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Neurofeedback training produces
normalization in behavioural and
electrophysiological measures of
high-functioning autism

Jaime A. Pineda, Karen Carrasco, Mike Datko, Steven Pillen and Matt Schalles

Departments of Cognitive Science and Group in Neurosciences, University of California, San Diego, La Jolla,
CA 92093, USA

Autism spectrum disorder (ASD) is a neurodevelopmental condition exhibit-

ing impairments in behaviour, social and communication skills. These deficits

may arise from aberrant functional connections that impact synchronization

and effective neural communication. Neurofeedback training (NFT), based

on operant conditioning of the electroencephalogram (EEG), has shown

promise in addressing abnormalities in functional and structural connectivity.

We tested the efficacy of NFT in reducing symptoms in children with ASD by

targeting training to the mirror neuron system (MNS) via modulation of EEG

mu rhythms. The human MNS has provided a neurobiological substrate for

understanding concepts in social cognition relevant to behavioural and cogni-

tive deficits observed in ASD. Furthermore, mu rhythms resemble MNS

phenomenology supporting the argument that they are linked to perception

and action. Thirty hours of NFT on ASD and typically developing (TD) chil-

dren were assessed. Both groups completed an eyes-open/-closed EEG

session as well as a mu suppression index assessment before and after training.

Parents filled out pre- and post-behavioural questionnaires. The results

showed improvements in ASD subjects but not in TDs. This suggests that

induction of neuroplastic changes via NFT can normalize dysfunctional mir-

roring networks in children with autism, but the benefits are different for

TD brains.
1. Introduction
Autism is currently one of the most researched areas in neuroscience. It is a

complex neurodevelopmental disorder that impairs a child’s development of

language, behaviour, social and communication skills [1–3]. There is no tem-

plate for what characterizes a ‘typical’ individual with autism as symptoms

can range from mild to severe. Low-functioning individuals may have problems

with speech production while high-functioning individuals may have normal

IQ levels yet exhibit social interaction deficits. This wide spectrum of symptoms

is more commonly known as autism spectrum disorder (ASD). Currently, ASD

is of serious concern because no cure exists and worldwide prevalence has been

increasing rapidly in the last few decades. Although little agreement exists as to

the exact causes for this increased prevalence, scientists believe that ASD might

be related to a variety of factors, including genetic or mitochondrial disorders,

environmental factors and/or atypical brain development [4,5]. An interesting

observation is that generally males are four to five times more prone for devel-

oping autism than females. An autism-risk gene, a variant of the CACNA1G

gene, has been found more common in males than females, suggesting that it

might be an important clue to the sex differences [6].

One mechanism hypothesized to underlie the social impairments associated

with high-functioning autism (HFA) is a dysfunctional mirror neuron system

(MNS) [7–9]. The discovery of mirror neurons in monkeys and an MNS in

the human brain has provided a neurological substrate for understanding
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many key concepts in human social cognition directly relevant

to the behavioural and cognitive deficits observed in ASD [10],

including the ability to comprehend actions, glean intentions

and learn through imitation. First described by Rizzolatti and

co-workers [11] in the macaque monkey, mirror neurons are

thought to be involved in both self-initiated action and the rep-

resentation of action performed by others. Neurons in the pars

opercularis of the inferior frontal gyrus (IFG) show increased

firing while executing and observing the same action, repre-

senting a potential mechanism for mapping seeing into

doing [12,13]. As has been noted in a number of recent reviews,

deficits in MNS activity may explain the abnormal social skills

prevalent in ASD, such as impairment in joint attention, under-

standing the intentions of others and empathy—a condition

also referred to as ‘mindblindness’ [14,15].

Although some studies have raised questions about the role

of mirror neurons in human social behaviour [16,17], an increas-

ing amount of work suggests that a dysfunction in the MNS

does contribute to social deficits [7,8,18–21]. Specifically,

impairments likely arise from an inability to ‘form and coordi-

nate social representations of self and others via amodal or

cross-modal representation processes’ [22, p. 137]—the type

of function ascribed to mirror neurons. A particularly relevant

functional magnetic resonance imaging (fMRI) study by

Dapretto et al. [8] demonstrated decreased activation in the

IFG (pars opercularis) in individuals on the autism spectrum,

and activity in this region was found to be inversely related to

symptom severity in the social domain. Electroencephalogram

(EEG) studies have also shown that putative electro-biomarkers

of MNS activity exhibit abnormalities in ASD compared with

typically developing (TD) children [7,20,23,24]. Nonetheless,

despite the excitement generated by these observations, few if

any investigations have focused on operationalizing such

insights towards practical solutions to the early diagnosis,

amelioration or possible repair of MNS deficits.

