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ARTICLE INFO ABSTRACT

Keywords: Individuals with autism spectrum disorder (ASD) commonly display speech processing abnormalities. Binding of
Autism acoustic features of speech distributed across different frequencies into coherent speech objects is fundamental in
Speech

speech perception. Here, we tested the hypothesis that the cortical processing of bottom-up acoustic cues for
speech binding may be anomalous in ASD. We recorded magnetoencephalography while ASD children (ages
7-17) and typically developing peers heard sentences of sine-wave speech (SWS) and modulated SWS (MSS)
where binding cues were restored through increased temporal coherence of the acoustic components and the
introduction of harmonicity. The ASD group showed increased long-range feedforward functional connectivity
from left auditory to parietal cortex with concurrent decreased local functional connectivity within the parietal
region during MSS relative to SWS. As the parietal region has been implicated in auditory object binding, our
findings support our hypothesis of atypical bottom-up speech binding in ASD. Furthermore, the long-range
functional connectivity correlated with behaviorally measured auditory processing abnormalities, confirming
the relevance of these atypical cortical signatures to the ASD phenotype. Lastly, the group difference in the local
functional connectivity was driven by the youngest participants, suggesting that impaired speech binding in ASD
might be ameliorated upon entering adolescence.

Magnetoencephalography
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1. Introduction atypical auditory processing in ASD run the gamut from delayed evoked

response latencies to simple tones (Edgar et al., 2015; Roberts et al.,

Autism spectrum disorder (ASD) is defined by deficits in social in-
teractions and communication, and repetitive and restrictive behaviors.
Individuals with ASD also commonly display a wide range of auditory
processing abnormalities (Alcantara et al., 2004; Ben-Sasson et al.,
2009; Bonnel et al., 2003; Kwakye et al., 2011; McCormick et al., 2016;
O’Connor, 2012; Tomchek and Dunn, 2007). Neural manifestations of

2010) and single vowels (Oram Cardy et al., 2005; Roberts et al., 2011)
all the way to abnormal cortical processing of spoken speech sentences
(Alho et al., 2021). Gaining a better understanding of auditory pro-
cessing of speech in ASD is of particular importance as early speech and
language ability in children with ASD has been shown to predict adap-
tive functioning, social skills, and communicative abilities later in life
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ICSS, Inhibition Contrast Scaled Score; MSS, modulated sinewave speech; NVIQ, nonverbal IQ; PAC, phase-amplitude coupling; SCQ, Social Communication
Questionnaire lifetime score; SCSS, Switching Contrast Scaled Score; SRS, Social Responsiveness Scale total score; SWS, sinewave speech; TD, typically developing;

VIQ, verbal IQ.
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(Howlin et al., 2004; Magiati et al., 2014).

A fundamental process in auditory perception is auditory scene
analysis, whereby the brain organizes auditory information into
coherent, perceptually meaningful objects or streams (Bregman, 1994).
Spoken language, in particular, is a highly complex signal containing
diverse and transient acoustic events, yet it is typically perceived as a
single, coherent perceptual stream. It is thought that the brain achieves
this kind of binding of different stimulus features into coherent
perceptual objects through synchrony of the firing patterns of the neural
populations that encode those features (Shamma et al., 2011).
Dysfunction in this temporal synthesis of sensory information has been
hypothesized to contribute to auditory processing abnormalities in ASD
(Robertson and Baron-Cohen, 2017).

In arecent study, we used magnetoencephalography (MEG) to record
cortical responses from children with ASD during a novel paradigm
where perceptual binding of acoustic features of the stimulus into
auditory objects was facilitated by manipulating the temporal coherence
in the auditory scene with synthetic sounds (Bharadwaj et al., 2022). We
found that the auditory cortical responses in children with ASD showed
impaired sensitivity to increasing temporal coherence in the auditory
scene, the extent of which correlated with behavioral measures of ASD
severity and auditory processing abnormalities, suggesting that auditory
scene analysis based on temporal coherence might indeed be impaired
and contribute to auditory perceptual deficits in ASD. Given the
importance of temporal coherence as a binding cue in natural sounds,
the question arises as to whether such atypical processing of binding
cues in ASD could also contribute to impaired speech processing.

