.05/3)]. There were no significant differences between 
ASD and low AQ groups (p = 0.18, r = 0.37, B = 1.44) or the 
between the low and high AQ groups (p = 1.00, r = − 0.10, 
B = 0.46).

Mu suppression in the 8–10 Hz frequency band was 
significantly different between groups during the non-
mentalizing task at F3 (H(2) = 10.10, p = 0.006) and FCZ 
(H(2) = 7.32, p = 0.03). Pairwise comparisons showed that 
the high AQ group displayed significantly lower levels of mu 
suppression than the low AQ group at F3 (p = 0.01, r = 0.54). 
No other group differences were significant once threshold 
significance values had been adjusted using the Bonferroni 
correction (p = 0.02; see supplementary material). Linear 
regression analysis demonstrated that the level of autistic 
traits that participants displayed was not a significant predic-
tor of the amount of mu suppression in 8–10 Hz band dur-
ing the non-mentalizing task at F3 [F(1,38) = 0.02, p = 0.90, 
 R2 < 0.001, B = 0.44] or FCZ [F(1,38) = 0.03, p = 0.86, 
 R2 < 0.01, B = 0.35].There were no other significant group 
differences in mu suppression in the 8–10 Hz frequency band 
(see Supplementary Material).

Task‑Related Differences Initial analyses identified that mu 
suppression in the 8–10  Hz band was significantly lower 
during the mentalizing task than the non-mentalizing task 
at F3 across all participants (T = 581, p = 0.02, r = 0.38). 
However, when this apparent significant task-related differ-
ence in mu suppression was investigated using data from 
the clumsy actions alone (in order to control for differences 
in action kinematics), there was no significant difference in 
mu suppression in the 8–10 Hz range at F3 between clumsy 
actions shown in the mentalizing task compared to the non-
mentalizing task (T = 518, p = 0.15, r = 0.23, B = 0.23). 
There were also no task-related differences in mu suppres-
sion in the 8–10 Hz band at FCZ (T = 501, p = 0.21, r = 0.20, 
B = 0.22) or F4 (T = 495, p = 0.25, r = 0.18, B = 0.22).

10–12 Hz

There were no significant differences in mu suppression in 
the 10–12 Hz frequency band between groups or across tasks 
at any of the cortical sites (see Supplementary Material).

TMS Data

Across all participants, there was no significant difference 
in motor resonance values in the FDI muscle between the 
mentalizing and non-mentalizing tasks (F(1,32) = 0.30, 
p = 0.59, ηp

2 < 0.01), there was no significant interaction 
between participant group and the task (F(2,32) = 0.73, 
p = 0.49, ηp

2 = 0.04) and there were no significant group 

Fig. 3  The relationship between the level of autistic traits that partici-
pants displayed and the level of mu suppression in the 8–10 Hz fre-
quency range at F4. Levels of autistic traits significantly predicted the 
degree of mu suppression at F4; participants that exhibited higher lev-
els of autistic traits showed lower levels of mu suppression (8–10 Hz) 
at F4 [F(1,38) = 0.47, p = 0.04,  R2 = 0.11]. The curved lines represent 
95% confidence intervals
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differences in motor resonance values (F(2, 32) = 0.73, 
p = 0.49, ηp

2 = 0.04). Bayesian t-tests indicated there was 
significant evidence against higher motor resonance val-
ues during the mentalizing task compared to the non-men-
talizing task (B = 0.29). Bayes factors indicated that there 
was neither evidence for, nor against, group differences in 
motor resonance values; between low and high AQ groups 
(B = 0.83), between high AQ and ASD groups (B = 1.25) or 
between low AQ and ASD groups (B = 1.29).

There were no significant task or group differences for the 
ADM data (see Supplementary Material).

Eye‑Tracking

Across all participants, significantly more and longer fix-
ations were made in the hand and head ROIs during the 
mentalizing task compared to the non-mentalizing task 
[hand ROI: number: (T = 169, p < 0.001, r = − 0.52), dura-
tion: (T = 288, p = 0.03, r = − 0.33); head ROI: number: 
(T = 271, p = 0.02, r = − 0.34), duration: (T = 344, p = 0.02, 
r = − 0.35)]. There was borderline significantly more fixa-
tions in the poker chip ROI during the mentalizing than the 
non-mentalizing task (T = 297, p = 0.05, r = 0.29). However, 
there was no significant task-related difference in the total 
duration of fixations within the poker chip ROI (T = 431, 
p = 0.61, r = − 0.08, B = 0.66).

When the eye-tracking data from the clumsy actions were 
analysed alone, all previously significant results (including 
the borderline significant difference) were still significant 
except for the duration of fixations within the head ROI 
(T = 344, p = 0.12, r = − 0.24, B = 0.97; see supplementary 
material for all results).There were no significant group 
differences in the eye-tracking data (see Supplementary 
Material).

Relationships Between Data from Different 
Techniques

EEG and Behavioural Performance

When investigating the relationship between EEG and 
behavioural performances, linear regression analysis found 
that mu suppression in the 8–10 Hz frequency band at F3 
during the mentalizing task significantly predicted perfor-
mance on this task across all participants [F(1,38) = 5.64, 
p = 0.02,  R2 = 0.13; see Fig. 4]. There were no other signifi-
cant relationships between the EEG data and behavioural 
performance (see Supplementary Material).

Eye‑Tracking and Behavioural Performance

The total duration of fixations within the poker chip ROI 
during the non-mentalizing task significantly predicted 

performance on the non-mentalizing task [F(1,41) = 5.14, 
p = 0.03,  R2 = 0.11]. There were no other significant rela-
tionships between eye-tracking data and behavioural perfor-
mance (see Supplementary Material).

Eye‑Tracking and EEG

Linear regression analyses found that the degree of mu sup-
pression did not significantly predict fixation patterns for any 
of the cortical sites (see Supplementary Material).

TMS and Other Measures

Linear regression analyses found that motor resonance val-
ues did not significantly predict behavioural performances or 
levels of mu suppression in either task (see Supplementary 
Material).

Discussion

This study aimed to investigate the possible association 
between ASD and atypical MS activity when mentalizing, as 
well as the relationship between MS activity and mentalizing 
performance. Both TMS-induced MEPs and mu suppression 
(measured by EEG) were used as indices of MS activity. The 

Fig. 4  The relationship between performance on the mentalizing 
task and the level of mu suppression in the 8–10 Hz frequency band 
at F3. Mentalizing performance significantly predicted the degree 
of mu suppression at F3; participants with superior mentalizing per-
formances also showed greater levels of mu suppression at F3 in the 
8–10  Hz frequency band [F(1,38) = 5.64, p = 0.02,  R2 = 0.13]. The 
curved lines represent 95% confidence intervals
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EEG data show that higher levels of autistic traits (across 
clinical and non-clinical populations) were associated with 
lower levels of MS activation in the right hemisphere when 
mentalizing. These lower levels of MS activity in the right 
hemisphere were not associated with poorer mentalizing 
performances. In contrast, lower levels of MS activity in 
the left hemisphere were associated with poorer mentalizing 
performance but not associated with the levels of autistic 
traits that participants displayed. The TMS data did not show 
differences in MS activity between groups or a relationship 
between MS activity and mentalizing performances. Con-
sequently, although our sample size is small, the EEG data 
provide evidence for MS involvement in mentalizing and 
reduced MS activity in adults with high levels of autistic 
traits. The different lateralisation of MS activity associated 
with task performance and MS activity associated with high 
levels of autistic traits means our data do not provide evi-
dence that atypical MS functioning underlies mentalizing 
difficulties associated with ASD.

Across all participants, the level of autistic traits dis-
played significantly predicted levels of mu suppression in 
the 8–10 Hz frequency band at F4 during the mentalizing 
task (see Fig. 3). These data imply that high levels of autistic 
traits are associated with reduced MS activity in the right 
hemisphere when mentalizing. Our results support previous 
fMRI studies which have found reduced MS activation in 
adults with ASD during mentalizing tasks (Baron-Cohen 
et al. 1999; Hadjikhani et al. 2009; Holt et al. 2014; Kana 
et al. 2014; Wicker et al. 2008).

The lower levels of right mu suppression in individuals 
with high levels of autistic traits during the mentalizing task 
were not observed during the non-mentalizing task. These 
data suggest mentalizing induces atypical suppression of the 
right MS in these adults. Mentalizing tasks reliably induce 
activation in a cortical system known as the ‘mentalizing 
system’ (Ciaramidaro et al. 2014; de Lange et al. 2008; Lom-
bardo et al. 2010; Spunt et al. 2011; Van Overwalle and 
Baetens 2009). Atypical connectivity between the mental-
izing system and the MS has previously been reported in 
ASD (Damarla et al. 2010; Fishman et al. 2014; Just et al. 
2007, 2004; Kennedy and Courchesne 2008; Noonan et al. 
2009; Shih et al. 2010). It is possible that the reduced right 
MS activity we observed in adults with high levels of autis-
tic traits was the result of atypical connectivity between the 
mentalizing system and the MS when inferring the inten-
tions of others from their actions.