Direct recording of neural activity using electromagnetic

methods have unveiled activation patterns correlated with mir-

roring [13,25,26]. These scalp-recorded EEG patterns of activity

occurring in the alpha (8–12 Hz) and beta (15–25 Hz) ranges

are most evident over the central region of the scalp overlying

the sensorimotor cortices and are modulated by motor activity

[27]. Traditionally, these EEG patterns have been labelled mu
rhythms (reviewed by Pineda [13]). The major characteristic of

the mu rhythms is that they reach maximal power in the

absence of overt movements, when the participant is at rest.

In fact, mu rhythms are desynchronized, their power reduced

when a hand or a foot movement is prepared, and disappear

when the movement is actually performed. Particularly rel-

evant to this chapter is evidence for mu suppression not only

when participants perform movements but also when they

observe such movements [28–30]. During the self-initiation,

observation or even imagination of action in TD individuals,

the MNS network is active, and power in the mu rhythm is sup-

pressed [29,31–33]. Indeed, the phenomenology of the mu

rhythm resembles the phenomenology of mirror neuron

activity. Both are sensitive to movement as well as to motor

and cognitive imagery (i.e. observed meaningful actions).

Their overlapping neural sources in sensorimotor frontoparie-

tal networks support the argument that they are related and

involved in linking perception to action, which may be a critical

component in the development of social cognition. Mu

rhythms appear to reflect the translation of ‘seeing’ and ‘hear-

ing’ into ‘doing.’ This function requires the entrainment of
multiple domain-specific generators. These domains exhibit

synchronized and desynchronized activity in a locally inde-

pendent manner but become entrained when they are

coherently and globally engaged in translating perception

into action [13]. These patterns suggest a link between MNS

and mu rhythms and raise the possibility that brain mechan-

isms manifested by EEG mu rhythms reflect social

interaction, including imitation behaviour and theory of

mind [26]. If so, it stands to reason that the modulation of

mu rhythms might be dysfunctional in ASD individuals

whose performance in these domains is impaired.

Indeed, several studies have demonstrated that individ-

uals with ASD exhibit abnormal mu rhythm suppression,

suggesting that their mirroring system does not engage nor-

mally when observing someone else’s movements [7,23]. As

argued above, deficits in MNS activity provide a basis for

problems in higher order social cognition, such as empathy,

theory of mind, imitation and language. If true, then one

hypothesized method for recovering MNS function and ame-

liorating these behavioural deficits is neurofeedback training

(NFT), an operant conditioning technique that results in the

self-regulation of brain electrical oscillations. As an interven-

tion, NFT has been used primarily in clinical settings, and

therefore efficacy is based largely on case studies with few

large randomized, controlled and blinded studies. Nonethe-

less, a substantial amount of work supports the rationale

for its use in the context of treatment [34–40]. It is well

recognized that more than 50% of ASD individuals demon-

strate significant EEG abnormalities [41–43], with upwards

of 30% developing clinical seizures by adolescence. Even

when clinical seizures have not been identified, more than

50% show paroxysmal sharp discharges, especially during

sleep. Additional daytime abnormalities include altered

spectral profiles, abnormal patterns of coherence and reduced

mu rhythm activity. These observations have led many

clinical practitioners to use EEG-based interventions, such

as NFT, as a therapeutic strategy. Supporting this case is

strong evidence for the efficacy of this approach towards a

variety of other neuropsychological conditions, including

attention deficit hyperactivity disorder [43–45], epilepsy

[46–49], traumatic brain injury [50,51], anxiety [52] and

substance abuse [53].