At the neural level, abnormalities in temporal-coherence-based
speech binding can be assessed by analyzing the synchrony of neural
oscillations, which is believed to enable information transfer in the brain
between neural populations (Fries, 2005). Many neuroimaging studies
using a variety of paradigms have reported abnormalities in this infor-
mation transfer mechanism in ASD, measured as long-range functional
connectivity between disparate cortical regions and/or local functional
connectivity within a functionally defined cortical region (Kana et al.,
2014, 2011; Khan et al., 2013; Mamashli et al., 2021, 2018,2017; Nomi
and Uddin, 2015; O’Reilly et al., 2017). Earlier studies from our group
have documented reduced local functional connectivity in ASD using
different analytic approaches and paradigms (Khan et al., 2015, 2013),
suggesting that reduced local functional connectivity within a func-
tionally relevant brain region might be characteristic of ASD. A
commonly used analytical approach to study local functional connec-
tivity is phase-amplitude coupling (PAC), whereby the phase of lower
frequency oscillatory activity modulates the amplitude of higher fre-
quency oscillatory activity (Canolty and Knight, 2010). For example,
MEG studies using visual stimuli have reported decreased alpha (~8-12
Hz) to gamma (>30 Hz) PAC in ASD (Khan et al., 2013; Mamashli et al.,
2018; Seymour et al., 2019). In parallel, ASD has been associated with
atypically increased bottom-up processing tendencies (Amso et al.,
2014; Jarvinen-Pasley et al., 2008; Robertson et al., 2014). Thus, an
important consideration when analyzing long-range functional con-
nectivity in ASD is the directionality of the connectivity. It has been
proposed that ASD could be characterized by increased long-range
feedforward (i.e., bottom-up from previous stage in the processing hi-
erarchy) and reduced long-range feedback (i.e., top-down from
following stage in the processing hierarchy) connectivity (Khan et al.,
2015; Kitzbichler et al., 2015).

Cortical processing of complex sounds is thought to occur hierar-
chically starting from representations of individual acoustic features in
the primary auditory cortex to increasingly integrated representations
that mirror object perception in higher cortical regions (Bizley and
Cohen, 2013; Kaas and Hackett, 2000; Rauschecker, 1997; Rauschecker
and Tian, 2000). Recent single-neuron and neuroimaging studies have
suggested that parietal cortex might be a site where integrated repre-
sentations of a coherent whole emerge from the elemental representa-
tions in the auditory cortex (Sohoglu et al., 2020; Yao et al., 2020).
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Here, we directly investigated whether the brain functional con-
nectivity correlates of binding the acoustic components of speech into a
coherent perceptual stream are atypical in ASD. To this end, we recorded
MEG while children with ASD (ages 7-17) and typically developing (TD)
peers passively listened to three-tone sine-wave speech (SWS) sentences
which only contain three time-varying sinusoidal components corre-
sponding to the first three formant frequencies of the original speech
sentences. Crucially, while SWS can be perceived as speech and under-
stood by individuals who have already heard the intact original speech,
they are perceived as set of simultaneous whistles by naive listeners
(Remez et al., 1981), because perceptual binding of these stimuli occurs
purely through top-down influences (Davis and Johnsrude, 2007). Here,
we compared MEG responses to these SWS stimuli to responses obtained
when the same SWS sentences were amplitude modulated. Unlike the
SWS sentences which lack bottom-up binding cues, the modulated SWS
(MSS) sentences include both co-modulation (i.e., temporally coherent
formant modulations) and a harmonic spectral structure, both of which
are strong bottom-up grouping cues (Darwin, 1997). This contrast al-
lows us to focus specifically on the cortical correlates of bottom-up
speech binding in ASD. Based on studies of the cortical correlates of
auditory object binding (Sohoglu et al., 2020; Yao et al., 2020) and the
proposed increased long-range feedforward processing tendencies in
ASD (Khan et al., 2015; Kitzbichler et al., 2015), we hypothesized that
the ASD children would exhibit atypically increased feedforward func-
tional connectivity (i.e., lack of selectivity in feedforward coherence-
dependent routing) from primary auditory cortex to parietal cortex
during the modulated SWS relative to the original SWS. Furthermore,
based on our recent findings (Bharadwaj et al., 2022) and those sug-
gesting that reduced local functional connectivity within a functionally
relevant brain region might be characteristic of ASD (Khan et al., 2015,
2013; Mamashli et al., 2018; Seymour et al., 2019), we also hypothe-
sized that binding the acoustic components of the modulated SWS would
be impaired in the ASD children, and that this would manifest as
decreased PAC in the parietal cortex. We tested these hypotheses by
comparing data from children with ASD (N = 27) with age- and IQ-
matched TD children (N = 28).

2. Material and methods
2.1. Participants

In total, 31 individuals between ages 7 to 17 who were previously
diagnosed with autism spectrum disorder (ASD), and 35 age-matched
typically developing (TD) individuals participated in the study. One
potential ASD participant was excluded due to ultimately not meeting
ASD criteria upon further evaluation. Five individuals (two ASD and
three TD) were excluded from the analyses due to poor data quality. To
match the resulting groups on nonverbal IQ (NVIQ), another five (one
ASD and four TD) were excluded, resulting in a final sample of 27 ASD
and 28 TD participants. Sample characteristics are summarized in
Table 1 (for histogram of age distribution of the sample, see Supple-
mentary Fig. S1).

