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8 Abstract Neurofeedback training (NFT) approaches

9 were investigated to improve behavior, cognition and

10 emotion regulation in children with autism spectrum dis-

11 order (ASD). Thirteen children with ASD completed

12 pre-/post-assessments and 16 NFT-sessions. The NFT was

13 based on a game that encouraged social interactions and

14 provided feedback based on imitation and emotional

15 responsiveness. Bidirectional training of EEG mu sup-

16 pression and enhancement (8–12 Hz over somatosensory

17 cortex) was compared to the standard method of enhancing

18 mu. Children learned to control mu rhythm with both

19 methods and showed improvements in (1) electrophysiol-

20 ogy: increased mu suppression, (2) emotional responsive-

21 ness: improved emotion recognition and spontaneous

22 imitation, and (3) behavior: significantly better behavior in

23 every-day life. Thus, these NFT paradigms improve aspects

24 of behavior necessary for successful social interactions.25

26 Keywords Neurofeedback training (NFT) � Autism

27 spectrum disorder (ASD) � Mu rhythm � EEG

28Introduction

29Autism spectrum disorder (ASD) is an increasingly

30prevalent condition, with statistics changing rapidly. Cur-

31rently, approximately 1 in 68 children and 1 in 42 boys are

32affected, with boys 4–5 times more likely to develop ASD

33than girls (Blumberg et al. 2013; American Psychiatric

34Association 2013; CDC 2014). Children with high func-

35tioning ASD show deficits primarily in social and com-

36municative skills such as imitation, empathy, and shared

37attention, as well as restricted interests and repetitive pat-

38terns of behaviors (American Psychiatric Association

392013). These deficits substantially impair normal social

40interactions and prevent children from establishing ade-

41quate relations with their family or friends during devel-

42opment. The aim of the current study was to train and

43enhance normative brain responses and behaviors during

44social interactions and provide the basis for accepted

45emotional reactions for children with ASD.

46The approach taken in the current study utilized neuro-

47feedback training (NFT), an operant conditioning of brain

48electrical oscillations (Sterman and Egner 2006). NFT

49allows real-time information of brain activity to be fed back

50visually to a user by means of a computer in a closed loop,

51enabling control and natural operation of brain oscillations

52across cortical networks in vivo and in near real-time

53(Nowlis and Kamiya 1970; Wolpaw et al. 2002; Neuper

54et al. 2009). The possibility of volitional control of brain

55electrical activity suggests, provided that they play a causal

56role in cognitive functions, that their modulation can have a

57functional impact. Previous studies have shown that children

58with ASD learn to regulate such brain activity and produce

59brain patterns similar to those of typically-developing (TD)

60children, resulting in behavioral improvements (Pineda et al.

612008; Thompson et al. 2010; Coben et al. 2010).
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62 In the current study, the NFT is based on modulating the

63 mu rhythm, an 8–12 Hz oscillation scalp-recorded nonin-

64 vasively over somatosensory cortex with electroen-

65 cephalography (EEG). The rationale for training this

66 rhythm is its sensitivity to motor, affective, and cognitive

67 imagery (Pineda 2008; Hari et al. 1997; Klimesch et al.

68 1997; Pfurtscheller et al. 2000; Keuken et al. 2011). Fur-

69 thermore, mu rhythm amplitude can be suppressed by

70 object-directed actions and during self-initiated, observed,

71 and even imagined movement (Muthukumaraswamy and

72 Johnson 2004; Pineda 2005; Neuper et al. 2009). More-

73 over, mu suppression is prominent when TD participants

74 engage in social coordination (Naeem et al. 2012) or have

75 the desire to socially connect with others (Aragón et al.

76 2013). Hence, changes in mu rhythm amplitude are closely

77 related to social interactions and a function of the level of

78 social interactivity involved (Oberman et al. 2007). In

79 individuals with ASD, mu rhythm suppression is a phe-

80 nomenon observed during self-performed movements but

81 absent during the observation of another person’s actions

82 (Oberman et al. 2005; Bernier et al. 2007). As the mu

83 rhythm is purported to be functionally linked to mirror

84 neuron activity [mirror neuron system (MNS), Rizzolatti

85 and Craighero 2004; Pineda 2005; Keuken et al. 2011;

86 Arnstein et al. 2011; Muthukumaraswamy et al. 2004], this

87 has led to the hypothesis that a lack of MNS activation in

88 social situations could be an underlying cause for the

89 observed deficits in empathy and imitation behavior in

90 individuals with ASD (Nishitani et al. 2004; Hadjikhani

91 et al. 2006; Oberman et al. 2005; Bernier et al. 2007;

92 Théoret et al. 2005; Dapretto et al. 2006). However, this

93 hypothesis is the object of critical debates (Enticott et al.

94 2013; Mostofsky et al. 2006; Stieglitz Ham et al. 2011;

95 Hamilton 2013). Although the extant literature shows that

96 it is still unknown whether an altered MNS and mu rhythm

97 are a common underlying cause for ASD, there is generally

98 more agreement that the mu rhythm is linked to the MNS

99 and that both are related to imitation behavior and social

100 communication (Bernier et al. 2013; Keuken et al. 2011;

101 Arnstein et al. 2011; Pineda 2008; Muthukumaraswamy

102 et al. 2004; Braadbaart et al., 2013), which makes the mu

103 rhythm a reasonable object of investigation for NFT.

104 Most studies using mu-based neurofeedback have

105 trained increases in mu power (as quantitative measure)

106 resulting in a reduction of autistic symptoms as measured

107 by parental assessments, as well as in enhanced mu sup-

108 pression during movement observation in post- compared

109 to pre-tests (Pineda et al. 2008, 2014). High mu power

110 indicates a synchronized, relaxed and yet focused state and

111 is assumed to be a prerequisite for mu suppression (Nowlis

112 and Kamiya 1970; Pineda 2005), which is suggestive of

113 more activation of the MNS (Oberman et al. 2008).

114 Additionally, in previous studies, training mu rhythm

115enhancement usually involved feedback that was unrelated

116to the significance of the mu rhythm or the anticipated

117behavioral changes (e.g., using the speed of a car as

118feedback for training the mu rhythm to activate the MNS

119and thus improve imitation behavior) (Pineda et al. 2008,

1202014; Coben et al. 2010; Thompson et al. 2010).

121As the current study aimed to explore improvements in

122mu-based NFT methods and specifically to link appropriate

123brain response, behavior and emotions during social

124interactions to reduce symptoms of ASD, a social video

125game platform was developed (Social Mirroring Game,

126Fig. 1; Friedrich et al. 2014). First, this game includes

127social interaction sequences as well as non-social gaming

128episodes in order to make modulation of mu power in

129relation to the situational context possible. A group of

130children with ASD was rewarded for decreasing mu power

131in the social interaction sequences (i.e. activation of MNS)

132while increasing it in the non-social gaming episodes (i.e.

133relaxed state). This ‘bidirectional’ group (Group 2) was

134compared to the standard ‘unidirectional’ uptraining group

135in which increased mu power was rewarded (Group 1).

136Second, the game itself provided functionally-significant

137feedback. For both groups, the rewarding feedback during

138the social interactions was based on imitation and emo-

139tional responsiveness and involved the child’s avatar imi-

140tating the facial expressions of the game character (Fig. 1).

141This role-play mechanism is a powerful tool for interven-

142tion on deficient social behaviors and can be used to adapt

143learned social skills from the game to the real-world of

144children with ASD (Bernardini et al. 2014).

145In the current study, it was expected that children with

146ASD in both training groups would learn to control the

147Social Mirroring Game via NFT and show modulation of

148mu rhythm from baseline activity. Furthermore, the

149implementation of functionally-significant feedback was

150expected to result in significant symptom reduction.

151Finally, it was hypothesized that the bidirectional Group 2

152would result in greater mu suppression to movement

153observation, social or emotional stimuli and more imitation

154behavior after NFT than the unidirectional Group 1 due to

155the bidirectional nature of the training.