The main goal of the study described in this paper was to

assess whether NFT provided over a period of many weeks

could improve behaviour and normalize the electrophysiology

in children with HFA. Our working hypothesis was that neuro-

feedback-induced alpha mu (8–12 Hz) rhythm suppression or

desynchronization, a marker of cortical activation [54], should

induce neuroplastic changes in relevant networks, such as the

MNS. A secondary hypothesis was that similar benefits would

accrue for TD children with no known dysfunctions. In the be-

havioural component of the study, parents filled out paper and

pencil assessments prior to and following NFT. In the electro-

physiological component, a 20-channel EEG recording was

used to quantify EEG in eyes-open/-closed conditions and in

a mu suppression index (MSI) task prior to and following

NFT. We hypothesized that NFT would normalize abnormal

functional connectivity in the ASD brain via induction of neu-

roplastic changes and that this would produce improved

behavioural responses as well as normal patterns of electrical

activity compared with TD children, who would show similar

improvements as the ASD group, or at minimum show

no changes.

http://rstb.royalsocietypublishing.org/
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2. Research design and methods
(a) Participants
A total of 13 ASD (10 males; mean age ¼ 11.38 years; range ¼

7–17 years; s.d. ¼ 3.86) and 11 TD (seven males; mean

age ¼ 10.18 years; range ¼ 8–17 years; s.d. ¼ 2.68) subjects

participated. There was gender inequality among the groups

owing to the fact that more males tend to be diagnosed with

ASD compared with females.

(b) Training
Subjects in each of the groups completed approximately 30 h

of NFT. They came into the laboratory once or twice a week

and completed a session that lasted either 45 or 60 min,

respectively. Sessions involved three short 15 min video

clips plus short rest periods between clips or an hour-long

DVD. The videos consisted of either cartoon- or human-

based interactions. The DVD was chosen from a variety of

children’s movies. Subjects had the choice of either the

videos or DVD they wanted to use at each session. In order

for the video clip or DVD to play, power in the 8–12 Hz

band recorded at the C4 electrode site on the scalp had to

be maintained above a pre-determined threshold for at least

1 s, while theta (4–8 Hz) and beta (13–30 Hz) activity had

to remain below pre-determined thresholds. Theta and beta

rhythms are typically associated with distraction, changes

in focused attention and movement. When the theta and

beta rhythms exceeded threshold, the video or DVD would

pause. To resume playing, the subject had to focus and main-

tain levels of these frequencies above (mu rhythm) and below

(theta, beta) threshold for at least 1 s. Thresholds for the three

frequencies were determined in an initial baseline period

during each session and were calibrated such that performance

for the entire session fell in the 75–85% success range. Parents

and children with ASD were primarily motivated by the

expectation that the training would produce differences in be-

haviour and electrophysiology, as we have previously shown

[36]. For the TD group, the main motivation was an expected

change in their ability to focus attention.

(c) Electrode placement
Two clip electrodes were attached to each earlobe, with one

electrode acting as reference (right earlobe) and the other

as ground, while the third electrode was placed on the C4

site overlying the premotor region of the scalp on the right

hemisphere. Thought technology hardware (ProComp2 bio-

amplifier; 256 Hz sampling rate) and the BIOGRAPH INFINITI

software computer program were used to record brain activity

and control the NFT sessions.

(d) Behavioural assessments
Parents filled out three different paper and pencil assessments:

the social responsiveness scale (SRS), the autism treatment

evaluation checklist (ATEC) and the Vineland adaptive behav-

iour scales (Vineland-II). The SRS contains subcategories related

to social awareness, social cognition, social communication,

social motivation and autistic mannerisms. Scores less than or

equal to 59 are considered within the normal range, while

scores greater than 59 are considered to fall in the autism

range. The ATEC also contains subcategories for speech/

language/communication, sociability, sensory/cognitive
awareness and health/physical behaviour. ATEC scores less

than or equal to 5 are considered in the normal range, while

more than 5 are considered to fall in the autism range. The Vine-

land adaptive scale includes subcategories for communication,

daily-living skills and socialization. Scores of 90 or greater are

considered in the normal range, while less than 90 are con-

sidered in the autism range. Assessments were filled out prior

to the start of any NFT sessions and following the completion

of the 30 h of training. All 13 parents of ASD children completed

the SRS and ATEC forms, while 12 completed the Vineland.

Compliance from TD parents was less consistent with seven

completing the SRS and Vineland, while nine completed the

ATEC.