All participants had normal hearing and confirmed hearing the
stimuli well in each ear prior to the onset of the paradigm. Additionally,
in all but nine participants (two TD and seven ASD), hearing was
screened on the day of the experiment just prior to the session by
examining whether otoacoustic emissions were present at octave fre-
quencies from 500 Hz to 8000 Hz for primary levels of 50 and 60 dB SPL.
One participant (ASD) was left-handed. Participants with ASD had a
prior clinical diagnosis of ASD, which was further verified using the
Autism Diagnostic Observation Schedule (ADOS; Lord et al., 2000)
administered by trained research personnel who had established inter-
rater reliability, and through the Social Communication Question-
naire, Lifetime Version. All ASD participants met criteria on the ADOS,
and all but three met the cutoff (score > 15) on the SCQ. For the three
participants that did not meet the cutoff on the SCQ, expert clinical
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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 = 27, 4 females) TD (N = 28, 6 females)
N mean (SD) range N mean (SD) range p-value
Age 27  14.0 (3.0) 7-17 28 13.6(3.0) 7-17 0.67
NVIQ 27 1049 74-136 28 110.3 93-130 0.11
(13.2) (111
VIQ 27 101.3 61-131 28 111.8 71-140 0.02
(16.7) (14.2)
ADOS 27 11.3(3.1) 5-17 - - - -
SCQ 25 17.4(6.6) 5-31 26 3.8(3.3) 0-12 < 0.001
SRS 26 77.6(10.6)  48-90 - - - -
ASPS 25 16.4(4.0) 7-24 27 22,6 (2.2) 18-25 < 0.001
ICSS 23 8.2(3.6) 2-15 22 10.5(3.8) 3-17 0.04
SCSS 23 9.0(29 1-14 21  10.0(3.5) 4-17 0.33

impression (by R.M.J.) was used to determine inclusion (Risi et al.,
2006). Individuals with autism-related medical conditions (e.g., Fragile-
X syndrome, tuberous sclerosis) and other known risk factors (e.g.,
gestation < 36 weeks) were excluded from the study.

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 NVIQ were assessed
with the Kaufman Brief Intelligence Test — II (Kaufman, 2004) for 22
ASD and 17 TD participants, and with the Differential Ability Scales — II
(Elliot, 2007) for 5 ASD and 11 TD participants. Handedness information
was collected using the Dean 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 25 ASD and 27 TD participants. For the
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correlations between MEG data and behavioral scores, we focused spe-
cifically on the sum score of the first five questions of the Auditory
section of the Sensory Profile (parent report), referred hereon as ASPS
(Auditory Sensory Profile Score). The first five question measure audi-
tory processing abnormalities in terms of sensitivity to and distraction
by noise, and are categorically different from question 6-8, which are
related to ignoring what parents say and not responding to name being
called (question 6 and 7) and enjoying or seeking to make strange noises
(question 8).

Lastly, a subset of participants completed the INN (Inhibition-
Naming), INI (Inhibition-Inhibition), and INS (Inhibition-Switching)
sections of the NEPSY-II evaluation. Derived from these sections, the
Inhibition Contrast Scaled Score (ICSS) measures inhibition of attention,
and the Switching Contrast Scaled Score (SCSS) measures attentional
switching. The ICSS and SCSS scores range from 1 to 19. 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. Stimuli and paradigm

A sinewave speech sentence and its amplitude-modulated counter-
part were used as stimuli (Fig. 1). The sinewave speech stimulus (SWS)
was derived from a meaningless Jabberwocky sentence by extracting
sinewave replicas of the first three formants through fitting an all-pole
(autoregressive) linear predictive code filter (Ellis, 2004). The Jabber-
wocky sentence (“Fu daki hain nul ek ls tan™) was taken from a corpus
(Perrachione et al., 2015) and was created by re-arranging the pho-
nemes of a phonetically rich English sentence (“The tiny girl took off her
hat”) while adhering to the phonotactic rules of English. The English
sentence was taken from the IEEE sentences (IEEE, 1969). The English
and Jabberwocky sentences were produced by a highly trained phone-
tician (T.K.P).

The modulated sinewave speech stimulus (MSS) was derived by
amplitude modulating the SWS at 107 Hz. Importantly, while the 107 Hz

Fig. 1. Stimuli. Waveforms and spec-
trograms showing the acoustic differ-
ences between (A) sinewave speech
(SWS) and (B) modulated sinewave
speech (MSS). The * and light blue boxes

highlight the areas of detail in the two
stimulus types, shown at right. Note the
presence of temporal modulation in the
MSS stimuli evident in both the wave-
form and spectrogram, which facilitates
perceptual binding of the three fre-
quency components into a coherent
auditory object. (For interpretation of
the references to colour in this figure
legend, the reader is referred to the web

version of this article.)
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modulation introduces both co-modulation of the formant components
(i.e., temporal coherence in the amplitude fluctuations of the formant
components) and harmonicity (and associated pitch) from the imposed
modulations, which are strong bottom-up speech binding cues, it does
not add any phonetic content derived from the intact (jabberwocky)
speech.