Although our EEG data suggest that MS activation in 
the right hemisphere is reduced in adults with high levels 
of autistic traits when mentalizing, no significant rela-
tionship was found between right-lateralised MS activity 
and mentalizing performance. Consequently, our data do 
not provide evidence that the atypical right MS activa-
tion identified underlies mentalizing difficulties associated 

with ASD. However, the lack of a significant relationship 
between MS activity and mentalizing performance may 
be due to compensatory strategies that individuals with 
high levels of autistic traits have adopted in order to suc-
cessfully infer the intentions of others from action kin-
ematics, despite atypical disengagement of the right MS. 
All participants in this study were high-functioning adults 
with IQ scores within the typical range (> 70). It is pos-
sible that if younger or lower functioning individuals were 
recruited they may not have developed sufficient compen-
satory mechanisms and a relationship between right mu 
suppression and mentalizing performance may have been 
found. Therefore, although our EEG data provide evidence 
against the broken mirror theory, the use of compensatory 
strategies as well as our small sample size may have con-
tributed to the lack of a relationship between MS activa-
tion and mentalizing performance.

In contrast to the right-lateralised EEG data, left-later-
alised mu suppression was not related to levels of autistic 
traits but was positively associated with mentalizing perfor-
mance. Participants who exhibited superior performances 
on the mentalizing task also displayed higher levels of mu 
suppression in the 8–10 Hz frequency band at F3 during this 
task. These data support the motor resonance (or motor sim-
ulation) theory (Decety and Grèzes 2006; Landmann et al. 
2011; Uithol et al. 2011). This theory states that observed 
actions are internally simulated in the observer’s own MS 
in order to infer the internal states of the individuals per-
forming the actions. In our study, right-handed actions were 
viewed and therefore internal simulation of these actions 
would be predicted to result in particularly increased activa-
tion in left hemisphere motor areas (Aziz-Zadeh et al. 2002). 
The relationship found between MS activity and mentalizing 
performance in our EEG data supports the notion that inter-
nal simulation of observed hand actions by the contralateral 
MS is an important process in order to successfully infer 
others intentions. This compliments previous fMRI and 
TMS studies that have shown higher left MS activation 
when viewing social right-handed actions compared to those 
without social context (Becchio et al. 2012; Bucchioni et al. 
2013; Enticott et al. 2013b) and the poorer mentalizing per-
formances observed in patients with MS lesions (Besharati 
et al. 2016; Dal Monte et al. 2014).

Initial analyses of task-related differences in mu suppres-
sion suggested that left-lateralised MS activity was lower 
during the mentalizing task than the non-mentalizing task. 
However, this task-related difference in MS activity was 
eliminated when only identical (‘clumsy’) actions were ana-
lysed across tasks. This implies that the apparent task-related 
difference in MS activity in the left hemisphere was likely to 
be the product of differences in action kinematics between 
the videos shown across the mentalizing and non-mentaliz-
ing tasks. Determining the success of the successful actions 
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shown in the non-mentalizing task required processing the 
actors’ hands returning to their side of the board without the 
poker chip. It is therefore likely that the successful actions 
were internally simulated for slightly longer periods of time 
than the spiteful actions shown in the mentalizing task, 
resulting in overall greater levels of MS activation during 
the non-mentalizing task.

Our EEG data show differences in mu suppression in 
the 8–10 Hz frequency band rather than the 10–12 Hz fre-
quency band were associated with autistic traits and men-
talizing performance. No significant relationships were 
found between mu suppression in the 10–12 Hz frequency 
band and any other measures. These data support previous 
EEG studies which have found mu suppression in the lower 
alpha frequency band (8–10 Hz) but not the higher alpha 
frequency band during action observation (Cochin 1999; 
Simon and Mukamel 2016). These EEG data also support 
the functional segregation of mu rhythm into two discrete 
sub-bands, complimenting previous work that found dis-
tinct mu responses in low and high alpha bands (Dumas 
et al. 2014; Frenkel-Toledo et al. 2014; Neuper et al. 2009; 
Pfurtscheller et al. 2000). The majority of previous studies 
investigating mu rhythm in individuals with ASD have not 
split mu rhythm into sub-bands (Raphael Bernier et al. 2013; 
Dumas et al. 2014; Fan et al. 2010; Oberman et al. 2005, 
2008; Raymaekers et al. 2009). A previous EEG study that 
did investigate mu suppression in two discrete sub-bands 
in adults with ASD found reduced mu suppression in the 
11–13 Hz frequency band when passively observing hand 
actions and no atypicalities in the 8–10 Hz frequency band 
(Dumas et al. 2014). Similar to this previous study, our data 
show no atypicalities in mu suppression in the 8–10 Hz 
range in adults with ASD when performing a non-mentaliz-
ing task. The reduced mu suppression in the upper sub-band 
during passive action observation in the previous study may 
be the result of the slightly higher frequency band used. This 
frequency band encroaches into the beta frequency range 
12(/13)-30(/35)Hz (Haenschel et al. 2000; Kilavik et al. 
2013; Miller 2007). Similar to mu suppression, oscillatory 
activity in the beta frequency range is suppressed when 
observing biological motion (Babiloni et al. 2002; Milston 
et al. 2013; Perry et al. 2010) and atypical oscillatory activ-
ity in the beta frequency range has previously been reported 
in adults with ASD (Cooper et al. 2013; Honaga et al. 2010). 
In summary, mu suppression in the 8–10 Hz frequency sub-
band (and not 10–12 Hz) appears to reflect MS activity in the 
left hemisphere that is related to mentalizing performance, 
and MS activity in the right hemisphere is reduced in adults 
with high levels of autistic traits when mentalizing.

The TMS data show no relationship between motor reso-
nance values and either mentalizing performance or autistic 
traits and no differences in motor resonance values across 
tasks. We had expected larger motor resonance values during 

the mentalizing task (Enticott et al. 2013b), and reduced 
task-related differences in motor resonance values in adults 
with high levels of autistic traits (Enticott et al. 2012; Puzzo 
et  al. 2009; Théoret et  al. 2005). TMS stimulation was 
applied to the left hemisphere meaning that motor resonance 
values reflected left MS activity. The lack of a relationship 
between autistic traits and motor resonance values as well 
as no task-related difference in motor resonance values com-
plement our left-lateralised EEG data, when differences in 
action kinematics were controlled for. However, our TMS 
data did not replicate the relationship found between left MS 
activation and mentalizing performance in the EEG data.

A possible reason for the inconsistency between the TMS 
data and the EEG data is that these methods measure differ-
ent aspects of MS functioning. Across all participants, motor 
resonance values did not significantly predict the degree of 
mu suppression (see Supplementary Material) supporting 
previous studies (Andrews et al. 2015; Lepage et al. 2008). 
Results from both MEG studies (Cheyne et al. 2003; Jones 
et al. 2009) and a combined MRI-EEG study (Arnstein et al. 
2011) suggest that mu rhythms correspond to activation in 
S1. Although S1 is not considered to be a ‘core region’ of 
the MS, S1 has been reliably shown to display mirror prop-
erties (Confalonieri et al. 2012; Gazzola and Keysers 2009; 
Molenberghs et al. 2012; Porro et al. 1996). TMS on the 
other hand, is very unlikely to cause MEPs in muscles of 
the hand through means other than the stimulation of M1 
(Lepage et al. 2008). TMS-induced MEPs measured dur-
ing action observation are thought to measure increased 
excitability in M1 as the result of excitatory cortico-cortical 
connections from prefrontal MS areas (IFG/vPMC; Fadiga 
et al. 2005; Loporto et al. 2011). Therefore, if mu suppres-
sion measured by EEG reflects MS activity in S1 and TMS-
induced MEPs provide an index of prefrontal MS activity 
then this could explain the differences between the results 
from these two measures.

An alternative reason for the inconsistency between the 
EEG and TMS data could be due to the differences in the 
spatial and temporal properties of these two measurements 
of MS activity. The EEG measurements in this study reflect 
the sum of post-synaptic neuronal activity over a large corti-
cal area and a relatively long time period (throughout video 
or fixation cross display) whereas TMS measures brief 
induced increases in corticospinal activity from peripheral 
muscles, induced by stimulating a relatively small popula-
tion of neurons at a discrete time point (Andrews et al. 2015; 
Pineda 2005; Rossini et al. 1994). Therefore, the EEG and 
TMS datamay differ due to differences in the spatial and 
temporal properties of the measurements.

The total duration of fixations in the poker chip ROI pre-
dicted non-mentalizing task performance but there were no 
significant relationships between any of the eye-tracking 
measures and mentalizing performance. This implies that 



Journal of Autism and Developmental Disorders 

1 3

the visual information within the poker chip ROI was vital 
for performance on the non-mentalizing task; this is to be 
expected as performances relied upon identifying whether 
the poker chip was successfully passed to another player 
or was dropped before being passed to another player. In 
contrast, during the mentalizing task, the final location of 
the poker chip was always the same (all actions were unsuc-
cessful) but participants were required to infer the intentions 
of the actors from their action kinematics. The lack of any 
significant relationships between the eye-tracking data and 
mentalizing performance suggests that participants did not 
have a rigid method in which they did this. This is supported 
by the greater number of fixations made during the mental-
izing task compared to the non-mentalizing task, suggesting 
a greater degree of re-diverting attention, perhaps reflecting 
an increased level of uncertainty regarding where to direct 
their visual attention.

There were no significant differences in the eye-tracking 
data associated with high levels of autistic traits during the 
mentalizing task. This means that the lower levels of MS 
activity during the mentalizing task exhibited by adults with 
high levels of autistic traits were not due to reduced fixation 
on the observed action kinematics in these individuals.