(e) Electrophysiological assessments
At the beginning and end of 30 h of NFT, subjects were prepped

with a 20-channel EEG cap (including one channel for the elec-

trooculogram) for the eyes open/closed and MSI assessments.

During recording sessions, subjects were asked to first close

their eyes for approximately 10 min and remain still avoiding

major movements of head and body. After a brief rest period,

they were asked to maintain eyes open for another 10 min

while minimizing body/head movements. For the MSI assess-

ment, subjects were asked to watch 2-min biological movement

videos of simple (hand, crayon and biomotion) and complex

(social play) actions or of non-biological movements (balls), in

addition to making self-initiated movements with their right

hand when signalled to do so on the screen. The hand video

showed a right hand making a duck movement (bringing the

thumb and other fingers together rhythmically every second).

The crayon video showed a right hand taking a crayon out of

a crayon box and putting it back into the box rhythmically at

least once a second. The biomotion video involved a point-

light display of an adult male jumping rope. The social play

video displayed three individuals (two females and a male) tos-

sing a small ball around to each other. Lastly, the self-initiated

movement involved subjects making the duck hand movement

with their right hand, as seen in the hand video.

( f ) Blind source separation
EEG data collected during the eyes-open/-closed assessment

were processed using the EEGLab toolbox [55] for MATLAB.

Data were bandpassed from 3 to 40 Hz with an offline finite

impulse response filter. Artefacts such as eye blinks, electromyo-

graphy (EMG) or noisy channels were visually identified and

removed. Data were then re-referenced to the average channel

value and sectioned into 2 s epochs for averaging in frequency

space. Pre- and post-training datasets were concatenated for

homogeneous source space separation. EEG source estimates

were obtained using the Infomax ICA algorithm, and dipole

positions estimated with the DIPFIT 2.x toolbox on an MNI

Boundary Element head model. Power spectra were averaged

across subjects for channels C3, C4 and Cz, and then a mu clus-

ter in source space was computed and averaged across subjects.

Source estimates were clustered by dipole locations into 10 clus-

ters via K-means. The cluster was identified as a mu component

based on scalp distribution (central, left/right lateralized),

dipole estimate (e.g. pre-central gyrus, Talairach: 261, 211,

29) and spectral profile including discernible peaks at 10 and

20 Hz. In the MSI measures, individual differences in power

spectra are controlled via ratios of active condition to a con-

trol condition. To correct for individual differences during

http://rstb.royalsocietypublishing.org/
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eyes-open/-closed tasks, we computed a ratio dividing the

active condition by data from the first 10% of each condition

as a baseline period. With the power spectra ratios derived, a

repeated-measures ANOVA was employed to compare the mu

(8–12 Hz) portions of the data in both channel and component

space. A section of the low beta (16–22 Hz) was also compared

across conditions to observe any possible harmonic effect of the

mu activity.
 hing.org
Phil.Trans.R.Soc.B

369:20130183
3. Results
(a) Training
As shown in figure 1a, assessment of EEG changes during

training shows that for some measures, particularly overall

mu power in the 8–12 Hz band, the ASD group exhibited

greater increases following training than the TD group. How-

ever, for the majority of the measures examined, such as

sensorimotor rhythm (SMR) and beta means or EMG noise,

there were no significant differences between groups. The TD

group did exhibit greater changes in the theta band with train-

ing compared with the ASD group. Learning to control mu

rhythms was assessed as a function of the hits per minute sub-

jects scored given the mu thresholds set for a particular session.

Figure 1b shows that using that metric both groups showed a

positive learning curve with number of sessions, although

the ASD curve is somewhat flatter than the TD curve.

(b) Behaviour
SRS, ATEC and Vineland data were analysed using a repeated-

measures ANOVA with treatment (pre, post) and subcate-

gories as within-subject factors and group (ASD, TD) as a

between-subject factor. The Greenhouse-Geisser correction

for degrees of freedom was used in determining significance

while multiple comparisons were Bonferroni corrected.

(i) Social responsiveness scale
The SRS results indicated a main effect of group, F1,12¼ 109.46,

p , 0.001 and a treatment � group interaction, F1,18 ¼ 5.73,

p , 0.05. As illustrated in figure 2a, there was an overall signifi-

cant difference between pre-/post-ASD scores and pre-/post-

TD scores, with ASD group scores exceeding threshold for an

autism diagnosis, while TD scores fell below the threshold.

