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Abstract

Background—Impairment in prediction and appreciation for choice outcomes could contribute 

to several core symptoms of ASD. We examined electroencephalography (EEG) oscillations in 27 

youth and young adults diagnosed with autism spectrum disorder (ASD) and 22 IQ-matched 

neurotypical controls while they performed a chance-based reward prediction task.

Method—We re-analyzed our previously published ERP data (Larson et al., 2011) and examined 

theta band oscillations (4–8 Hz) at frontal midline sites, within a timing window that overlaps with 

the feedback-related negativity (FRN). We focused on event-related changes after presentation of 

feedback for reward (WIN) and punitive (LOSE) outcomes, both for spectral power and inter-trial 

phase coherence.

Results—In our reward prediction task, for both groups, medial frontal theta power and phase 

coherence were greater following LOSE compared to WIN feedback. However, compared to 

controls, inter-trial coherence of medial frontal theta was significantly lower overall (across both 

feedback types) for individuals with ASD. Our results indicate that while individuals with ASD 

are sensitive to the valence of reward feedback, comparable to their neurotypical peers, they have 

reduced synchronization of medial frontal theta activity during feedback processing.
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Conclusions—This finding are consistent with previous studies showing neural variability in 

ASD and suggest that the processes underlying decision-making and reinforcement learning may 

be atypical and less efficient in ASD.
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Introduction

Individuals with Autism Spectrum Disorder (ASD) display an array of social and 

communication deficits in both verbal and nonverbal domains (Geschwind & Levitt, 2007; 

Pelphrey, Yang, & McPartland, 2014). These include abnormal behavioral responses when 

processing social stimuli (Sepeta et al., 2012; Yeung, Han, Sze, & Chan, 2014), such as 

atypical activation of reward circuitry during the anticipation and processing of monetary 

incentives and social cues (Dichter et al., 2012; Ingersoll, Schreibman, & Tran, 2003; 

Panasiti, Puzzo, & Chakrabarti, 2015; Rademacher, Schulte-Ruther, Hanewald, & 

Lammertz, 2016). Studies using a variety of methods suggest that ASD is characterized, in 

part, by atypical engagement of frontal and striatal systems (Glerean et al., 2016; Langen et 

al., 2014).

The interplay between prediction, anticipation, action, and outcome-related feedback is 

central to reinforcement learning processes (Holroyd & Coles, 2002; Schultz & Dickinson, 

2000) that rely on both positive and negative feedback in order to adaptively shape behavior 

(Sutton & Barto, 1998). It has been shown that medial prefrontal and limbic structures are 

engaged during feedback processing, serving to mediate reinforcement learning (Frank & 

Claus, 2006; O’Doherty, Dayan, Friston, Critchley, & Dolan, 2003; Pagnoni, Zink, 

Montague, & Berns, 2002; Pasupathy & Miller, 2005). Activity in the striatum and medial 

frontal cortex is sensitive to deviations from expected outcomes (Pagnoni et al., 2002; 

Pasupathy & Miller, 2005) and is linked to the rapid updating of expectations following 

prediction errors (Silvetti, Nunez Castellar, Roger, & Verguts, 2014). Abnormal functioning 

of striatal and frontal systems are also thought to manifest as difficulty in prediction and 

valuation of reward outcomes (Just, Keller, Malave, Kana, & Varma, 2012; Schmitz et al., 

2008), systems found to be atypical in persons with ASD and mice with autistic-like 

behaviors (Peça et al., 2011; Thakkar et al., 2008).