156Methods

157Participants

158Fifteen children with ASD participated in the current study,

159with two participants dropping out prior to completion. The

160remaining thirteen children completed pre- and post-tests

161and sixteen 1-h NFT sessions 2–3 times a week for

1626–10 weeks (average 8 weeks duration). The participants

163had not participated in NFT previously and were

AQ3
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164 6–17 years old (mean = 11.5 ± 3 years). Their diagnosis

165 of ASD was verified by a clinician within a year prior to

166 training and all of the children were able to understand the

167 tasks and were compliant (Table 1). Participants were

168 pseudo-randomly assigned to one of two training groups,

169 Group 1 (unidirectional) or Group 2 (bidirectional). The

170 mean age, cognitive skills and severity of autistic symp-

171 toms were comparable between groups (Table 1). The

172 University of California, San Diego’s Institutional Review

173 Board approved the current study and participants and

174 parents gave informed consent in accordance with the

175 Helsinki Declaration.

176 Neurofeedback Training

177 EEG as well as peripheral physiological measurements

178 were recorded during NFT using Thought Technology Ltd.

179 (Canada) bioamplifiers and proprietary software. EEG was

180 recorded from one electrode over right sensorimotor cortex

181 (C4), sampled at 256 Hz and filtered for mu (8–12 Hz),

182 theta (3–8 Hz) and high beta (18–30 Hz) frequency bands.

183 The children were trained to modulate the frequency bands

184 in the EEG. To increase mu power, children were asked to

185 relax, while to decrease mu power, children were asked to

186 imagine socially interacting with their friends. The beta

187 and theta frequency bands, typically associated with blinks

188 and overall muscle movements, were inhibitors of positive

189 feedback on the NFT when the amplitudes in these

190frequency bands exceeded a specified threshold (Fig. 1).

191Electromyography (EMG) was recorded from the superfi-

192cial flexor muscles of the left forearm, sampled at 2048 Hz

193and filtered between 100 and 200 Hz. If a movement

194exceeded 10 lV, the positive feedback was inhibited in

195order to avoid children receiving positive feedback while

196moving, or learning to modulate mu activity over the right

197sensorimotor cortex by moving the left hand.

198Social Mirroring Game

199The children sat in front of a computer screen playing the

200Social Mirroring Game while physiological measures were

201recorded (Fig. 1; Friedrich et al. 2014). The story plot of

202this game involves a treasure hunt to which the child’s

203avatar gets invited by a friend (i.e. a non-player character,

204NPC). In the non-social gaming episodes, both characters

205pick apples to carry on their journey, fly a balloon over

206mountains to collect coins, and try to outmaneuver a dra-

207gon in order to get the treasure. During these episodes

208children can control the game by enhancing mu power.

209That is, a positive feedback, triggered by mu power

210exceeding a threshold, is translated into apples flying

211towards the bucket, coins streaming towards the child’s

212balloon, and the dragon getting hit by a fireball. Negative

213feedback is indicated by the apples avoiding the bucket, the

214coins avoiding the balloon, and the child’s avatar getting

215hit from the fireball. Unique to this game is the occurrence

Fig. 1 Closed feedback loop of the Social Mirroring Game. The

user’s EEG was recorded and fed into the Social Mirroring Game,

which gives the user visual feedback. Positive feedback (green frame)

is provided by the child’s avatar (i.e. child with the blond hair)

imitating the non-player characters (NPC) facial emotions in the

social interaction sequences and by winning in the non-social gaming

episodes (e.g. hitting the dragon with a fireball). For negative

feedback (red frame), no imitation behavior is shown in the social

interaction sequences and the child’s avatar loses in the non-social

gaming episodes (e.g. is getting hit by a fireball). Group 1 received

positive feedback for enhancing mu power (lV2) above the threshold

in the social interaction as well as in the non-social gaming parts.

Group 2 received positive feedback for decreasing mu power during

the social interaction sequences and for enhancing mu power during

the non-social gaming parts. Both groups had to decrease theta (h) and

beta (b) below the threshold in order to receive the reward
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216 of a social interaction sequence before each non-social

217 game episode. During these social interactions, the child’s

218 avatar approaches the NPC while the child presses the

219 arrow keys with the right hand. Then, while facing the

220 NPC, the child participant must modulate mu power [either

221 increase (Group 1) or decrease (Group 2) it relative to a set

222 threshold level] in order to get rewarded. The positive

223 feedback involves the child’s avatar imitating the facial

224 expression of the NPC in real-time. For negative feedback,

225 a sad face without any imitation behavior is shown. The

226 game proceeds if the child’s avatar has a positive interac-

227 tion with the NPC for at least 30 s (i.e., he/she is successful

228 at modulating mu power and causing imitation of the facial

229expression). Then, the NPC tells the child’s avatar how to

230proceed with the game. The story plot requires the partic-

231ipants to approach and successfully interact with the NPC

232twice before the game proceeds to the next gaming

233episode.

234Study Design and Threshold Settings

235Participants were divided into two groups: Group 1

236received a reward for enhancing mu power in the non-

237social gaming episodes as well as in the social interaction

238sequences. Group 2 was trained to increase mu power

239during the non-social gaming episodes but to decrease mu

Table 1 Participants

Cut-offs Group 1 Group 2

Number of Participants 6 7

Age M = 11.8, SD = 3.9 M = 11.1, SD = 2.3

Gender 5 male, 1 female 7 male

Handiness 6 right-handed 6 right-handed, 1 ambidextrous

Intelligence test: full score M = 93.3, SD = 22.8 M = 91.3, SD = 30.1

Verbal IQ M = 90.5, SD = 18.4 M = 89.2, SD = 36.5

Performance IQ M = 92.5, SD = 23.7 M = 95.3, SD = 25.3

Pre-test diagnosis

Vineland Adap. Beh. Composite M = 79.2, SD = 12.1 M = 81.7, SD = 12.4

SRS total score M = 68.3, SD = 9.8 M = 77.0, SD = 16.3

ATEC total score M = 28.8, SD = 23.6 M = 36.4, SD = 20.2

ADOS

Communication 2 M = 4.8, SD = 1.5 M = 5.8, SD = 3.5

Reciprocal social interaction 4 M = 8.3, SD = 4.4 M = 9.8, SD = 3.0

Interaction and communication 7 M = 13.0, SD = 5.7 M = 15.5, SD = 6.1

Stereotyped behaviors – M = 2.3, SD = 3.2 M = 3.5, SD = 2.7

ADI-R

Qualitative abnormalities in reciprocal social interaction 10 M = 24.3, SD = 2.1 M = 19.3, SD = 7.6

Qualitative Abnormalities in communication (verbal) 8 M = 21.3, SD = 1.5 M = 12.7, SD = 10.3

Qualitative abnormalities in communication (non-verbal) 7 M = 11.0, SD = 2.0 M = 8.0, SD = 6.6

Restricted, repetitive and stereotyped behaviors 3 M = 9.0, SD = 4.4 M = 8.3, SD = 4.0

Abnormality of develop evidence before 36 months 1 M = 3.0, SD = 1.7 M = 4.0, SD = 1.0

The participants were pseudo-randomly assigned to one of two mu training groups (Group 1 or Group 2)

The groups were comparable concerning the mean age, cognitive abilities and severity of autistic symptoms, which were examined within the

last year by a psychologist or physician. All of the children underwent extensive diagnostic assessment, however, due to difficulties in

recruitment not all diagnosis were evaluated with the same diagnostic tools (see limitation of the study in the discussion section)

To assess cognitive abilities, an intelligence test with a mean (M) of 100 and a standard deviation (SD) of 15 was applied (i.e., Wechsler

Abbreviated Scale of Intelligence, Wechsler Intelligence Scale for children, Wechsler Preschool and Primary Scales of Intelligence or Stanford

Binet Intelligence Scale). There was no difference between the two groups in IQ scores (p[ .1)

For the comparison of autistic symptoms, the total scores of the Vineland Adaptive Behavior Scale, the Social Responsiveness Scale (SRS) and

the Autism Evaluation Checklist (ATEC), which were completed for every participant before the first NFT sessions, were used. No significant

differences between the groups in these tests were found in the pre-test (p[ .1). Moreover, most of the children received the Autism Diagnostic