Separate one-way ANOVAs showed a main effect of treatment,

F1,12¼ 10.56, p , 0.01, and a main effect of subcategories,

F4,48¼ 6.76, p , 0.001, for the ASD group. The TD group did

not show a treatment effect but only a main effect of subcate-

gories, F4,24 ¼ 5.32, p , 0.01. The significant decreases in

scores as a function of treatment support the hypothesis that

children with autism improved their behaviour following NFT.

(ii) Autism treatment evaluation checklist
As shown in figure 2b, analysis of the ATEC scores disclosed the

main effect of group, F1,20¼ 96.29, p , 0.001, indicating that

pre- and post-training ATEC scores were significantly higher

for the ASD than that for the TD group. Mean ASD scores (8)

exceeded the threshold for autism (5), while TD scores (1.6)

remained below that threshold. However, there was a signifi-

cant treatment � group interaction, F1,20¼ 24.55, p , 0.001,

indicating that treatment improved ASD scores by lowering

them to 6.2, while TD scores increased to 3.0, although still

below the normal cut-off point. The results also showed a
main effect of subcategories, F3,60¼ 29.17, p , 0.001, and

specifically a group � subcategories interaction, F3,60¼ 11.62,

p , 0.001. Analysis of that interaction indicated that overall

higher ATEC scores occurred for all subcategories in the ASD

compared with TD group. Finally, a three-way interaction

of group � treatment � subcategories, F3,60¼ 6.01, p , 0.01,

indicated that while ASD scores in all subcategories were

reduced post-training, they increased for the TD group. Individ-

ual one-way ANOVAs for the ASD and TD groups showed

significant treatment effects for both groups, ASD: F1,12¼

14.01, p , 0.01, TD: F1,8 ¼ 15.10, p ¼ , 0.01. The significant

decrease in ATEC scores between pre- and post-training sup-

port the hypothesis that NFT improved ASD behaviour,

although TD scores were changed in the opposite direction.

(iii) Vineland adaptive behaviour scales
As illustrated in figure 3, there was a significant main effect of

group, F1,17 ¼ 36.43, p , 0.001, with TD subjects showing

normal scores (above the threshold) and ASD subjects showing

scores below the threshold. A marginallysignificant treatment �
group interaction, F1,17 ¼ 4.20, p ¼ 0.056, followed by two separ-

ate one-way ANOVAs showed that there were no significant

effects in the ASD group, while the TD group showed a margin-

allysignificant score increase, F2,12 ¼ 3.72, p ¼ 0.055, indicating a

slight regression in scores for these subjects.
4. Standard electrophysiology
Nineteen EEG electrodes were divided into five different elec-

trode clusters for statistical analysis: frontal (F7, F8, F3, F4,

FP1 and FP2); centro-parietal (C3, C4, P3 and P4); temporal

(T3, T4, T5 and T6); occipital (O1 and O2) and midline (Fz,

Cz, and Pz). For each cleaned segment of EEG, the integrated

power in the 8–12 Hz range was computed using a fast Four-

ier transform. Data were segmented into epochs of 2 s

beginning at the start of the segment. Fast Fourier transforms

were performed on the epoched data (1024 points). A cosine

window was used to control for artefacts resulting from data

splicing. Mu suppression was computed by taking the log

base 10 of the mu power in the 8–12 Hz band during the

experimental condition divided by the baseline (ball) mu

power. A repeated-measures ANOVA was used to analyse

mu suppression for the different clusters using video (hand,

crayon, biomotion, social play and self-initiated movement),

electrodes and treatment (pre, post) as within-subject factors,

and group (ASD, TD) as a between-subject factor.

There were no main or interactive effects in the frontal or

temporal electrode clusters. The occipital cluster showed a

main effect of video, F4,36¼ 4.11, p , 0.05, indicating that sup-

pression effects occurred only in the social play condition

(20.105). However, no other main or interactive effects were

noted at occipital sites. Indeed, the primary set of electrodes

showing effects were in the centro-parietal and midline clusters.

