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ABSTRACT

Autism spectrum disorder (ASD) is associated with widespread receptive language impairments, yet the neural
mechanisms underlying these deficits are poorly understood. Neuroimaging has shown that processing of
socially-relevant sounds, including speech and non-speech, is atypical in ASD. However, it is unclear how the
presence of lexical-semantic meaning affects speech processing in ASD. Here, we recorded magnetoencepha-
lography data from individuals with ASD (N = 22, ages 7-17, 4 females) and typically developing (TD) peers (N
= 30, ages 7-17, 5 females) during unattended listening to meaningful auditory speech sentences and mean-
ingless jabberwocky sentences. After adjusting for age, ASD individuals showed stronger responses to mean-
ingless jabberwocky sentences than to meaningful speech sentences in the same left temporal and parietal
language regions where TD individuals exhibited stronger responses to meaningful speech. Maturational tra-
jectories of meaningful speech responses were atypical in temporal, but not parietal, regions in ASD. Temporal
responses were associated with ASD severity, while parietal responses were associated with aberrant involuntary
attentional shifting in ASD. Our findings suggest a receptive speech processing dysfunction in ASD, wherein
unattended meaningful speech elicits abnormal engagement of the language system, while unattended mean-
ingless speech, filtered out in TD individuals, engages the language system through involuntary attention
capture.

1. Introduction

consistent findings are arguably related to semantic processing
(Boucher, 2012). These speech and language impairments greatly

Autism spectrum disorder (ASD) is associated with speech and lan-
guage impairments (Mody et al., 2013; Tager-Flusberg et al., 2005), with
receptive language deficits proposed to be particularly characteristic of
the disorder (Charman et al., 2003; Hudry et al., 2010; Luyster et al.,
2008). While receptive language deficits in ASD have been reported at
different linguistic levels, including phonology and syntax, the most

impact the lives of ASD individuals, and childhood language skills in
ASD have been shown to predict adaptive behaviours (everyday life
skills) and social outcomes, such as inter-personal relationships, later in
life (Magiati et al., 2014).

Behaviorally, aberrant speech processing in ASD has been reported
by many previous studies. For example, compared to typically
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developing (TD) peers, infants with ASD or those at increased risk for
ASD have been shown to exhibit lack of orientation to speech (Bebko
et al., 2006; Curtin and Vouloumanos, 2013; Nadig et al., 2007; Paul
et al., 2007). Similarly, preschool children with ASD demonstrate an
auditory preference for synthesized non-speech over meaningful speech
(Kuhl et al., 2005), and young adults with ASD have poorer perception
of speech in noisy acoustic conditions compared to their TD peers
(Alcantara et al., 2004). Despite the known behavioral abnormalities,
the neural mechanisms underlying speech and language impairments in
ASD are not fully understood.

Compared to TD individuals, weaker cortical responses to socially-
relevant sounds, including both speech and non-speech vocal sounds,
yet similar responses to various non-vocal sounds, have been demon-
strated in ASD by studies using several different neuroimaging tech-
niques, including electroencephalography (EEG; Kuhl et al., 2005),
positron emission tomography (PET; Boddaert et al., 2004, 2003), and
functional magnetic resonance imaging (fMRI; Gervais et al., 2004; Lai
et al., 2011). Moreover, studies using sentence congruence or
picture-word priming paradigms have found differences between ASD
and TD groups in the context-sensitive N400 component with both EEG
(DiStefano et al., 2019; Pijnacker et al., 2010) and magnetoencepha-
lography (MEG) recordings (Ahtam et al., 2020; Braeutigam et al.,
2008), thus suggesting altered semantic processing in ASD. Although
these studies have demonstrated differences between ASD and TD in the
neural processing of social sounds and violations of semantic context,
they have not specifically investigated the effect of semantic meaning-
fulness on the neural processing of speech.

A parallel line of investigation of speech processing in ASD has
focused on whether the speech-selective auditory impairments in ASD
may be driven at least in part by aberrant attentional orienting (for re-
view, see Kujala et al., 2013). Supporting the role of attentional deficits,
EEG-recorded cortical responses reflecting involuntary attention
switching (P3a) have been shown to be diminished to speech-sound
changes in speech streams, yet normal or enhanced to acoustic
changes in non-speech sound streams (Ceponiene et al., 2003; Lepisto
et al., 2007, 2005). The results from neuroimaging studies showing
differing processing of social compared to non-social sounds are
compatible with the view that ASD individuals have an attentional bias
towards socially-irrelevant sounds. However, they do not exclude sen-
sory or perceptual deficits, as some language-relevant regions, such as
superior temporal cortex, have dual roles in both low-level speech
perception and higher-order attentional processes (Redcay, 2008). A
more recent fMRI-study examining attentional capture in ASD reported
that, compared to TD peers, children and adolescents with ASD
exhibited reduced target-related bottom-up activation of the ventral
attentional network, involving regions in the frontal and inferior pari-
etal cortices, with the level of activity reduction associated with ASD
symptomatology (Keehn et al., 2016). Instead, to-be-ignored distractors
captured attention in ASD. These results were interpreted to imply that
ASD individuals do not filter out socially-irrelevant information in the
auditory domain.

To date, the brain-based neural signatures of differences in auditory
speech processing in ASD compared to TD have predominantly been
investigated using prelexical speech sounds or monosyllabic single
words. An exception is an fMRI-study of speech processing in ASD and
TD toddlers, that found no significant differences between the neural
processing of meaningful and meaningless speech (Lombardo et al.,
2015). Investigation of speech abnormalities in ASD using full sentences
is important for several reasons. First, in typical adults, neural responses
in canonical language regions have been shown to be strongest for
natural language (e.g., intact sentences) and diminished for linguisti-
cally degraded inputs (e.g., scrambled or jabberwocky sentences) by
studies using various neuroimaging methods, including fMRI (Fedor-
enko et al., 2010), MEG (Hultén et al., 2019), and electrocorticography
(ECoG; Fedorenko et al., 2016). Furthermore, sentence-level processing
involves a more comprehensive set of linguistic computations than

Progress in Neurobiology 203 (2021) 102077

single sounds or words, and thus makes it possible to gain insights into
naturalistic language processing in ASD. Tracking these rapid linguistic
computations is best achieved by using neuroimaging methods with
high temporal resolution. Furthermore, the temporal component asso-
ciated with processing sentences vs. words is lost when only shorter
units of speech are considered. To date, there are very few studies tap-
ping into the temporal dimension of the neural substrates of auditory
speech processing in ASD, using high-temporal resolution neuroimaging
and full sentences.

Here, we investigated how the neural processing of speech in chil-
dren and adolescents with ASD is affected by semantic meaningfulness,
capitalizing on the high temporal and good spatial resolution of MEG. To
assess the neural processing of meaningful speech, we compared cortical
responses to the unattended processing of naturalistic auditory speech
sentences and their meaningless jabberwocky counterparts (Perrachione
et al., 2015), where the words have been replaced by pronounceable
pseudowords (Fig. 1). Based on the studies described above, we hy-
pothesized that here too, even for unattended stimuli, we will find
greater response in the TD group to meaningful speech compared to
meaningless jabberwocky in language-relevant brain regions. We
further hypothesized that, in the ASD group, we would find the opposite
response pattern and that this atypical processing would be associated
with reduced inhibition of attentional orienting. Finally, based on the
multitude of studies showing abnormal maturation trajectories of brain
measures during adolescence in ASD (Alaerts et al., 2015; Kitzbichler
etal., 2015; Luna et al., 2007; Nomi and Uddin, 2015), we hypothesized
that the maturational trajectory of speech processing would be flatter in
the ASD than in the TD group. We tested these hypotheses using MEG
data from N = 22 ASD and N = 30 TD participants, 7-17 years old.

2. Material and methods
2.1. Participants

The participants were 23 individuals between ages 7-17 diagnosed
with autism spectrum disorder (ASD), and 33 age-matched typically
developing (TD) individuals. Data from one ASD and three TD in-
dividuals were excluded from the final analysis due to excessive
continuous motion not correctable using the MNE-Python Maxwell
filtering routine (Taulu and Kajola, 2005) or due to insufficient number
of trials collected (as collection was stopped due to excessive motion),
resulting in a final sample of 22 ASD and 30 TD participants. Sample
characteristics are summarized in Table 1 (see also histogram of age
distribution in Fig. S1). All participants were right-handed and had
normal hearing, clinically defined as pure-tone thresholds better than 15
dB hearing level in both ears at octave frequencies between 250 Hz and 8
kHz, tested in a soundproof room using an audiometer. All participants
also confirmed hearing the stimuli well in each ear prior to the onset of
the paradigm. Participants with ASD had a prior clinical diagnosis of
ASD and met a cutoff of >15 on the Social Communication Question-
naire, Lifetime Version, and ASD criteria on the Autism Diagnostic
Observation Schedule (ADOS; Lord et al., 2000) administered by trained
research personnel who had established inter-rater reliability. In-
dividuals with autism related medical conditions (e.g., Fragile-X syn-
drome, tuberous sclerosis) and other known risk factors (e.g., gestation
<36 weeks) were excluded from the study. See SI.M.1 and Fig. S2 for a
full description of medications use, and corresponding analysis showing
the results were independent of medication use.

All TD participants were below threshold on the Social Communi-
cation Questionnaire and were confirmed to be free of any neurological
or psychiatric conditions, and of substance use for the past 6 months, via
parent-reports and self-reports. Verbal IQ (VIQ) and nonverbal IQ
(NVIQ) were assessed using the Kaufman Brief Intelligence Test — II
(Kaufman, 2004) for 17 ASD and 18 TD participants, and using the
Differential Ability Scales — II (Elliot, 2007) for 5 ASD and 12 TD par-
ticipants. Handedness information was collected using Dean
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Fig. 1. Spectrograms of stimuli used in the experimental paradigm. (A) First speech sentence. (B) Second speech sentence. (C) First jabberwocky sentence (corre-
sponding to A). (D) Second jabberwocky sentence (corresponding to B). Transcriptions of the sentences are written above the spectrograms. The participants watched
a silenced movie while the sentences were being played in random order via earphones.

Table 1

Characterization of the participants. The p-values are from two-sample t-tests
(two-tailed) for the difference in means between the ASD and TD groups. NVIQ:
Nonverbal IQ; VIQ: Verbal IQ; ASPS: Auditory Sensory Profile Score; ICSS:
NEPSY-II Inhibition Contrast Scaled Score; SCSS: NEPSY-II Switching Contrast
Scaled Score; SCQ: Social Communication Questionnaire lifetime score; SRS:
Social Responsiveness Scale total score; ADOS: Autism Diagnostic Observation
Schedule score.

ASD (N = 22, 4 females) TD (N = 30, 5 females)

N mean (SD) range N mean (SD) range p-value
Age 22 13.5(2.9) 7-17 30 13.4(3.3) 7-17 0.86
NVIQ 22 1045 50-136 30 1145 93-147  0.02
(15.8) (14.0)
VIQ 22 100.4 61-123 30 114.6 71-140  0.002
(15.5) (14.4)
ASPS 20 24.4(7.2) 13-38 28 35.1(4.3) 23-40 <0.001
NDIS 16 7.8(3.4) 2-14 24 10.8(3.6) 3-17 0.01
NSS 15 9.4(1.7) 5-13 23 10.7(3.2) 4-17 0.19
SCQ 20 18.9(7.0) 8-31 29 3.7(32) 0-12 <0.001
SRS 22 93.6 (30.0) 12-128 - - - -
ADOS 22 109 (3.8) 3-18 - - - -

Questionnaire (Piro, 1998). The Social Responsiveness Scale parent
report (SRS-2; Constantino and Gruber, 2012), which was designed as a
quantitative measure of autism-related symptoms, was collected from all
participants.