Observation Schedule (ADOS) (Lord et al. 2000) and the revised Autism Diagnostic Interview (ADI-R) (Lord et al. 1994). The scores on these

tests were comparable between the groups (p[ .1). Other tests applied included the Asperger’s Syndrome Diagnostic Scale (ASDS), Autism

Spectrum Rating Scale (ARS), Gilliam Autism Rating Scale, Gilliam Aspergers Disorder Scale and the Childhood Rating Scale (CARS)
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240 power during the social interaction sequences of the game

241 (Fig. 1). The thresholds for EEG were set as a function of

242 an initial preceding period of baseline activity. In Group 1,

243 mu values were set to -50 % of the baseline value in the

244 first session. Since participants were rewarded if their mu

245 levels were above this threshold in social and non-social

246 episodes, this setting made it initially easier to exceed the

247 threshold. Threshold values subsequently were set higher

248 in continuing sessions to shape behavior. In Group 2, mu

249 threshold values were set to -30 % of the baseline value in

250 the first session and were then increased in the same way as

251 in Group 1. This setting was chosen to make a decrease of

252 mu power below the threshold possible in the bidirectional

253 training condition. In the non-social gaming episodes,

254 participants in Group 2 were rewarded if they exceeded the

255 threshold. In the social interaction parts, participants were

256 rewarded if they were below the threshold. For both

257 groups, the threshold for theta and beta were set to ?50 %

258 of the baseline value in the first session. Since users only

259 received a reward if they were below the beta and theta

260 thresholds, this setting made it initially easier to get below

261 the threshold. Beta and theta values were subsequently

262 lowered in continuing sessions.

263 Pre- and Post-Tests: Evaluation of Training Success

264 Training success was evaluated by a series of EEG, facial

265 EMG, and behavioral outcome measures before and after

266 the 16 training sessions (Fig. 2). Children were asked to sit

267 silently and motionless in a comfortable chair inside an

268 electrically- and acoustically-shielded chamber and to

269 focus on a computer screen in front of them. The pre- and

270 post-tests were conducted by two experimenters, one con-

271 stantly checking the physiological signals and the other

272 making sure the child followed the instructions.

273 EEG was recorded from 32 channels with a Biosemi

274 system (BioSemi B.V., Netherlands) and sampled at

275 2048 Hz. Artifacts from muscle movement were visually

276 identified and removed with the assistance of a tool that

277 identified data sections with peak amplitudes in the highest

278 20 % of a given data file. Trials as well as channels were

279 excluded individually, whereas C3 and C4 never had to be

280 excluded. All data were referenced to a common average.

281 Facial EMG was recorded from two electrodes on the

282 left cheek (zygomaticus major) and two above the left

283 eyebrow (corrugator supercilii) and sampled at 2048 Hz in

284 order to measure imitation behavior (smiling and frowning,

285 respectively) (Van Boxtel 2010). Artifacts were removed

286 with the assistance of a tool which identified data sections

287 with peak amplitudes outside the limits of ± 3 standard

288 deviations of a given data file. EMG recordings were

289 bipolar.

290The various outcome measures included the following

291(Fig. 2):

292a. Resting state EEG Participants were asked to sit

293relaxed for each of 6 min with either closed or open

294eyes. The data were cut into 2 s epochs, resampled at

295512 Hz, and log transformed. Mu power values from 8

296to 12 Hz were computed in channel and component

297space [i.e. independent component analysis (ICA)]. To

298make mu power changes comparable between sessions

299and groups, a ratio between the mu and the general

300power level was used:

301MU = Mu Power/Mean Power (6–8 Hz ?12–14 Hz)

302b. Mu Suppression Index (MSI) task The MSI was

303developed and used as evaluation for NFT in previous

304studies (Oberman et al. 2005; Pineda et al. 2008).

305Participants were asked to watch six 1-min videos

306twice in random order. The videos included movement

307observations as well as real movement (i.e. experi-

308mental conditions) and a baseline video (see Fig. 2b).

309The data from the same conditions were appended,

310resampled to 256 Hz, and mu power was extracted. To

311control for individual differences in scalp thickness

312and electrode impedance, a ratio was used:

313MSI = Log [Mu Power (experimental/baseline)]

314c. Reading the Mind in the Eyes Test (RMET) The RMET

315was developed by Baron-Cohen et al. (2001) and

316assesses social cognition and emotion recognition.

317Children were shown pictures of the eye region of a

318face for 10 s and afterwards they had to determine the

319emotional expression or, as a control, the gender of the

320individual. The percentage of correct responses and

321reaction times were calculated. For the EEG analyses,

322the data were resampled to 256 Hz and mu power was

323extracted. The fifty-two 10-s trials of picture presen-

324tations (i.e. 26 for emotion and 26 for gender tasks)

325without any motor response were cut to .5–9.5 s and

326appended. Then the MSI was calculated in order to find

327specific changes in emotion recognition independent

328from general EEG effects:

329MSI = Log [Mu Power (emotion/gender)]

330d. Emotion Imitation Task Participants were asked to

331watch 2-s videos of smiling (i.e. positive emotions) and

332angry or fearful (i.e. negative emotions) faces (Beall

333et al. 2008). The stimuli were from the MMI Facial

334Expression Database (Pantic et al. 2005; Valstar and

335Pantic 2010). Each of the 68 trials (i.e. 34 for positive

336and 34 for negative emotions) was cut into 4-s

337segments (i.e. 2 s before and 2 s after the start of the

338video). The 1.5-s segments after onset of the video

339were related to the baseline of 1.5–.5 s before the onset

340of the video for the EEG and facial EMG time–

341frequency analyses. The EEG data were resampled to

AQ6
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342 256 Hz, mu power for statistical analyses was

343 extracted from 8 to 12 Hz. The EMG was analyzed

344 from 12 to 216 Hz with a notch filter from 55 to 65 Hz.

345 Only significant changes in relation to the baseline

346 according to bootstrap .01 alpha level are shown in the

347 EEG and EMG time frequency plots.

348 e. Parental assessment One parent rated the child on (1)

349 the Vineland Adaptive Behavior Scale (VABS) (Spar-

350 row and Cicchetti 1985) which is a well-known, well-

351 standardized, interview that measures developmental

352 and behavioral skills; (2) the Social Responsiveness

353 Scale (SRS) (Constantino et al. 2003) which provides a

354 quantitative metric of the type and severity of impair-

355 ments in social functioning that are characteristic of

356 ASD children and (3) the Autism Treatment Evalua-

357 tion Checklist (ATEC) (Magiati et al. 2011; Rimland

358and Edelson 1999) which is used to measure changes

359in ASD symptomology in response to treatment.

360Analyses

361All physiological data were analyzed with Matlab (The

362MathWorks, Inc., USA) and EEGLab (Delorme and

363Makeig 2004). For statistical analyses, repeated-measures

364analyses of variance (rANOVAs) were computed to eval-

365uate differences between the within-subject factors of

366session, condition, electrode, time, subscale and the

367between-subject factor of group [Group 1 (unidirectional)/

368Group 2 (bidirectional)]. Additionally, the effect size was

369calculated by partial Eta-squared (g2). The Kolmogorov–

370Smirnov-Test proved all variables to be normally dis-

Fig. 2 Outcome measures before and after the Neurofeedback

training. A resting state EEG was always administered first and then

the other tasks occurred in pseudo-random order. a Resting state

EEG. Participants were asked to sit relaxed for 6 min with closed eyes

and 6 min with open eyes. b Mu Suppression Index (MSI) task.

Participants watched six 1-min videos twice in random order. The

videos included movement observations, such as watching a hand

opening and closing (Hand), a hand pulling a crayon from a crayon

box using a precision grip (Crayon), dots representing a moving

human (Biomotion) and three people playing catch with a ball

(Social). In the fifth experimental condition, participants were asked

to make a movement with their right hand (Movement). In the

baseline condition, randomly moving dots were presented. c Reading

the Mind in the Eyes Test (RMET). Participants were shown pictures

of individuals’ eye regions for 10 s. At the corners of the screen either

the gender (male or female) or four possible emotions were presented.