(a) Centro-parietal cluster
As shown in figure 4, a main effect of video, F4,36 ¼ 6.69, p ,

0.01, indicated that mu suppression in this cluster was the lar-

gest for self-initiated movement (20.200) followed by social

play (20.107), and then hand movement (20.082). A main

effect of electrodes, F3,27 ¼ 3.76, p , 0.05, disclosed larger

mu suppression at central (C3, C4) compared with parietal

http://rstb.royalsocietypublishing.org/
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(P3, P4) sites and larger over right (C4: 20.205) compared

with left (C3: 20.100) sites. A video � electrodes effect,

F12,108 ¼ 3.31, p , 0.05, indicated that for all video conditions,

except biomotion, there was overall larger mu suppression on

the right (C4) compared with left (C3) sites. Finally, as illus-

trated in figure 5a for central sites, a treatment � electrodes

interaction, F3,27 ¼ 3.79, p ¼ 0.052, indicated that training
produced larger mu suppression at most sites (C3, P3, P4)

but reduced it at the C4 sites.
(b) Midline cluster
Analysis of midline electrodes showed no main effect of group

or treatment but a marginally significant treatment � group

http://rstb.royalsocietypublishing.org/
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interaction, F1,9¼ 4.68, p ¼ 0.059, indicating that while mu

suppression in the ASD group became more negative from

pre- to post-training (0.003 versus 20.029), it became more

positive for the TD group (20.040 versus 0.088). Furthermore,

as shown in figure 5b for ASD data, a marginally significant

treatment � group � electrode, F2,18¼ 3.87, p ¼ 0.052, showed

that the enhanced mu suppression in the ASD group and the

decrease in TD group centred on the fronto-central sites.
5. Quantitative electroencephalogram
Separate multivariate tests were carried out for mu and beta

frequency bands in both channel and source space. For chan-

nel space, a repeated-measures ANOVA was computed using

task (eyes open, eyes closed), treatment (pre-, post-training)

and electrode (C3, Cz, C4) as within-subject factors and
group (ASD, TD) as between-subject factors. The source

space tests used the same ANOVA factors, with the exception

of electrode, as this was only carried out on one localized

cluster of activity. Multiple comparisons were controlled

with a Bonferroni correction.
(a) Channel space
At the central electrodes, there was a main effect of task in the

mu band (F1,7 ¼ 6.34, p , 0.05). This indicates a smaller base-

line corrected value for the eyes-closed than the eyes-open

task. This likely indicates that the ratio of activity between

the baseline window and active portion of the QEEG session

was more similar for eyes closed than for eyes open. There

was also an interaction between task � electrode (F2,6 ¼ 6.71,

p , 0.05). As shown in figure 6a, for the eyes-open task, Cz

and C4 exhibit a similar power, which is significantly smaller

than mu power at C3. For the eyes-closed task, C3 resembles

Cz, both of which are lower power than at C4. A three-

way interaction between treatment � electrode � group

http://rstb.royalsocietypublishing.org/
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(F2,6 ¼ 6.98, p , 0.05) suggests different changes between

groups at different electrodes (figure 6b). ASD subjects

exhibited an increase in power at site Cz from the pre-

training session to the post-training assessment. TD subjects

exhibited increases at all central electrodes as a result of NFT,

with the greatest increases exhibited at C3. In the beta

band, a marginally significant effect was observed for task

(F1,7 ¼ 5.51, p ¼ 0.051) and group � treatment interaction

(F1,7 ¼ 3.75, p ¼ 0.094). Larger beta power was observed for

ratios of eyes-open rather than eyes-closed condition. TDs

showed an increase in beta after NFT training.

(b) Source space
A mu cluster centred on the left pre-central gyrus (Talaraich

261, 211, 29) was identified, as illustrated in figure 7a. There

was no main effect of participant group in source space, but

there was a significant interaction between treatment � task �
group (F1,12¼ 6.35, p , 0.05). There was little change in the

eyes-open task between pre- and post-training assessments

in either subject group. However, there is a divergence in direc-

tion of change between ASD and TDs for the eyes-closed task

(figure 7b). TD participants increased mu power from pre-

to post-training (1.001–1.020), whereas ASDs decreased

mu power, and by a larger factor than TDs (1.021–0.987). No

significant effects or interactions were observed for the beta

band component.
6. Discussion
The results from this study are consistent with the mirror

neuron theory of autism, which proposes that the varied
social dysfunctions found in ASD can be accounted for by a