Additionally, Sensory Profile Questionnaire (Brown and Dunn, 2002)
data were collected for 20 ASD and 28 TD participants. For the corre-
lations between MEG data and behavioral scores, we focused specifically
on the score from the Auditory section of the Sensory Profile, referred to
as ASPS (Auditory Sensory Profile Score) in the text. Lastly, a subset of
participants (16 ASD and 24 TD) completed the INN (Inhibition-Nam-
ing), INI (Inhibition-Inhibition), and INS (Inhibition-Switching) sections
of the NEPSY-II evaluation (Korkman et al., 2007). The INN involves
naming the stimuli (circles and squares) and constitutes a baseline test
for processing speed. In the INI, the participant is instructed to respond
“square” when they view a circle and “circle” when they view a square,
thereby inhibiting the “correct” response. In the INS, the participant has
to switch the response according to what color the shape is (e.g., when
circles are white, call them squares but when the circles are black, call
them circles). The Inhibition Contrast Scaled Score (ICSS — INI/INN) was
introduced to control for naming speed. Low ICSS score indicates that
the participant performed poorly on the inhibitory task relative to the

initial naming speed. Similarly, the Switching Contrast Scaled Score
(SCSS) was introduced to provide a more direct measure of attentional
switching, by controlling for the level of inhibitory skills. Low SCSS
score indicates that the participant performed poorly on the switching
aspect of the test relative to his or her level of inhibitory control. The
ICSS and SCSS scores range from 1 to 19. Our hypothesis focused on the
ICSS, whereas the SCSS was used as a secondary control for our hy-
pothesis; this is because the participants were instructed to ignore the
sound stimuli (see section 2.3), which requires the inhibition of atten-
tion. We therefore hypothesized that the neural measures would corre-
late with the ICSS, i.e., inhibition of attention, but not with the SCSS, as
attentional switching was not required. All research was in compliance
with the Massachusetts General Hospital Institutional Review Board
(MGH IRB), and all participants were consented in accordance with the
Declaration of Helsinki and the approved protocol. Parents provided
informed consent according to protocols approved by the MGH IRB.

2.2. Group difference in NVIQ, VIQ, and sample size

The two groups differed in both VIQ and NVIQ. While the group
difference in VIQ is likely a manifestation of the ASD phenotype, the
significant group difference in NVIQ is a possible confounding variable.
Furthermore, we had a different number of participants in each group.
While we controlled for both NVIQ and VIQ in our group comparisons,
as a further control, we created a subsample with the same number of
participants per group (N = 21), and with no difference in NVIQ
(Table S1). We then repeated the region of interest (ROI) analysis
(Fig. 5) on this subsample and found that they were similar to the main
results (Fig. S3), thus further confirming that the group differences we
observed were not likely to be the result of group differences in sample
size or in NVIQ.

2.3. Stimuli and paradigm

Two phonetically rich English sentences (“Two blue fish swam in a
tank” and “The tiny girl took off her hat”) and their jabberwocky coun-
terparts (where the words were replaced by pseudowords), were used as
stimuli (Fig. 1). The English sentence stimuli (referred to as “speech” in
the text) were taken from the IEEE sentences (“IEEE Recommended
Practice for Speech Quality Measurements,” 1969). The jabberwocky
sentences (referred to as “jabberwocky” in the text) were taken from a
corpus derived from the IEEE sentences (Perrachione et al., 2015). The
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jabberwocky sentences were created by re-arranging the phonemes from
the speech sentences while adhering to the phonotactic rules of English.
The corresponding speech and jabberwocky sentences had the same
number of phonemes and syllables.

An ANOVA revealed no difference in the duration of individual
phonemes between the conditions (speech vs. jabberwocky; Fq 32 = 1.38,
p = 0.25), and no condition x phoneme interaction (Faz 32 = 0.79, p =
0.71). Also, the phoneme and biphone positional probabilities (Vitevitch
and Luce, 2004) of the pseudowords in the jabberwocky sentences were
matched with the words in the speech sentences (phonemes: F; 27 =
0.004, p = 0.95; biphones: F; 57 = 0.87, p = 0.36). Low-level acoustic
cues in the stimuli were controlled by having the same speaker, a highly
trained phonetician (TKP), produce all the speech and jabberwocky
sentences.

The stimuli were presented binaurally through insert earphones
(Etymotic, Elk Grove Village, IL) at 75 dB sound pressure level. To direct
attention away from the stimuli, the participants watched a movie with
the sound off and were instructed to ignore the sound stimuli. The
advantage of such passive paradigm is that it ensures reliable and
comparable responses regardless of the ability of the participant to
maintain attention during the paradigm.

Each sentence was presented 40 times in the paradigm, totalling 80
speech trials and 80 jabberwocky trials (for the exact number of trials per
condition per participant, see Fig. S4). The stimuli were presented in
random order with a 700-800 ms randomly varying inter-stimulus in-
terval. The paradigm also included two categories of sinewave speech
(60 repetitions each), and two categories of noise stimuli (40 repetitions
each) randomly presented along with the speech and jabberwocky stim-
uli, not discussed here. The paradigm was presented in three runs, each
lasting about 6 min.

2.4. Structural MRI data acquisition and processing

T1l-weighted magnetization-prepared rapid gradient echo
(MPRAGE) structural images were acquired using a 3 T Siemens Trio
MRI scanner (Siemens Medical Systems, Erlangen, Germany) and a 32-
channel head coil (in-plane resolution 1 x 1 mm; slice thickness 1.3
mm, TR 2530 ms; TI 1100 ms; TE 3.39 ms; flip angle 7°). Cortical re-
constructions and parcellations were generated using FreeSurfer (Dale
et al., 1999; Fischl et al., 1999).

2.5. MEG data acquisition

The MEG data were acquired with a whole-head 306-channel Vec-
torView neuromagnetometer (MEGIN Oy, Finland) inside a magneti-
cally shielded room (IMEDCO, Switzerland). The channels of this
instrument are arranged in 102 sensor triplets with two orthogonal
planar gradiometers and one magnetometer. The signals were band-pass
filtered at 0.1-200 Hz prior to sampling at 1000 Hz. The position of the
head was continuously recorded during the data acquisition using four
head position indicator (HPI) coils attached to the scalp (Uutela et al.,
2001). Locations of the HPI coils, three anatomical landmarks (nasion
and auricular points), and multiple additional scalp surface points were
digitized using a Fastrak digitizer (Polhemus) to allow coregistering the
MEG and MRI data. Electrocardiography (ECG) and electro-oculography
(EOG) signals were recorded to detect heartbeats, eye movements, and
eye blinks. Additionally, 5 min of data were recorded without the sub-
ject present at the end of each session to estimate the noise covariance
matrix for MEG source analysis.

2.6. MEG data preprocessing, artifact correction, and epoching

Bad MEG channels were first detected using visual inspection. To
compensate for head movements during the recording, and to reduce
artifacts originating both from external sources outside the MEG sensor
array and from the space between the brain and the MEG sensor array,
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we applied temporal Signal Space Separation (tSSS; Taulu and Kajola,
2005; Taulu and Simola, 2006) as implemented in the MNE-Python
Maxwell filtering routine. The default parameters were used (inside
expansion order of 8, outside expansion order of 3, subspace correlation
limit of 0.98, and raw data buffer length of 10 s). Fine calibration and
cross talk correction data specific to the recording site were applied.

Independent component analysis (ICA) was applied to the tSSS-
processed data to reduce systematic physiological artifacts, such as
eye blinks and heart beats. More specifically, FastICA (Hyvarinen, 1999)
was used to decompose MEG signals into maximally independent com-
ponents. The ICA decomposition was estimated on band-pass filtered (1
Hz highpass, 40 Hz lowpass) data. Segments where signal amplitude
exceeded 4000 fT/cm and 4000 fT on the gradiometers and magne-
tometers, respectively, were excluded from the estimation. The ICA
components corresponding to ECG or EOG activity were identified based
on Pearson correlation and visual inspection of scalp topographies cor-
responding to each of the components.

The epochs of MEG data started 200 ms before and ended 2000 ms
after the stimulus onset. The data were low-pass filtered at 40 Hz and
baseline corrected using the prestimulus data. Event-related fields
(ERFs) were derived by averaging across epochs for both conditions.

2.7. Source estimation

The cortical surface reconstruction provided by FreeSurfer was
decimated to a grid of 10,242 dipoles per hemisphere. The forward so-
lution was computed using a single-compartment boundary-element
model (BEM; Hamaldinen and Sarvas, 1987). The inner skull surface
triangulations were generated from the MRI data using the watershed
algorithm. The cortical current distribution was estimated using
minimum-norm estimate (MNE) solution (Hamaldinen and Ilmoniemi,
1994) with a loose orientation (Lin et al., 2006a) of 0.2 and depth
weighting (Lin et al., 2006b) of 0.8. The noise covariance matrix used in
the inverse operator was estimated from the empty room data.

2.8. Spatio-temporal clustering analysis

For the spatio-temporal clustering analysis, the whole-brain data
from O to 2000 ms after stimulus onset were downsampled temporally to
100 Hz and spatially to 1284 dipoles. Focusing on the temporo-parieto-
frontal language networks (Fedorenko et al., 2010; Fedorenko and
Thompson-Schill, 2014), the medial wall, limbic lobe, and occipital lobe
as defined by a FreeSurfer automatic parcellation were excluded from
the analysis, resulting in 400 dipoles per hemisphere. Thus, the
spatio-temporal clustering employed a total number of 80,000 (200 time
points x 400 dipoles) data points per hemisphere. As loose dipole
orientation was used, the dipole activity was derived as the length of the
dipole vector.

2.9. Region of interest (ROI) analysis

The ROIs were defined by first delineating the three regions in the
anterior temporal, middle/posterior temporal, and inferior parietal
cortices showing the strongest group x condition interaction in the
spatio-temporal clustering analysis (see Fig. 2A). We then used an
automatic algorithm to split the two large regions in the temporal cortex
into four smaller, roughly equal-sized ROIs along the sulci. This was
done to increase the spatial specificity and to avoid signal cancellation
due to sources on the opposite walls of sulci (Ahlfors et al., 2010). The
resulting five ROIs were morphed from the FreeSurfer average brain to
the individual brain. A response time course from each ROI was
extracted by applying singular value decomposition (SVD) to the vertex
time courses within the ROI and taking the first right-singular vector (i.
e., first principal component). The time course was scaled to match the
average power of the vertex time courses. Sign flips were applied to the
vertex time courses whose direction was opposite to the dominant
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direction within the ROI to prevent the phase from randomly changing
by 180 degrees from one vertex time course to the next.

