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Abstract

The auditory mismatch field (MMF) is a pre-attentive processing component, reflecting neural 

discrimination and inhibitory processing. Abnormal MMFs have been reported in children with 

autism spectrum disorder (ASD) along with an association with abnormal language 

comprehension; however, relatively little is known about MMF abnormalities to contrasting vowel 

stimuli in adults with ASD. To better understand the neurophysiological mechanisms underlying 

auditory language discrimination of vowel stimuli in individuals with ASD, 

magnetoencephalography was used to measure MMFs during an auditory oddball paradigm with 

vowel stimuli (/a/ and /u/) in adults with ASD. MMFs arising from left and right superior temporal 

gyrus are reported from nine high-functioning right handed males with ASD (22.22±5.74yrs) and 

sixteen typically developing (TD) right handed males (27.25±6.63yrs). The MMF was delayed in 

adults with ASD (188.90±5.8ms) as compared to the TD participants (173.08±4.31, p<0.05). 

Replicating previous findings in children, the earlier M100 component to single stimulus tokens 

was also delayed in adults with ASD (108.59±4.1ms) compared to the TD participants (94.60±3.0, 

p<0.05). However, there was no correlation between delayed M100 latency and MMF latency. 

Furthermore, whereas TD participants showed a leftward lateralization of MMF amplitude, 

participants with ASD showed an opposite (rightward) lateralization. Findings suggest that adults 

with ASD have hemispherically- and temporally- abnormal auditory discrimination processing in 

addition to and distinct from abnormal neurophysiological mechanisms in earlier cortical 

responses.
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Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by 

impaired social and communication skills, and by repetitive and stereotyped behavior [1]. 

Magnetoencephalographic (MEG) studies have shown abnormal auditory cortical responses 

in superior temporal gyrus (STG) such as delayed auditory response components (e.g.M100) 

in children with ASD [2]. The STG, encompassing primary and secondary auditory cortex, 

is believed to be a substrate for underlying clinical features in individuals with ASD [3]. The 

auditory mismatch field (MMF) response reflects an individual’s ability to detect changes in 

auditory patterns (e.g. changes in phoneme tokens) by presenting regularly occurring 

“standard” stimuli, occasionally interrupted with rare “deviant” stimuli [4]. Most previous 

studies of the MMF have reported atypical auditory discrimination processing in individuals 

with social impairment or ASD [5-8]. For example, delayed MMF latencies to speech and 

non-speech sounds have been observed in children with ASD compared to typically 

developing peers (TD), suggesting that difficulty parsing transient differences in sounds may 

lead to impaired acoustic or phonological representations [9]. These impaired 

representations appear to be a marker of language impairment in ASD [9]. Furthermore, a 

previous study reported that children with ASD showed abnormal neural activation 

hemispheric laterality indices (LIs) to passive auditory vowel stimuli and suggested that 

children with ASD showed different maturational trajectories in language lateralization, 

indicative of atypical functional specialization in ASD [10]. In addition, Herbert et al., [11] 

reported children with autism showed rightward asymmetry in frontal language areas 

whereas controls showed leftward asymmetry. In addition, Gallagher et al., [12] reported 

that increased tuber burden was associated with decreased LIs (a lack of leftward 

lateralization) in participants with tuberous sclerosis and epilepsy, suggesting inter-

hemispheric cerebral language reorganization predisposing to a decrease of left-hemispheric 

language dominance in patients with tuberous sclerosis complex.

The persistence of atypical STG MMF responses into adulthood for individuals with ASD 

remains unclear. To contribute to the understanding of the neurophysiological mechanisms 

of auditory language discrimination processing in adults with ASD, MEG was used to 

measure cortical responses in adults with ASD to an auditory oddball paradigm with vowel 

stimuli (/a/ and /u/) identical to those used in a prior study with children with ASD [13]. 