After 10 s, the children were asked to press a button corresponding to

their choice (i.e. in the above example, the child was instructed to

press button ‘‘1’’ if he/she thinks the person has ‘‘made up her mind’’,

button ‘‘2’’ if the person is ‘‘joking’’, etc.). As soon as they pressed a

button, the next picture appeared with a 2 s break in-between. The

maximum amount of time for the response was 25 s. d Emotion

Imitation Task. Participants were asked to watch 2-s videos of smiling

(i.e. positive emotion) and angry or fearful (i.e. negative emotion)

faces. 120 ms before the onset of the video, a tone was presented. The

baseline was between 1.5 and .5 s before the onset of the video. The

break between trials varied randomly between 4 and 5 s. e Parental

assessment. One parent rated the child on the Vineland Adaptive

Behavioral Scale (VABS), Social Responsiveness Scale (SRS) and

Autism Treatment Evaluation Checklist (ATEC)
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371 tributed with one exception in the EMG analyses of the

372 Emotion Imitation Task. However, this variable did not

373 reveal any differences. If sphericity was not found,

374 Greenhouse-Geisser epsilon was taken for correction. For

375 the Post-hoc tests, Unequal N HSD was used.

376 Results

377 Neurofeedback Training

378 To address the first hypothesis and determine whether

379 children learned to control the game, the success of the

380 NFT to produce increases in baseline mu and in the per-

381 formance during the Social Mirroring Game over the 16

382 training sessions was examined. As shown in Fig. 1, a

383 performance increase indicates that Group 1 was able to

384 increase mu during the entire game and Group 2 was able

385 to increase mu in non-social gaming episodes and decrease

386 mu in social interactions while keeping the theta and beta

387 frequency bands low.

388 Control of EEG Frequency Bands

389 For mu power, baseline value was significantly higher than

390 the threshold value (F1,11 = 52.6, p\ .01, g2
= .83)

391 which was true especially for Group 1 (F1,11 = 10.9,

392 p\ .01, g2
= .5; Fig. 3a). This is in line with the study

393 design (Fig. 1). Mu power also increased across sessions

394 (F2.2, 24.7 = 3.2, p = .05, g2
= .22). For theta and beta, the

395 baseline values were significantly lower than the threshold

396 values (F1,11 = 57.4/38.3, p\ .01, g2
= .84/.77), which is

397 also in line with the study design (Fig. 1). The threshold

398 values (but not the baseline values) decreased significantly

399 across sessions (F7,77 = 5.5, p\ .01, g2
= .34;

400 F2.7,30.0 = 3.6, p\ .05, g2
= .25).

401 Performance Adjusted for Difficulty

402 Because thresholds were changed in order to induce learn-

403 ing, the level of task difficulty changed. The previously

404 described results and Fig. 3a indicate that the baseline and

405 threshold values converged in the course of sessions for the

406 theta and beta band, which made it more difficult for the

407 participant to be below threshold. Thus, in order to correct

408 the performance of the participants in the NFT for the

409 increasing level of difficulty over sessions, performance was

410 computed as follows (Friedrich et al. 2014):

Performance ¼ Hitrate � Difficulty

412412 A hit was defined as fulfilling all threshold criteria (e.g.

413 above mu and below beta, theta) and thus triggering pos-

414 itive feedback in the game (increasing performance). In

415order to make non-social gaming episodes and social

416interactions comparable, the hitrate itself was defined as:

Hitrate ¼ Hits / Minutes

418418To adjust the hitrate for the level of difficulty, the distances

419(Dobs) between the shaped threshold and the preceding

420baseline were considered. Distances were calculated so that

421positive numbers reflect the threshold being set easier than

422the baseline values and negative numbers reflect the

423threshold being set as more difficult than the baseline values.

424The observed distances were then normalized (Dnorm) to

425the defined standard distance (Dstd). The standard distance

426was set such that the mu (l) threshold was 50 % lower and

427the beta (b) and theta (h) threshold were 50 % higher than

428the preceding baseline value resulting in a difficulty of 1 for

429the first session for Group 1 (Fig. 1). To ensure that a dis-

430tance of zero and negative distance values still show rea-

431sonable results, a logarithmic transformation was used:

Difficulty ¼ 1 =10Dnorm

Dnorm ¼

X

i¼lbh

Dobsi �
X

i¼lbh

Dstdi

 !

=
X

i¼lbh

Dstdi

 !

433433The hitrate decreased significantly over sessions

434(F3.3,36.6 = 11.1, p\ .01, g2
= .5; linear contrasts

435p\ .01, g2
= .7; Fig. 3b). Group 1 achieved a higher

436hitrate than Group 2 (F1,11 = 16.0, p\ .01, g2
= .59).

437This was related to the fact that Group 2 had higher levels

438of difficulty than Group 1 (F1,11 = 24.6, p\ .01,

439g2
= .69), especially during the social interactions

440(F1,11 = 28.3, p\ .01, g2
= .72). This is in line with the

441study design: Due to the bidirectional training, Group 2 had

442to decrease below the mu threshold in the social interac-

443tions although this threshold was already 30 % lower than

444the baseline value in the beginning (Figs. 1, 3a). Difficulty

445increased over sessions (F3.7,41.2 = 3.4, p\ .05, g2
= .24;

446linear contrasts p\ .01, g2
= .82), being significantly

447higher for the social interactions than the non-social gam-

448ing episodes (F1,11 = 28.3, p\ .01, g2
= .72).

449Due to the shaping of the thresholds for mu, beta and

450theta based on the preceding baseline measurement, sub-

451stantial variations in the level of difficulty occurred

452between sessions as well as participants. For example, if a

453participant was very calm in one baseline session, the beta

454threshold was lowered. If the same participant was more

455agitated in the next session again, the low beta threshold

456from the last session made it hard for the participant to be

457below the beta threshold again. This variation in difficulty

458resulted in a substantial variability in hitrate. The hitrates in

459the interaction and game episodes varied between 6 and

460116 hits per minute between participants and sessions. The

461average hitrate over participants and sessions was 40 hits

462per minute with a standard error of 1.
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463 However, when controlling the hitrate for the level of

464 difficulty, performance showed an increasing trend over

465 sessions (F7,77 = 1.8, p = .1, g2
= .14; linear contrasts

466 p\ .05, g2
= .38) and was higher for the social interac-

467 tion than the non-social gaming episodes (F1,11 = 12.3,

468 p\ .01, g2
= .53). Group 2 performed better in the social

469 interactions than both groups in the non-social gaming

470 episodes (F1,11 = 7.9, p\ .05, g2
= .42).

471Pre- and Post-Tests: Evaluation of Training Success

472To address the second hypothesis, a series of outcome

473measures before and after the 16 NFT sessions were

474recorded to evaluate whether the NFT led to a reduction in

475autism symptoms. This would be indicated by more mu

476suppression to movement observation, social or emotional

477stimuli, more imitation behavior and behavioral

Fig. 3 Control of EEG frequency bands and game performance in the

course of NFT sessions. a Peak-to-peak amplitude for the theta, beta

and mu baseline and threshold values across NFT sessions. Two

consecutive sessions are always averaged in order to reduce the 16

NFT sessions to 8 levels. For theta and beta, the distance between

baseline and threshold in the first session was always ?50 % and

participants were trained to be below the threshold. For mu in group

1, the distance between baseline and threshold was -50 % and mu

power was trained to be increased. For mu in group 2, the distance

between baseline and threshold was -30 % and participants were

rewarded for a mu value above the threshold in the non-social gaming

episodes but rewarded for a mu value below the threshold in the social

interaction sequences. In the course of sessions, baseline and

threshold values for theta and beta converged for both groups as

did mu levels for Group 2. b Hitrate, difficulty and performance

across NFT sessions. Hitrate decreased as difficulty increased for both

groups in non-social gaming episodes as well as social interaction

sequences. For Group 2, in the social interaction sequences, difficulty

was especially high as the participants had to be below the threshold

for mu power while the baseline was higher than the threshold

(-30 %, a). Performance was the product of hitrate 9 difficulty and

showed an increase
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478 improvements in the post- compared to the pre-test.