2.10. Statistical analysis

In the spatio-temporal clustering analysis, a nonparametric two-
sample permutation test with spatio-temporal threshold-free cluster
enhancement (TFCE; Smith and Nichols, 2009) was used to compare the
ERFs between groups. To identify brain regions exhibiting significant
group (ASD vs. TD) x condition (speech vs. jabberwocky) interaction,
contrast between speech and jabberwocky ERFs were input to the
two-sample permutation test. The test was run separately for each
hemisphere as there are no interhemispheric spatial-adjacency-based
clusters.

In the TFCE procedure, cluster-level statistic for each data point is
derived by calculating a weighted average between the cluster extent (i.
e., number of connected above-threshold data points) and the cluster
height (i.e., the statistical value of the data point) according to the
formula:

h
TFCE = / e(h)En" dh
0

where h is the height of the given data point. In practice, the integral is
estimated numerically using a standard Riemann sum (Smith and
Nichols, 2009). The default values of E = 0.5 and H = 2 were used. A
reference distribution for the TFCE outputs was derived by permuting
the group labels and repeating the TFCE procedure 5000 times. A cor-
rected p-value for each data point was calculated as the proportion of
permutations where the TFCE output was greater than or equal to the
original TFCE output. The null hypothesis of no difference between the
groups was rejected at p < 0.05.

In the ROI analysis, group x condition interactions were tested with
mixed-design ANOVA, differences in ERFs between groups were tested
with two-sample t-test (two-tailed), and differences in ERFs between
conditions within group were tested with paired-samples t-test (two-
tailed). The ERF-values were extracted by averaging over the ROI-
specific significant group x condition interaction time window (see
Fig. 3B). Linear regression was used to adjust the ERFs for age in within-
group comparisons, and for age, NVIQ, and VIQ in the ANOVA and
between-group comparisons. For the visualizations, the residuals were
normalized between 0 and 1.

Correlations between age and ERFs, and between behavioral mea-
sures and ERFs, were tested within the spatial and temporal extents of
the significant group x condition interaction by calculating Pearson
correlation for each vertex within the spatial extent of the significant
interaction using the ERFs averaged within the temporal extent of sig-
nificant interaction. For increased spatio-temporal specificity, we used
the ROI-specific time window of significant interaction (see Fig. 3B) for
averaging the ERFs for a given vertex. The resulting correlation maps
were thresholded at p < 0.05 and clusters smaller than 20 vertices were
excluded.

The correlation between age and ERFs was adjusted for NVIQ and
VIQ, and the correlation between behavioral measures and ERFs was
adjusted for age, NVIQ, and VIQ. This was done by regressing these
covariates out from both the ERFs and ages/behavioral scores before
partitioning the data into TD and ASD groups. Differences in correlations
between groups, and between ERFs within group, were assessed using
Fisher’s r-to-z transformation.

3. Results
3.1. Group differences in event-related fields (ERFs)

We began by investigating whether the neural processing of speech
in ASD is affected by its meaningfulness, i.e., presence vs. lack of lexical-
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semantic information, using a spatio-temporal clustering analysis on
speech-jabberwocky contrast ERFs within each hemisphere. We found a
significant group difference for the speech-jabberwocky contrast in a
840-1540 ms window post stimulus onset in multiple left-hemisphere
cortical regions related to language processing (Fig. 2), and no signifi-
cant group differences in the right hemisphere, or in earlier responses in
either hemisphere. More specifically, the minimum p-value in the
spatio-temporal clustering analysis within the first 500 ms after stimulus
onset was p = 0.14, and p = 0.51 within the first 250 ms post onset. That
said, an additional analysis on only the first 500 ms, to focus on low-
level differences, did reveal small group differences in a 0-250 ms
time window (see SLR.2, and Table S2, for details). For all subsequent
analyses, we focused on the cortical regions and time window illustrated
in Fig. 2.

To further refine these analyses, we divided the cortical areas that
showed a significant group x condition interaction into five ROlIs,
roughly following the known functional neuroanatomy of cortical
speech processing (Fedorenko and Thompson-Schill, 2014; Hickok and
Poeppel, 2007; Rauschecker and Scott, 2009): anterior superior tem-
poral, anterior middle temporal, posterior superior temporal, posterior
middle temporal, and inferior parietal (Fig. 3A). We then defined the
time windows with a significant group x condition interaction for each
ROI (Fig. 3B).

3.2. Correlation between ERFs and age

There is a substantial body of evidence showing age effects for lan-
guage in the age range (7-17) of the present sample (Skeide and
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Fig. 2. Delineation of significant group differences in the spatio-temporal
domain. (A) The spatial extent of statistically significant group x condition
(speech vs. jabberwocky) interaction depicted on inflated left hemisphere of the
brain. Permutation p-values smaller than 0.05 (corrected) are color-coded on a
red-yellow scale, with brighter colour indicating a more significant interaction.
(B) The 1 — pyin of the group x condition interaction at each time point. The
shaded area shows the time window (840 — 1540 ms after stimulus onset) with
statistically significant interaction.
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Fig. 3. ERFs to speech and jabberwocky stimuli in TD and ASD in each ROL (A) ROIs depicted on an inflated brain surface. From left to right: anterior superior
temporal (yellow), anterior middle temporal (blue), posterior superior temporal (cyan), posterior middle temporal (orange), and inferior parietal (white). (B) ERFs
from the ROIs for 2000 ms post stimulus onset. The grey areas indicate temporal extents of statistically significant group x condition interaction. The exact times for

each grey window are indicated in the subplot’s title.

Friederici, 2016). In parallel, there is also a growing number of studies
showing abnormal maturational trajectories in this age range in ASD (for
review, see Edgar, 2020), both from our group (Khan et al., 2015;
Mamashli et al., 2021, 2018) and others (Alaerts et al., 2015; Luna et al.,
2007; Wallace et al., 2010). We therefore chose to first assess the effect
of age on the ERFs, in each group. Furthermore, because the groups were
not matched on either NVIQ or VIQ, we also adjusted for these values.
Note that typically only NVIQ is considered as a covariate, because VIQ
is considered part of the ASD phenotype (Joseph et al., 2002); however,
to ensure that any observed differences are not due to differences in
verbal abilities, we chose to nonetheless adjust for VIQ as well. Rather
than repeating the correlation test for each ROI, we identified (cor-
rected) clusters showing significant correlation between the ERFs and
age within the area showing significant group x condition interaction;
in other words, while the results are displayed within each of the ROIs,
only one spatial mask was used for the analysis, and therefore the results
are corrected for multiple comparisons spatially.

Three significant clusters emerged within the five ROIs that showed a
negative correlation between age and speech ERFs in the TD group
(Fig. 4A-C). Correlation between age and jabberwocky ERFs resulted in
one significant cluster in the TD group, overlapping with the cluster in
Fig. 4B. No significant clusters were found in the ASD group.

Within these significant clusters, age was significantly negatively
correlated with the speech ERFs in the TD group (Fig. 4D-F). In the two
superior temporal clusters, the correlation between the speech ERFs and
age was significantly different between the groups (Fig. 4D, E). No such
difference was observed in the inferior parietal cluster (Fig. 4F). Instead,
correlating age with the speech ERFs from this cluster across both groups
combined into one revealed significant negative correlation (r = -0.44, p
= 0.001), indicating similar correlation in the TD and ASD groups.

Jabberwocky ERFs extracted from the same clusters in the posterior
superior temporal and inferior parietal cortices were significantly
correlated with age in the TD group (Fig. 4H, I). No significant group
differences were observed for the jabberwocky condition (Fig. 4G-I). A
significant negative correlation between age and the jabberwocky ERFs
was observed in the inferior parietal cluster when calculating across
both groups (r = -0.37, p = 0.008).

The correlations between ERFs and age remained largely unchanged
even when NVIQ and VIQ were not considered as covariates (Fig. S5).
Given the correlation between the ERFs and age, and given the group
differences in NVIQ and VIQ, all subsequent between-group compari-
sons were adjusted for age, NVIQ, and VIQ.

3.3. Within-ROI differences in ERFs

To assess whether there were any differences in ERFs after adjusting
for age and the IQs, we next averaged the ROI-specific ERFs over the
significant interaction time extents (Fig. 3B) for each participant, and
plotted the group means separately for each condition. A significant
group x condition interaction was indeed observed in all five ROIs
(Fig. 5). Again, the results remained stable also when covariates were
considered separately (Fig. S6). Post-hoc between- and within-group
comparisons revealed that the group x condition interaction was
driven by enhanced responses to the speech compared to jabberwocky in
the TD group in all five ROIs, enhanced responses to jabberwocky
compared to speech in the ASD group in four out of five ROIs, and
enhanced responses to jabberwocky in the ASD group relative to the TD
group in all five ROIs (Table 2). There were no significant differences in
the ERFs to the speech sentences between the groups. To further test
whether the age dependence was uniform across the age range, or
alternatively, was driven by the older age group for instance, instead of
adjusting for age, we conducted a supplementary analysis with two
subsamples — one with ages 7-11, and the other with ages 13-17. The
results show the trend did not vary by age group (see Fig. S7).

3.4. Correlation between ERFs and behavioral scores

Lastly, to determine whether the atypical responses in the ASD group
corresponded to behaviorally assessed ASD traits, we tested for corre-
lations between behavioral scores and the ERFs, starting with the speech-
jabberwocky contrast ERFs. Again, rather than repeating the correlation
test for each ROI, we identified (corrected) clusters showing significant
correlation between the ERFs and behavioral scores within the area
showing significant group x condition interaction. In the ASD group, a
significant correlation was found in the inferior parietal cortex between
the speech-jabberwocky contrast ERFs and scores for volitional atten-
tional inhibition, measured using the ICSS (Fig. 6A). Post-hoc test
revealed that the ICSS correlated with the speech and jabberwocky ERFs
extracted from the cluster in the ASD group (Fig. 6B; z = 3.56, p =
0.0004); a reduced score on attentional inhibition corresponded to an
increase in the ratio of jabberwocky vs. speech ERFs. Also, the correlations
between ICSS and speech-jabberwocky contrast ERFs were significantly
different between the TD and ASD groups (z = 3.22, p = 0.001), with
opposite directions of correlations for speech and jabberwocky ERFs be-
tween the groups (Fig. 6B, C). As a further control to our hypothesis, we
tested for correlations when SCSS, rather than ICSS, was used. As
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Fig. 4. Correlation between ERFs and age, adjusted for NVIQ and VIQ. (A-C) Clusters showing significant age vs. speech ERF correlation (at p < 0.05, cluster-
corrected) in the TD group plotted on the left hemisphere inflated cortical surface with the ROIs underlaid. (D) Speech ERFs extracted from the cluster in A
plotted against age in both groups. (E) Speech ERFs extracted from the cluster in B plotted against age in both groups. (F) Speech ERFs extracted from the cluster in C
plotted against age in both groups. (G) Jabberwocky ERFs extracted from the cluster in A plotted against age in both groups. (H) Jabberwocky ERFs extracted from the
cluster in B plotted against age in both groups. (I) Jabberwocky ERFs extracted from the cluster in C plotted against age in both groups. In D-I, Pearson correlation
coefficients (r) and p-values for within-group correlations, as well as p-values for the difference in correlations between the groups, are displayed above each plot.
The plotted values are the z-scored residuals after regressing out NVIQ and VIQ from both the ERFs and ages of participants. Statistically significant correlations are

indicated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001).

predicted, we found no significant correlation between the ERFs and
SCSS.