There are a number of limitations associated with this 
study including the small sample size, particularly for the 
TMS data, which may have resulted in limited power to 
detect differences in MS functioning associated with ASD. 
The particularly small sample size for the TMS data was 
due to a number of participants (n = 6) not being able to 
complete the TMS element of this study either due to not 
tolerating stimulation or having particularly high motor 
thresholds. This particularly small sample size may have 
contributed to the lack of differences in motor resonance 
values found both across tasks and between groups. The lack 
of significant mentalizing deficits in adults with high levels 
of autistic traits in our study may have also limited our abil-
ity to detect a relationship between motor resonance values 
and autistic traits; participants with higher levels of autistic 
traits and significant mentalizing deficits were recruited then 
a significant relationship may have been observed. However, 
previous studies have also reported typical motor resonance 
values in adults with ASD (Enticott et al. 2013b; Kirkovski 
et al. 2016) and the lower levels of mu suppression found 
in our study suggest MS atypicalities were detectable in 
our participant sample regardless of typical behavioural 
performances.

It is possible that mu suppression variability was higher 
both between participants and within individuals with high 
levels of autistic traits compared to those with low levels 
of autistic traits. Therefore, the reduced levels of right mu 
suppression observed in individuals with high levels of 
autistic traits when mentalizing may reflect intermittent 
displays of typical mu suppression rather than consistently 

reduced mu suppression. The investigation of individual 
and within group variability in mu suppression is beyond 
the scope of this study but could be an interesting avenue 
for future research. Although a significant relationship was 
found between autistic traits and right-lateralised mu sup-
pression (8–10 Hz), significant group differences were not 
observed. Examining neural differences in terms of the 
continuous measure of autistic traits may have been a more 
sensitive measure than examining group differences due to 
within group variability in autistic traits, and therefore neu-
ral measures, may have reduced chances of observing group 
differences. The inclusion of medicated participants in this 
study may have also influenced the data; six participants 
in the ASD group were taking psychotropic medications 
which have been shown to increase corticospinal excitabil-
ity (Gilbert et al. 2006; Minelli et al. 2010). Due to the high 
comorbidity of ADHD, depression and anxiety in ASD, the 
inclusion of adults taking psychotropic medication is com-
mon in TMS studies with ASD participants (Enticott et al. 
2010, 2013a; Oberman et al. 2014). Despite the possible 
influence of psychotropic medication on corticospinal excit-
ability, our TMS data show no group differences in resting 
motor thresholds and there was no significant difference 
in resting motor threshold values between medicated and 
non-medicated participants (see Supplementary Material). 
Despite these limitations, our EEG data add to the existing 
literature by identifying lower levels of right MS activity 
in adults with high levels of autistic traits when inferring 
the intentions of others from their actions and higher lev-
els of left MS activity associated with superior mentalizing 
performances. These EEG data suggest that the MS has a 
role in inferring the intentions of others from their actions, 
providing support for the motor resonance theory of social 
cognition (Agnew et al. 2007; Landmann et al. 2011; Les-
lie et al. 2004; Rizzolatti et al. 2002). Additionally, adults 
with high levels of autistic traits appear to display atypical 
top-down suppression from the mentalizing system to the 
MS in the right hemisphere when inferring the intentions of 
others. Therefore, this study provides evidence for reduced 
MS activity in adults with high levels of autistic traits when 
mentalizing and a potential role of the MS in inferring the 
intentions of others.

Acknowledgments Eleanor Cole was funded by an Economic Social 
Research Council (ESRC) 1+3 Ph.D. studentship. We thank Michael 
Barham for his help with out of hours data collection as well as Sou 
Bekkali, Charlotte Davies, Claire McNeel, Daniel Corp and Melissa 
Kirkovski for their support during data collection and all the partici-
pants for their contributions.

Author contributions EJC designed the experiment, collected and 
analysed the data, wrote the first draft of the manuscript, edited the 
manuscript, and approved the final version. NEB helped design the 
experiment, edited the manuscript and approved the final version. PGE 
assisted with the experimental design, constructing the experimental 



 Journal of Autism and Developmental Disorders

1 3

set-up, guided the analysing of the data, edited the manuscript and 
approved the final version of the manuscript.

Compliance with Ethical Standards 

Conflict of interest The authors declare that they have no conflict of 
interest.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

Adams, R. B., Rule, N. O., Franklin, R. G., Wang, E., Stevenson, 
M. T., Yoshikawa, S., et  al. (2010). Cross-cultural read-
ing the mind in the eyes: An fMRI investigation. Journal of 
Cognitive Neuroscience, 22, 97–108. https ://doi.org/10.1162/
jocn.2009.21187 .

Agnew, Z. K., Bhakoo, K. K., & Puri, B. K. (2007). The human 
mirror system: A motor resonance theory of mind-reading. 
Brain Research Reviews. https ://doi.org/10.1016/j.brain resre 
v.2007.04.003.

Allison, C., Baron-Cohen, S., Wheelwright, S. J., Stone, M. H., & 
Muncer, S. J. (2011). Psychometric analysis of the Empathy 
Quotient (EQ). Personality and Individual Differences, 51(7), 
829–835. https ://doi.org/10.1016/j.paid.2011.07.005.

American Psychiatric Association. (2013). DSM-V. American Jour-
nal of Psychiatry. https ://doi.org/10.1176/appi.books .97808 
90425 596.74405 3.

Andrews, S. C., Enticott, P. G., Hoy, K. E., Thomson, R. H., & 
Fitzgerald, P. B. (2015). No evidence for mirror system dys-
function in schizophrenia from a multimodal TMS/EEG 
study. Psychiatry Research, 228(3), 431–440. https ://doi.
org/10.1016/j.psych res.2015.05.067.

Arnstein, D., Cui, F., Keysers, C., Maurits, N. M., & Gazzola, V. 
(2011). µ-suppression during action observation and execu-
tion correlates with BOLD in dorsal premotor, inferior pari-
etal, and SI cortices. The Journal of Neuroscience, 31(40), 
14243–14249. https ://doi.org/10.1523/jneur osci.0963-11.2011.

Avikainen, S., Kulomäki, T., & Hari, R. (1999). Normal movement 
reading in Asperger subjects. Neuroreport, 10(17), 3467–3470.

Avikainen, S., Wohlschläger, A., Liuhanen, S., Hänninen, R., & 
Hari, R. (2003). Impaired mirror-image imitation in Asperger 
and high-functioning autistic subjects. Current Biology, 13, 
339–341. https ://doi.org/10.1016/S0960 -9822(03)00087 -3.

Aziz-Zadeh, L., Maeda, F., Zaidel, E., Mazziotta, J., & Iacoboni, M. 
(2002). Lateralization in motor facilitation during action obser-
vation: A TMS study. Experimental Brain Research, 144(1), 
127–131. https ://doi.org/10.1007/s0022 1-002-1037-5.

Babiloni, C., Babiloni, F., Carducci, F., Cincotti, F., Cocozza, G., Del 
Percio, C., et al. (2002). Human cortical electroencephalogra-
phy (EEG) rhythms during the observation of simple aimless 
movements: A high-resolution EEG study. NeuroImage, 17(2), 
559–572. https ://doi.org/10.1016/S1053 -8119(02)91192 -4.

Baron-Cohen, S., Jolliffe, T., Mortimore, C., & Robertson, M. 
(1997). Another advanced test of theory of mind: Evi-
dence from very high functioning adults with autism or 
asperger syndrome. Journal of Child Psychology and 

Psychiatry, and Allied Disciplines, 38(7), 813–822. https ://
doi.org/10.1111/j.1469-7610.1997.tb015 99.x.

Baron-Cohen, S., Ring, H. A., Wheelwright, S., Bullmore, E. T., 
Brammer, M. J., Simmons, A., & Williams, S. C. R. (1999). 
Social intelligence in the normal and autistic brain: An fMRI 
study. European Journal of Neuroscience, 11(6), 1891–1898.

Baron-Cohen, S., Wheelwright, S., Skinner, R., Martin, J., & Clubley, 
E. (2001). The autism-spectrum quotient (AQ): Evidence from 
Asperger syndrome/high-functioning autism, males and females, 
scientists and mathematicians. Journal of Autism and Develop-
mental Disorders, 31(1), 5–17. https ://doi.org/10.1023/A:10056 
53411 471.

Becchio, C., Cavallo, A., Begliomini, C., Sartori, L., Feltrin, G., & 
Castiello, U. (2012). Social grasping: From mirroring to men-
talizing. NeuroImage, 61, 240–248. https ://doi.org/10.1016/j.
neuro image .2012.03.013.

Bernier, R., Aaronson, B., & McPartland, J. (2013). The role of 
imitation in the observed heterogeneity in EEG mu rhythm in 
autism and typical development. Brain and Cognition, 82(1), 
69–75. https ://doi.org/10.1016/j.bandc .2013.02.008.

Bernier, R., Dawson, G., Webb, S., & Murias, M. (2007). EEG mu 
rhythm and imitation impairments in individuals with autism 
spectrum disorder. Brain and Cognition, 64(3), 228–237. https 
://doi.org/10.1016/j.bandc .2007.03.004.