dysfunctional MNS [7,8,10,56–58]. ASD is a neurodevelop-

mental condition that impairs a child’s maturity in terms of

communication, motor and/or social skills. Children with

ASD, and in particular those with HFA, exhibit problems

socializing and understanding the actions and intentions of

others, what Baron-Cohen called ‘mindblindness’ [59]. The

MNS is a network of brain areas centred in the IFG and par-

ietal lobes that is activated when individuals observe or

perform a goal-directed action [12,60–62]. In humans, this net-

work is assumed to be critical for social cognition, from

imitation learning to theory of mind and empathy [56,62],

aspects of what David Siegel has called ‘mindsight’ [63]. The

relationship between mindsight and mindblindness appears

to depend on the integrity of the MNS. In our data, there is sup-

port for the hypothesis that affecting the modulation of the

MNS, as indexed by EEG mu rhythms, can result in behaviour-

al and electrophysiological changes in children with ASD.

Furthermore, NFT focused on EEG mu rhythms is an effective

methodology for gaining control of that modulation. In a recent

study, Keuken et al. [64] showed, for example, that repetitive

transcranial magnetic stimulation to disrupt the function of

left IFG in neurotypical human adults increases reaction

times during an emotion recognition task and eliminates the

suppression of the mu rhythm. In another recent study,

Arnstein et al. [26] used fMRI and EEG to show that suppres-

sion of mu power is correlated with BOLD signal activations

in areas associated with the human MNS.

Children with ASD in this study exhibited deficits in

social cognition and in the suppression of EEG mu rhythms

compared to TD controls. This is consistent with previous

studies showing a similar pattern of responses [7,58].

http://rstb.royalsocietypublishing.org/
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Following 30 h of NFT, the pre–post changes in behaviour

and electrophysiology indicated that positive changes

occurred in the children with ASD but that those benefits

did not translate in a similar way to TD children. The efficacy

of NFT as an intervention for autism is still an unsettled ques-

tion but a variety of studies have shown consistent positive

effects [36,65]. It still remains an unresolved question whether

similar effects are seen in TD brains.

In this study, both groups appeared to learn to enhance

mu power with time, although at slightly different rates.

Nonetheless, assessment of the effects of training on a variety

of EEG measures showed differential effects, with the ASD

group showing the expected increases in mu rhythm

(8–12 Hz band) power compared with the TD group, while

the TD group showed enhanced power in the theta band com-

pared with the ASD group. The set of validated measures used

to assess behaviour in both groups included the SRS, the ATEC

and the Vineland adaptive behaviour scales. These scales

encompass subcategories related to sensory/social/cognitive

awareness, social cognition/sociability/socialization, speech/

language/social communication, social motivation, and autis-

tic mannerisms and health/physical behaviour, including

daily-living skills. All these measures improved in the ASD

group but showed an opposite trend in the TD group following

NFT.

In terms of the electrophysiology, there were no group

differences in EEG mu suppression prior to training and

indeed both groups showed some expected similarities. First,

the foci for mu rhythms and the measured changes were pri-

marily over sensorimotor regions of the brain, proposed to be

the source(s) of such rhythms [55,66–69]. Second, mu suppres-

sion responsiveness to movement of increasing complexity

showed a gradient, consistent with previous reports [70].

That is, power in the 8–12 Hz band exhibited the largest sup-

pression during self-initiated movement or the execution of

movement compared with the observation of movement. No

differences were seen whether the observed movement was

simple (hand movement) or complex (social play). Finally,

larger mu suppression occurred on the right (hemisphere)

central site (C4) compared with the left site (C3). All these fea-

tures argue for significant similarities in mu rhythm neural

sources and functional properties in the ASD and TD groups.

Nonetheless, quantitative EEG analysis indicated that one

main difference between groups in terms of channel space

might simply be overall reduced mu and beta power in the

ASD compared with the TD group. Furthermore, NFT

increased synchronization of mu and beta power in the ASD

group but reduced mu power in the TD group. An increase

in synchronization occurred during the eyes-closed condition

in the ASD group.