The feedback related negativity (FRN) is a well-established EEG event-related potential 

(ERP) measure. Broadly, the FRN is sensitive to choice outcomes and is larger (i.e., more 

negative) to losses and unexpected outcomes than to gains and expected outcomes (Gehring 

& Willoughby, 2002; Hajcak, Moser, Holroyd, & Simons, 2006; Holroyd, Nieuwenhuis, 

Yeung, & Cohen, 2003; Oliveira, McDonald, & Goodman, 2007). The FRN has been 

localized to medial-frontal cortex (Gehring & Willoughby, 2002; Holroyd & Coles, 2002; 

Nieuwenhuis, Slagter, von Geusau, Heslenfeld, & Holroyd, 2005; Ruchsow, Grothe, Spitzer, 

& Kiefer, 2002), as well as posterior cingulate, fusiform gyrus, and superior temporal gyrus 

(De Pascalis, Varriale, & D’Antuono, 2010). A recent study, using intracranial recordings, 
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provides more conclusive evidence that the medial prefrontal cortex generates the FRN, 

where larger amplitude and greater theta-band phase coupling are found compared to lateral 

prefrontal regions (Smith et al., 2015). In the context of reinforcement learning, the FRN 

signal may reflect brain processes involved in facilitating behavioral adaptation when 

external outcomes are not consistent with predictions (Cavanagh, Frank, Klein, & Allen, 

2010; Hajcak et al., 2006; van de Vijver, Ridderinkhof, & Cohen, 2011). The FRN is also 

sensitive to social rejection cues and explicit violations in social expectancy (Sun & Yu, 

2014), outcomes which are relevant in ASD and may relate to the commonly observed social 

deficits and atypical processing of reward feedback.

Impairment in appreciation for choice outcomes could contribute to several core symptoms 

of ASD (Sinha et al., 2014). However, support for this idea using ERPs has been mixed, 

perhaps due to reward paradigms that differ with respect to probabilistic and learning 

features as well as whether feedback is concrete or abstract (see Hüpen, Groen, Gaastra, 

Tucha, & Tucha, 2016). Two studies by Crowley and colleagues (Larson, South, Krauskopf, 

Clawson, & Crowley, 2011; McPartland et al., 2012), one dataset which is included in the 

current study, did not find reliable differences in FRN amplitude between age and IQ-

matched cohorts of ASD and neurotypical controls. On the other hand, another study 

documented a reduced FRN among individuals with subthreshold ASD compared to controls 

(Groen et al., 2008). Given that individuals with ASD show reduced sensitivity to outcomes 

that inform optimal response strategies (i.e., making errors; Jeste & Nelson, 2009; South, 

Larson, Krauskopf, & Clawson, 2010), and may be less motivated to attend to and appreciate 

rewards (Kohls et al., 2013), it is possible that impairment in prediction and atypical reward 

processing in ASD, not consistently evident in ERPs, may be detected with an oscillatory 

dynamics approach (Delorme & Makeig, 2004). However, few if any studies have 

considered rapid oscillatory dynamics of EEG as an indicator of neural synchrony in 

response to feedback processing.

ERP studies used a fixed-latency approach to mark specific time windows, often averaging 

signal across trials and/or subjects. This approach ignores other useful information in the 

EEG signal including spectral information (distribution in the strength of variation across 

frequencies) and event-related oscillatory dynamics (neural rhythms) (Le Van Quyen & 

Bragin, 2007; Sauseng et al., 2007). Measures of spectral power (from event-related spectral 

perturbations, ERSPs) and phase (inter-trial coherence, ITC) offer a somewhat more 

nuanced interpretation of the EEG signal that can target specific frequency ranges. ERSPs 

are a temporally sensitive index of the relative change of mean EEG power from baseline 

associated with stimulus presentation or response execution that may not show temporal 

stability. The ITC reflects the temporal and spectral synchronization within EEG and 

captures the consistency in phase alignment of neuronal activity that is elicited by task 

events. ITC is direct measure of trial-to-trial cortical synchrony, not available in the ERP 

waveform (Delorme & Makeig, 2004) and, together with ERSP, could help clarify whether 

feedback processing is atypical in ASD.