Based on previous reports, we hypothesized that delayed MMF latency and abnormal 

rightward lateralization would be observed in adults with ASD.
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Methods

Participants

Twenty-two adult male participants with ASD were recruited from the Adult Autism 

Spectrum Program in the Department of Psychiatry at the Hospital of the University of 

Pennsylvania. Twenty-two adult male TD participants were recruited through local 

advertisements. All ASD participants had a prior diagnosis of ASD, made by an expert 

clinician according to DSM criteria [1]. At the time of study participation, adults with ASD 

were required to exceed established cut-offs on the Autism Diagnostic Observation Schedule 

Second Edition (ADOS-2) [14] as well as on either the Social Communication 

Questionnaire (SCQ, Lifetime) [15] or Social Responsiveness Scale, 2nd Edition (SRS-2), 

Adult-Informant Report [16]. Individuals for whom informant report was not available were 

included in the ASD group if they had a documented prior diagnosis of ASD and exceeded 

established cut-offs on the ADOS-2 as well as on both the SRS-2 Adult-Self Report and 

Broad Autism Phenotype Questionnaire [17]. Individuals 1 point below diagnostic cut-offs 

on the ADOS-2 were included if they exceeded cut-offs on two informant report 

questionnaires or on the Autism Diagnostic Interview-Revised [18]. The Wechsler 

Abbreviated Intelligence Scale-II (WASI-II) was administered for all participants [19]. 

Inclusion criteria for the TD adults included scoring below the cut-off for ASD on all 

domains of the ADOS-2 and below cut-offs on informant and self-report questionnaires, 

along with performance above the 16th percentile on the Clinical Evaluation of Language 

Fundamentals - Fourth Edition (CELF-4) [20] and WASI-II Verbal Comprehension Index.

All participants had English as a first language. Exclusion criteria included 1) 

claustrophobia, 2) metallic implanted prosthetic, stimulation device, excessive metallic 

dental work or other non-removal metal in the body, and 3) any known genetic syndromes or 

neurological or sensory impairments. TD adults also had no history of current psychiatric 

illness, documented by self and informant ratings on the Adult Behavior Checklist [21], and 

were taking no psychotropic medications. Four of the nine participants with ASD were 

taking medication; participant 1 (stimulants; Adderall™), participant 2 (stimulants; 

Concerta™, Focalin™ and Metadate™), participant 3 (stimulants; Concerta™), participant 

4 (Antidepressants; Zoloft™). Previously, several researchers have reported delayed auditory 

latency either including or excluding children with ASD who were taking such medications 

with no apparent differences in findings secondary to any possible effect of drugs on cortical 

responses [22,23]. So we chose to retain these 4 subjects, noting their medication use. Data 

from these 4 subjects did not show evidence of forming an outlier cluster in terms of either 

M100 or MMF. The study was approved by the CHOP Institutional Review Board and all 

participants provided written informed consent.

Auditory stimuli

Prior to the MEG recording, each participant’s hearing threshold was determined, and 

auditory stimuli were presented at 45dB SL (above threshold). The auditory stimuli (/a/ 

and /u/) were presented using Eprime v1.1 (Psychology Software Tools Inc., Pittsburgh, PA), 

binaurally via sound pressure transducers and sound conduction tubing to the participant’s 

peripheral auditory canal via eartip inserts (ER3A, Etymotic Research, Illinois). Vowel 

Matsuzaki et al. Page 3

Neurosci Lett. Author manuscript; available in PMC 2020 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



stimuli were of 300 ms duration with each token used as the standard (85%, range 530-552 

occurrences) or deviant (15%, range 94-105). Stimulus onset asynchrony was 700ms [24]. 

Two sessions with the vowels alternating as standard/deviant were conducted for matched 

token subtraction (i.e., deviant /u/–standard /u/ and deviant /a/-standard /a/).

MEG recording

MEG data were obtained in a magnetically shielded room using a 275-channel whole-cortex 

CTF magnetometer (CTF MEG, Coquitlam, Canada). At the start of the session, three head-

position indicator coils were attached to the scalp to provide continuous specification of the 

position and orientation of the MEG sensors relative to the head. Foam wedges were inserted 

between the side of each subject’s head and the inside of the MEG dewar to increase subject 

comfort and ensure that the head remained in the same place across recording sessions 

[2,13]. To minimize fatigue and encourage an awake state, participants viewed a movie 

projected on to a screen positioned at a comfortable viewing distance. To aid identification 

of eye-blink activity, the electro-oculogram (EOG, bipolar oblique, upper right and lower 

left sites) was collected. Electrodes were also attached to the left and right collarbone for 

electrocardiogram (ECG) recording.