Besharati, S., Forkel, S. J., Kopelman, M., Solms, M., Jenkinson, P. 
M., & Fotopoulou, A. (2016). Mentalizing the body: Spatial and 
social cognition in anosognosia for hemiplegia. Brain, 139(3), 
971–985. https ://doi.org/10.1093/brain /awv39 0.

Best, C., Arora, S., Porter, F., & Doherty, M. (2015). The relationship 
between subthreshold autistic traits, ambiguous figure perception 
and divergent thinking. Journal of Autism and Developmental 
Disorders, 45(12), 4064–4073.

Bird, G., Leighton, J., Press, C., & Heyes, C. (2007). Intact automatic 
imitation of human and robot actions in autism spectrum disor-
ders. Proceedings of the Royal Society B: Biological Sciences, 
274, 3027–3031. https ://doi.org/10.1098/rspb.2007.1019.

Brunet, E., Sarfati, Y., Hardy-Baylé, M. C., & Decety, J. (2000). A PET 
investigation of the attribution of intentions with a nonverbal 
task. NeuroImage, 11(2), 157–166.

Bucchioni, G., Cavallo, A., Ippolito, D., Marton, G., & Castiello, U. 
(2013). Corticospinal excitability during the observation of 
social behavior. Brain and Cognition, 81, 176–182. https ://doi.
org/10.1016/j.bandc .2012.11.001.

Castelli, F., Frith, C., Happé, F., & Frith, U. (2002). Autism, Asperger 
syndrome and brain mechanisms for the attribution of mental 
states to animated shapes. Brain: A Journal of Neurology, 125(Pt 
8), 1839–1849.

Castelli, F., Happé, F., Frith, U., & Frith, C. (2000). Movement and 
mind: A functional imaging study of perception and interpre-
tation of complex intentional movement patterns. NeuroImage, 
12(3), 314–325.

Cattaneo, L., Fabbri-Destro, M., Boria, S., Pieraccini, C., Monti, 
A., Cossu, G., & Rizzolatti, G. (2007). Impairment of actions 
chains in autism and its possible role in intention understanding. 
Proceedings of the National Academy of Sciences of the United 
States of America, 104, 17825–17830. https ://doi.org/10.1073/
pnas.07062 73104 .

Centelles, L., Assaiante, C., Nazarian, B., Anton, J. L., & Schmitz, 
C. (2011). Recruitment of both the mirror and the mentaliz-
ing networks when observing social interactions depicted by 
point-lights: A neuroimaging study. PLoS ONE. https ://doi.
org/10.1371/journ al.pone.00157 49.

Cheyne, D., Gaetz, W., Garnero, L., Lachaux, J. P., Ducorps, A., 
Schwartz, D., & Varela, F. J. (2003). Neuromagnetic imaging of 
cortical oscillations accompanying tactile stimulation. Cognitive 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1162/jocn.2009.21187
https://doi.org/10.1162/jocn.2009.21187
https://doi.org/10.1016/j.brainresrev.2007.04.003
https://doi.org/10.1016/j.brainresrev.2007.04.003
https://doi.org/10.1016/j.paid.2011.07.005
https://doi.org/10.1176/appi.books.9780890425596.744053
https://doi.org/10.1176/appi.books.9780890425596.744053
https://doi.org/10.1016/j.psychres.2015.05.067
https://doi.org/10.1016/j.psychres.2015.05.067
https://doi.org/10.1523/jneurosci.0963-11.2011
https://doi.org/10.1016/S0960-9822(03)00087-3
https://doi.org/10.1007/s00221-002-1037-5
https://doi.org/10.1016/S1053-8119(02)91192-4
https://doi.org/10.1111/j.1469-7610.1997.tb01599.x
https://doi.org/10.1111/j.1469-7610.1997.tb01599.x
https://doi.org/10.1023/A:1005653411471
https://doi.org/10.1023/A:1005653411471
https://doi.org/10.1016/j.neuroimage.2012.03.013
https://doi.org/10.1016/j.neuroimage.2012.03.013
https://doi.org/10.1016/j.bandc.2013.02.008
https://doi.org/10.1016/j.bandc.2007.03.004
https://doi.org/10.1016/j.bandc.2007.03.004
https://doi.org/10.1093/brain/awv390
https://doi.org/10.1098/rspb.2007.1019
https://doi.org/10.1016/j.bandc.2012.11.001
https://doi.org/10.1016/j.bandc.2012.11.001
https://doi.org/10.1073/pnas.0706273104
https://doi.org/10.1073/pnas.0706273104
https://doi.org/10.1371/journal.pone.0015749
https://doi.org/10.1371/journal.pone.0015749


Journal of Autism and Developmental Disorders 

1 3

Brain Research, 17(3), 599–611. https ://doi.org/10.1016/S0926 
-6410(03)00173 -3.

Ciaramidaro, A., Becchio, C., Colle, L., Bara, B. G., & Walter, H. 
(2014). Do you mean me? Communicative intentions recruit the 
mirror and the mentalizing system. Social Cognitive and Affec-
tive Neuroscience, 9, 909–916. https ://doi.org/10.1093/scan/
nst06 2.

Cochin, S. (1999). Observation and execution of movement: Similari-
ties demonstrated by quantified electroencephalography. Euro-
pean Journal of Neuroscience, 11(5), 1839–1842.

Cole, E. J., & Barraclough, N. E. (2017). Timing of Mirror Neuron 
System activation when inferring the intentions of others.

Cole, E. J., Slocombe, K. E., & Barraclough, N. E. (2017). Abilities to 
explicitly and implicitly infer intentions from actions in adults 
with autism spectrum disorder. Journal of Autism and Develop-
mental Disorders. https ://doi.org/10.1007/s1080 3-017-3425-5.

Confalonieri, L., Pagnoni, G., Barsalou, L. W., Rajendra, J., Eickhoff, 
S. B., & Butler, A. J. (2012). Brain activation in primary motor 
and somatosensory cortices during motor imagery correlates 
with motor imagery ability in stroke patients. ISRN Neurology. 
https ://doi.org/10.5402/2012/61359 5.

Cooper, N. R., Simpson, A., Till, A., Simmons, K., & Puzzo, I. (2013). 
Beta event-related desynchronization as an index of individual 
differences in processing human facial expression: Further inves-
tigations of autistic traits in typically developing adults. Frontiers 
in Human Neuroscience, 7, 159. https ://doi.org/10.3389/fnhum 
.2013.00159 .

Dal Monte, O., Schintu, S., Pardini, M., Berti, A., Wassermann, E. M., 
Grafman, J., & Krueger, F. (2014). The left inferior frontal gyrus 
is crucial for reading the mind in the eyes: Brain lesion evidence. 
Cortex, 58, 9–17.

Damarla, S. R., Keller, T. A., Kana, R. K., Cherkassky, V. L., Wil-
liams, D. L., Minshew, N. J., & Just, M. A. (2010). Cortical 
underconnectivity coupled with preserved visuospatial cognition 
in autism: Evidence from an fMRI study of an embedded fig-
ures task. Autism Research, 3, 273–279. https ://doi.org/10.1002/
aur.153.

Dapretto, M., Davies, M. S., Pfeifer, J. H., Scott, A. A., Sigman, M., 
Bookheimer, S. Y., & Iacoboni, M. (2006). Understanding emo-
tions in others: Mirror neuron dysfunction in children with 
autism spectrum disorders. Nature Neuroscience. 9, 28.

Dewey, D., Cantell, M., & Crawford, S. G. (2007). Motor and gestural 
performance in children with autism spectrum disorders, devel-
opmental coordination disorder, and/or attention deficit hyperac-
tivity disorder. Journal of the International Neuropsychological 
Society, 13(2), 246–256. https ://doi.org/10.1017/S1355 61770 
70702 70.

Dowd, A. M., McGinley, J. L., Taffe, J. R., & Rinehart, N. J. (2012). 
Do planning and visual integration difficulties underpin motor 
dysfunction in autism? A kinematic study of young children with 
autism. Journal of Autism and Developmental Disorders, 42(8), 
1539–1548. https ://doi.org/10.1007/s1080 3-011-1385-8.

de Lange, F. P., Spronk, M., Willems, R. M., Toni, I., & Bekkering, H. 
(2008). Complementary systems for understanding action inten-
tions. Current Biology, 18, 454–457. https ://doi.org/10.1016/j.
cub.2008.02.057.

Decety, J., & Grèzes, J. (2006). The power of simulation: Imagining 
one’ s own and other’ s behavior. Brain Research, 1079(1), 4–14. 
https ://doi.org/10.1016/j.brain res.2005.12.115.

Di Martino, A., Shehzad, Z., Kelly, C., Roy, A. K., Gee, D. G., Uddin, 
L. Q., … Milham, M. P. (2009). Relationship between cingulo-
insular functional connectivity and autistic traits in neurotypical 
adults. American Journal of Psychiatry, 166(8), 891–899. https 
://doi.org/10.1176/appi.ajp.2009.08121 894.

di Pellegrino, G., Fadiga, L., Fogassi, L., Gallese, V., & Rizzolatti, 
G. (1992). Understanding motor events: A neurophysiological 

study. Experimental Brain Research, 91, 176–180. https ://doi.
org/10.1007/BF002 30027 .

Dienes, Z. (2014). Using Bayes to get the most out of non-significant 
results. Frontiers in Psychology, 5. https ://doi.org/10.3389/fpsyg 
.2014.00781 .