Additionally, the effects of NFT were to increase mu sup-

pression primarily in the centro-parietal and midline

electrode clusters. Within the centro-parietal cluster, training

enhanced mu suppression at C3, P3 and P4 but reduced it at

C4. Along midline sites, the effects were to enhance mu sup-

pression mainly at frontal and central sites and decrease it at

parietal sites. Overall, these results indicate that NFT is an

effective form of intervention that affects the electrophysi-

ology in specific brain regions, namely those associated

with MNS, and its outcome is behavioural improvements in

the social behaviour of children with HFA. By contrast, in a

normal brain, this type of intervention does not translate

into benefits and in fact produces overall reduced
synchronization of mu rhythms that leads to decreased

social behaviours.

Several methodological limitations suggest accepting

these interpretations with some caution. First, the size of

the subject pool was relatively small. Long-term and

resource-intensive studies such as these are difficult to do

and accrual of a very large subject population is difficult.

For parents and children, the visit to a laboratory twice a

week for 40 sessions requires significant commitment and

patience. Although over the years we have learned to limit

the number of dropouts and to reduce non-compliance, this

is only a small part of the problem. Another limitation is

that in order to maintain attentiveness and motivation, we

allow every child to customize the videos and DVDs they

watch during training. It may be that certain videos and

movies activate the brain’s social networks more than

others and we did not control for this. An additional limit-

ation is that autism is primarily a male disorder, and hence

our subject pool comprised mainly males. Such gender dis-

parity can be overcome with an intense search for female

subjects, but that is dependent on time and resources,

which were not available for this study. A potential concern

in the behavioural component of the study is that parents

fill out assessments with high expectations of positive results,

especially parents of the children with ASD. As this is an

unblinded study, such expectations may contribute to some

of the behavioural results. However, the fact that the electro-

physiology is also congruent with the behavioural findings

adds support to the idea that these effects are real and not

necessarily placebo effects. Somewhat related to this issue is

that the behavioural scales used have been validated for an

autism population and not for TD children. Therefore, the be-

havioural changes observed in the TD population using these

scales have to be taken with a great deal of caution.

Source space analyses for the electrophysiological data are

a new and an important contribution to the literature on the

effects of NFT for ASD therapy, as they strengthen the stan-

dard ways of analysing such data. We observed some

significant effects of treatment for different subject groups

in the mu band, although these should also be interpreted

with caution. The existing QEEG databases are built upon

21 channel EEG recordings. To maintain consistency with

the clinical database, we used the same 10–20 electrode mon-

tage. However, in terms of source space, this is a sub-optimal

array, as 64 channels provides significantly more accurate

estimations [71] and increasing to 128 channels can yield

single dipole estimates approaching 4 mm accuracy [72].

One interesting question that remains with regards to neuro-

feedback is how training at one electrode site influences

activity at other sites. For instance, we observed significant

changes at the C3 electrode when C4 was the target of train-

ing. A common mu source driving both of these electrodes

could explain these observations.

With regards to the QEEG, the changes in power, particu-

larly for source space, are counter to our predictions. We

observed a decrease in mu power for ASD and an increase

for TD at the mu cluster. It is important to keep in mind

the baseline correction ratio we employed. The farther a

score is away from 1, the greater the differences between

the first 10% of a trial used as a baseline period and the

latter 90% of the trial used as the active period. The eyes-

closed task, surprisingly, exhibits less coherence between

the baseline and active window. One might expect to see
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greater alpha or mu power throughout the duration of the

eyes-closed task, which might yield a ratio closer to 1. The

eyes-open task, on the other hand, exhibits a more uniform

mu power across the trial with ratios for both groups

approaching 1. While superficially the decrease in mu

power for ASD and increase for TD as a result of training

might seem antithetical to the divergence of the two populations

in other electrophysiological measures, this may actually corro-

borate these findings. The direction of divergence is inversely

correlated between the electrophysiology measures. The ambi-

guity between changes at different electrodes and diverging

direction of responses further corroborates the need to examine

physiological effects of NFT in EEG source space.

Although the results are consistent with the mirror neuron

theory of autism, they demonstrate that this type of NFT affects
ASD and TD groups differently. The ASD group showed

increased or normalized mu suppression over centro-parietal

and frontal electrodes following NFT suggesting greater

engagement of the MNS. By contrast, the TD group showed

reductions in mu suppression and therefore decreases in

MNS engagement. More research is needed to tease these

effects apart.
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