Data analysis

All analyses were performed blind to participant group [2,13]. After a band-pass filter 

(0.03-150Hz), EOG, ECG, and MEG signals were down sampled to 500Hz with third-order 

gradiometer environmental noise reduction implemented for the MEG data. Epochs 

100msec pre-stimulus to 498msec post-stimulus were defined from the continuous 

recording. To correct for eye blinks, a typical eye blink was manually identified in the raw 

data including EOG for each participant. The pattern search function in BESA Research 6.1 

(BESA GmbH, Germany) scanned the raw data to identify other blinks and computed an 

eye-blink average. An eye blink was modeled by its first component topography from 

principal component analysis (PCA), typically accounting for more than 99% of the variance 

in the eye-blink average. In addition to eye-blink activity, a heartbeat average was obtained 

and heartbeat activity was modeled by the first two PCA components topographies of a 

heartbeat average, typically accounting for more than 85% of the variance in the heartbeat 

average. Scanning the eye blink and heartbeat-corrected raw data, epochs with artifacts other 

than blinks and heartbeat were rejected by amplitude and gradient criteria 

(amplitude>300fT, gradients>25fT/cm).

Using all 275 channels of MEG data, determination of the strength and latency of auditory 

evoked field (AEF) sources in the left and right STG was accomplished by applying a 

standard source model to transform each participant’s raw MEG surface activity into brain 

space (MEG data coregistered to the MNI averaged brain) using a model with multiple 

sources [25,26,27]. The standard source model applied to each subject was constructed by 

including left and right STG dipole sources placed at Heschl’s gyrus as well as nine fixed 

regional sources that modeled brain background activity and served as probe sources for 

additional activity. The eye-blink and heartbeat source vectors derived for each participant 

were also included in each participant’s source model [28,29].
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The final source model served as a source montage for the raw MEG [30,31]. The MEG 

sensor data was transformed from channel space into brain source space where the 

visualized waveforms represent the modeled source activities. This spatial filter disentangled 

the source activities of the different brain regions that overlapped at the sensor level. Of 

note, although the amplitude and latency of the ~100msec STG responses as well as the 

MMFs were obtained using a dipole source placed at a standard location, in each subject 

left- and right-hemisphere dipoles were individually oriented at the maximum of the M100 

component. For the source analysis, a 1Hz (12dB/octave, zero phase) to 55Hz (48dB/octave, 

zero-phase) band-pass filter and notch filter at 60Hz (width 5Hz) were applied.

The M100 response was determined as the maximum intensity signal with appropriate scalp 

topography in the latency window 50-150ms. It was computed separately for standard and 

deviant occurrences of each token from source-space waveforms. The higher signal to noise 

ration of the deviant responses provides a superior estimate of the M100 latency than that of 

the standard response, although no systematic differences were resolved. MMF components 

were defined from the difference wave obtained by subtraction of the standard response 

from the deviant response for each token, with the MMF peak identified as the first peak 

following the residual M100 in the subtracted waveform (occurring ~250ms post stimulus 

onset). MMF responses were thus defined for each token and each hemisphere separately.

To evaluate hemisphere laterality; LIs was computed using the following formula, 

LI = (LH − RH)
(LH + RH) , where LH and RH represent MMF amplitude in the left and right 

hemispheres, respectively.

Potential effects of group, hemisphere and token on M100 and MMF latency and amplitude 

were evaluated with linear mixed models (LMMs) using these factors and age as a covariate 

(allowing group×age interaction). Potential influence of language ability (VIQ) and autism 

severity (SRS-2) was considered by incorporating these measures as additional covariates. 

LIs were assessed using a LMM with group and token as fixed factors and subject as a 

random effect. If there were significant main effects, we performed post-hoc tests. 

Bonferroni correction was applied for multiple comparison. We calculated effect size (r) 

using the F ratio and number of degrees of freedom (df). Potential associations between 

M100 and MMF latency were evaluated via a hierarchical linear regression including age. 

All statistical analyses were performed with SPSS Statistics Version 25 (IBM, Armonk, 

USA).