In particular, ITC can provide information on alignment or synchrony of brain activity in 

response to feedback, such as that provided by an experimental task or in everyday social 

situations. ITC is sensitive to rapid neural changes across time in response to a stimulus, 
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including a feedback event. Previous research has suggested that that intra-individual 

variability may be higher in ASD (Dinstein et al., 2012; Haigh et al., 2015). Some evidence 

suggest that within-subject variability in the amplitude and timing of early visual P1 ERPs is 

greater in ASD compared to neuro-typical matched controls (Milne, 2011). Others have 

examined neural variability in youth and young adults with ASD and found low coherence 

across multiple frequency bands during resting states (Dinstein et al., 2011; Lushchekina, 

Khaerdinova, Novototskii-vlasov, & Lushchekin, 2016), stimulus processing (Catarino et al., 

2013), and cognitive tasks (Lushchekina et al., 2016), leading some to suggest that a lack of 

synchrony in neural oscillations reflects an endophenotype of ASD (David et al., 2016; 

Schwartz, Kessler, Gaughan, & Buckley, 2016). Thus, we consider whether this variability 

could also be present in the FRN and reflect a lack of synchronization in medial frontal 

neural systems that mediate feedback processing.

In the present study we assess the spectral power shown by ERSP and phase coherence 

shown by the ITC, in ASD participants vis-à-vis a typical comparison group during a reward 

feedback processing task. We focus on the theta EEG frequency range (4–8 Hz) because a 

growing body of evidence shows that several medial frontal negativities, including the FRN, 

oscillate in this range and reflect changes in both spectral power and phase coherence 

(Cavanagh et al., 2010; Hajihosseini & Holroyd, 2013; Luft, Nolte, & Bhattacharya, 2013; 

Nigbur, Ivanova, & Stürmer, 2011; Trujillo & Allen, 2007; van Noordt, Campopiano, & 

Segalowitz, 2016). This study expands on our previous report of FRN data for the same 

participants (Larson et al., 2011), but employs time-frequency analysis of event-related EEG 

dynamics to quantify medial frontal theta ESRP and ITC across desirable and punitive 

outcomes in the task.

Materials and Methods

Participants

Enrollment and data acquisition were conducted at Brigham Young University as approved 

by the Institutional Review Board. The initial study enrollment included sixty-five 

participants, ranging from youth to young adults. However, EEG assessment was not 

performed on nine participants. In addition, seven participants (four neurotypical controls, 

three ASD) were excluded from subsequent analysis due to having fewer than 15 artifact-

free EEG trials when using the large segmentation window (+/− 1000 ms) for spectral 

analyses. Thus, the current sample included 27 individuals with an ASD diagnosis (mean 

age = 14.1, SD = 2.57, range 9 to 21, 24 male), and 22 neurotypical controls (mean age = 

13.98, SD = 2.80, 8 to 18, 20 male), matched on the range and distribution of age and IQ 

scores.

ASD participants all scored above the recommended cutoff of 7 on the Autism Diagnostic 

Observation Schedule (Lord et al., 2000) administered by a clinician trained to research 

reliability, and also scored above the recommended cutoff of 12 on the parent-report Social 

Communication Questionnaire (Corsello et al., 2007). Demographic information for study 

variables are listed in Table 1.
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Feedback-Reward Paradigm

Participants played a variation of the balloon gain context task, originally developed by 

Holroyd (Holroyd et al., 2003), and subsequently adapted for children by Crowley and 

colleagues (Crowley et al., 2009). Four colored balloon images (blue, green, red, and 

orange) appeared horizontally, in random order, in the center of the screen. Participants 

began the task with zero coins and were instructed on each trial to select a balloon to try to 

gain a coin worth a gain of 25 cents (see Figure 1). Incorrect choices were punished with a 

loss of 25 cents. Win feedback consisted of a green “$” on a black background, whereas 

Lose feedback was presented as a red “X” on a black background. The mean luminance for 

pixels that contained color values (i.e., non-black pixels) for Win and Lose feedback was .84 

and .86, respectively. As a proxy for contrast, we calculated ratio of luminance range to 

mean luminance to be 1.09 and 1.05 for Win and Lose feedback, respectively. Unknown to 

the participants, feedback was rigged with a random 50% chance of winning (WIN) and a 

50% chance of losing (LOSE) money. There was no pattern for certain colors or orders 

predicting specific outcomes. The balloons remained on-screen until the participant made a 

selection. Feedback appeared 1000ms after balloon selection and lasted 800ms, with a 

700ms inter-trial interval. Participants played 2 blocks of 72 consecutive trials, (144 

outcomes total). Each block began with 10–12 WIN trials to avoid frustration. All 

participants were debriefed and compensated the same fixed amount at the conclusion of the 

experiment.