In natural speech, both voicing (which produces co-modulation and
harmonicity in the pitch range) and common onsets at the syllabic level
provide temporal coherence across the speech components. However, in
natural speech, voicing can also convey speech content and not just
grouping cues (Rosen, 1992). By imposing modulations (at 107 Hz) in
the pitch range, but unrelated to the voicing in the original speech, our
design allowed us to study the effects of co-modulations and harmon-
icity on grouping per se dissociated from any phonetic content they may
otherwise carry.

Previous work has shown that MSS is more intelligible than SWS in
both children and adults (Lewis and Carrell, 2007). Furthermore, by
imposing uncorrelated modulations on the different formants (rather
than co-modulation), Carrell and Opie (1992) showed that the temporal
coherence across the components (and not just that modulations are
provided) is important in yielding improved speech intelligibility. See
Supplementary material for audio files of the SWS and MSS stimuli as
well as the Jabberwocky sentence from which the SWS and MSS were
derived.

The stimuli were presented binaurally through insert earphones
(Etymotic, Elk Grove Village, IL) at 75 dB sound pressure level. To
ensure reliable and comparable responses regardless of the ability of the
participant to maintain attention during the paradigm, the participants
were watching a movie with the sound off and were instructed to ignore
the sound stimuli. For most participants, both SWS and MSS stimuli were
presented 60 times in the paradigm (for the exact participant-wise
counts, see Supplementary Fig. S2). The stimuli were presented in
random order with a 700-800 ms randomly varying inter-stimulus in-
terval. The paradigm was presented in three runs, each lasting about 6
min. In addition to the SWS and MSS stimuli, the paradigm included two
English speech sentences, two jabberwocky speech sentences, and two
noise stimuli, not discussed here.

2.3. Structural MRI data acquisition and processing

Tl-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 1x1 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 the FreeSurfer
software (Version 6.0.0; documented and available at https://surfer.nmr
.mgh.harvard.edu/).

2.4. 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

Neurolmage: Clinical 37 (2023) 103336

matrix for MEG source analysis.
2.5. MEG data preprocessing

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,
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 head movement (mean + standard de-
viation) for the TD and ASD groups were 0.16 + 0.11 mm and 0.25 +
0.25 mm, respectively, with no significant difference between the
groups (two-sample t-test: t = 1.6, p = 0.11). The head movements were
quantified by converting the six head motion parameters (three trans-
lation and three rotation) to millimeters and combining them into a time
series of head movement (by taking the Euclidean norm at each sample).
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 heartbeats. More specifically, FastICA (Hyvarinen, 1999)
was used to decompose MEG signals into maximally independent com-
ponents (ICs). 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
magnetometers, respectively, were excluded from the estimation. The
ICs corresponding to ECG or EOG activity were identified based on
Pearson correlation and visual inspection of scalp topographies corre-
sponding to each of the components. The number of ICs rejected from
the data (mean =+ standard deviation) in the TD and ASD groups were
3.12 + 0.42 and 3.17 =+ 0.49, respectively.

2.6. Source estimation

The cortical surface reconstruction provided by FreeSurfer was
decimated by recursively subdividing the faces of an octahedron six
times for both hemispheres, leading to a grid of 4098 dipoles per
hemisphere. The forward solution was computed using a single-
compartment boundary-element model (Hamalainen and Sarvas,
1987). The inner skull surface triangulations were generated from the
MRI data using the watershed algorithm. The cortical current distribu-
tion was estimated using minimum-norm estimate (MNE) solution
(Hamalainen and Ilmoniemi, 1994) by fixing the source orientation
perpendicular to the cortex and using depth weighting (Lin et al., 2006)
of 0.8. For the delineation of the auditory cortical regions-of-interest
(ROIs), noise-normalized dynamic statistical parametric mapping
(dSPM) estimates (Dale et al., 2000) were used. The noise covariance
matrix used in the inverse operator was estimated from the empty room
data.

2.7. Delineating primary auditory cortex

To delineate primary auditory cortex (Al), we first identified the
superior and transverse temporal gyri using the individual FreeSurfer
cortical parcellation (Desikan et al., 2006). In this anatomical region, we
defined the peak amplitude of activation within the first 500 ms after
stimulus onset based on the dSPM estimates of the evoked responses
derived by averaging epochs across the SWS and MSS conditions. The
dSPM estimate gives a test statistic of the signal-to-noise ratio of MNE
and therefore allows the delineation of the areas of activity with high
signal-to-noise ratio. Before averaging, the epochs were low-pass filtered
at 30 Hz, baseline-corrected using a 200-ms prestimulus period, and the
epoch counts between the SWS and MSS conditions were equalized by
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dropping epochs, so that the remaining SWS and MSS epochs occur as
close as possible in time. At the latency of the peak amplitude of acti-
vation, we selected five dipoles with the highest dSPM values to be used
as ROIs. This procedure was repeated for both cerebral hemispheres in
each participant. Fig. 2 shows the overlapping probability of left and
right Al across participants visualized by morphing the ROIs onto the
FreeSurfer average brain.