479 Additionally, the differences between groups in these tasks

480 were examined (i.e. hypothesis 3).

481 Resting State EEG

482 In channel space as well as component space (i.e. ICA),

483 there was significantly more mu power in the closed eyes

484 than in the open eyes condition (F1,11 = 52.3/8.9, p\ .01/

485 05, g2
= .83/.45; Fig. 4). In component space, an inde-

486 pendent component over sensorimotor cortex between 8

487 and 12 Hz was shown for every participant. However, the

488 increase in mu power in the post- compared to the pre-test

489 during the closed eyes condition did not reach statistical

490 significance.

491 MSI Task

492 As expected, the MSI at electrode positions C3 and C4

493 indicated significantly more mu suppression for the exe-

494 cuted movement than for the movement observations

495 conditions (F1.8,20.3 = 12.3, p\ .01, g2
= .53; Fig. 5).

496 Moreover, there was a significant interaction between EEG

497 electrode, group and pre- and post-test (F1,11 = 6.4,

498 p\ .05, g2
= .37). In the condition ‘‘Biomotion’’ and

499 ‘‘Social’’, Group 2 had more mu suppression at C4 than

500 Group 1 in the pre-test (F1,11 = 12.4/4.3, p\ .01/.1,

501 g2
= .53/.28). In the ‘‘Biomotion’’ condition, there was

502 marginally more mu suppression in the post-test compared

503 to the pre-test at C3 (F1,11 = 4.3, p\ .1, g2
= .28) over

504 both groups. In the ‘‘Social’’ condition, Group 2 showed

505 more mu suppression than Group 1 at C4 (F1,11 = 8.0,

506 p\ .05, g2
= .42).

507 RMET

508 The MSI was also computed for the RMET but no statis-

509 tical significant differences between groups and pre- and

510 post-test were found. However, significant correlations

511 between the MSI during the RMET in the pre-test and the

512 percentage of correct responses as well as the reaction time

513 in the RMET in pre- and post-test were found (Table 2).

514 All correlation coefficients showed in the expected direc-

515 tion: The more mu suppression (i.e. the lower the MSI), the

516 higher the percentage of correct responses and shorter the

517 reaction time. Behaviorally, children had significantly

518 more correct responses in the post- than in the pre-test in

519 the emotion task (F1,11 = 7.3, p\ .05, g2
= .4) suggesting

520 improvement in emotion recognition as a function of

521 training (Fig. 6). Additionally, Group 2 showed shorter

522 reaction time in the post- than in the pre-test in the emotion

523 task (F1,11 = 9.0, p\ .05, g2
= .45). In the gender task,

524 which functions as control baseline, children with ASD

525achieved significantly more correct responses than in the

526emotion task (F1,11 = 69.4, p\ .01, g2
= .86), however,

527no significant differences were found between groups or

528sessions within the gender task (p[ .1).

529Emotion Imitation Task

530The EEG analyses of the Emotion Imitation Task showed

531significant mu suppression 400–1000 ms after onset of the

532emotional stimuli as shown in Fig. 7a. Group 2 had more

533mu suppression in the post- than in the pre-test and more

534than Group 1 in the post-test (F1,11 = 7.6, p\ .05,

535g2
= .41). In contrast, Group 1 exhibited greater mu sup-

536pression in the pre- than in the post-test and more than

537Group 2 in the pre-test.

538The EMG analyses revealed significant facial muscle

539activity in response to the emotional stimuli as can be seen

540in Fig. 7b. In the pre-test, no significant differences in

541muscle activity were found (p[ .1). In the post-test, in the

542positive condition, activation was higher at the zygomati-

543cus major between 700 and 1000 ms than at the corrugator

544supercilii (F1.8,19.6 = 4.3, p\ .05, g2
= .28), indicating

545smiling. Additionally, Group 2 had significantly more

546EMG activity than Group 1 in this condition in the post-test

547(F1,11 = 5.7, p\ .05, g2
= .34). In the negative condition,

548activation was higher at the corrugator supercilii than at the

549zygomaticus major between 400 and 600 ms (F2.1,22.8 =

5503.5, p\ .05, g2
= .24), indicating frowning.

551Parental Assessments

552Using the VABS, parents rated their children significantly

553more adaptive in the daily living, socialization and com-

554munication domains in the post- than in the pre-test

555(F1,11 = 5.7, p\ .05, g2
= .34; Fig. 8a). In the SRS total

556score, parents rated their children significantly more

557socially responsive in the post-test than in the pre-test

558(F1,11 = 8.2, p\ .05, g2
= .43; Fig. 8b). In the sub-scales,

559especially the ‘‘social motivation’’ improved significantly

560from pre- to post-test (F4,44 = 4.3, p\ .01, g2
= .28). In

561the ATEC total score, parents indicated significant reduc-

562tion of ASD symptoms in the post-test compared to the pre-

563test (F1,11 = 6.1, p\ .05, g2
= .36; Fig. 8c). In the sub-

564scales, especially the ‘‘sociability’’ and the ‘‘health/physi-

565cal/behavior’’ improved significantly from pre- to post-test

566(F3,33 = 3.0, p\ .05, g2
= .21).

567The significant results from all three measures indicate

568that children with ASD from both groups improved (1) in

569coping with their daily lives, (2) in their social skills and

570relationships and (3) in their communication. On a more

571specific sub-scale level, they firstly showed less behavioral

572problems (e.g., ATEC, in terms of hits or injures self;
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573 shows rigid routines) as well as improved personal hygine

574 (VABS, e.g. asks to use toilet; washes and dries face using

575 soap and water), domestic (VABS, e.g. is careful around

576 hot objects; uses tools) and community daily living skills

577(VABS, e.g. follows household rules; obeys traffic lights).

578Secondly, children with ASD showed significant

579improvements in interpersonal relationships (VABS and

580ATEC, e.g. imitates simple movements; recognizes the

Fig. 4 Resting state EEG. a Channel space. Power spectra for the

closed eyes (top) and open eyes (bottom) conditions for electrode

positions C3 and C4 in both groups are shown. As can be seen, the

general power level is not identical between groups and pre- and post-

test. Therefore, mu power values between 8 and 12 Hz were

considered relative to the general power level for statistical analyses

(see Methods). When considering the relative mu power, mu was

higher in the post- compared to the pre-test during the closed eyes

condition at both electrode sites and for both groups. b Component

space. Independent Component Analysis (ICA) was computed and a

mu component closest to the sensorimotor cortex including all

participants was selected. First, power spectra for the closed eyes

(top) and open eyes (bottom) conditions of the Mu Cluster are

presented. When considering the mu power values between 8 and

12 Hz relative to the general power level, mu power for both groups

was higher in the post- compared to the pre-test during the closed eyes

condition. Second, scalp maps of the Mu Cluster are presented. Third,

dipole analyses for the top, coronal and sagittal view are shown. The

mu cluster for all participants (red dot) had the mean coordinates of

54, -7, 47, which correspondents to right cerebrum, frontal lobe, gray

matter, precentral gyrus, BA 4 (primary motor cortex) according to

the Coordinates Talairach Client. These areas are also indicated for

both groups individually
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581 likes and dislikes of others), in play and leisure time

582 (VABS, e.g. chooses to play with other children; takes

583 turns without being asked), in coping skills (VABS, e.g.,

584 accepts helpful suggestions or solutions from others; con-

585 trols anger or hurt feelings due to constructive criticism)

586 and in social motivation (SRS, e.g., would rather be alone

587 than with others; avoids starting social interactions with

588 others). Thirdly, children with ASD improved in their

589 receptive (VABS, e.g. listens to instructions; listens to a

590 story for at least 30 min), expressive (VABS, e.g., says first

591 and last name when asked; has conversations that last

592 10 min) and written communication (VABS, e.g., reads at

593 least 10 words aloud; writes simple correspondence at least

594 three sentences long). Although the other sub-scales did not

595 reach significance in the post hoc analyses, Fig. 8 supports

596the clear trend of improvements from pre- to post-test for

597children with ASD in the majority of sub-scales.