Data Collection

EEG recordings were acquired on a high-density Electrical Geodesics, Inc. (EGI; Eugene, 

OR) system using 128 channel hydrocel sensor nets and NetStation software (v4.4). The 

data were initially referenced to Cz and sampled at 250 Hz. All impedances were maintained 

below 50 kΩ. Offline, the data were re-referenced to a standard average (Junghöfer, Elbert, T 

ucker, & Braun) and processed sequentially through a 0.1 Hz high-pass filter and a 30 Hz 

low-pass filter. The continuous recordings were segmented into 2-second epochs, 

corresponding to a 1000 ms pre-stimulus and a 1000 ms post-stimulus interval. Pre-

processing of the data and artifact rejection was performed using NetStation (v4.4) to 

remove segments containing extreme voltage fluctuations (threshold 200 μV) or muscle 

activity association with saccades and eye blinks (threshold 150 μV). Epochs with any eye 

blink or eye movement (threshold 150 μV) were rejected. Epochs with more than 10 bad 

channels were rejected. A channel was interpolated from surrounding sites if it was marked 

bad on more than 40% of trials. The single trial data were re-referenced to an average 

reference of all electrodes because the latter is thought to be a better representation of a true 

zero (Junghofer, Elbert, Tucker, & Braun, 1999). The data were baseline corrected using the 

200 ms pre-stimulus interval.

EEG Oscillations

ERSP and ITC were computed with EEGLab version 11.0.4.3 in MATLAB version R2012b; 

subsequent statistical analysis was performed in SPSS version 19. Given that theta 

oscillations have been linked to medial frontal sources (Asada, Fukuda, Tsunoda, 

Yamaguchi, & Tonoike, 1999), and are typically maximal at frontal midline sites during the 
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FRN (site Fz in the 10–20 system; Cavanagh, Figueroa, Cohen, & Frank, 2012; Cavanagh et 

al., 2010; Gehring & Willoughby, 2002; van den Bos, Cohen, Kahnt, & Crone, 2012) we 

extracted the average signal across four electrodes (5, 6 (Fz), 11, and 12) in the frontal 

midline region (see Figure 2).

The mean number of available, artifact free trials for the LOSE and WIN conditions were 

comparable between the neurotypical control group (LOSE mean = 53.18, SD = 13.12; WIN 

mean = 53.09, SD = 13.27) and the ASD group (LOSE mean = 53.72, SD = 16.20; WIN 

mean = 54.59, SD = 15.82). A repeated measures ANOVA for trial numbers revealed no 

reliable differences for condition (F(1, 47) = 0.39, p = 0.54), group (F(1, 47) = 0.11, p = 

0.74), or their interaction (F(1, 47) = .60, p = 0.44). Following the work of (Crowley et al., 

2014), the EEGLab function “newtimef” was used with default parameter settings (Delorme 

& Makeig, 2004) to compute ERSP and ITC in the medial frontal channel cluster across 28 

linearly spaced frequencies ranging from 3–30 Hz and 220 linearly time points spanning 

−440 to 440 ms around feedback onset. We focused on the theta frequency range (4 to 8 Hz) 

and during the 200–400 ms time range as this corresponds to the time window commonly 

used to capture the FRN. The ERSP and ITC values were averaged for each subject and 

exported to SPSS for hypothesis testing.