Dinstein, I., Thomas, C., Humphreys, K., Minshew, N., Behrmann, 
M., & Heeger, D. J. (2010). Normal movement selectivity in 
autism. Neuron, 66, 461–469. https ://doi.org/10.1016/j.neuro 
n.2010.03.034.

Dumas, G., Soussignan, R., Hugueville, L., Martinerie, J., & Nadel, J. 
(2014). Revisiting mu suppression in autism spectrum disorder. 
Brain Research, 1585, 108–119. https ://doi.org/10.1016/j.brain 
res.2014.08.035.

Enticott, P. G., Harrison, B. A., Arnold, S. L., Nibaldi, K., Segrave, R. 
a., Fitzgibbon, B. M., et al. (2012). Emotional valence modulates 
putative mirror neuron activity. Neuroscience Letters, 508(1), 
56–59. https ://doi.org/10.1016/j.neule t.2011.12.018.

Enticott, P. G., Kennedy, H. A., Rinehart, N. J., Tonge, B. J., Brad-
shaw, J. L., & Fitzgerald, P. B. (2013a). GABAergic activity in 
autism spectrum disorders: An investigation of cortical inhibition 
via transcranial magnetic stimulation. Neuropharmacology, 68, 
202–209. https ://doi.org/10.1016/j.neuro pharm .2012.06.017.

Enticott, P. G., Kennedy, H. A., Rinehart, N. J., Bradshaw, J. L., Tonge, 
B. J., Daskalakis, Z. J., & Fitzgerald, P. B. (2013b). Interper-
sonal motor resonance in autism spectrum disorder: Evidence 
against a global “mirror system” deficit. Frontiers in Human 
Neuroscience. Retrieved from http://www.pubme dcent ral.nih.
gov/artic leren der.fcgi?artid =36619 43&tool=pmcen trez&rende 
rtype =abstr act.

Enticott, P. G., Rinehart, N. J., Tonge, B. J., Bradshaw, J. L., & Fitzger-
ald, P. B. (2010). A preliminary transcranial magnetic stimula-
tion study of cortical inhibition and excitability in high-func-
tioning autism and Asperger disorder. Developmental Medicine 
and Child Neurology, 52(8), e179–e183. https ://doi.org/10.111
1/j.1469-8749.2010.03665 .x.

Fabbri-Destro, M., Cattaneo, L., Boria, S., & Rizzolatti, G. (2009). 
Planning actions in autism. Experimental Brain Research, 192, 
521–525.

Fadiga, L., Craighero, L., & Olivier, E. (2005). Human motor cortex 
excitability during the perception of others’ action. Current Opin-
ion in Neurobiology. https ://doi.org/10.1016/j.conb.2005.03.013.

Fan, Y.-T., Decety, J., Yang, C.-Y., Liu, J.-L., & Cheng, Y. 
(2010). Unbroken mirror neurons in autism spectrum dis-
orders. Journal of Child Psychology and Psychiatry, and 
Allied Disciplines, 51(9), 981–988. https ://doi.org/10.111
1/j.1469-7610.2010.02269 .x.

Fishman, I., Keown, C. L., Lincoln, A. J., Pineda, J., & Müller, R.-A. 
(2014). Atypical cross talk between mentalizing and mirror 
neuron networks in autism spectrum disorder. JAMA Psychia-
try, 71(7), 751–760.

Fox, N. A., Bakermans-Kranenburg, M. J., Yoo, K. H., Bowman, L. 
C., Cannon, E. N., Vanderwert, R. E., et al. (2016). Assessing 
human mirror activity with EEG mu rhythm: A meta-anal-
ysis. Psychological Bulletin, 142(3), 291–313. https ://doi.
org/10.1037/bul00 00031 .

Frenkel-Toledo, S., Bentin, S., Perry, A., Liebermann, D. G., & Soro-
ker, N. (2014). Mirror-neuron system recruitment by action 
observation: Effects of focal brain damage on mu suppression. 
NeuroImage, 87, 127–137. https ://doi.org/10.1016/j.neuro 
image .2013.10.019.

Gallagher, H. L., Happé, F., Brunswick, N., Fletcher, P. C., Frith, 
U., & Frith, C. D. (2000). Reading the mind in cartoons and 
stories: An fMRI study of “theory of mind” in verbal and 
nonverbal tasks. Neuropsychologia, 38(1), 11–21. https ://doi.
org/10.1016/S0028 -3932(99)00053 -6.

https://doi.org/10.1016/S0926-6410(03)00173-3
https://doi.org/10.1016/S0926-6410(03)00173-3
https://doi.org/10.1093/scan/nst062
https://doi.org/10.1093/scan/nst062
https://doi.org/10.1007/s10803-017-3425-5
https://doi.org/10.5402/2012/613595
https://doi.org/10.3389/fnhum.2013.00159
https://doi.org/10.3389/fnhum.2013.00159
https://doi.org/10.1002/aur.153
https://doi.org/10.1002/aur.153
https://doi.org/10.1017/S1355617707070270
https://doi.org/10.1017/S1355617707070270
https://doi.org/10.1007/s10803-011-1385-8
https://doi.org/10.1016/j.cub.2008.02.057
https://doi.org/10.1016/j.cub.2008.02.057
https://doi.org/10.1016/j.brainres.2005.12.115
https://doi.org/10.1176/appi.ajp.2009.08121894
https://doi.org/10.1176/appi.ajp.2009.08121894
https://doi.org/10.1007/BF00230027
https://doi.org/10.1007/BF00230027
https://doi.org/10.3389/fpsyg.2014.00781
https://doi.org/10.3389/fpsyg.2014.00781
https://doi.org/10.1016/j.neuron.2010.03.034
https://doi.org/10.1016/j.neuron.2010.03.034
https://doi.org/10.1016/j.brainres.2014.08.035
https://doi.org/10.1016/j.brainres.2014.08.035
https://doi.org/10.1016/j.neulet.2011.12.018
https://doi.org/10.1016/j.neuropharm.2012.06.017
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3661943&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3661943&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3661943&tool=pmcentrez&rendertype=abstract
https://doi.org/10.1111/j.1469-8749.2010.03665.x
https://doi.org/10.1111/j.1469-8749.2010.03665.x
https://doi.org/10.1016/j.conb.2005.03.013
https://doi.org/10.1111/j.1469-7610.2010.02269.x
https://doi.org/10.1111/j.1469-7610.2010.02269.x
https://doi.org/10.1037/bul0000031
https://doi.org/10.1037/bul0000031
https://doi.org/10.1016/j.neuroimage.2013.10.019
https://doi.org/10.1016/j.neuroimage.2013.10.019
https://doi.org/10.1016/S0028-3932(99)00053-6
https://doi.org/10.1016/S0028-3932(99)00053-6


 Journal of Autism and Developmental Disorders

1 3

Gazzola, V., & Keysers, C. (2009). The observation and execution 
of actions share motor and somatosensory voxels in all tested 
subjects: Single-subject analyses of unsmoothed fMRI data. 
Cerebral Cortex, 19(6), 1239–1255. https ://doi.org/10.1093/
cerco r/bhn18 1.

Gilbert, D. L., Ridel, K. R., Sallee, F. R., Zhang, J., Lipps, T. D., 
& Wassermann, E. M. (2006). Comparison of the inhibitory 
and excitatory effects of ADHD medications methylphenidate 
and atomoxetine on motor cortex. Neuropsychopharmacology. 
https ://doi.org/10.1038/sj.npp.13008 06.

Gobbini, M. I., Koralek, A. C., Bryan, R. E., Montgomery, K. 
J., & Haxby, J. V. (2007). Two takes on the social brain: 
A comparison of theory of mind tasks. Journal of Cogni-
tive Neuroscience, 19, 1803–1814. https ://doi.org/10.1162/
jocn.2007.19.11.1803.

Gökçen, E., Frederickson, N., & Petrides, K. V. (2016). Theory of mind 
and executive control deficits in typically developing adults and 
adolescents with high levels of autism traits. Journal of Autism 
and Developmental Disorders, 46, 1–16.

Gökçen, E., Petrides, K. V., Hudry, K., Frederickson, N., & Smillie, L. 
D. (2014). Sub-threshold autism traits: The role of trait emotional 
intelligence and cognitive flexibility. British Journal of Psychol-
ogy, 105(2), 187–199.

Hadjikhani, N., Joseph, R. M., Manoach, D. S., Naik, P., Snyder, J., 
Dominick, K., … de Gelder, B. (2009). Body expressions of 
emotion do not trigger fear contagion in autism spectrum disor-
der. Social Cognitive and Affective Neuroscience, 4(1), 70–78. 
https ://doi.org/10.1093/scan/nsn03 8.

Haenschel, C., Baldeweg, T., Croft, R. J., Whittington, M., & Gruzelier, 
J. (2000). Gamma and beta frequency oscillations in response to 
novel auditory stimuli: A comparison of human electroenceph-
alogram (EEG) data with in vitro models. Proceedings of the 
National Academy of Sciences of the United States of America, 
97(13), 7645–7650. https ://doi.org/10.1073/pnas.12016 2397.

Hallett, M. (2000). Transcranial magnetic stimulation and the human 
brain. Nature, 406, 147–150. https ://doi.org/10.1038/35018 000.

Hamilton, A. F. D. C. (2013). Reflecting on the mirror neuron sys-
tem in autism: A systematic review of current theories. Devel-
opmental Cognitive Neuroscience. https ://doi.org/10.1016/j.
dcn.2012.09.008.