Results

Demographics

Forty-four male adults (26.05±7.12yrs) entered the study. Nineteen participants were 

excluded from final analysis: four (n=2 ASD; n=2 TD) participants who were left-handed 

assessed by Edinburgh Handedness Inventory [32] and fifteen participants who did not 

complete or have analyzable MEG (n=7 ASD; n=4 TD) or meet inclusion criteria on 

neurophysiological assessments (n=4 recruited as ASD but who did not meet ASD criteria). 

Characteristics of participants included in the final analysis are shown in Table 1. As 
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expected, there were group differences in SCQ (t=8.27, p<0.01), SRS-2 total score (t=6.10, 

p<0.01) and ABCL total problem score (t=4.56, p<0.01). Group differences in age, FSIQ, 

VIQ and PIQ were not statistically significant (p’s>.05).

M100 / MMFs latencies and amplitude

Example MMF waveforms are shown in Figure 1. A LMM with factors of group, 

hemisphere and token and age, as well as allowing an age×group interaction, showed a 

significant effect of group on MMF latency (TD=173.08+/−4.31ms; ASD=188.9+/−5.8 ms; 

p<0.05, r=.33), with no effect of hemisphere (LH:179.80+/−3.8ms; RH:182.18+/−3.8 ms; 

p>0.45,r=.06) or token (/a/: 181.36+/−3.8ms; /u/: 180.6+/−3.8ms; p>0.80,r=.02) and no 

interaction (p>0.20, r=.09), indicating ASD showed significantly delayed MMF latency 

across both hemisphere and token (p<0.05, Figure2-A).

Adults with ASD tended to show increased MMF amplitude, however, there were no 

significant main effects of group (TD:9.6+/−1.5nAm; ASD:12.4+/−2.1nAm; p=0.11, r=.27, 

Figure 2-B) or hemisphere (LH:11.30+/−1.4nAm; RH: 10.8+/−1.4nAm; p>0.68, r=.04) or 

token (/a/: 10.5+/−1.4 nAm; /u/: 11.6+/−1.4nAm; p>0.41, r=.07) and no interaction between 

group, hemisphere and token (p>0.70,r=.03).

As shown in Figure 2-C, for M100 latency to deviant stimuli, there were also significant 

effects of group (TD=94.60+/−3.0ms; ASD=108.59+/−4.1ms; p<0.05, r=.47), hemisphere 

(LH:94.60+/− 2.7ms; RH:108.59+/−2.7ms; p<0.05, r=.24), and token (/a/:98.90+/

− 2.7ms; /u/: 104.30+/− 2.7ms; p>0.05, r=.15) and no interaction on group, hemisphere and 

token (p>0.70,r=.07), indicating that adults with ASD showed delayed M100 latency across 

hemispheres and tokens (p<0.05). There was no association between MMF latency and 

M100 latency (to deviant token) across hemispheres (TD: r=0.03; ASD: r=0.11; p’s>0.5, 

Figure2-D). There were also no associations between MMF latency and dimensional scores 

of autism severity (SRS-2 total score) or language ability (CELF4,VIQ, p’s>0.05) in the 

ASD cohort.

Laterality Indices

Adults with ASD showed right-ward LIs derived from hemispheric MMF amplitudes 

compared with TD, indicating a lack of typical left-ward lateralization (TD: +0.16+/−.076; 

ASD:−0.20+/− 0.10; p<0.05,r=.34, Figure 3). There was no effect of token (/a/:−0.04+/

−0.08; /u/:−0.05+/− 0.08; p>0.05,r=.02) and no interaction (p>0.05, r=.05).

Discussion

The main finding of this study is the observation of a delayed magnetic mismatch field in 

adults with ASD compared to typically-developing peers. MMF is a neurophysiological 

index of auditory sensory memory and discrimination processes [6,7]. Consequently, we 

interpret the delay in MMF observed in this study to reflect impaired processing of the 

auditory stream in adults with ASD. Similar results have been observed in studies of 

children with ASD [2,13,24] and this study suggests that these delays persist into adulthood 

and are not resolved during child-adolescent development. Whether the findings are unique 

to the auditory system or reflect an index of more generalized neural processing deficits is 
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beyond the present scope, but at least it appears that neural activity in auditory cortex and 

related areas of superior temporal gyrus is compromised in these patients.