2.8. Auditory event-related fields

For each participant, we calculated event-related fields (ERFs) for
the SWS and MSS conditions by averaging the epochs. Before averaging,
the data were filtered at 1-30 Hz and baseline corrected by subtracting
the mean amplitude in a 200-ms pre-stimulus period from the signals. In
case the epoch counts for SWS and MSS were not equal, they were
equalized before averaging by dropping epochs so that the remaining
SWS and MSS epochs occur as close as possible in time. ERFs for left and
right A1 were then obtained by averaging the MNE source estimates
across the vertices within the regions. To avoid signal cancellations, the
polarity of time courses at vertices whose orientation was>90° relative
to the dominant direction were flipped before averaging.

2.9. Seed-based functional connectivity

We computed seed-based functional connectivity separately from left
and right A1 to the rest of the cortex. To this end, we first averaged the
source time courses across the vertices within left and right A1 using
sign flips when necessary (as described in section 2.8). Time-frequency
decomposition of the resulting mean time courses of left and right Al
and time courses of the rest of the cortical vertices was done using
convolution with complex Morlet wavelets (each spanning seven cycles)
in a frequency range of 4-60 Hz and a time window of —500-1500 ms
with respect to stimulus onset. Connectivity was quantified as the con-
sistency of phase synchrony across epochs between the sources (i.e., Al
and a given vertex) for every time and frequency point using debiased
squared weighted phase lag index (WPLI) (Vinck et al., 2011).

We chose WPLI as the connectivity metric for its robustness against
spurious connectivity caused by MEG field spread. That is, it can be
assumed that non-zero phase lag between time courses is not caused by
field spread from a common source but rather by true connectivity be-
tween brain regions via a physical medium, which is bound to have a
delay (i.e., non-zero phase lag). In WPLIL, non-zero phase lag in-
terdependencies are estimated by weighting the contribution of
observed phase leads and lags by the magnitude of the imaginary
component of the cross-spectrum between each pair of time courses.
WPLI range from O to 1, with 0 indicating random distribution of phase
and 1 indicating constant (non-zero lag) phase difference across epochs.
As the number of epochs available varied between the participants (see

=

—

A1 delineation overlap across participants\
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Supplementary Fig. S2), we chose to use the debiased squared version of
the WPLI which accounts for sample-size bias.

The results for each frequency were first binned into theta (4-8 Hz),
alpha (8-12 Hz), beta (12-30 Hz), and gamma (30-60 Hz) bands, and
then averaged within the time window and each frequency band to
obtain a mean connectivity value for each vertex, condition, and
participant. Before the connectivity computation, the epoch counts were
equalized between the SWS and MSS conditions within participant by
dropping epochs so that the remaining SWS and MSS epochs occur as
close as possible in time. The analysis was performed using MNE-Python
(Version 0.24.0; Gramfort et al., 2013).

We used cluster-based permutation statistics (Maris and Oostenveld,
2007) to determine cortical regions of significant group difference. To
this end, the data of each participant was first morphed to a FreeSurfer
average cortical representation (Fischl et al., 1999). We excluded the
medial wall, limbic lobe, and occipital lobe from the analysis and ran the
test separately for the left and right hemispheres (as there are no
interhemispheric spatial-adjacency-based clusters) using an F-test (two-
tailed) with cluster-defining threshold of F = 2.78 (corresponding to p =
0.01) and 5000 permutations. Cluster-level statistics were calculated by
summing the t-statistics within the defined cluster. Multiple compari-
sons corrected p-value for each cluster was calculated as the proportion
of permutation runs with random partitions where the cluster statistic
was greater than or equal to the cluster statistic for the difference be-
tween the original groups. The null hypothesis of no difference between
the groups was rejected at p < 0.05. Normalization of the SWS and MSS
relative to baseline (SWS-BL and MSS-BL) conditions was done by first
averaging the mean connectivity during the baseline period (-500-0 ms)
of SWS and MSS stimuli and subtracting the resulting average from the
connectivity during the SWS and MSS stimuli (calculated as the mean
across the 0-1500 ms post-stimulus period). Normalization of the MSS
relative to SWS (MSS-SWS) condition was done by subtracting the
connectivity during the SWS stimulus from the connectivity during the
MSS stimulus. Post-hoc group differences in a significant cluster were
tested using Wilcoxon rank-sum test (quantified by z and p-value) with
the corresponding effect sizes determined using rank-biserial correlation
(rp). For the correlation calculations, we selected the peak connectivity
value for each participant within the cluster showing significant group
difference. Differences in correlations between groups were assessed
using Fisher’s r-to-z transformation.