Results

Group by condition ERSP and ITC values are depicted in Figure 3 and Figure 4, 

respectively, which show that much of the oscillatory activity occurs in the theta band (4–8 

Hz) in a temporal range overlaps with the window commonly associated with the FRN. A 2 

(condition: LOSE vs. WIN) by 2 (group: Control vs. ASD) repeated measures analysis of 

variance (ANOVA) was carried out for both ERSP and ITC measures. Given that age related 

to FRN amplitude in our previous study using this sample, we included age as a covariate in 

each of the ANOVAs. A Fisher r-to-z transformation to the ITC values was performed prior 

to the statistical analysis. As with correlations, ITC values are not linearly distributed across 

their potential range of 0.0–1.0 (e.g., Liu, Woltering, & Lewis, 2014; Roach & Mathalon, 

2008). The transformation puts each individual’s ITC value on the same metric. Levene’s 

test for homogeneity of variances across groups, by condition, indicated the 

homoscedasticity assumption was met for all comparisons across ERSP and transformed 

ITC measures (ERSP: LOSE p =.57, WIN p =.16; ITC: LOSE p =.64, WIN p =.76). Table 1 

summarizes the means and standard deviations for ERSP and ITC values.

There was a significant condition effect for ESRP (F(1, 47) = 14.39, p <0.001, partial η2 = .

23), such that theta power in the 200–400 ms time range was greater in the LOSE compared 

to the WIN condition (Figure 3). There was no evidence of a reliable group effect, 

irrespective of condition (F(1, 47) = 0.06, p = 0.80, partial η2 = 001), nor a condition-by-

group interaction with respect to medial frontal theta power (F(1, 47) = 2.12, p = 0.15, 

partial η2 = 04).

Next we examined ITC, as a measure of coherence of neural oscillations across time (trial-

to-trial cortical synchrony). We observed a significant main effect for condition (F(1, 47) = 

11.00, p = 0.002, partial η2 = .19) similar to the results for theta power, indicating that ITC 
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was higher in the LOSE compared to the WIN condition between 200–400 ms post-

feedback. There was a reliable between-groups difference in ITC between the groups (F(1, 

47) = 9.24, p = 0.004, partial η2 = .16). Specifically, the TYP group showed more consistent 

trial-to-trial phase locking of theta rhythms (greater overall ITC), in response to feedback 

across trials (Figure 4). The condition by group interaction was not significant (F(1, 47) = 

0.11, p = .74, partial η2 = .002).

Given the potential for developmental changes in reward processing, we tested whether theta 

power and coherence varied as a function of age. We found no evidence that age is reliably 

correlated with theta ERSP or ITC in either condition in our sample (p’s > .08). Examining 

the association between age and medial frontal theta separately for each group revealed a 

significant negative correlation for ITC during the 200–400 ms window, specifically for win 

feedback in persons with ASD. Thus, we entered age as a covariate in a repeated measures 

ANOVA model, and found that ITC in persons with ASD was still significantly lower than 

neurotypical controls (F (1, 46) = 9.09, p < .004, partial η2 = .17). There were no significant 

associations between age and theta ERSP or ITC in the neurotypical controls (p’s > .51).

We also performed repeated measures ANOVAs as exploratory analysis of alpha (8–12 Hz) 

and beta (13–20 Hz) frequency. For alpha ITC in the 200–400 ms window, we did not 

observe any reliable differences between conditions (F(1,47) = 1.32, p > .05, partial η2 = .

03), groups (F(1,47) = 0.24, p > .05, partial η2 = .01), or the interaction between feedback 

type and group (F(1,47) = 0.19, p > .05, partial η2 = .04). Similar results were observed for 

beta ITC such that there were no reliable differences between conditions (F(1,47) = 1.40, p 
> .05, partial η2 = .03), groups (F(1,47) = 0.03, p > .05, partial η2 = .01), and their 

interaction (F(1,47) = 1.24, p > .05, partial η2 = .03).

Discussion

We examined medial frontal theta ERSP and ITC during feedback processing in an ASD 

cohort and matched controls. We found that, compared to WIN outcomes, LOSE outcomes 

were associated with greater event-related spectral power (ERSP) and phase coherence 

(ITC) across trials in the theta range. Our findings for ERSP are consistent with prior studies 

of FRN-related tasks, which have documented greater theta power for loss compared to gain 

feedback during the time window of the FRN (Cavanagh, Zambrano-Vazquez, & Allen, 

2012; Cohen, Elger, & Ranganath, 2007; Cohen, Elger, & Fell, 2009). We did not observe a 

group-by-condition interaction for spectral power or ITC. However, compared to 

neurotypical individuals, those with ASD showed less trial-to-trial phase locking of theta 

rhythms (lower overall ITC, less consistency in response) irrespective of feedback type. 