Herbet, G., Lafargue, G., Moritz-Gasser, S., Bonnetblanc, F., & 
Duffau, H. (2014). Interfering with the neural activity of 
mirror-related frontal areas impairs mentalistic inferences. 
Brain Structure and Function. https ://doi.org/10.1007/s0042 
9-014-0777-x.

Hobson, R. P., & Hobson, J. A. (2008). Dissociable aspects of imita-
tion: A study in autism. Journal of Experimental Child Psy-
chology, 101(3), 170–185.

Holt, R. J., Chura, L. R., Lai, M.-C., Suckling, J., von dem Hagen, 
E., Calder, A. J., et al. (2014). “Reading the Mind in the Eyes”: 
An fMRI study of adolescents with autism and their siblings. 
Psychological Medicine, 44(15), 3215–3227. https ://doi.
org/10.1017/S0033 29171 40002 33.

Honaga, E., Ishii, R., Kurimoto, R., Canuet, L., Ikezawa, K., Taka-
hashi, H., et al. (2010). Post-movement beta rebound abnormal-
ity as indicator of mirror neuron system dysfunction in autistic 
spectrum disorder: An MEG study. Neuroscience Letters, 478, 
141–145. https ://doi.org/10.1016/j.neule t.2010.05.004.

Hurst, R. M., Mitchell, J. T., Kimbrel, N. A., Kwapil, T. K., & 
Nelson-Gray, R. O. (2007). Examination of the reliability and 
factor structure of the Autism Spectrum Quotient (AQ) in a 
non-clinical sample. Personality and Individual Differences, 
43(7), 1938–1949. https ://doi.org/10.1016/j.paid.2007.06.012.

Iacoboni, M., & Dapretto, M. (2006). The mirror neuron system and 
the consequences of its dysfunction. Nature Reviews, 7(12), 
942–951.

Iacoboni, M., Lieberman, M. D., Knowlton, B. J., Molnar-Szakacs, 
I., Moritz, M., Throop, C. J., & Fiske, A. P. (2004). Watching 
social interactions produces dorsomedial prefrontal and medial 
parietal BOLD fMRI signal increases compared to a resting 
baseline. NeuroImage, 21, 1167–1173.

Jolliffe, T., & Baron-Cohen, S. (1999). The strange stories test: A 
replication with high- functioning adults with autism or asper-
ger syndrome. Journal of Autism and Developmental Disor-
ders, 29(5), 395–406.

Jones, S. R., Pritchett, D. L., Sikora, M., Stufflebeam, S. M., 
Hämäläinen, M., & Moore, C. I. (2009). Quantitative analysis 
and biophysically realistic neural modeling of the MEG mu 
rhythm: Rhythmogenesis and modulation of sensory-evoked 
responses. Journal of Neurophysiology, 102(6), 3554–3572. 
https ://doi.org/10.1152/jn.00535 .2009.

Just, M. A., Cherkassky, V. L., Keller, T. A., Kana, R. K., & Min-
shew, N. J. (2007). Functional and anatomical cortical under-
connectivity in autism: Evidence from an fmri study of an 
executive function task and corpus callosum morphometry. 
Cerebral Cortex, 17, 951–961. https ://doi.org/10.1093/cerco 
r/bhl00 6.

Just, M. A., Cherkassky, V. L., Keller, T. A., & Minshew, N. J. (2004). 
Cortical activation and synchronization during sentence com-
prehension in high-functioning autism: Evidence of undercon-
nectivity. Brain, 127, 1811–1821. https ://doi.org/10.1093/brain 
/awh19 9.

Kana, R. K., Libero, L. E., Hu, C. P., Deshpande, H. D., & Colburn, 
J. S. (2014). Functional brain networks and white matter under-
lying theory-of-mind in autism. Social Cognitive and Affective 
Neuroscience, 9(1), 98–105.

Kennedy, D. P., & Courchesne, E. (2008). The intrinsic functional 
organization of the brain is altered in autism. NeuroImage, 39(4), 
1877–1885. https ://doi.org/10.1016/j.neuro image .2007.10.052.

Kilavik, B. E., Zaepffel, M., Brovelli, A., MacKay, W. A., & Riehle, A. 
(2013). The ups and downs of beta oscillations in sensorimotor 
cortex. Experimental Neurology. https ://doi.org/10.1016/j.expne 
urol.2012.09.014.

Kirkovski, M., Rogasch, N. C., Saeki, T., Fitzgibbon, B. M., Enticott, P. 
G., & Fitzgerald, P. B. (2016). Single pulse transcranial magnetic 
stimulation-electroencephalogram reveals no electrophysiologi-
cal abnormality in adults with high-functioning autism spectrum 
disorder. Journal of Child and Adolescent Psychopharmacology, 
26(7), 606–616. https ://doi.org/10.1089/cap.2015.0181.

Landmann, C., Landi, S. M., Grafton, S. T., & Della-Maggiore, V. 
(2011). FMRI supports the sensorimotor theory of motor reso-
nance. PLoS ONE. https ://doi.org/10.1371/journ al.pone.00268 
59.

Lepage, J. F., Saint-Amour, D., & Théoret, H. (2008). EEG and neu-
ronavigated single-pulse TMS in the study of the observation/
execution matching system: Are both techniques measuring the 
same process? Journal of Neuroscience Methods, 175(1), 17–24.

Lepage, J. F., Tremblay, S., & Théoret, H. (2010). Early non-specific 
modulation of corticospinal excitability during action observa-
tion. European Journal of Neuroscience, 31(5), 931–937. https 
://doi.org/10.1111/j.1460-9568.2010.07121 .x.

Leslie, K. R., Johnson-Frey, S. H., & Grafton, S. T. (2004). Functional 
imaging of face and hand imitation: Towards a motor theory of 
empathy. NeuroImage, 21(2), 601–607. https ://doi.org/10.1016/j.
neuro image .2003.09.038.

Lindell, A. K., Notice, K., & Withers, K. (2009). Reduced language 
processing asymmetry in non-autistic individuals with high 
levels of autism traits. Laterality, 14(5), 457–472. https ://doi.
org/10.1080/13576 50080 25077 52.

Lombardo, M. V., Chakrabarti, B., Bullmore, E. T., Wheelwright, S. 
J., Sadek, S. A., Suckling, J., & Baron-Cohen, S. (2010). Shared 

https://doi.org/10.1093/cercor/bhn181
https://doi.org/10.1093/cercor/bhn181
https://doi.org/10.1038/sj.npp.1300806
https://doi.org/10.1162/jocn.2007.19.11.1803
https://doi.org/10.1162/jocn.2007.19.11.1803
https://doi.org/10.1093/scan/nsn038
https://doi.org/10.1073/pnas.120162397
https://doi.org/10.1038/35018000
https://doi.org/10.1016/j.dcn.2012.09.008
https://doi.org/10.1016/j.dcn.2012.09.008
https://doi.org/10.1007/s00429-014-0777-x
https://doi.org/10.1007/s00429-014-0777-x
https://doi.org/10.1017/S0033291714000233
https://doi.org/10.1017/S0033291714000233
https://doi.org/10.1016/j.neulet.2010.05.004
https://doi.org/10.1016/j.paid.2007.06.012
https://doi.org/10.1152/jn.00535.2009
https://doi.org/10.1093/cercor/bhl006
https://doi.org/10.1093/cercor/bhl006
https://doi.org/10.1093/brain/awh199
https://doi.org/10.1093/brain/awh199
https://doi.org/10.1016/j.neuroimage.2007.10.052
https://doi.org/10.1016/j.expneurol.2012.09.014
https://doi.org/10.1016/j.expneurol.2012.09.014
https://doi.org/10.1089/cap.2015.0181
https://doi.org/10.1371/journal.pone.0026859
https://doi.org/10.1371/journal.pone.0026859
https://doi.org/10.1111/j.1460-9568.2010.07121.x
https://doi.org/10.1111/j.1460-9568.2010.07121.x
https://doi.org/10.1016/j.neuroimage.2003.09.038
https://doi.org/10.1016/j.neuroimage.2003.09.038
https://doi.org/10.1080/13576500802507752
https://doi.org/10.1080/13576500802507752


Journal of Autism and Developmental Disorders 

1 3

neural circuits for mentalizing about the self and others. Journal 
of Cognitive Neuroscience, 22(7), 1623–1635.

Loporto, M., McAllister, C., Williams, J., Hardwick, R., & Holmes, 
P. (2011). Investigating central mechanisms underlying the 
effects of action observation and imagery through transcranial 
magnetic stimulation. Journal of Motor Behavior. https ://doi.
org/10.1080/00222 895.2011.60465 5.

Marsh, L. E., & Hamilton, A. F. (2011). Dissociation of mirroring and 
mentalising systems in autism. NeuroImage, 56(3), 1511–1519.

Martineau, J., Andersson, F., Barthélémy, C., Cottier, J. P., & Destrieux, 
C. (2010). Atypical activation of the mirror neuron system dur-
ing perception of hand motion in autism. Brain Research, 1320, 
168–175.

Matson, J. L., Rieske, R. D., & Williams, L. W. (2013). The relation-
ship between autism spectrum disorders and attention-deficit/
hyperactivity disorder: An overview. Research in Developmental 
Disabilities, 34(9), 2475–2484.