2.10. Directionality of the functional connectivity

To estimate directionality of the functional connectivity, we
computed nonparametric Granger causality (Dhamala et al., 2008a,
2008b) between time courses extracted from the seed Al and the cortical
cluster showing significant group difference. We selected 10 vertices
with the highest statistic values within the cluster and morphed the
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Fig. 2. Functional regions-of-interest (ROIs). Probability map of left and right Al delineation overlap across participants (N = 55).
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vertices to each participant’s individual cortical surface. Both time
courses were then extracted by averaging the vertex time courses and
using sign flips when necessary to avoid signal cancellations (as
described in section 2.8).

For the estimation of feedforward functional connectivity, we used
multitaper frequency transformation for 4-60 Hz with 2 Hz steps based
on discrete prolate spheroidal (Slepian) sequences (3 tapers, =4 Hz
smoothing) of the epoched time courses using a 500-ms sliding window
for 0-1500 ms with 100 ms steps following stimulus onset and computed
the Granger causality scores for each window using nonparametric
spectral matrix factorization (Dhamala et al., 2008b). Normalization of
the SWS and MSS relative to baseline (SWS-BL and MSS-BL) conditions
was done by averaging the scores of the baseline period (-500-0 ms) of
SWS and MSS and subtracting the average from the scores of the post-
stimulus time windows of SWS and MSS. Normalization of the MSS
relative to SWS (MSS-SWS) condition was done by subtracting the SWS
scores from the MSS scores between the corresponding time windows.
Additionally, we estimated the overall feedback functional connectivity
by combining the SWS and MSS conditions and computing the
nonparametric Granger causality between —500-1500 ms (using iden-
tical frequency analysis and sliding window parameters as for the
feedforward connectivity estimation). Group differences in the Granger
causality scores in the time—frequency domain were determined using
cluster-based permutation statistics (Maris and Oostenveld, 2007). The
nonparametric Granger causality analysis was performed using Field-
Trip toolbox (Oostenveld et al., 2011).

2.11. Phase-amplitude coupling

To analyze local connectivity, we computed phase-amplitude
coupling (PAC) between alpha band (8-12 Hz with 0.5 Hz steps)
phase and gamma band (30-60 Hz with 3 Hz steps) amplitude for each
vertex within the region showing significant group difference in func-
tional connectivity between Al and parietal lobe based on the seed-
based functional connectivity analysis. Before epoching the data, the
whole time courses were first band-pass filtered with 2 Hz bandwidth for
the alpha band phase and with 24 Hz bandwidth (twice as high as the
highest frequency for the phase) for the gamma band amplitude (for
discussion on optimal filtering parameters in PAC analysis, see (Dupré la
Tour et al., 2017)).

The instantaneous phase of the alpha and amplitude of the gamma
frequencies were extracted using Hilbert transformation of the filtered
time courses. Epochs between 0 and 1500 ms after stimulus onset were
then extracted from the filtered and Hilbert transformed data for both
the SWS and MSS conditions. To prevent spurious PAC due to sharp
edges in the data, the epochs were concatenated into one vector per
vertex (Kramer et al., 2008). Additionally, a baseline condition was
created from the 500 ms prestimulus periods. To match the SWS and
MSS conditions in total data duration, three times as many prestimulus
periods as the number of epochs were used per participant. To quantify
the degree of PAC, we used the normalized modulation index by Ozkurt
and Schnitzler (2011). The analysis was performed with the help of the
pactools package (Dupré la Tour et al., 2017).

Cluster-based permutation statistics (Maris and Oostenveld, 2007)
were used to determine regions of significant group difference (for the
parameters, see section 2.9). For the correlation calculations, we
selected the peak PAC value for each participant within the cluster
showing significant group difference. Differences in correlations be-
tween groups were assessed using Fisher’s r-to-z transformation. All
analyses were performed with the help of the Massachusetts Life Sci-
ences Center (MLSC) Compute Cluster.

2.12. Data and code availability

The MRI data were processed using the FreeSurfer software (Version
6.0.0; available at https://surfer.nmr.mgh.harvard.edu/ and htt
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ps://github.com/freesurfer/freesurfer). The MEG data processing was
done with the help of the MNE-Python software (Version 0.24.0; avail-
able at https://mne.tools/stable/index.html and https://github.com
/mne-tools/mne-python). The phase-amplitude coupling analysis was
performed with the help of the pactools package (available at https
://github.com/pactools/pactools). All custom codes used in the pro-
cessing and analyses of the data will be made available upon the
acceptance of this paper (https://github.com/Kenet-lab). The raw
behavioral, MEG, and MRI data supporting the conclusions of this article
will be made available by the authors following approval of the required
Massachusetts General Hospital Data Sharing agreement.