The mechanism underlying delay in the MMF remains unclear. However, several studies 

have reported analogous delays in earlier auditory processing responses (e.g. M50 and 

M100) in ASD [22,23,36]. For example, Roberts et al [22] reported delayed M100 STG 

latency in children with ASD, suggesting M100 latency delay indicated disruption of 

encoding simple sensory information and that maturation of cortical auditory systems in 

children with ASD may follow a differential path compared to typically developing children. 

We could therefore speculate that the delay in MMF observed in the present study in adults 

with ASD also arises from anomalies in the maturation of the underlying white matter 

pathways including not only the auditory sensory pathway, but all connections subserving 

subsequent processing. In fact, while both are delayed, the decoupling of delays in M100 

latency and MMF latency in this study rather supports the additional anomalous neural 

activity in the circuitry subsequent to early sensory responses giving rise to MMF delays 

which are independent of earlier M100 delays.

Findings of increased MMFs amplitude (although not quite attaining significance, p=0.11), 

may be interpreted in light of knowledge that N methyl D -aspartate (NMDA) receptor-

related neurotransmission is crucial for MMF activation [33]. Schmidts et al., [34] indicated 

that ketamine (which is an NMDA receptor antagonist) selectively reduces the normal 

increase in synaptic plasticity in STG in response to deviant tones. Based on the previous 

findings, dysfunction of NMDA receptors may also contribute to the tendency towards 

increased MMF amplitude in adults with ASD.

Another finding was a lack of leftward MMF amplitude lateralization in the adults with 

ASD. In fact a laterality index constructed from the hemispheric MMF amplitudes was 

significantly rightward in bias, opposite to that observed in typically developing adults. This 

rightward pattern is consistent with prior reports of abnormal hemispheric asymmetry in 

children with ASD with both structural [11,35] and functional [10] measures identifying 

anomalies in the right hemisphere.

Taken together, we speculate that abnormal MMF responses in adults with ASD and 

characterized by delayed MMF latency, increased MMF amplitude and rightward LIs in 

STG relate to atypical white matter maturational trajectories, perhaps not only implicating 

anterograde conduction but also interhemispheric inhibition [36]. Candidate anomalies of 

maturation could be atypical myelination, atypical axon diameter and/or atypical fiber 

density, leading to reduced conduction velocity, or impaired synaptic function. Whether 

increased rightward lateralization in ASD represents an attempt to achieve compensatory 

function remains unclear. To examine this speculative hypothesis, further studies are needed 

perhaps with longitudinal designs. The different relative contributions of MMF delay, MMF 

amplitude and MMF lateralization, while all pointing to atypically developing cortical/

subcortical systems might be taken to characterize individual differences across the spectrum 

of adults with ASD and thus might provide a mechanistically-driven basis for stratification 

of subtypes. These measures could also provide objective markers of atypical brain 

development underlying auditory/language discrimination in ASD. Interestingly, unlike 
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previous reports in children with ASD, we did not observe a correlation between delayed 

MMF latency and clinical assessment of language impairment (CELF-4 core language 

index). While this could be attributed to a small sample size, it could also be that during 

development and adulthood compensatory processes / strategies have evolved to improve 

language function, despite the neurophysiological (MMF) evidence of atypical vowel 

discrimination.

Some study limitations should be acknowledged. First, our evaluable participant pool was 

limited because of the problems of artifacts or incomplete recording and assessment. 

Therefore, sample size is insufficient to adequately probe associations with general cognitive 

function as well as dimensional assessments of ASD or language function. Second, we did 

not examine associations between MMF response and other modalities (for example 

diffusion tensor imaging and/or GABA magnetic resonance spectroscopy). Thirdly, in 

common with almost the entire literature on mismatch negativity [37], we conducted our 

experiments with the subjects not actively attending to the auditory stimuli, but rather 

watching a silent movie. There is considerable evidence for the MMN (and its magnetic 

counterpart the MMF) reflecting pre-attentive, obligate activity and thus not being 

influenced by the visual distraction. Certainly, the viewing of a silent movie reduces the 

participants’ symptoms of fatigue and helps maintain a steady head position, improving 

resultant data quality. Nonetheless we cannot rule out the possibility of some modulation of 

auditory cortex neural activity by the visual stimulus of the movie. That said, both ASD and 

typically-developing cohorts were scanned under identical movie-watching conditions and 

so the relative delays observed herein cannot likely be attributed to the movie itself.