Given that some studies show that ASD patients and controls have similar FRN amplitudes 

to reward and punishment feedback (Larson et al., 2011; McPartland et al., 2012), these data 

underscore the importance of also measuring the consistency of trial-to-trial phase alignment 

as a measure of neural synchrony. In a reward prediction task we show a unique difference, 

lower trial-to-trial phase locking in ASD, consistent with several studies highlighting a lack 

of neural synchrony as an endophenotype in ASD (Catarino et al., 2013; David et al., 2016; 

Dinstein et al., 2011; Lushchekina et al., 2016; Schwartz et al., 2016). Our findings point to 
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further evidence for reduced ITC in ASD and the benefit of examining more nuanced 

measures in EEG studies that can differentiate ASD from neurotypical controls.

An emerging body of evidence suggests that ASD is linked to inconsistency in neural 

responses. Functional neuroimaging studies find that, compared to controls, sensory evoked 

responses are more variable in ASD across visual, somatosensory, and auditory domains 

(Dinstein et al., 2012; Haigh & Heeger, 2015). Other work reports that ASD is related to 

reduced coherence, as measured by functional connectivity, between posterior and frontal 

systems when individuals with ASD perform tasks related to executive function (Just, 

Cherkassky, Keller, Kana, & Minshew, 2007), inhibition (Kana, Keller, Minshew, & Just, 

2006; Solomon et al., 2009), learning (Schipul & Adam, 2016), language (Just, Cherkassky, 

Keller, & Minshew, 2004; Mizuno et al., 2011), and social processing (Kana et al., 2009). 

Furthermore, Milne (2011) found that ASD is associated with greater variability in P1 ERP 

responses and reduced synchrony in the phase locking of alpha oscillations during visual 

processing of Gabor patches. Although focused on alpha and gamma bands, others have 

shown reduced ITC in persons with ASD (Edgar et al. 2015; Gandal et al. 2010; Milne, 

2011; Rojas et al. 2008; Sun et al. 2012). Our work extends the findings of neural variability 

from the sensory and cognitive domains to the area of reward feedback prediction, 

highlighting reduced medial frontal theta trial-to-trial synchrony in persons with ASD.

Much evidence implicates reduced neural synchronization in ASD (Catarino et al., 2013; 

Dinstein et al., 2011; Lushchekina et al., 2016). The variability in theta we observed in 

persons with ASD aligns with recent work by Sinha and colleagues (Sinha et al., 2014), who 

proposed that a common underlying deficit within the autism phenotype is poor predictive 

abilities. Extracting and refining accurate conditional probabilities is influenced by the 

strength and temporal displacement of successive events (e.g., choice-outcome). Although 

our task removes the opportunity for individuals to learn predictive associations, persons 

with ASD have been shown to show smaller FRN ERPs, regardless of outcome valence, in 

both observational and active conditions of a probabilistic reward-learning task (Bellebaum, 

Brodmann, & Thoma, 2014), suggesting a global reduction in neural synchrony during 

reward feedback processing. Our findings suggest a specific deficit in theta ITC rather than 

the FRN which was comparable across ASD and neurotypical individuals (Larson et al., 

2011). Importantly, accumulating evidence suggests atypical functioning in reward circuitry 

in humans and animals models of ASD, including the medial frontal cortex and the striatum 