We then correlated the behavioral scores separately with the speech
ERFs and with the jabberwocky ERFs. In the ASD group, the severity of
auditory sensory processing abnormalities, measured using the ASPS,
correlated positively with the speech ERFs in the anterior superior tem-
poral cortex (Fig. 6D). ERFs extracted from the cluster showed positive
correlation for both speech and jabberwocky ERFs (i.e., more severe
auditory sensory processing abnormalities corresponded to weaker ERFs
to both speech and jabberwocky stimuli; Fig. 6E). No significant corre-
lations were observed between the ERFs and ASPS in the TD group in
this region (Fig. 6F). ASD severity, measured using the SRS scores,

correlated with speech and jabberwocky ERFs in three clusters in the mid-
to-anterior temporal cortex (Fig. 6G). More specifically, in all three of
these clusters both speech and jabberwocky ERFs were significantly
negatively correlated with SRS, i.e., more severe ASD corresponded to
weaker ERFs to both speech and jabberwocky stimuli, with the most
significant correlations in the anterior superior temporal cluster
(Fig. 6H).

To address the possibility that statistical outliers were driving some
of the significant correlations within the ASD group (i.e., Fig. 6B, E, H),
we recalculated the correlations using the Theil-Sen estimator (Sen,
1968; Theil, 1950), which is robust against outliers. The NDIS correla-
tions in Fig. 6B remained significant (rs = 0.57, ps = 0.02; ry = -0.23, p;y
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interactions are shown above each plot. The observed effects sizes varied from medium (0.6-0.14) to large (>0.14).

Table 2

Results from t-tests for between- and within-group differences in the ERFs in the ROIs, showing t-values, p-values, and Cohen’s d effect sizes for each comparison. For
the between-group comparisons, the ERFs were adjusted for age, NVIQ, and VIQ. For the within-group comparisons, the ERFs were adjusted for age only. Numbers in
parentheses after the t-values indicate degrees of freedom. Statistically significant correlations are in bold, with the level of significance indicated by asterisks (*p <
0.05, **p < 0.01). aST: anterior superior temporal; aMT: anterior middle temporal; pST: posterior superior temporal; pMT: posterior middle temporal; iP: inferior

parietal.

TD vs. ASD Speech vs. Jabberwocky

Speech Jabberwocky TD ASD
ROI t(50) p d t(50) p d t(29) p d t(21) p d
aST -0.97 0.34 —0.28 —2.23 0.03* —0.64 2.43 0.02* 0.31 —2.52 0.02* —-0.33
aMT —-0.51 0.61 —-0.15 -2.17 0.03* —0.62 2.37 0.03* 0.35 —-1.82 0.08 —0.35
pST —0.37 0.71 —0.11 —2.03 0.05* —0.58 2.29 0.03* 0.28 —-2.15 0.04* —0.43
pMT —0.15 0.88 —0.04 -2.13 0.04* —-0.61 2.48 0.02* 0.38 —2.45 0.02* —0.39
iP 0.71 0.48 0.20 —2.65 0.01* -0.76 2.82 0.01%* 0.50 —2.94 0.01%** —0.65

= 0.39; ps vs. 3 = 0.001). Similarly, the correlations between ASPS and
speech ERFs (Fig. 6E; r = 0.53, p = 0.02), and SRS and speech ERFs
(Fig. 6H; r = 0.50, p = 0.02) remained significant. In contrast, the cor-
relations between ASPS and jabberwocky ERFs (Fig. 6E; r = 0.36, p =
0.12), and SRS and jabberwocky ERFs (Fig. 6H; r = 0.35, p = 0.11) did
not reach significance. For correlations between ERFs and behavioral
scores without NVIQ and VIQ as covariates, see Fig. S8.

4. Discussion

The goal of this study was to investigate the neural mechanisms
underlying deficits in auditory speech processing in children and ado-
lescents with ASD. More specifically, we investigated how the presence
or lack of lexical-semantic information embedded in meaningful sen-
tences and meaningless matched jabberwocky sentences affects the
unattended processing of speech in ASD compared to TD peers.
Corroborating our hypothesis, our results show that the age-adjusted
event-related fields (ERFs) in ASD participants were stronger to mean-
ingless jabberwocky sentences than to meaningful speech sentences in
the same canonical language regions in the left temporal and parietal

cortices where the TD participants showed stronger responses to
meaningful sentences. The maturational trajectories of ERFs to mean-
ingful sentences were, as we hypothesized, atypical in ASD, but only in
the temporal regions. In contrast, ERFs to both meaningful and mean-
ingless jabberwocky sentences in the parietal cortex followed similar
maturational trajectories for both groups. Furthermore, behavioral
scores measuring inhibition of attentional capture correlated differently
between ERFs to meaningful and meaningless speech in the parietal
cortex in ASD. This correlation pattern was significantly different be-
tween the ASD and TD groups. Lastly, ERFs in the anterior temporal
cortex correlated with both scores measuring ASD symptom severity
(SRS) and auditory processing abnormalities (ASPS).

4.1. Differences in ERFs to meaningful vs. meaningless speech in ASD

Our finding of stronger ERFs to meaningless jabberwocky sentences
compared to meaningful speech sentences in ASD individuals in the
same language-related regions where TD individuals exhibited the
opposite pattern demonstrates striking differences in the neural mech-
anisms of unattended auditory speech processing between these groups.
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Fig. 6. Correlation between ERFs and behavioral scores, adjusted for age, NVIQ, and VIQ. (A) Cluster showing significant ICSS vs. speech-jabberwocky contrast ERF
correlation in the ASD group. (B) Speech and jabberwocky ERFs extracted from the cluster in A plotted against ICSS in the ASD group. (C) Speech and jabberwocky ERFs
extracted from the cluster in A plotted against ICSS in the TD group. (D) Cluster showing significant ASPS vs. speech ERF correlation in the ASD group. (E) Speech and
jabberwocky ERFs extracted from the cluster in D plotted against ASPS in the ASD group. (F) Speech and jabberwocky ERFs extracted from the cluster in D plotted
against ASPS in the TD group. (G) Clusters showing significant SRS vs. speech ERF correlation in the ASD group. (H) Speech and jabberwocky ERFs extracted from the
largest cluster in the anterior superior temporal cortex in G plotted against SRS in the ASD group. In A, D, and G, significant clusters (at p < 0.05, cluster-corrected)
are plotted on the left hemisphere inflated cortical surface with the ROIs underlaid. Above each plot, Pearson correlation coefficients (r) and p-values for within-
condition correlations are shown. In B and C, p-values for the difference between the within-condition correlations are also shown. All plotted values are the z-
scored residuals after regressing out age, NVIQ, and VIQ from both the ERFs and behavioral scores. Statistically significant correlations are indicated by asterisks: *p
< 0.05, Bonferroni-corrected over the number of independent behavioral scores (N = 2; see SL.R.1); **p < 0.05, Bonferroni-corrected over the two independent
behavioral scores and the two groups (N = 4); ***p < 0.05, Bonferroni-corrected over all comparisons irrespective of dependence, i.e., two groups, two conditions,
and three behavioral scores (N = 10, because SRS scores were not collected for the TD participants). S: speech: J: jabberwocky.

Previous EEG and MEG studies of speech processing in ASD have pro- semantically incongruous final word; Ahtam et al., 2020; Braeutigam
vided evidence for violations of semantic context based on findings on et al., 2008; Pijnacker et al., 2010) or picture-word priming paradigms
the context-sensitive N400 component of the event-related potential, (i.e., picture followed by the expected or unexpected word; DiStefano
which is related to semantic processing, using either sentence congru- et al.,, 2019). That said, these studies focused only on the N400, and
ence (i.e., reading meaningful sentences and sentences with a therefore did not show the effect of semantic meaningfulness on the
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auditory processing of speech in ASD throughout the processing of full
sentences.

The diminished brain responses to meaningless jabberwocky sen-
tences in TD individuals aligns with previous studies on speech pro-
cessing in typical development using various imaging methods,
including MEG (Hultén et al., 2019), ECoG (Fedorenko et al., 2016), and
fMRI (Fedorenko et al., 2010). The differences in the processing of
meaningful and meaningless speech in the present study were observed
towards the end of the sentences, at latencies 840-1540 ms post onset.
This is consistent with earlier work showing that sentences are inter-
preted incrementally (Marslen-Wilson, 1975). Indeed, a study using
intracranial recordings demonstrated that activity in left-hemisphere
language regions increased monotonically over the course of a sen-
tence, and that this steady increase in activity was absent for jabber-
wocky sentences and word-lists, indicating that the largest difference in
activity between the processing of these stimuli was around the final
words (Fedorenko et al., 2016). This supports the interpretation that our
findings reflect group differences in higher-order construction of lin-
guistic meaning, rather than in lower-level sensory processing differ-
ences due to, for example, acoustic differences in the stimuli.

As noted, while the most significant results were in the later time
window of the response, we found a weak but significant group x
condition interaction effect also in the early time window of 0-250 ms
after stimulus onset, limited only to the left anterior superior temporal
cortex. Specifically, within that time window, we found stronger re-
sponses to the meaningful speech in the ASD compared to TD group, and
stronger responses to the meaningless jabberwocky compared to
meaningful speech in the TD group (see SL.R.2, Table S2). This points
towards group differences also in lower-level auditory processing, and is
in line with prior MEG studies reporting speech-induced ERF differences
between ASD and TD at early latencies (Yoshimura et al., 2017, 2013). It
should also be noted that some lower-level abnormalities of ASD have
been shown to be driven by language impairments more generally,
rather than ASD specifically (Oram Cardy et al., 2008; Roberts et al.,
2011). Therefore, while the present results are primarily in higher-level
language processing and attentional domains, since they were derived
using a language paradigm, specificity to ASD would need to be deter-
mined using a language impaired non-ASD group with a matched VIQ
distribution. Furthermore, future studies would be needed to determine
whether these results extend to children and adolescents with ASD that
are on the minimally to moderately verbal range of the ASD spectrum
(Matsuzaki et al., 2019; Roberts et al., 2019). Finally, since the present
sample consisted of predominantly males, future studies would be
needed to determine whether gender has an impact on the results.