Matson, J. L., & Williams, L. W. (2014). Depression and mood disor-
ders among persons with autism spectrum disorders. Research 
in Developmental Disabilities, 35(9), 2007–2003.

McDonald, S., Bornhofen, C., Shum, D., Long, E., Saunders, C., & 
Neulinger, K. (2006). Reliability and validity of the awareness 
of social inference test (TASIT): A clinical test of social percep-
tion. Disability and Rehabilation, 28(24), 1529–1542. https ://
doi.org/10.1080/09638 28060 06461 85.

Miller, R. (2007). Theory of the normal waking EEG: From single 
neurones to waveforms in the alpha, beta and gamma frequency 
ranges. International Journal of Psychophysiology, 64(1), 18–23. 
https ://doi.org/10.1016/j.ijpsy cho.2006.07.009.

Milston, S. I., Vanman, E. J., & Cunnington, R. (2013). Cognitive 
empathy and motor activity during observed actions. Neuropsy-
chologia, 51(6), 1103–1108. https ://doi.org/10.1016/j.neuro 
psych ologi a.2013.02.020.

Minelli, A., Bortolomasi, M., Scassellati, C., Salvoro, B., Avesani, M., 
& Manganotti, P. (2010). Effects of intravenous antidepressant 
drugs on the excitability of human motor cortex: A study with 
paired magnetic stimulation on depressed patients. Brain Stimu-
lation. https ://doi.org/10.1016/j.brs.2009.04.003.

Molenberghs, P., Cunnington, R., & Mattingley, J. B. (2012). Brain 
regions with mirror properties: A meta-analysis of 125 human 
fMRI studies. Neuroscience and Biobehavioral Reviews. https ://
doi.org/10.1016/j.neubi orev.2011.07.004.

Neuper, C., Scherer, R., Wriessnegger, S., & Pfurtscheller, G. (2009). 
Motor imagery and action observation: Modulation of sensori-
motor brain rhythms during mental control of a brain-computer 
interface. Clinical Neurophysiology, 120(2), 239–247. https ://
doi.org/10.1016/j.clinp h.2008.11.015.

Noonan, S. K., Haist, F., & Müller, R. A. (2009). Aberrant functional 
connectivity in autism: Evidence from low-frequency BOLD 
signal fluctuations. Brain Research, 1262, 48–63. https ://doi.
org/10.1016/j.brain res.2008.12.076.

Oberman, L. M., Hubbard, E. M., McCleery, J. P., Altschuler, E. L., 
Ramachandran, V. S., & Pineda, J. A. (2005). EEG evidence for 
mirror neuron dysfunction in autism spectrum disorders. Cogni-
tive Brain Research, 24(2), 190–198. https ://doi.org/10.1016/j.
cogbr ainre s.2005.01.014.

Oberman, L. M., Pascual-Leone, A., & Rotenberg, A. (2014). Modula-
tion of corticospinal excitability by transcranial magnetic stimu-
lation in children and adolescents with autism spectrum disorder. 
Frontiers in Human Neuroscience. https ://doi.org/10.3389/fnhum 
.2014.00627 .

Oberman, L. M., Pineda, J. A., & Ramachandran, V. S. (2007). The 
human mirror neuron system: A link between action observation 
and social skills. Social Cognitive and Affective Neuroscience, 2, 
62–66. https ://doi.org/10.1093/scan/nsl02 2.

Oberman, L. M., & Ramachandran, V. S. (2007). The simulating social 
mind: The role of the mirror neuron system and simulation in 
the social and communicative deficits of autism spectrum dis-
orders. Psychological Bulletin, 133(2), 310–327. https ://doi.
org/10.1037/0033-2909.133.2.310.

Oberman, L. M., Ramachandran, V. S., & Pineda, J. A. (2008). Modu-
lation of mu suppression in children with autism spectrum dis-
orders in response to familiar or unfamiliar stimuli: The mirror 
neuron hypothesis. Neuropsychologia, 46, 1558–1565. https ://
doi.org/10.1016/j.neuro psych ologi a.2008.01.010.

Oosterling, I., Roos, S., De Bildt, A., Rommelse, N., De Jonge, M., Vis-
ser, J., … Buitelaar, J. (2010). Improved diagnostic validity of the 
ADOS revised algorithms: A replication study in an independent 
sample. Journal of Autism and Developmental Disorders, 40(6), 
689–703. https ://doi.org/10.1007/s1080 3-009-0915-0.

Patuzzo, S., Fiaschi, A., & Manganotti, P. (2003). Modulation of motor 
cortex excitability in the left hemisphere during action observa-
tion: A single- and paired-pulse transcranial magnetic stimulation 
study of self- and non-self- action observation. Neuropsycholo-
gia, 41(9), 1272–1278.

Perry, A., Bentin, S., Shalev, I., Israel, S., Uzefovsky, F., Bar-On, D., 
& Ebstein, R. P. (2010). Intranasal oxytocin modulates EEG mu/
alpha and beta rhythms during perception of biological motion. 
Psychoneuroendocrinology, 35(10), 1446–1453. https ://doi.
org/10.1016/j.psyne uen.2010.04.011.

Perry, A., Stein, L., & Bentin, S. (2011). Motor and attentional mecha-
nisms involved in social interaction-evidence from mu and alpha 
EEG suppression. NeuroImage, 58(3), 895–904. https ://doi.
org/10.1016/j.neuro image .2011.06.060.

Pfurtscheller, G., Neuper, C., & Krausz, G. (2000). Functional disso-
ciation of lower and upper frequency mu rhythms in relation to 
voluntary limb movement. Clinical Neurophysiology, 111(10), 
1873–1879. https ://doi.org/10.1016/S1388 -2457(00)00428 -4.

Pineda, J. A. (2005). The functional significance of mu rhythms: Trans-
lating “seeing” and “hearing” into “doing”. Brain Research. 
Brain Research Reviews, 50(1), 57–68.

Porro, C. A., Francescato, M. P., Cettolo, V., Diamond, M. E., Baraldi, 
P., Zuiani, C., di Prampero, P. E. (1996). Primary motor and 
sensory cortex activation during motor performance and motor 
imagery: A functional magnetic resonance imaging study. The 
Journal of Neuroscience: The Official Journal of the Society for 
Neuroscience, 16(23), 7688–7698.

Puzzo, I., Cooper, N. R., Vetter, P., Russo, R., & Fitzgerald, P. B. 
(2009). Reduced cortico-motor facilitation in a normal sample 
with high traits of autism. Neuroscience Letters, 467(2), 173–
177. https ://doi.org/10.1016/j.neule t.2009.10.033.

Raymaekers, R., Wiersema, J. R., & Roeyers, H. (2009). EEG 
study of the mirror neuron system in children with high func-
tioning autism. Brain Research, 1304, 113–121. https ://doi.
org/10.1016/j.brain res.2009.09.068.

Ridley, N. J., Homewood, J., & Walters, J. (2011). Cerebellar dysfunc-
tion, cognitive flexibility and autistic traits in a non-clinical sam-
ple. Autism: The International Journal of Research and Practice, 
15(6), 728–745. https ://doi.org/10.1177/13623 61310 39595 6.

Rizzolatti, G., & Craighero, L. (2004). The mirror-neuron system. 
Annual Review of Neuroscience, 27, 169–192. https ://doi.
org/10.1146/annur ev.neuro .27.07020 3.14423 0.

Rizzolatti, G., Fadiga, L., Gallese, V., & Fogassi, L. (1996). Pre-
motor cortex and the recognition of motor actions. Cognitive 
Brain Research, 3, 131–141. https ://doi.org/10.1016/0926-
6410(95)00038 -0.

Rizzolatti, G., Fogassi, L., & Gallese, V. (2002). Motor and cogni-
tive functions of the ventral premotor cortex. Current Opinion in 
Neurobiology. https ://doi.org/10.1016/S0959 -4388(02)00308 -2.

Rizzolatti, G., & Sinigaglia, C. (2010). The functional role of the pari-
eto-frontal mirror circuit: Interpretations and misinterpretations. 

https://doi.org/10.1080/00222895.2011.604655
https://doi.org/10.1080/00222895.2011.604655
https://doi.org/10.1080/09638280600646185
https://doi.org/10.1080/09638280600646185
https://doi.org/10.1016/j.ijpsycho.2006.07.009
https://doi.org/10.1016/j.neuropsychologia.2013.02.020
https://doi.org/10.1016/j.neuropsychologia.2013.02.020
https://doi.org/10.1016/j.brs.2009.04.003
https://doi.org/10.1016/j.neubiorev.2011.07.004
https://doi.org/10.1016/j.neubiorev.2011.07.004
https://doi.org/10.1016/j.clinph.2008.11.015
https://doi.org/10.1016/j.clinph.2008.11.015
https://doi.org/10.1016/j.brainres.2008.12.076
https://doi.org/10.1016/j.brainres.2008.12.076
https://doi.org/10.1016/j.cogbrainres.2005.01.014
https://doi.org/10.1016/j.cogbrainres.2005.01.014
https://doi.org/10.3389/fnhum.2014.00627
https://doi.org/10.3389/fnhum.2014.00627
https://doi.org/10.1093/scan/nsl022
https://doi.org/10.1037/0033-2909.133.2.310
https://doi.org/10.1037/0033-2909.133.2.310
https://doi.org/10.1016/j.neuropsychologia.2008.01.010
https://doi.org/10.1016/j.neuropsychologia.2008.01.010
https://doi.org/10.1007/s10803-009-0915-0
https://doi.org/10.1016/j.psyneuen.2010.04.011
https://doi.org/10.1016/j.psyneuen.2010.04.011
https://doi.org/10.1016/j.neuroimage.2011.06.060
https://doi.org/10.1016/j.neuroimage.2011.06.060
https://doi.org/10.1016/S1388-2457(00)00428-4
https://doi.org/10.1016/j.neulet.2009.10.033
https://doi.org/10.1016/j.brainres.2009.09.068
https://doi.org/10.1016/j.brainres.2009.09.068
https://doi.org/10.1177/1362361310395956
https://doi.org/10.1146/annurev.neuro.27.070203.144230
https://doi.org/10.1146/annurev.neuro.27.070203.144230
https://doi.org/10.1016/0926-6410(95)00038-0
https://doi.org/10.1016/0926-6410(95)00038-0
https://doi.org/10.1016/S0959-4388(02)00308-2


 Journal of Autism and Developmental Disorders

1 3

Nature Reviews. Neuroscience, 11(4), 264–274. https ://doi.
org/10.1038/nrn28 05.