(Peça et al., 2011; Thakkar et al., 2008). At a physiological level, our findings show that 

feedback stimuli do not induce phase re-setting of ongoing theta oscillations to the same 

extent in persons with ASD compared to neurotypical controls, suggesting a specific deficit 

in theta ITC rather than the FRN which was comparable across ASD and neurotypical 

individuals (Larson et al., 2011). Although our results do not speak directly to an explicit 

impairment in prediction in a learning context among persons with ASD per se, it is possible 

that, in the context of reward processing, a lack of neural synchronization could impact 

reinforcement learning and manifest as a limited capacity to predict, and adapt to, stimulus-

outcome contingencies in the environment. However, reduced theta ITC in ASD we 

observed here may also reflect a more general effect of lower coherence in ASD as reviewed 

earlier. It will be useful for future studies to include paradigms that examine whether neural 

variability during feedback processing contributes to difficulties in reinforcement learning.
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Implications

Although participants with ASD in this sample did show typical sensitivity to the valence of 

the feedback, as reflected by increased coherence for LOSS more than WIN trials, they 

showed an overall reduction in phase consistency of theta oscillations following feedback. 

Greater variability in medial frontal activity to feedback aligns with a recent proposal 

suggesting that individuals with ASD suffer from a limited capacity to accurately anticipate 

and predict behavioral outcomes and the timing of events (see Sinha et al., 2014; Pellicano 

& Burr, 2012). Given the chance-based nature of our task, it is possible that our findings 

underscore a general impairment in prediction that is reflected in reduced synchronization of 

medial frontal theta when individuals with ASD are presented feedback about their choices. 

In this context, ITC to feedback warrants further examination, as reduced coherence in 

frontal theta could provide a possible link to common factors in ASD, such as the propensity 

for insistence on sameness. In addition, future studies would benefit from a thorough 

examination of ASD comorbidity with other disorders that could impact feedback 

processing, including anxiety, ADHD, OCD, and ODD.

Our focus on theta oscillations during positive and negative feedback outcomes was guided 

by a large-sample child study (n = 108, Crowley et al., 2014) and adult studies applying win-

loss feedback tasks (Cavanagh et al., 2010). Although Figures 3 and 4 illustrate a clear 

increase in theta power and coherence, these effects also taper off into the alpha frequency 

range (9–13 Hz). Prior work has shown that reward processing might elicit midfrontal beta 

activity (Marco-Pallares et al., 2008), although this was not evident from the event-related 

ESRP and ITC measures in our study. In addition to theta (Yeung, Han, Sze, & Chan, 2016), 

other studies on ASD have implicated oscillatory activity in both alpha and gamma ranges 

(Buard et al., 2013; Milne, 2011;Rojas & Wilson, 2014), suggesting that oscillatory 

measures hold particular relevance to characterization of ASD. Our results provide an 

important starting point for future studies on medial frontal theta dynamics in prediction, 

feedback processing, and reinforcement learning in ASD.
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Highlights

• EEG oscillations to feedback processing examined in ASD and controls

• Power and phase coherence were measured to WIN/LOSE feedback

• Phase alignment in medial frontal theta rhythms to feedback was lower in 

ASD

• Trial-to-trial cortical synchrony linked to atypical feedback processing in 

ASD
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Figure 1. 
Balloon Feedback Prediction Task. A red “X” indicates a 25¢ loss; a “$” indicates a 25¢ 

win.

van Noordt et al. Page 16

Res Autism Spectr Disord. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
128 channel Hydrocel geodesic sensor net. The electrodes shaded in gray were used in the 

present analysis corresponding to channels 11 (Fz), 12, 5, and 6.
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Figure 3. 
ERSP values for the LOSE (left) and WIN (right) conditions in neurotypical controls (top) 

and ASD. Feedback stimulus onset is marked by the dashed white line, t=0 ms.
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Figure 4. 
ITC values for the LOSE (left) and WIN (right) conditions for neurotypical controls (top) 

and ASD (bottom). Feedback stimulus onset is marked by the dashed black line, t=0 ms.
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Table 1

Means and Standard Deviations for EEG Spectral Measures by Group and Condition

Group

ASD Control

ERSP

Win 2.45 (1.12) 2.68 (1.63)

Lose 3.21 (1.43) 3.63 (1.78)

ITC

Win .29 (.12) .36 (.11)

Lose .35 (.13) .43 (.14)
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