4.2. Differences in maturational trajectories of ERFs in ASD

Our results revealed both differences and similarities in the matu-
rational trajectories of speech processing between ASD and TD. The
ERFs to meaningful speech correlated negatively with age in the TD
group in the left superior temporal and inferior parietal cortices. This
correlation was significantly different between the TD and ASD groups
in the superior temporal cortex, but similar in the inferior parietal cor-
tex. The finding of opposite direction correlations in the superior tem-
poral regions between the groups corroborates previous research that
has showed different maturational trajectories between ASD and TD
generally (Alaerts et al., 2015; Kitzbichler et al., 2015; Luna et al., 2007;
Mamashli et al., 2021, 2018; Nomi and Uddin, 2015; Uddin et al., 2013;
Vakorin et al., 2017), and in the auditory domain specifically (Edgar
et al., 2015; Gage et al., 2003; Port et al., 2016; Stephen et al., 2017).
Based on these studies, the divergence in maturational trajectories may
emerge over a wide age range, and the age of divergence likely depends
on the paradigm and may vary by cortical area, even within a paradigm.
In typical language development, full maturation of semantic processing
at the sentence level takes place over a long trajectory, with first
appearance of adult-like functions at about nine years of age (Skeide and
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Friederici, 2016). The weaker ERFs in older TD individuals to mean-
ingful speech may thus reflect more efficient language processing
through synaptic pruning (Changeux and Danchin, 1976). Interestingly,
while the superior temporal ERFs to meaningful speech showed different
maturational trajectories between the ASD and TD groups, the inferior
parietal ERFs to both meaningful and meaningless speech followed
similar maturational trajectory across the groups. This suggests that the
contribution of the inferior parietal cortex to auditory processing of
speech follows typical maturation in ASD. The question then arises as to
why abnormal maturation was observed in the superior temporal cortex,
but not in the inferior parietal cortex, both of which showed involve-
ment in the processing of the speech stimuli. A possible explanation is
provided by the functional segregation between these two areas: the
superior temporal cortex is considered to be a core language region,
whereas the inferior parietal cortex is a domain-general region that
contributes to language processing, among other mental processes,
depending on task demands (Fedorenko and Thompson-Schill, 2014).
These domain-general processes include, for example, attention and
working memory. Our findings, therefore, suggest that abnormal
maturation of speech processing in ASD is confined to functionally
specialized language areas, and does not impact domain-general areas
associated with speech and language processing more broadly.

4.3. Correlation between ERFs and attentional inhibition

The stronger ERFs to meaningless jabberwocky compared to mean-
ingful speech sentences in ASD individuals could be explained by the
proposed attentional bias towards socially-irrelevant sounds. For
example, Lepisto et al. (2007) found enhanced EEG-recorded P3a re-
sponses reflecting involuntary attention switching to non-speech
compared to speech changes in ASD, while no such effect was found
in TD participants. In an analogous way, the meaningless jabberwocky
sentences could elicit enhanced responses compared to meaningful
speech as a result of involuntary attention switching in the present
study. This interpretation is supported by our finding that behavioral
scores measuring inhibition of attentional capture (ICSS) correlated
differently between left inferior parietal ERFs to unattended meaningful
and meaningless sentences in ASD, and that this pattern of correlation
was significantly different from that in the TD group. More specifically, a
reduced ICSS in ASD corresponded to an increase in the ratio of ERFs to
meaningless vs. meaningful sentences. The inferior parietal cortex has
been demonstrated to support auditory sentence comprehension (Hart-
wigsen et al., 2015), but is also strongly associated with reorienting of
attention (Gottlieb, 2007) and particularly with bottom-up involuntary
attention shifting (Ciaramelli et al., 2008; Huang et al., 2012). Our
findings therefore imply that the receptive language system in ASD in-
dividuals is less able to supress involuntary attention to meaningless
speech. Correspondingly, the opposite correlation pattern in the TD
group suggests that, in a typical receptive language system, unattended
speech without lexical-semantic information is filtered out and therefore
does not capture attention in the same way. These findings are also in
line with a recent study showing that ASD individuals exhibited reduced
bottom-up activation of the ventral attentional network for
behaviorally-relevant target stimuli, yet their attention was captured by
to-be-ignored distractors (Keehn et al., 2016). The fact that no such
correlations emerged with the SCSS further supports these conclusions.
Our results therefore support the view that speech-selective auditory
impairments in ASD emerge at least in part due to aberrant attentional
orienting (Ceponiene et al., 2003; Lepisto et al., 2007, 2005).

4.4. Correlation between ERFs and ASD severity

Our results are also consistent with abnormal sentence processing in
ASD that is independent of attentional capture. The ERFS in the left
anterior temporal cortex correlated with scores measuring behaviorally
assessed auditory processing abnormalities as well as symptom severity
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in ASD. In typical adults, auditory processing of phonemes, words, and
phrases have been shown to follow an anterior-directed gradient from
mid to anterior superior temporal cortex in the left hemisphere (DeWitt
and Rauschecker, 2012), with the comprehension of sentence-length
stimuli linked to the left anterior temporal cortex (Dronkers et al.,
2004; Pallier et al., 2011). The correlation between ASD social-affective
symptomology (SRS scores) and ERFs in left anterior temporal cortex
therefore points towards an impairment in phrase/sentence processing
rather than in lower-level sensory or perceptual processes in ASD.
Although the correlation was strongest for meaningful sentences, a
significant correlation was observed also for meaningless sentences,
suggesting that, rather than deficits in higher-level sentence compre-
hension, the impairment could be related to other aspects of speech
processing. As an equally strong correlation was observed between the
anterior temporal cortical ERFs and scores measuring auditory sensory
processing abnormalities (ASPS), the impairment might be associated
with more general oversensitivity to sounds in ASD, in line with earlier
findings (Ben-Sasson et al., 2009). However, the direction of the corre-
lations (i.e., the more severe ASD and auditory sensory processing ab-
normalities, the weaker the responses) points more towards
language-related neural systems dysfunction instead of general over-
sensitivity to sounds. This interpretation is supported by earlier work
showing temporal cortical hypoactivation to speech specifically in ASD
individuals with poor language outcome (Lombardo et al., 2015).

4.5. Limitations

The results of this study need to be interpreted in the context of its
limitations. First, the sample size of ASD participants was smaller than
that of TD participants, impacting the power of the analyses. That said,
the observed medium-to-large effect sizes, consistent trends, and results
from the subsample analyses of equal group sizes, increase the confi-
dence in the results. More generally, this limitation is mitigated by the
data-driven, assumption-free approach to obtain the main results of this
study, where the multiple comparisons problem is addressed with a
cluster-level permutation test across space and time, providing a more
rigorous and sensitive statistical test compared to parametric tests
(Maris and Oostenveld, 2007) especially when the sample size is small
(Warner, 2007). Further, the TFCE method used for clustering has been
shown to effectively control the type 1 error rate in event-related brain
signals (Pernet et al., 2015). Another limitation is that the ICSS scores
measuring inhibition of attentional capture were missing on six ASD and
six TD participants, weakening the statistical power of this particular
analysis. That said, the behavioral data are consistent with the known
functional role of the parietal ROI The consistency of our findings with
those from earlier neuroimaging as well as with the phenotype of ASD
provide further support to our findings, thus also mitigating these lim-
itations. Lastly, the observed group difference effects are not large
enough to provide robust clinical brain measures with high sensitivity
and specificity. Indeed, due to the inherent heterogeneity of language
function in ASD, it is not clear that any brain measure of language
function would ever reach clinical significance. Thus, the value of the
presented measures lies with expanding our understanding of the
mechanisms underlying ASD, rather than with clinical diagnoses using
these measures.

4.6. Conclusions

In summary, our findings demonstrate that ASD individuals show
significantly stronger cortical responses to meaningless compared to
meaningful speech in the same canonical language regions where TD
individuals exhibit stronger responses to meaningful speech. These dif-
ferences emerge well past the stimulus onset, at around 800-1000 ms
into the sentence. This divergence in responses as a function of the
presence or lack of lexical-semantic information in speech is a striking
difference between ASD and TD in the neural mechanisms underlying
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auditory speech processing. Furthermore, responses in the anterior
temporal cortex, implicated in sentence-level processing, correlated
with ASD symptom scores in several domains, including social-affective,
attention-related, and sensory processing domains, demonstrating the
relevance to the ASD phenotype. Correlation between inferior parietal
responses and scores measuring inhibition of attentional capture sug-
gests that the stronger responses to meaningless speech in ASD is asso-
ciated with involuntary attention capture, thus supporting the view that
speech-selective auditory impairments in ASD correlate with aberrant
attentional orienting. In TD individuals, responses to meaningful speech
correlated negatively with age in both temporal and parietal cortices,
probably reflecting a maturation process wherein the receptive language
system becomes more efficient . Such a maturational trajectory was not
observed in ASD individuals in the temporal cortical regions. In contrast,
the inferior parietal region exhibited similar maturational trajectories
between the two groups. This novel finding suggests that speech pro-
cessing in ASD is associated with abnormal maturation of the core lan-
guage regions specifically, not peripheral domain-general regions. It
also demonstrates that maturational trajectory abnormalities are not
universal in ASD, but instead are likely function and brain region
dependent. Taken together, our findings point to a dysfunction in
receptive speech processing in ASD, driven at least in part by aberrant
attentional orienting, wherein unattended semantically meaningful
speech elicits abnormal engagement of the receptive language system of
the brain while unattended semantically meaningless speech, filtered
out in typically developing individuals, engages the language system in
individuals with ASD.

Author contributions

Jussi Alho: Formal analysis, Software, Visualization, Writing -
Original Draft; Hari Bharadwaj: Conceptualization, Investigation,
Writing - Review & Editing; Sheraz Khan: Conceptualization, Investi-
gation, Writing - Review & Editing; Fahimeh Mamashli: Investigation,
Writing - Review & Editing; Tyler K. Perrachione: Conceptualization,
Resources, Visualization, Writing - Review & Editing; Ainsley Losh:
Investigation, Project administration, Writing - Review & Editing; Nic-
ole McGuiggan: Investigation, Project administration, Writing - Review
& Editing; Robert M. Joseph: Supervision, Writing - Review & Editing;
Matti S. Hamalainen: Methodology, Writing - Review & Editing; Tal
Kenet: Conceptualization, Investigation, Funding acquisition, Supervi-
sion, Writing - Original Draft

Funding

This work was supported by grants from the Simons Foundation
(SFARI 239395; T.K.), the National Institute of Child Health and
Development (RO1HD073254; T.K.), the National Institute of Mental
Health (RO1MH117998, R21MH116517; T.K.), the National Institute for
Biomedical Imaging and Bioengineering (P41EB01589 and
P41EB030006; M.S.H.), the National Institute of Neurological Disorders
and Stroke (RO1NS104585; M.S.H.), the National Institute on Deafness
and Other Communication Disorders (R01DC015989; H.B.), Hearing
Health Foundation (Emerging Research Grant; H.B.), and the Brain and
Behavior Research Foundation (NARSAD Young Investigator Grant; T.K.
P.).

Declaration of Competing Interest
The authors report no declarations of interest.

Appendix A. The Peer Review Overview and Supplementary
data

The Peer Review Overview and Supplementary data associated with
this article can be found in the online version, at doi: https://doi.org/10


https://doi.org/10.1016/j.pneurobio.2021.102077

J. Alho et al.
.1016/j.pneurobio.2021.102077

References

Ahlfors, S.P., Han, J., Lin, F.H., Witzel, T., Belliveau, J.W., Hamalainen, M.S.,

Halgren, E., 2010. Cancellation of EEG and MEG signals generated by extended and
distributed sources. Hum. Brain Mapp. https://doi.org/10.1002/hbm.20851.

Ahtam, B., Braeutigam, S., Bailey, A., 2020. Semantic processing in autism Spectrum
disorders is associated with the timing of language acquisition: a
magnetoencephalographic study. Front. Hum. Neurosci. 14, 267. https://doi.org/
10.3389/fnhum.2020.00267.