598Discussion

599The results from the current study are consistent with and

600extend previous work (Pineda et al. 2008, 2014). Overall,

601the Social Mirroring Game was successful at engaging

602children with ASD during NFT (Friedrich et al. 2014) and

603produced positive effects on all measures. Electrophysio-

604logically, there was more mu suppression in the post- than

605in the pre-test indicating activation of the MNS. In terms of

606emotional responsiveness, children displayed significantly

607more correct responses in the emotion recognition task and

608exhibited more appropriate spontaneous imitation behavior

609to emotional stimuli in the post- than in the pre-test.

610Behaviorally, parents indicated in every-day life situations

611a significant reduction of ASD symptoms, significantly

Fig. 5 Mu Suppression Index (MSI) for movement observation and

movement. Negative Values for the MSI indicate mu suppression, a

value of zero indicates no suppression and positive values indicate mu

enhancement. The MSI for movement (M) shows higher mu

suppression (i.e. high negative MSI values) than movement observa-

tions (H = Hand: hand opening and closing, C = Crayon: hand

pulling crayons, B = Biomotion: dots representing a moving human,

S = Social: people playing with a ball) at the electrode positions C3

(a) and C4 (b). Group 2 shows more mu suppression in the post-test

than in the pre-test at C3 while the opposite occurs at C4

Table 2 Correlations between

the performance and the MSI in

the RMET

RMET Performance

Pretest Posttest

Gender Emotion Gender Emotion

Pretest Corr% RT Corr% RT Corr% RT Corr% RT

MSI

C3 -.49 (*) .14 -.50 (*) .25 -.70* .71* -.51 (*) .56*

C4 -.35 .37 -.53* .49 (*) -.52 (*) .70* -.56* .57*

Bivariate partial correlation coefficients controlled for age and gender between the performance and the

MSI in the RMET were calculated. The MSI of the RMET at electrode positions C3 and C4 in the pre-test

showed correlations in the expected direction with the correct responses (Corr%) and the reaction time (RT)

of the RMET in pre- and post-test. The significance level is indicated one-tailed with asterisks * p\ .05,

(*) p\ .1

Fig. 6 Correct responses and reaction time in the Reading the Mind

in the Eyes Test (RMET). a The percentage of correct responses (%)

is higher in the post- than in the pre-test for both groups. b The long

reaction time (s) for correct responses in Group 2 in the pre-test

decreases to the same level as Group 1 in the post-test
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612 better social responsiveness, and better behavioral adapta-

613 tion, respectively, in the post- than in the pre-test. These

614 results suggest that the Social Mirroring Game provided

615 functionally significant feedback based on imitation and

616 emotional responsiveness and was successful in linking and

617 improving brainwave responses, behavior and emotional

618 reactions during social interactions in children with ASD.

619 The results provide the most substantial argument to date

620 that mu-based NFT can be an effective tool for improving

621 aspects of behavior necessary for successful social inter-

622 actions in children with ASD.

623 As positive feedback during NFT was inhibited by

624 exceeding theta and beta frequency bands as well as EMG

625 of the hand, it gave greater assurance that children with

626 ASD did gain control of the mu rhythm itself rather than

627 via blinks or muscle movements. In the pre- and post-

628 tests, participants showed significantly enhanced mu

629 suppression in executed movement compared to move-

630 ment observation, greater correct responses in the gender

631 than in the emotion imitation task and more muscle

632 activation at the zygomaticus major while watching pos-

633 itive and more at the corrugator supercilii while watching

634 negative faces. These results indicate that the children

635 understood the tasks, followed the instructions and that

636 the data are indeed valid and can be considered reliable

637 indicators of improvement.

638Training in the Social Mirroring Game

639Several studies have reported that children with ASD are

640able to learn to increase power in the mu frequency band in

641order to control an action in a video game, similar to what

642those in a TD group can do (Pineda et al. 2008; Coben et al.

6432010; Thompson et al. 2010; Pineda et al. 2014). To our

644knowledge the current study is the first time that a group of

645children with ASD were trained to both increase as well as

646decrease mu rhythm depending on the specific context

647within the game. Both of the groups (unidirectional and

648bidirectional control) were able to learn control over the

649mu rhythm and improve performance in the game across

650sessions. Thus, children with ASD are able to learn to

651switch between increase and decrease control of the mu

652rhythm and in both cases it leads to improvement. An ICA

653showed that in every participant there was a component

654centered over sensorimotor cortex between 8 and 12 Hz,

655which is indicative of mu rhythm phenomenology. Fur-

656thermore, mu power over central electrodes was consis-

657tently higher in the closed than in the open eyes condition,

658which is a general phenomenon characteristic of most

659frequency bands and cortical regions, as well as common in

660TD and individuals with ASD (Geller et al. 2014; Barry

661et al. 2009; Mathewson et al. 2012). Moreover, mu

662increased across NFT sessions, although during the resting

663state it did not change significantly between groups or pre-

Fig. 7 Time–Frequency plots for the Emotion Imitation Task. The

significant changes in log power (dB) (p\ .01) in relation to the

baseline (i.e. t = -1.5 to -0.5 s; cue t = 0 s is indicated by a

vertical line) are displayed. Red color indicates an increase in power

and blue color a decrease. The x-axis indicates the time in s and the y-

axis indicates the frequency in Hz. a Time–Frequency plots for the

EEG electrodes C3 and C4 between 4 and 30 Hz. The black frame

indicates the mu frequency band and the blue color indicates mu

suppression. Group 2 shows more mu suppression in the post- than in

the pre-test and more than Group 1 in the post-test. b Time–

Frequency plots for the EMG activity at the facial muscle zygomati-

cus major (Zygom. M.) and corrugator supercilii (Corrug. S.) between

12 and 216 Hz. The red color indicates muscle activation. Group 2

showed more EMG activity than Group 1
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664 and post-tests, suggesting a distinction between resting

665 state and task-relevant mu levels.

666 Electrophysiological Changes in Mu Suppression

667 In line with the extant literature (Oberman et al. 2005), the

668 participants of the current study exhibited significantly

669 more mu suppression to movement than to movement

670 observation in the MSI task. This pattern of mu suppression

671 was shown only over central electrodes but not over

672 occipital electrodes suggesting a differentiation of mu

673 compared to occipital alpha (Oberman et al. 2008). This

674 differentiation is important as the alpha rhythm in occipital

675 regions and the mu rhythm over sensorimotor areas are in

676 the same frequency range (8–12 Hz) and thus recordings

677 over the central electrodes might be affected by this pos-

678 terior activity. However, the results of the current study

679show that the mu rhythm and not general alpha activity was

680recorded and targeted specifically. Using the MSI task,

681Pineda et al. (2008) have shown that mu suppression in

682children with ASD became more like those of a TD group,

683along with improvements in behavior, following several

684weeks of a mu-based NFT in contrast to a control group

685receiving placebo feedback. Consistent with this finding,

686both groups in the current study showed at least marginally

687more mu suppression for the ‘‘Biomotion’’ condition at C3

688in the post-test compared to the pre-test. One potential

689reason for why other comparisons failed to reach signifi-

690cance is that the MSI was very different between groups at

691the electrode positions C3 and C4 in the pre-test. In con-

692trast to our prediction, Group 2 did not show more mu

693suppression in the post-test than Group 1. That is, the

694specific strategy (unidirectional vs bidirectional mu train-

695ing) did not make a difference perhaps as a function of

696these population differences.

697In terms of brain response to the observation of facial

698expressions, Moore et al. (2012) previously reported event-

699related desynchronization of the mu component in healthy

700adults. The present results confirmed mu suppression in

701response to facial expressions, with a better outcome pro-

702vided by the bidirectional training strategy of Group 2,

703which showed more mu suppression in the post-test com-

704pared to Group 1.