3. Results
3.1. Auditory event-related fields (ERFs)

We began by examining whether the auditory cortical activity eli-
cited by the SWS and MSS stimuli differed between the groups. Sup-
plementary Figure S3A and S3B show the ERFs during the 0-1500 ms
window following stimulus onset in the left and right primary auditory
cortex (Al) ROIs, respectively. We did not find any statistically signifi-
cant group differences in the ERFs in the MSS relative to SWS (MSS-SWS)
condition in either hemisphere (Supplementary Fig. S3C and S3D).

3.2. Group differences in seed-based functional connectivity

Next, to assess the hypothesis that ASD children would exhibit
atypically increased feedforward functional connectivity from Al to
parietal cortex in MSS-SWS, we first investigated whether there were
any group differences in the seed-based connectivity, using left and right
Al as separate seeds. A statistically significant difference was found for
MSS-SWS at alpha band (8-12 Hz) with the left Al as seed (cluster p-
value = 0.003; Fig. 3A), mostly overlapping with the following regions
of the FreeSurfer parcellation (Desikan et al., 2006): supramarginal (15
%), postcentral (45 %), and precentral (31 %), with the peak of the
group difference within supramarginal. Post-hoc Wilcoxon rank-sum
test on the mean WPLI values from the cluster revealed significantly
stronger connectivity in ASD compared to TD for MSS-SWS (z = 4.02, p
= 0.00006, rp, = 0.63) and for MSS relative to baseline (MSS-baseline; z
=2.32, p=0.02, r, = 0.37; Fig. 3B). For results from within-group tests
on differences between MSS and SWS in the left Al seed functional
connectivity, see Supplementary Figure S4. No group differences were
found with the right Al as seed.

3.3. Directionality of the seed-based functional connectivity

Then, we tested whether the increased functional connectivity in the
ASD group would indeed be feedforward as we hypothesized.
Nonparametric Granger causality analysis revealed stronger feedfor-
ward functional connectivity from Al to the parietal cortex in ASD
compared to TD group within the first 500 ms following stimulus onset
at alpha band (~8-12 Hz) for MSS-SWS (cluster p-value = 0.014, Wil-
coxon rank-sum test using values within the cluster: z = 3.65, p =
0.0003; Fig. 4). We did not find any statistically significant group dif-
ferences in the parietal cortex to Al feedback functional connectivity
(see Supplementary Fig. S5).

3.4. Group differences in phase-amplitude coupling (PAC)

Next, to test our hypothesis that binding the acoustic components of
MSS would be impaired in the ASD children, we examined local func-
tional connectivity using phase-amplitude coupling (PAC) within the
parietal region that showed group difference in the long-range func-
tional connectivity with left A1 (Fig. 5A, blue patch). We found a sig-
nificant group difference in alpha (8-12 Hz) phase to gamma (30-60 Hz)
amplitude coupling for MSS-SWS (cluster p-value = 0.024; Fig. 5A, red-
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Fig. 3. Seed-based functional connectivity. (A) Cluster of significant seed-based connectivity (WPLI) group difference in MSS relative to SWS (MSS-SWS) at alpha
band (8-12 Hz), with the seed (left A1) also shown. (B) Plots of group mean WPLI (thick horizontal black line) with kernel density estimation (KDE) of the underlying
distributions for SWS-baseline, MSS-baseline, and MSS-SWS. Individual WPLI values are overlaid on the KDE plot. The WPLI values were derived by averaging values
within the cluster in A. Error bars around the mean represent standard error of the mean. Statistically significant group differences in Wilcoxon rank-sum test are
indicated by asterisks (*p < 0.05, ****p < 0.0001).
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Fig. 4. Directionality of the functional connectivity. (A) Feedforward functional connectivity between the left A1 and the parietal area showing the strongest group
difference in the MSS relative to SWS (MSS-SWS) functional connectivity (red-yellow cluster) estimated using nonparametric Granger causality. The blue area
denotes the whole area of significant MSS-SWS group difference in the seed-based connectivity of the left A1 (see Fig. 3A). (B) Group mean Granger causality scores
for SWS-baseline, MSS-baseline, and MSS-SWS in time-frequency domain with statistically significant group difference cluster outlined. The time axis indicates the
center points of the 500 ms sliding windows from 0 to 1500 ms. (C) Group mean Granger causality scores (thick horizontal black line) within the MSS-SWS cluster in
B (encircled with black dashed line) with kernel density estimation (KDE) of the underlying distributions for MSS-SWS. Individual scores are overlaid on the KDE plot.
Error bars around the mean represent standard error of the mean. ***p < 0.001 in Wilcoxon rank-sum test. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