Alaerts, K., Nayar, K., Kelly, C., Raithel, J., Milham, M.P., Di martino, A., 2015. Age-
related changes in intrinsic function of the superior temporal sulcus in autism
spectrum disorders. Soc. Cogn. Affect. Neurosci. https://doi.org/10.1093/scan/
nsv029.

Alcantara, J.1., Weisblatt, E.J.L., Moore, B.C.J., Bolton, P.F., 2004. Speech-in-noise
perception in high-functioning individuals with autism or Asperger’s syndrome.

J. Child Psychol. Psychiatry Allied Discip. https://doi.org/10.1111/j.1469-
7610.2004.t01-1-00303.x.

Bebko, J.M., Weiss, J.A., Demark, J.L., Gomez, P., 2006. Discrimination of temporal
synchrony in intermodal events by children with autism and children with
developmental disabilities without autism. J. Child Psychol. Psychiatry Allied Discip.
https://doi.org/10.1111/j.1469-7610.2005.01443.x.

Ben-Sasson, A., Hen, L., Fluss, R., Cermak, S.A., Engel-Yeger, B., Gal, E., 2009. A meta-
analysis of sensory modulation symptoms in individuals with autism spectrum
disorders. J. Autism Dev. Disord. https://doi.org/10.1007/s10803-008-0593-3.

Boddaert, N., Belin, P., Chabane, N., Poline, J.B., Barthélémy, C., Mouren-Simeoni, M.C.,
Brunelle, F., Samson, Y., Zilbovicius, M., 2003. Perception of complex sounds:
abnormal pattern of cortical activation in autism. Am. J. Psychiatry. https://doi.org/
10.1176/appi.ajp.160.11.2057.

Boddaert, N., Chabane, N., Belin, P., Bourgeois, M., Royer, V., Barthelemy, C., Mouren-
Simeoni, M.C., Philippe, A., Brunelle, F., Samson, Y., Zilbovicius, M., 2004.
Perception of complex sounds in autism: abnormal auditory cortical processing in
children. Am. J. Psychiatry. https://doi.org/10.1176/appi.ajp.161.11.2117.

Boucher, J., 2012. Research review: structural language in autistic spectrum disorder -
characteristics and causes. J. Child Psychol. Psychiatry Allied Discip. https://doi.
org/10.1111/j.1469-7610.2011.02508.x.

Braeutigam, S., Swithenby, S.J., Bailey, A.J., 2008. Contextual integration the unusual
way: a magnetoencephalographic study of responses to semantic violation in
individuals with autism spectrum disorders. Eur. J. Neurosci. https://doi.org/
10.1111/j.1460-9568.2008.06064.x.

Brown, C., Dunn, W., 2002. Adolescent/adult Sensory Profile. Pearson, San Antonio, TX.

Ceponiene, R., Lepistd, T., Shestakova, A., Vanhala, R., Alku, P., Nitinen, R.,
Yaguchi, K., 2003. Speech-sound-selective auditory impairment in children with
autism: they can perceive but do not attend. Proc. Natl. Acad. Sci. U. S. A. https://
doi.org/10.1073/pnas.0835631100.

Changeux, J.P., Danchin, A., 1976. Selective stabilisation of developing synapses as a
mechanism for the specification of neuronal networks. Nature. https://doi.org/
10.1038/264705a0.

Charman, T., Drew, A., Baird, C., Baird, G., 2003. Measuring early language development
in preschool children with autism spectrum disorder using the MacArthur
communicative development inventory (Infant Form). J. Child Lang. https://doi.
org/10.1017/50305000902005482.

Ciaramelli, E., Grady, C.L., Moscovitch, M., 2008. Top-down and bottom-up attention to
memory: a hypothesis (AtoM) on the role of the posterior parietal cortex in memory
retrieval. Neuropsychologia. https://doi.org/10.1016/j.
neuropsychologia.2008.03.022.

Constantino, J.N., Gruber, C.P., 2012. Social Responsiveness Scale: SRS-2. Western
Psychological Services, Torrance, CA.

Curtin, S., Vouloumanos, A., 2013. Speech preference is associated with autistic-like
behavior in 18-months-olds at risk for autism spectrum disorder. J. Autism Dev.
Disord. https://doi.org/10.1007/s10803-013-1759-1.

Dale, A.M., Fischl, B., Sereno, M.I., 1999. Cortical surface-based analysis: I. Segmentation
and surface reconstruction. Neuroimage. https://doi.org/10.1006/nimg.1998.0395.

DeWitt, 1., Rauschecker, J.P., 2012. PNAS Plus: phoneme and word recognition in the
auditory ventral stream. Proc. Natl. Acad. Sci. 109, E505-E514. https://doi.org/
10.1073/pnas.1113427109.

DiStefano, C., Senturk, D., Jeste, S.S., 2019. ERP evidence of semantic processing in
children with ASD. Dev. Cogn. Neurosci. 36, 100640 https://doi.org/10.1016/j.
den.2019.100640.

Dronkers, N.F., Wilkins, D.P., Van Valin, R.D., Redfern, B.B., Jaeger, J.J., 2004. Lesion
analysis of the brain areas involved in language comprehension. Cognition. https://
doi.org/10.1016/j.cognition.2003.11.002.

Edgar, J.C., 2020. Identifying electrophysiological markers of autism spectrum disorder
and schizophrenia against a backdrop of normal brain development. Psychiatry Clin.
Neurosci. https://doi.org/10.1111/pcn.12927.

Edgar, J.C., Fisk Iv, C.L., Berman, J.I., Chudnovskaya, D., Liu, S., Pandey, J.,
Herrington, J.D., Port, R.G., Schultz, R.T., Roberts, T.P.L., 2015. Auditory encoding
abnormalities in children with autism spectrum disorder suggest delayed
development of auditory cortex. Mol. Autism. https://doi.org/10.1186/513229-015-
0065-5.

Elliot, C.D., 2007. Differential Ability Scales-II (DAS-II). San Antonio..

Fedorenko, E., Thompson-Schill, S.L., 2014. Reworking the language network. Trends
Cogn. Sci. https://doi.org/10.1016/j.tics.2013.12.006.

12

Progress in Neurobiology 203 (2021) 102077

Fedorenko, E., Hsieh, P.J., Nieto-Castandn, A., Whitfield-Gabrieli, S., Kanwisher, N.,
2010. New method for fMRI investigations of language: defining ROIs functionally in
individual subjects. J. Neurophysiol. https://doi.org/10.1152/jn.00032.2010.

Fedorenko, E., Scott, T.L., Brunner, P., Coon, W.G., Pritchett, B., Schalk, G.,
Kanwisher, N., 2016. Neural correlate of the construction of sentence meaning. Proc.
Natl. Acad. Sci. U. S. A. https://doi.org/10.1073/pnas.1612132113.

Fischl, B., Sereno, M., Dale, A.M., 1999. Cortical surface-based analysis: II. Inflation,
flattening, and a surface-based coordinate system. Neuroimage. https://doi.org/
10.1006/nimg.1998.0396.

Gage, N.M.,, Siegel, B., Roberts, T.P.L., 2003. Cortical auditory system maturational
abnormalities in children with autism disorder: an MEG investigation. Dev. Brain
Res. https://doi.org/10.1016/50165-3806(03)00172-X.

Gervais, H., Belin, P., Boddaert, N., Leboyer, M., Coez, A., Sfaello, 1., Barthélémy, C.,
Brunelle, F., Samson, Y., Zilbovicius, M., 2004. Abnormal cortical voice processing in
autism. Nat. Neurosci. https://doi.org/10.1038/nn1291.

Gottlieb, J., 2007. From thought to action: the parietal cortex as a bridge between
perception, action, and cognition. Neuron. https://doi.org/10.1016/j.
neuron.2006.12.009.

Héamaldinen, M.S., Ilmoniemi, R.J., 1994. Interpreting magnetic fields of the brain:
minimum norm estimates. Med. Biol. Eng. Comput. https://doi.org/10.1007/
BF02512476.

Hamalainen, M.S., Sarvas, J., 1987. Feasibility of the homogeneous head model in the
interpretation of neuromagnetic fields. Phys. Med. Biol. https://doi.org/10.1088/
0031-9155/32/1/014.

Hartwigsen, G., Golombek, T., Obleser, J., 2015. Repetitive transcranial magnetic
stimulation over left angular gyrus modulates the predictability gain in degraded
speech comprehension. Cortex. https://doi.org/10.1016/j.cortex.2014.08.027.

Hickok, G., Poeppel, D., 2007. The cortical organization of speech processing. Nat. Rev.
Neurosci. 8, 393-402. https://doi.org/10.1038/nrn2113.

Huang, S., Belliveau, J.W., Tengshe, C., Ahveninen, J., 2012. Brain networks of novelty-
driven involuntary and cued voluntary auditory attention shifting. PLoS One.
https://doi.org/10.1371/journal.pone.0044062.

Hudry, K., Leadbitter, K., Temple, K., Slonims, V., McConachie, H., Aldred, C.,

Howlin, P., Charman, T., 2010. Preschoolers with autism show greater impairment
in receptive compared with expressive language abilities. Int. J. Lang. Commun.
Disord. https://doi.org/10.3109/13682820903461493.

Hultén, A., Schoffelen, J.M., Uddén, J., Lam, N.H.L., Hagoort, P., 2019. How the brain
makes sense beyond the processing of single words — an MEG study. Neuroimage.
https://doi.org/10.1016/j.neuroimage.2018.11.035.

Hyvarinen, A., 1999. Fast and robust fixed-point algorithms for independent component
analysis. IEEE Trans. Neural Networks. https://doi.org/10.1109/72.761722.

IEEE Recommended Practice for Speech Quality Measurements, 1969. IEEE Trans. Audio
Electroacoust. https://doi.org/10.1109/TAU.1969.1162058.

Joseph, R.M., Tager-Flusberg, H., Lord, C., 2002. Cognitive profiles and social-
communicative functioning in children with autism spectrum disorder. J. Child
Psychol. Psychiatry Allied Discip. https://doi.org/10.1111/1469-7610.00092.

Kaufman, A.S., 2004. Kaufman brief intelligence test. Circ. Pines, MN Am. Guid. Serv,
second edition.

Keehn, B., Nair, A., Lincoln, A.J., Townsend, J., Miiller, R.A., 2016. Under-reactive but
easily distracted: an fMRI investigation of attentional capture in autism spectrum
disorder. Dev. Cogn. Neurosci. https://doi.org/10.1016/j.dcn.2015.12.002.

Khan, S., Michmizos, K., Tommerdahl, M., Ganesan, S., Kitzbichler, M.G., Zetino, M.,
Garel, K.L.A., Herbert, M.R., Hamaéldinen, M.S., Kenet, T., 2015. Somatosensory
cortex functional connectivity abnormalities in autism show opposite trends,
depending on direction and spatial scale. Brain. https://doi.org/10.1093/brain/
awv043.

Kitzbichler, M.G., Khan, S., Ganesan, S., Vangel, M.G., Herbert, M.R., Hamaéldinen, M.S.,
Kenet, T., 2015. Altered development and multifaceted band-specific abnormalities
of resting state networks in autism. Biol. Psychiatry. https://doi.org/10.1016/].
biopsych.2014.05.012.