705Emotional Responsiveness

706Facial emotion processing accuracy has been associated

707with social adaptation in individuals with ASD (Garcı́a-

708Villamisar et al. 2010). Several studies have reported that

709individuals with ASD have a deficit in recognizing emo-

710tional faces in comparison to a control group (Da Fonseca

711et al. 2009; Baron-Cohen et al. 2001). Using the RMET,

712Demurie et al. (2011) found that adolescents with ASD

713achieved significantly less correct responses than TD

714controls (Demurie et al. 2011). In the current study, both

715groups exhibited higher performance in the RMET in the

716post- compared to the pre-test, indicating that NFT helped

717children with ASD to reduce the reported deficits in emo-

718tion recognition (Demurie et al. 2011).

719The correlations obtained between mu suppression and

720performance in the RMET in the current study indicate that

721mu suppression to emotional face stimuli facilitates correct

722and fast emotion processing, as well as gender recognition.

723This result is in line with recent studies demonstrating

724correlations between the performance in the RMET and

725heart rate variability in TD controls (Quintana et al. 2012)

726as well as autistic population (Friedrich et al. 2014). The

727higher the heart rate variability in the resting state, the

728higher the percentage of correct responses and the shorter

729the reaction time in the RMET. These results suggest that

Fig. 8 Parental assessment before and after the NFT. a VABS scores.

The standard scores for daily living (Liv), socialization (Soc) and

communication (Com) domains and the resulting Adaptive Behavior

Composite (MBeh) are displayed for the pre-and post-test for Groups

1 and 2. The higher scores in the VABS in the post- compared to the

pre-test indicate better adaptive behavior. b SRS scores. The T scores

for the total score for autistic social impairment (M) and the subscales

social awareness (Soc), social cognition (Cog), social communication

(Com), social motivation (Mot) and autistic mannerisms (RRB) are

displayed for the pre-and post-test for Groups 1 and 2. Scores B59

indicate normal social responsiveness and scores of 60–65 mild,

66–75 moderate and C76 severe dysfunction in social responsiveness.

The lower scores in the post- compared to the pre-test indicate

improvements in social responsiveness. c ATEC scores. The scores

for the total scale (M) and the subscales speech/language/communi-

cation (Com), sociability (Soc), sensory and cognitive awareness

(Cog) and health/physical/behavior (Beh) are displayed for the pre-

and posttest for Groups 1 and 2. The lower scores in the post-

compared to the pre-test indicate treatment success
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730 the autonomic nervous system and social cognition is

731 closely linked in the autistic population (Quintana et al.

732 2012; Porges 2007) and that the brain, body and behavior

733 components have to be addressed in order to achieve

734 improvements in social cognition for children with ASD.

735 Besides deficits in emotion recognition, Beall et al.

736 (2008) found that children with ASD did not produce

737 reliable rapid facial reactions to angry and happy face

738 stimuli as measured by EMG in contrast to TD children.

739 The results in the Emotion Imitation Task of the current

740 study are comparable. Furthermore, in contrast to the pre-

741 test, children with ASD showed appropriate emotion imi-

742 tation in the post-test (Mcintosh 2006; Van Boxtel 2010;

743 Dimberg and Lundquist 1990) supporting the argument that

744 NFT helped to improve rapid facial reactions to normal

745 emotional expressions. In this case, the strategy adopted by

746 Group 2 (of bidirectional mu training) showed more EMG

747 in the post-test compared to Group 1.

748 Changes in Behavior Assessed by the Parents

749 The tests used (ATEC, SRS, and VABS) are standardized

750 parental assessments that are appropriate for measuring all

751 aspects of every-day behavior of children with ASD (Ma-

752 giati et al. 2011; Rimland and Edelson 1999; Constantino

753 et al. 2003; Sparrow and Cicchetti 1985). The advantage of

754 using these comprehensive parental assessments is that

755 behavioral changes in the real-world rather than in labo-

756 ratory settings can be determined, whereas the disadvan-

757 tage is that they could be biased by parental expectations.

758 Pineda et al. (2008) have previously reported improve-

759 ments in the ATEC due to mu-based NFT in comparison to

760 a control group receiving placebo feedback. In the current

761 study, significant improvements in autistic symptoms,

762 social responsiveness and adaptive behavior were shown in

763 the post- compared to pre-test equally for both groups.

764 These statistical improvements were also reflected in

765 clinical improvements.

766 Limitations of the Study

767 The main limitation of the current study is the small sample

768 size. Recruiting a large enough population sample is a

769 common problem when working with special populations

770 but even more so when parents are asked to bring their

771 child to the lab 18 times, 2–3 times a week for about

772 2 months, to receive the neurofeedback training. Most

773 families already face a very busy schedule with work and

774 school responsibilities for all family members. In a large

775 metropolitan area, driving distances are long, parking at a

776 large university is fraught with problems, with monetary

777 compensation that may not provide enough incentive for

778some individuals. Furthermore, research studies such as

779this cannot promise any therapeutic outcomes, which is

780what most parents are seeking. These difficulties in

781recruitment were also the reason why it was difficult to

782match the two groups on age, gender, cognitive skills and

783diagnosis of autism evaluated with the same diagnostic

784tools. Most of the children have regularly undergone

785extensive testing and many are unwilling to complete

786another testing session consisting of several hours. Despite

787these limitations, we were able to record over 250 carefully

788supervised sessions with high quality data with children

789with ASD who had never done NFT before.

790Other factors that were not possible to control for the

791sample of the current study included the participants’ other

792treatments at the time of the current study. Nine out of 13

793children were engaged in applied behavior analysis (ABA),

794occupational therapy (OT), speech therapy, music therapy,

795cognitive behavioral therapy (CBT), real opportunities for

796independence therapy (ROI), Son-Rise therapy, adaptive

797physical education (PE) or social skill practice at school.

798Most of these treatments were ongoing for several years,

799while only 2 participants in each or our groups started a

800therapy within the same year of the NFT. However, no

801changes were made right before during or right after the

802NFT. Moreover, the fact that the children were interacting

803with the staff on a regular basis might have influenced the

804results for all children. The families of the children with

805ASD were all very supporting and motivated as they had to

806invest a lot of time and effort for their participation.

807However, the differences observed between groups in the

808current study demonstrate that the two training protocols

809had a specific impact on the children.

810Despite all the limiting factors, the presented results

811demonstrate large effect sizes (Richardson 2011) and show

812benefits given the heterogeneity in age and severity of

813symptoms as well as the considerable variability in phys-

814iological data, behavior and performance. We believe these

815are strong results showing the benefits of this type of

816training.

817Future Directions

818It is imperative to investigate the long term effects of the

819NFT in a longitudinal study. Moreover, the Social Mir-

820roring Game is designed to be not only controlled by EEG

821but also by peripheral physiological measures such as

822respiration, heart rate or skin conductance. Therefore,

823combining NFT and biofeedback might be another

824promising approach to link appropriate behavior, neuro-

825physiological and peripheral physiological reactions in

826social situations.
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827 Conclusion

828 The current study has shown that games such as the Social

829 Mirroring Game can be an appropriate tool to achieve

830 improvements in children with ASD in various aspects of

831 social interactions by targeting mu rhythm modulation

832 using neurofeedback based on imitation and emotional

833 responsiveness. Appropriate brain responses, behavior and

834 emotions were linked during social interactions and thus

835 resulted in significant symptom reduction for children with

836 ASD in both groups. Group 2 was trained to show mu

837 suppression while watching emotion imitation and thus

838 trained to activate the MNS, which in turn is responsible

839 for imitation behavior. Hence, Group 2 showed more

840 appropriate imitation behavior in the post-test than Group 1

841 indicating that the two approaches could elicit specific

842 improvements related to the training and specific feedback.

843 As social interactions build the fundamentals of our lives,

844 an improvement in social interactions could strengthen the

845 relationships with the family, facilitate social relationships

846 as well as academic interactions and profoundly improve

847 the health and well-being of individuals with ASD across

848 the lifespan.

849 Acknowledgments This research was supported by a fellowship
850 provided by the Max Kade Foundation to the Department of Cogni-
851 tive Science, UCSD and by grant funding from the ISNR Research
852 Foundation, the European Community Seventh Framework Pro-
853 gramme (FP7/2007 2013, nr. 258169) and the EPSRC/IMRC Grants
854 113946. Portions of the research in this paper uses the MMI-Facial
855 Expression Database collected by Valstar and Pantic. The authors
856 thank all colleagues and students from the Cognitive Neuroscience
857 Lab for their support.