Conclusion

This study demonstrated delayed MMF responses and a reversal (i.e. towards right-ward) of 

typical left-ward amplitude lateralization in adults with ASD. These MMF findings are 

largely independent of delays in earlier response components, as evidenced by a lack of 

correlation between M100 latency and MMF latency. These findings provide evidence of the 

adult consequences of atypical brain development in ASD.
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Highlights:

• Delayed vowel discrimination process in adults with autism spectrum disorder

• Abnormal rightward lateralization in adults with autism spectrum disorder

• Delayed MMF response was decoupled from the earlier auditory M100 

response delay
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Figure 1. 
Example waveforms from right superior temporal gyrus in representative individuals with 

(a) typical development, (b) ASD. Vertical lines on the waveform indicated stimulus onset 

(zero ms). Arrows indicated MMF peak (TD: MMF peak latency 190ms, amplitude 7.7nAm, 

ASD: MMF peak latency 224ms, amplitude 26.78nAm). As shown in right figure, gray line 

indicated standard, dashed gray line indicated deviant and black line indicated subtraction.
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Figure 2. 
(A) Estimated marginal means MMF latencies by group, hemisphere and token. Error bars 

represent one standard error of the marginal means. There is a significant (asterisk: p<0.05) 

main effect of group on MMF latency, indicating ASD showed significantly delayed MMF 

latency across both hemispheres and tokens (p<0.05). There were no main effects of 

hemisphere or token.

(B) Estimated marginal means of MMF amplitude by group and token. Error bars represent 

one standard error of the marginal means. Although MMF amplitude appears to tend to be 

greater in ASD compared to TD, there are in fact no statistically significant main effects of 

group, hemisphere or token.

(C) Estimated marginal mean M100 latencies by group, hemisphere and token. Error bars 

represent one standard error of the marginal means. There are significant main effects of 

group and hemisphere on M100 latency, indicating ASD showed significantly delayed M100 

latency across hemispheres and tokens (p<0.05) as well as that, in general, for either group, 

right hemisphere responses were slightly later than left hemisphere responses in this study.

(D) Grouped scatter plot of MMF latencies vs M100 latencies, depicting no significant 

association within either TD or ASD groups across hemispheres and tokens (p<0.05). While 

both M100 and MMF latencies are in general delayed in ASD compared to TD, these delays 

appear to be decoupled from each other.
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Figure 3. 
Estimated marginal mean laterality indices derived from MMF amplitude, by group and 

token. Error bars represent one standard error of the marginal means. Adults with ASD 

showed rightward (-ve) LIs compared to TD (p<0.05).
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Table 1.

Characteristics of study participants.

Typically Developing
Control

(Mean, SD)

Autism Spectrum
Disorder

(Mean, SD)

Number of participants 16 9

Gender Male Male

Age 27.25±6.63 22.22±5.74

SCQ 2.89±3.62 18.13±5.03   *

SRS - 2 Adult - informant

Report 40.57±2.82 69.11±11.92  *

WASI - II

 FSIQ 114.10±16.48 106.22±15.12

 VIQ 119.50±19.70 101.44±17.42

 PIQ 105.70±12.71 109.89±13.33

CELF 4 Core language index - 90.17±18.27

ABCL Total problems 41.00±3.42 59.00±7.67   *

ASD: autism spectrum disorder. SCQ: social communication questionnaire. SRS-2 Adult-Informant Report: Social responsiveness scale −2nd 
Edition Adult - Informant Report. WASI-II: The Wechsler Abbreviated Scale of Intelligence – second edition. FIQ: full intelligence quotient. VIQ: 
verbal intelligence quotient. PIQ: performance intelligence quotient. CELF-4: Clinical Evaluation of Language Fundamentals – 4th edition. ABCL: 
Adult Behavior Checklist.

*
p < 0.05 for comparison between groups.
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