Korkman, M., Kirk, U., Kemp, S., 2007. NEPSY-second edition (NEPSY-II). J. Psychoeduc.
Assess. https://doi.org/10.1177/0734282909346716.

Kuhl, P.K., Coffey-Corina, S., Padden, D., Dawson, G., 2005. Links between social and
linguistic processing of speech in preschool children with autism: behavioral and
electrophysiological measures. Dev. Sci. https://doi.org/10.1111/j.1467-
7687.2004.00384.x.

Kujala, T., Lepisto, T., Nadtanen, R., 2013. The neural basis of aberrant speech and
audition in autism spectrum disorders. Neurosci. Biobehav. Rev. https://doi.org/
10.1016/j.neubiorev.2013.01.006.

Lai, G., Schneider, H.D., Schwarzenberger, J.C., Hirsch, J., 2011. Speech stimulation
during functional MR imaging as a potential indicator of autism. Radiology. https://
doi.org/10.1148/radiol.11101576.

Lepisto, T., Kujala, T., Vanhala, R., Alku, P., Huotilainen, M., Ndéténen, R., 2005. The
discrimination of and orienting to speech and non-speech sounds in children with
autism. Brain Res. https://doi.org/10.1016/j.brainres.2005.10.052.

Lepisto, T., Nieminen-von Wendt, T., von Wendt, L., Naatanen, R., Kujala, T., 2007.
Auditory cortical change detection in adults with Asperger syndrome. Neurosci. Lett.
https://doi.org/10.1016/j.neulet.2006.12.009.

Lin, F.H., Belliveau, J.W., Dale, A.M., Hamalainen, M.S., 2006a. Distributed current
estimates using cortical orientation constraints. Hum. Brain Mapp. https://doi.org/
10.1002/hbm.20155.

Lin, F.H., Witzel, T., Ahlfors, S.P., Stufflebeam, S.M., Belliveau, J.W., Himéalainen, M.S.,
2006b. Assessing and improving the spatial accuracy in MEG source localization by
depth-weighted minimum-norm estimates. Neuroimage. https://doi.org/10.1016/j.
neuroimage.2005.11.054.


https://doi.org/10.1016/j.pneurobio.2021.102077
https://doi.org/10.1002/hbm.20851
https://doi.org/10.3389/fnhum.2020.00267
https://doi.org/10.3389/fnhum.2020.00267
https://doi.org/10.1093/scan/nsv029
https://doi.org/10.1093/scan/nsv029
https://doi.org/10.1111/j.1469-7610.2004.t01-1-00303.x
https://doi.org/10.1111/j.1469-7610.2004.t01-1-00303.x
https://doi.org/10.1111/j.1469-7610.2005.01443.x
https://doi.org/10.1007/s10803-008-0593-3
https://doi.org/10.1176/appi.ajp.160.11.2057
https://doi.org/10.1176/appi.ajp.160.11.2057
https://doi.org/10.1176/appi.ajp.161.11.2117
https://doi.org/10.1111/j.1469-7610.2011.02508.x
https://doi.org/10.1111/j.1469-7610.2011.02508.x
https://doi.org/10.1111/j.1460-9568.2008.06064.x
https://doi.org/10.1111/j.1460-9568.2008.06064.x
http://refhub.elsevier.com/S0301-0082(21)00091-5/sbref0055
https://doi.org/10.1073/pnas.0835631100
https://doi.org/10.1073/pnas.0835631100
https://doi.org/10.1038/264705a0
https://doi.org/10.1038/264705a0
https://doi.org/10.1017/S0305000902005482
https://doi.org/10.1017/S0305000902005482
https://doi.org/10.1016/j.neuropsychologia.2008.03.022
https://doi.org/10.1016/j.neuropsychologia.2008.03.022
http://refhub.elsevier.com/S0301-0082(21)00091-5/sbref0080
http://refhub.elsevier.com/S0301-0082(21)00091-5/sbref0080
https://doi.org/10.1007/s10803-013-1759-1
https://doi.org/10.1006/nimg.1998.0395
https://doi.org/10.1073/pnas.1113427109
https://doi.org/10.1073/pnas.1113427109
https://doi.org/10.1016/j.dcn.2019.100640
https://doi.org/10.1016/j.dcn.2019.100640
https://doi.org/10.1016/j.cognition.2003.11.002
https://doi.org/10.1016/j.cognition.2003.11.002
https://doi.org/10.1111/pcn.12927
https://doi.org/10.1186/s13229-015-0065-5
https://doi.org/10.1186/s13229-015-0065-5
http://refhub.elsevier.com/S0301-0082(21)00091-5/sbref0120
https://doi.org/10.1016/j.tics.2013.12.006
https://doi.org/10.1152/jn.00032.2010
https://doi.org/10.1073/pnas.1612132113
https://doi.org/10.1006/nimg.1998.0396
https://doi.org/10.1006/nimg.1998.0396
https://doi.org/10.1016/S0165-3806(03)00172-X
https://doi.org/10.1038/nn1291
https://doi.org/10.1016/j.neuron.2006.12.009
https://doi.org/10.1016/j.neuron.2006.12.009
https://doi.org/10.1007/BF02512476
https://doi.org/10.1007/BF02512476
https://doi.org/10.1088/0031-9155/32/1/014
https://doi.org/10.1088/0031-9155/32/1/014
https://doi.org/10.1016/j.cortex.2014.08.027
https://doi.org/10.1038/nrn2113
https://doi.org/10.1371/journal.pone.0044062
https://doi.org/10.3109/13682820903461493
https://doi.org/10.1016/j.neuroimage.2018.11.035
https://doi.org/10.1109/72.761722
https://doi.org/10.1109/TAU.1969.1162058
https://doi.org/10.1111/1469-7610.00092
http://refhub.elsevier.com/S0301-0082(21)00091-5/sbref0210
http://refhub.elsevier.com/S0301-0082(21)00091-5/sbref0210
https://doi.org/10.1016/j.dcn.2015.12.002
https://doi.org/10.1093/brain/awv043
https://doi.org/10.1093/brain/awv043
https://doi.org/10.1016/j.biopsych.2014.05.012
https://doi.org/10.1016/j.biopsych.2014.05.012
https://doi.org/10.1177/0734282909346716
https://doi.org/10.1111/j.1467-7687.2004.00384.x
https://doi.org/10.1111/j.1467-7687.2004.00384.x
https://doi.org/10.1016/j.neubiorev.2013.01.006
https://doi.org/10.1016/j.neubiorev.2013.01.006
https://doi.org/10.1148/radiol.11101576
https://doi.org/10.1148/radiol.11101576
https://doi.org/10.1016/j.brainres.2005.10.052
https://doi.org/10.1016/j.neulet.2006.12.009
https://doi.org/10.1002/hbm.20155
https://doi.org/10.1002/hbm.20155
https://doi.org/10.1016/j.neuroimage.2005.11.054
https://doi.org/10.1016/j.neuroimage.2005.11.054

J. Alho et al.

Lombardo, M.V., Pierce, K., Eyler, L.T., CarterBarnes, C., Ahrens-Barbeau, C., Solso, S.,
Campbell, K., Courchesne, E., 2015. Different functional neural substrates for good
and poor language outcome in autism. Neuron. https://doi.org/10.1016/j.
neuron.2015.03.023.

Lord, C., Risi, S., Lambrecht, L., Cook, E.H., Leventhal, B.L., Dilavore, P.C., Pickles, A.,
Rutter, M., 2000. The autism diagnostic observation schedule-generic: a standard
measure of social and communication deficits associated with the spectrum of
autism. J. Autism Dev. Disord. https://doi.org/10.1023/A:1005592401947.

Luna, B., Doll, S.K., Hegedus, S.J., Minshew, N.J., Sweeney, J.A., 2007. Maturation of
executive function in autism. Biol. Psychiatry. https://doi.org/10.1016/j.
biopsych.2006.02.030.

Luyster, R.J., Kadlec, M.B., Carter, A., Tager-Flusberg, H., 2008. Language assessment
and development in toddlers with autism spectrum disorders. J. Autism Dev. Disord.
https://doi.org/10.1007/5s10803-007-0510-1.

Magiati, 1., Tay, X.W., Howlin, P., 2014. Cognitive, language, social and behavioural
outcomes in adults with autism spectrum disorders: a systematic review of
longitudinal follow-up studies in adulthood. Clin. Psychol. Rev. https://doi.org/
10.1016/j.cpr.2013.11.002.

Mamashli, F., Khan, S., Bharadwaj, H., Losh, A., Pawlyszyn, S.M., Hdmaldinen, M.S.,
Kenet, T., 2018. Maturational trajectories of local and long-range functional
connectivity in autism during face processing. Hum. Brain Mapp. https://doi.org/
10.1002/hbm.24234.

Mamashli, F., Kozhemiako, N., Khan, S., Nunes, A.S., McGuiggan, N.M., Losh, A.,
Joseph, R.M., Ahveninen, J., Doesburg, S.M., Hdmaélainen, M.S., Kenet, T., 2021.
Children with autism spectrum disorder show altered functional connectivity and
abnormal maturation trajectories in response to inverted faces. Autism Res. n/a.
https://doi.org/10.1002/aur.2497.

Maris, E., Oostenveld, R., 2007. Nonparametric statistical testing of EEG- and MEG-data.
J. Neurosci. Methods 164, 177-190. https://doi.org/10.1016/j.
jneumeth.2007.03.024.

Marslen-Wilson, W.D., 1975. Sentence perception as an interactive parallel process.
Science (80-.). https://doi.org/10.1126/science.189.4198.226.

Matsuzaki, J., Kuschner, E.S., Blaskey, L., Bloy, L., Kim, M., Ku, M., Edgar, J.C.,
Embick, D., Roberts, T.P.L., 2019. Abnormal auditory mismatch fields are associated
with communication impairment in both verbal and minimally verbal/nonverbal
children who have autism spectrum disorder. Autism Res. https://doi.org/10.1002/
aur.2136.

Mody, M., Manoach, D.S., Guenther, F.H., Kenet, T., Bruno, K.A., McDougle, C.J.,
Stigler, K.A., 2013. Speech and language in autism spectrum disorder: a view
through the lens of behavior and brain imaging. Neuropsychiatry (London). https://
doi.org/10.2217/npy.13.19.

Nadig, A.S., Ozonoff, S., Young, G.S., Rozga, A., Sigman, M., Rogers, S.J., 2007.

A prospective study of response to name in infants at risk for autism. Arch. Pediatr.
Adolesc. Med. https://doi.org/10.1001/archpedi.161.4.378.

Nomi, J.S., Uddin, L.Q., 2015. Developmental changes in large-scale network
connectivity in autism. Neuroimage Clin. https://doi.org/10.1016/j.
nicl.2015.02.024.

Oram Cardy, J.E., Flagg, E.J., Roberts, W., Roberts, T.P.L., 2008. Auditory evoked fields
predict language ability and impairment in children. Int. J. Psychophysiol. https://
doi.org/10.1016/j.ijpsycho.2007.10.015.

Pallier, C., Devauchellea, A.D., Dehaenea, S., 2011. Cortical representation of the
constituent structure of sentences. Proc. Natl. Acad. Sci. U. S. A. https://doi.org/
10.1073/pnas.1018711108.