Rogers, S. J., Hepburn, S. L., Stackhouse, T., & Wehner, E. (2003). 
Imitation performance in toddlers with autism and those with 
other developmental disorders. Journal of Child Psychology and 
Psychiatry and Allied Disciplines, 44(5), 763–781. https ://doi.
org/10.1111/1469-7610.00162 .

Rossi, S., Hallett, M., Rossini, P. M., & Pascual-Leone, A. (2009). 
Safety, ethical considerations, and application guidelines for 
the use of transcranial magnetic stimulation in clinical practice 
and research. Clinical Neurophysiology: Official Journal of the 
International Federation of Clinical Neurophysiology, 120(12), 
2008–2039. https ://doi.org/10.1016/j.clinp h.2009.08.016.

Rossini, P. M., Barker, A. T., Berardelli, A., Caramia, M. D., Caruso, 
G., Cracco, R. Q., et al. (1994). Non-invasive electrical and 
magnetic stimulation of the brain, spinal cord and roots: Basic 
principles and procedures for routine clinical application. Report 
of an IFCN Committee. Electroencephalography & Clinical Neu-
rophysiology, 91, 2198–2208.

Ruzich, E., Allison, C., Smith, P., Watson, P., Auyeung, B., Ring, H., & 
Baron-Cohen, S. (2015). Measuring autistic traits in the general 
population: A systematic review of the autism-spectrum quo-
tient (AQ) in a nonclinical population sample of 6900 typical 
adult males and females. Molecular Autism, 6(1), 2. https ://doi.
org/10.1186/2040-2392-6-2.

Schlochtermeier, L. H., Pehrs, C., Kappelhoff, H., Kuchinke, L., & 
Jacobs, A. M. (2015). Emotion processing in different media 
types: Realism, complexity, and immersion. Journal of Systems 
and Integrative Neuroscience, 1(2), 41–47.

Schurz, M., Radua, J., Aichhorn, M., Richlan, F., & Perner, J. (2014). 
Fractionating theory of mind: A meta-analysis of functional brain 
imaging studies. Neuroscience and Biobehavioral Reviews, 42, 
9–34.

Senju, A., Southgate, V., White, S., & Frith, U. (2009). Mindblind 
eyes: An absence of spontaneous theory of mind in Asperger 
syndrome. Science, 325(5942), 883–885.

Sheehan, D. V., Lecrubier, Y., Sheehan, K. H., Amorim, P., Janavs, J., 
Weiller, E., et al. (1998). The Mini-International Neuropsychi-
atric Interview (M.I.N.I.): The development and validation of 
a structured diagnostic psychiatric interview for DSM-IV and 
ICD-10. Journal of Clinical Psychiatry, 59, 22–33. https ://doi.
org/10.1016/S0924 -9338(99)80239 -9.

Shih, P., Shen, M., Öttl, B., Keehn, B., Gaffrey, M. S., & Müller, R. 
A. (2010). Atypical network connectivity for imitation in autism 
spectrum disorder. Neuropsychologia, 48(10), 2931–2939.

Simon, S., & Mukamel, R. (2016). Power modulation of electroen-
cephalogram mu and beta frequency depends on perceived level 
of observed actions. Brain and Behavior. https ://doi.org/10.1002/
brb3.494.

Spunt, R. P., Satpute, A. B., & Lieberman, M. D. (2011). Identifying 
the what, why, and how of an observed action: An fMRI study of 
mentalizing and mechanizing during action observation. Journal 
of Cognitive Neuroscience, 23(1), 63–74. https ://doi.org/10.1162/
jocn.2010.21446 .

Strafella, aP., & Paus, T. (2000). Modulation of cortical excitabil-
ity during action observation: A transcranial magnetic stimu-
lation study. Neuroreport, 11(10), 2289–2292. https ://doi.
org/10.1097/00001 756-20000 7140-00044 .

Théoret, H., Halligan, E., Kobayashi, M., Fregni, F., Tager-Flusberg, 
H., & Pascual-Leone, A. (2005). Impaired motor facilitation dur-
ing action observation in individuals with autism spectrum disor-
der. Current Biology. https ://doi.org/10.1016/j.cub.2005.01.022.

Uithol, S., van Rooij, I., Bekkering, H., & Haselager, P. (2011). Under-
standing motor resonance. Social Neuroscience, 6(4), 388–397. 
https ://doi.org/10.1080/17470 919.2011.55912 9.

Ulloa, E. R., & Pineda, J. A. (2007). Recognition of point-light biologi-
cal motion: Mu rhythms and mirror neuron activity. Behavioural 
Brain Research, 183(2), 188–194. https ://doi.org/10.1016/j.
bbr.2007.06.007.

van Boxtel, J. J. A., & Lu, H. (2013). Impaired global, and compen-
satory local, biological motion processing in people with high 
levels of autistic traits. Frontiers in Psychology, 4, 209. https ://
doi.org/10.3389/fpsyg .2013.00209 .

Van Overwalle, F., & Baetens, K. (2009). Understanding others’ actions 
and goals by mirror and mentalizing systems: A meta-analysis. 
NeuroImage, 48(3), 564–584

White, S. J., Frith, U., Rellecke, J., Al-Noor, Z., & Gilbert, S. J. (2014). 
Autistic adolescents show atypical activation of the brain’s men-
talizing system even without a prior history of mentalizing prob-
lems. Neuropsychologia, 56(1), 17–25.

Wicker, B., Fonlupt, P., Hubert, B., Tardif, C., Gepner, B., & Der-
uelle, C. (2008). Abnormal cerebral effective connectivity during 
explicit emotional processing in adults with autism spectrum dis-
order. Social Cognitive and Affective Neuroscience, 3, 135–143. 
https ://doi.org/10.1093/scan/nsn00 7.

Williams, J. H. G., Whiten, A., & Singh, T. (2004). A systematic 
review of action imitation in autistic spectrum disorder. Journal 
of Autism and Developmental Disorders. https ://doi.org/10.1023/
B:JADD.00000 29551 .56735 .3a.

https://doi.org/10.1038/nrn2805
https://doi.org/10.1038/nrn2805
https://doi.org/10.1111/1469-7610.00162
https://doi.org/10.1111/1469-7610.00162
https://doi.org/10.1016/j.clinph.2009.08.016
https://doi.org/10.1186/2040-2392-6-2
https://doi.org/10.1186/2040-2392-6-2
https://doi.org/10.1016/S0924-9338(99)80239-9
https://doi.org/10.1016/S0924-9338(99)80239-9
https://doi.org/10.1002/brb3.494
https://doi.org/10.1002/brb3.494
https://doi.org/10.1162/jocn.2010.21446
https://doi.org/10.1162/jocn.2010.21446
https://doi.org/10.1097/00001756-200007140-00044
https://doi.org/10.1097/00001756-200007140-00044
https://doi.org/10.1016/j.cub.2005.01.022
https://doi.org/10.1080/17470919.2011.559129
https://doi.org/10.1016/j.bbr.2007.06.007
https://doi.org/10.1016/j.bbr.2007.06.007
https://doi.org/10.3389/fpsyg.2013.00209
https://doi.org/10.3389/fpsyg.2013.00209
https://doi.org/10.1093/scan/nsn007
https://doi.org/10.1023/B:JADD.0000029551.56735.3a
https://doi.org/10.1023/B:JADD.0000029551.56735.3a

	Investigating Mirror System (MS) Activity in Adults with ASD When Inferring Others’ Intentions Using Both TMS and EEG
	Abstract
	Introduction
	Methods
	Participants
	Psychological Assessments
	Experimental Set-Up
	Experimental Task
	Behavioural Analysis
	EMG Analysis
	EEG Analysis
	Eye-Tracking Analysis
	Additional Analyses

	Results
	Psychological Tests
	EEG Data
	8–10 Hz
	Group Differences 
	Task-Related Differences 

	10–12 Hz

	TMS Data
	Eye-Tracking
	Relationships Between Data from Different Techniques
	EEG and Behavioural Performance
	Eye-Tracking and Behavioural Performance
	Eye-Tracking and EEG
	TMS and Other Measures


	Discussion
	Acknowledgments 
	References