858 References

859 American Psychiatric Association. (2013). Diagnostic and statistical

860 manual of mental disorders DSM-V (5th ed.). Washington, DC:
861 APA.
862 Aragón, O. R., Sharer, E. A., Bargh, J. A., & Pineda, J. A. (2013).
863 Modulations of mirroring activity by desire for social connection
864 and relevance of movement. Social Cognitive and Affective

865 Neuroscience,. doi:10.1093/scan/nst172.
866 Arnstein, D., Cui, F., Keysers, C., Maurits, N. M., & Gazzola, V.
867 (2011). l-suppression during action observation and execution
868 correlates with BOLD in dorsal premotor, inferior parietal, and
869 SI cortices. The Journal of Neuroscience, 31(40), 14243–14249.
870 Baron-Cohen, S., Wheelwright, S., Hill, J., Raste, Y., & Plumb, I.
871 (2001). The ‘‘Reading the Mind in the Eyes’’ Test revised
872 version: A study with normal adults, and adults with Asperger
873 syndrome or high-functioning autism. Journal of Child Psychol-

874 ogy and Psychiatry, 42(2), 241–251.
875 Barry, R. J., Clarke, A. R., Johnstone, S. J., & Brown, C. R. (2009).
876 EEG differences in children between eyes-closed and eyes-open
877 resting conditions. Clinical Neurophysiology, 120(10),
878 1806–1811.
879 Beall, P. M., Moody, E. J., McIntosh, D. N., Hepburn, S. L., & Reed,
880 C. L. (2008). Rapid facial reactions to emotional facial

881expressions in typically developing children and children with
882autism spectrum disorder. Journal of Experimental Child

883Psychology, 101(3), 206–223.
884Bernardini, S., Porayska-Pomsta, K., & Smith, T. J. (2014).
885ECHOES: An intelligent serious game for fostering social
886communication in children with autism. Information Sciences,

887264, 41–60.
888Bernier, Raphael, Aaronson, B., & McPartland, J. (2013). The role of
889imitation in the observed heterogeneity in EEG mu rhythm in
890autism and typical development. Brain and Cognition, 82(1),
89169–75.
892Bernier, R., Dawson, G., Webb, S., & Murias, M. (2007). EEG mu
893rhythm and imitation impairments in individuals with autism
894spectrum disorder. Brain and Cognition, 64(3), 228–237.
895Blumberg, S. J., Bramlett, M. D., Kogan, M. D., Schieve, L. A.,
896Jones, J. R., & Lu, M. C. (2013). Changes in Prevalence of
897Parent-reported Autism Spectrum Disorder in School-aged U.
898S. Children : 2007 to 2011–2012. National Health Statistics

899Reports, 65, 1–12.
900Braadbaart, L., Williams, J. H. G., & Waiter, G. D. (2013). Do mirror
901neuron areas mediate mu rhythm suppression during imitation
902and action observation. International Journal of Psychophysiol-
903ogy, 89, 99–105.
904CDC. (2014). http://www.cdc.gov/media/releases/2014/p0327-aut
905ism-spectrum-disorder.html
906Coben, R., Linden, M., & Myers, T. E. (2010). Neurofeedback for
907autistic spectrum disorder: A review of the literature. Applied
908Psychophysiology and Biofeedback, 35(1), 83–105.
909Constantino, J. N., Davis, S., Todd, R. D., Schindler, M. K., Gross, M.
910M., Brophy, S. L., et al. (2003). Validation of a brief quantitative
911measure of autistic traits: Comparison of the social responsive-
912ness scale with the autism diagnostic interview-revised. Journal
913of Autism and Developmental Disorders, 33(4), 427–433.
914Da Fonseca, D., Santos, A., Bastard-Rosset, D., Rondan, C., Poinso,
915F., & Deruelle, C. (2009). Can children with autistic spectrum
916disorders extract emotions out of contextual cues? Research in

917Autism Spectrum Disorders, 3(1), 50–56.
918Dapretto, M., Davies, M. S., Pfeifer, J. H., Scott, A. A., Sigman, M.,
919Bookheimer, S. Y., & Iacoboni, M. (2006). Understanding
920emotions in others: Mirror neuron dysfunction in children with
921autism spectrum disorders. Nature Neuroscience, 9(1), 28–30.
922Delorme, A., & Makeig, S. (2004). EEGLAB: An open source
923toolbox for analysis of single-trial EEG dynamics including
924independent component analysis. Journal of Neuroscience

925Methods, 134(1), 9–21.
926Demurie, E., De Corel, M., & Roeyers, H. (2011). Empathic accuracy
927in adolescents with autism spectrum disorders and adolescents
928with attention-deficit/hyperactivity disorder. Research in Autism

929Spectrum Disorders, 5(1), 126–134.
930Dimberg, U., & Lundquist, L. O. (1990). Gender differences in facial
931reactions to facial expressions. Biological Psychology, 30(2),
932151–159.
933Enticott, P. G., Kennedy, H. A., Rinehart, N. J., Bradshaw, J. L.,
934Tonge, B. J., Daskalakis, Z. J., & Fitzgerald, P. B. (2013).
935Interpersonal motor resonance in autism spectrum disorder:
936Evidence against a global ‘‘mirror system’’ deficit. Frontiers in
937Human Neuroscience,. doi:10.3389/fnhum.2013.00218.
938Friedrich, E. V. C., Courellis, H., Tonnesen, A. L., Gevirtz, R., &
939Pineda, J. A. (2014a). Is heart rate variability a predictor for
940neurofeedback effects ? In G. Müller-Putz, G. Bauernfeind, C.
941Brunner, D. Steyrl, S. Wriessnegger, & R. Scherer (Eds.),
942Proceedings of the 6th international brain-computer interface

943conference 2014 (pp. 88–91). Graz: Graz University of Tech-
944nology Publishing House.
945Friedrich, E. V. C., Suttie, N., Sivanathan, A., Lim, T., Louchart, S.,
946& Pineda, J. A. (2014b). Brain-computer interface game

AQ7

J Autism Dev Disord

123
Journal : Large 10803 Dispatch : 9-7-2015 Pages : 17

Article No. : 2523
h LE h TYPESET

MS Code : JADD-D-15-00195 h CP h DISK4 4

A
u

th
o

r
 P

r
o

o
f

http://dx.doi.org/10.1093/scan/nst172
http://www.cdc.gov/media/releases/2014/p0327-autism-spectrum-disorder.html
http://www.cdc.gov/media/releases/2014/p0327-autism-spectrum-disorder.html
http://dx.doi.org/10.3389/fnhum.2013.00218


U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F

947 applications for combined neurofeedback and biofeedback
948 treatment for children on the autism spectrum. Frontiers in

949 Neuroengineering,. doi:10.3389/fneng.2014.00021.
950 Garcı́a-Villamisar, D., Rojahn, J., Zaja, R. H., & Jodra, M. (2010).
951 Facial emotion processing and social adaptation in adults with
952 and without autism spectrum disorder. Research in Autism

953 Spectrum Disorders, 4(4), 755–762.
954 Geller, A. S., Burke, J. F., Sperling, M. R., Sharan, A. D., Litt, B.,
955 Baltuch, G. H., et al. (2014). Eye closure causes widespread
956 low-frequency power increase and focal gamma attenuation in
957 the human electrocorticogram. Clinical Neurophysiology, 1,
958 1–10.
959 Hadjikhani, N., Joseph, R. M., Snyder, J., & Tager-Flusberg, H.
960 (2006). Anatomical differences in the mirror neuron system and
961 social cognition network in autism. Cerebral Cortex, 16(9),
962 1276–1282.
963 Hamilton, A. F. D. C. (2013). Reflecting on the mirror neuron system
964 in autism: A systematic review of current theories. Develop-
965 mental Cognitive Neuroscience, 3, 91–105.
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