Paul, R., Chawarska, K., Fowler, C., Cicchetti, D., Volkmar, F., 2007. “Listen my children
and you shall hear”: auditory preferences in toddlers with autism spectrum
disorders. J. Speech Lang. Hear. Res. https://doi.org/10.1044/1092-4388(2007/
094).

Pernet, C.R., Latinus, M., Nichols, T.E., Rousselet, G.A., 2015. Cluster-based
computational methods for mass univariate analyses of event-related brain
potentials/fields: a simulation study. J. Neurosci. Methods. https://doi.org/
10.1016/j.jneumeth.2014.08.003.

Perrachione, T.K., Dougherty, S.C., Mclaughlin, D.E., Lember, R.A., 2015. The effects of
speech perception and speech comprehension on talker identification. Proceedings
of the 18th International Congress of Phonetic Sciences.

Pijnacker, J., Geurts, B., van Lambalgen, M., Buitelaar, J., Hagoort, P., 2010. Exceptions
and anomalies: an ERP study on context sensitivity in autism. Neuropsychologia 48,
2940-2951. https://doi.org/10.1016/j.neuropsychologia.2010.06.003.

13

Progress in Neurobiology 203 (2021) 102077

Piro, J.M., 1998. Handedness and intelligence: patterns of hand preference in gifted and
nongifted children. Dev. Neuropsychol. https://doi.org/10.1080/
87565649809540732.

Port, R.G., Edgar, J.C., Ku, M., Bloy, L., Murray, R., Blaskey, L., Levy, S.E., Roberts, T.P.
L., 2016. Maturation of auditory neural processes in autism spectrum disorder - A
longitudinal MEG study. Neuroimage Clin. https://doi.org/10.1016/].
nicl.2016.03.021.

Rauschecker, J.P., Scott, S.K., 2009. Maps and streams in the auditory cortex: nonhuman
primates illuminate human speech processing. Nat. Neurosci. 12, 718-724. https://
doi.org/10.1038/nn.2331.

Redcay, E., 2008. The superior temporal sulcus performs a common function for social
and speech perception: implications for the emergence of autism. Neurosci.
Biobehav. Rev. https://doi.org/10.1016/j.neubiorev.2007.06.004.

Roberts, T.P.L., Cannon, K.M., Tavabi, K., Blaskey, L., Khan, S.Y., Monroe, J.F.,
Qasmieh, S., Levy, S.E., Edgar, J.C., 2011. Auditory magnetic mismatch field latency:
a biomarker for language impairment in autism. Biol. Psychiatry. https://doi.org/
10.1016/j.biopsych.2011.01.015.

Roberts, T.P.L., Matsuzaki, J., Blaskey, L., Bloy, L., Edgar, J.C., Kim, M., Ku, M.,
Kuschner, E.S., Embick, D., 2019. Delayed M50/M100 evoked response component
latency in minimally verbal/nonverbal children who have autism spectrum disorder.
Mol. Autism. https://doi.org/10.1186/513229-019-0283-3.

Skeide, M.A., Friederici, A.D., 2016. The ontogeny of the cortical language network. Nat.
Rev. Neurosci. https://doi.org/10.1038/nrn.2016.23.

Smith, S.M., Nichols, T.E., 2009. Threshold-free cluster enhancement: addressing
problems of smoothing, threshold dependence and localisation in cluster inference.
Neuroimage. https://doi.org/10.1016/j.neuroimage.2008.03.061.

Stephen, J.M., Hill, D.E., Peters, A., Flynn, L., Zhang, T., Okada, Y., 2017. Development
of auditory evoked responses in normally developing preschool children and
children with autism Spectrum disorder. Dev. Neurosci. https://doi.org/10.1159/
000477614.

Tager-Flusberg, H., Paul, R., Lord, C., 2005. Language and communication in autism.
Handbook of Autism and Pervasive Developmental Disorders. https://doi.org/
10.1002/9780470939345 chl2.

Tauluy, S., Kajola, M., 2005. Presentation of electromagnetic multichannel data: the signal
space separation method. J. Appl. Phys. https://doi.org/10.1063/1.1935742.

Taulu, S., Simola, J., 2006. Spatiotemporal signal space separation method for rejecting
nearby interference in MEG measurements. Phys. Med. Biol. https://doi.org/
10.1088/0031-9155/51/7/008.

Uddin, L.Q., Supekar, K., Menon, V., 2013. Reconceptualizing functional brain
connectivity in autism from a developmental perspective. Front. Hum. Neurosci.
https://doi.org/10.3389/fnhum.2013.00458.

Uutela, K., Taulu, S., Himaldinen, M., 2001. Detecting and correcting for head
movements in neuromagnetic measurements. Neuroimage. https://doi.org/
10.1006/nimg.2001.0915.

Vakorin, V.A., Doesburg, S.M., Leung, R.C., Vogan, V.M., Anagnostou, E., Taylor, M.J.,
2017. Developmental changes in neuromagnetic rhythms and network synchrony in
autism. Ann. Neurol. https://doi.org/10.1002/ana.24836.

Vitevitch, M.S., Luce, P.A., 2004. A web-based interface to calculate phonotactic
probability for words and nonwords in English. Behav. Res. Methods Instrum.
Comput. https://doi.org/10.3758/BF03195594.

Wallace, G.L., Dankner, N., Kenworthy, L., Giedd, J.N., Martin, A., 2010. Age-related
temporal and parietal cortical thinning in autism spectrum disorders. Brain. https://
doi.org/10.1093/brain/awq279.

Warner, R., 2007. Applied statistics: from bivariate through multivariate techniques.
Components. https://doi.org/10.1017/CB09781107415324.004.

Yoshimura, Y., Kikuchi, M., Shitamichi, K., Ueno, S., Munesue, T., Ono, Y.,
Tsubokawa, T., Haruta, Y., Oi, M., Niida, Y., Remijn, G.B., Takahashi, T., Suzuki, M.,
Higashida, H., Minabe, Y., 2013. Atypical brain lateralisation in the auditory cortex
and language performance in 3- to 7-year-old children with high-functioning autism
spectrum disorder: a child-customised magnetoencephalography (MEG) study. Mol.
Autism. https://doi.org/10.1186/2040-2392-4-38.

Yoshimura, Y., Kikuchi, M., Hayashi, N., Hiraishi, H., Hasegawa, C., Takahashi, T.,

Oi, M., Remijn, G.B., Ikeda, T., Saito, D.N., Kumazaki, H., Minabe, Y., 2017. Altered
human voice processing in the frontal cortex and a developmental language delay in
3- to 5-year-old children with autism spectrum disorder. Sci. Rep. https://doi.org/
10.1038/541598-017-17058-x.


https://doi.org/10.1016/j.neuron.2015.03.023
https://doi.org/10.1016/j.neuron.2015.03.023
https://doi.org/10.1023/A:1005592401947
https://doi.org/10.1016/j.biopsych.2006.02.030
https://doi.org/10.1016/j.biopsych.2006.02.030
https://doi.org/10.1007/s10803-007-0510-1
https://doi.org/10.1016/j.cpr.2013.11.002
https://doi.org/10.1016/j.cpr.2013.11.002
https://doi.org/10.1002/hbm.24234
https://doi.org/10.1002/hbm.24234
https://doi.org/10.1002/aur.2497
https://doi.org/10.1016/j.jneumeth.2007.03.024
https://doi.org/10.1016/j.jneumeth.2007.03.024
https://doi.org/10.1126/science.189.4198.226
https://doi.org/10.1002/aur.2136
https://doi.org/10.1002/aur.2136
https://doi.org/10.2217/npy.13.19
https://doi.org/10.2217/npy.13.19
https://doi.org/10.1001/archpedi.161.4.378
https://doi.org/10.1016/j.nicl.2015.02.024
https://doi.org/10.1016/j.nicl.2015.02.024
https://doi.org/10.1016/j.ijpsycho.2007.10.015
https://doi.org/10.1016/j.ijpsycho.2007.10.015
https://doi.org/10.1073/pnas.1018711108
https://doi.org/10.1073/pnas.1018711108
https://doi.org/10.1044/1092-4388(2007/094)
https://doi.org/10.1044/1092-4388(2007/094)
https://doi.org/10.1016/j.jneumeth.2014.08.003
https://doi.org/10.1016/j.jneumeth.2014.08.003
http://refhub.elsevier.com/S0301-0082(21)00091-5/sbref0355
http://refhub.elsevier.com/S0301-0082(21)00091-5/sbref0355
http://refhub.elsevier.com/S0301-0082(21)00091-5/sbref0355
https://doi.org/10.1016/j.neuropsychologia.2010.06.003
https://doi.org/10.1080/87565649809540732
https://doi.org/10.1080/87565649809540732
https://doi.org/10.1016/j.nicl.2016.03.021
https://doi.org/10.1016/j.nicl.2016.03.021
https://doi.org/10.1038/nn.2331
https://doi.org/10.1038/nn.2331
https://doi.org/10.1016/j.neubiorev.2007.06.004
https://doi.org/10.1016/j.biopsych.2011.01.015
https://doi.org/10.1016/j.biopsych.2011.01.015
https://doi.org/10.1186/s13229-019-0283-3
https://doi.org/10.1038/nrn.2016.23
https://doi.org/10.1016/j.neuroimage.2008.03.061
https://doi.org/10.1159/000477614
https://doi.org/10.1159/000477614
https://doi.org/10.1002/9780470939345
https://doi.org/10.1002/9780470939345
https://doi.org/10.1063/1.1935742
https://doi.org/10.1088/0031-9155/51/7/008
https://doi.org/10.1088/0031-9155/51/7/008
https://doi.org/10.3389/fnhum.2013.00458
https://doi.org/10.1006/nimg.2001.0915
https://doi.org/10.1006/nimg.2001.0915
https://doi.org/10.1002/ana.24836
https://doi.org/10.3758/BF03195594
https://doi.org/10.1093/brain/awq279
https://doi.org/10.1093/brain/awq279
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1186/2040-2392-4-38
https://doi.org/10.1038/s41598-017-17058-x
https://doi.org/10.1038/s41598-017-17058-x

	Altered maturation and atypical cortical processing of spoken sentences in autism spectrum disorder
	1 Introduction
	2 Material and methods
	2.1 Participants
	2.2 Group difference in NVIQ, VIQ, and sample size
	2.3 Stimuli and paradigm
	2.4 Structural MRI data acquisition and processing
	2.5 MEG data acquisition
	2.6 MEG data preprocessing, artifact correction, and epoching
	2.7 Source estimation
	2.8 Spatio-temporal clustering analysis
	2.9 Region of interest (ROI) analysis
	2.10 Statistical analysis

	3 Results
	3.1 Group differences in event-related fields (ERFs)
	3.2 Correlation between ERFs and age
	3.3 Within-ROI differences in ERFs
	3.4 Correlation between ERFs and behavioral scores

	4 Discussion
	4.1 Differences in ERFs to meaningful vs. meaningless speech in ASD
	4.2 Differences in maturational trajectories of ERFs in ASD
	4.3 Correlation between ERFs and attentional inhibition
	4.4 Correlation between ERFs and ASD severity
	4.5 Limitations
	4.6 Conclusions

	Author contributions
	Funding
	Declaration of Competing Interest
	Appendix A The Peer Review Overview and Supplementary data
	References