yellow patch). Wilcoxon rank-sum test on the mean PAC values from the functional connectivity between left A1 and the parietal region (that
cluster revealed significantly weaker PAC in ASD compared to TD for the showed the strongest group difference; see Fig. 4A) correlated positively
MSS-SWS (z = 2.90, p = 0.004, rp, = 0.46; Fig. 5B). To test the validity of with the degree of “feedforwardness” (estimated by non-parametric
our hypothesis, we conducted a post-hoc analysis by calculating PAC in Granger causality) in the ASD group in MSS-baseline (r = 0.59, p =
the whole brain using the phase and amplitude frequency of the largest 0.001; Supplementary Fig. S7A) and MSS-SWS (r = 0.43, p = 0.03;
group difference in PAC within the found cluster (i.e., 10 Hz for phase Supplementary Fig. S7B). In other words, the stronger the functional
and 45 Hz for amplitude; Fig. 5C). Fig. 5D shows that, after cluster connectivity between left Al and the parietal region, the stronger the

correction, the only surviving clusters of significant PAC group differ- feedforward drive between these regions in the ASD group. The within-
ence were found within the ROI in the left parietal lobe (see also Sup- group correlations between the seed-based functional connectivity and
plementary Fig. S6). PAC (that showed significant group differences; see Fig. 5A) did not

reach significance (Supplementary Fig. S7C, D).

3.5. Correlation between seed-based functional connectivity,
directionality, and PAC 3.6. Correlation between the functional connectivity measures and
participant characteristics
To determine the dependency between the different connectivity
measures, we tested whether the seed-based functional connectivity Finally, to determine whether the atypical connectivity in the ASD
correlated with the directionality or PAC measures. The seed-based group was related to any of the participants characteristics or traits, we
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Figure 5. Phase-amplitude coupling (PAC).
(A) Cluster of significant group difference in
alpha phase (8-12 Hz) to gamma (30-60 Hz)
amplitude coupling in the MSS relative to
SWS condition (MSS-SWS). The blue area
denotes the area of significant MSS-SWS
group difference in the seed-based connec-
tivity of the left Al (see Fig. 3A). (B) Plots of
group mean PAC (thick horizontal black line)
with kernel density estimation (KDE) of the
underlying distributions for the SWS-
baseline, MSS-baseline, and MSS-SWS. Indi-
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vidual PAC values are overlaid on the KDE
plot. The PAC values were derived by aver-
aging values within the cluster in A. Error
bars around the mean represent standard
error of the mean. Statistically significant
group differences in Wilcoxon rank-sum test
are indicated by asterisks (**p < 0.01). (C)
PAC group difference t-statistics in the MSS-
SWS condition within the cluster in A. (D)
PAC group difference t-statistics in the MSS-
SWS condition in the whole cortex, calcu-
lated using the frequencies of the peak group

MSS-SWS
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to gamma [30-60 Hz] amplitude), see Supplementary Figure S6.

tested for correlations of the long-range functional connectivity values
extracted from the cluster showing significant group difference in the
seed-based connectivity of left A1 with age as well as behavioral scores.
We did not find any significant correlations between the left Al seed
functional connectivity and age in either MSS-baseline (TD: r = 0.07, p
= 0.72; ASD: r = 0.06, p = 0.75) or MSS-SWS (TD: r = -0.01, p = 0.94;
ASD: r = -0.03, p = 0.88). Similarly, overall ASD severity, as measured
by the SRS scores, did not correlate significantly with the left A1 seed
functional connectivity in the ASD group (MSS-baseline: r = 0.13, p =
0.53; MSS-SWS: r = 0.16, p = 0.44).

We then examined whether we could predict abnormal auditory
processing as measured behaviorally using the ASPS, where lower scores

t-statistic

difference determined from C (i.e., 10 Hz for
phase and 45 Hz for amplitude) and thresh-
olded at p < 0.05 (one-tailed) and cluster
size > 10 vertices. For whole-cortex PAC
group difference calculated using the full
frequency range (i.e., alpha [8-12 Hz] phase

indicate more severe auditory processing abnormalities. We found a
significant negative correlation between the connectivity and the ASPS
in the ASD group in both MSS-baseline (r = -0.45, p = 0.024; Fig. 6A)
and MSS-SWS (r = -0.42, p = 0.036; Fig. 6B). In other words, the more
severe the auditory processing abnormalities, the stronger the connec-
tivity between left A1 and the observed cluster in the parietal cortex in
the ASD group was. Both correlations also differed significantly between
the groups (MSS-baseline: z = 2.18, p = 0.029; MSS-SWS: z =1.98, p =
0.047).

Similarly, we tested whether the weaker PAC in the ASD compared to
TD group was associated with any participant characteristics. PAC in
MSS-SWS condition and age of the participants showed negative
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Fig. 6. Correlation between the seed-based functional connectivity and scores measuring auditory processing abnormalities (ASPS). Correlation between the ASPS
scores and functional connectivity in (A) MSS-baseline and (B) MSS-SWS. The functional connectivity values were extracted from the cluster showing significant
group difference in the seed-based connectivity of the left Al (see Fig. 3A). The shaded areas (TD in green, ASD in purple) encompass the 95% confidence interval for
the correlation. Correlation coefficients (r) and p-values for the within-group correlations, and z-scores and p-values for the difference between the within-group
correlations are shown in the plots. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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correlation in the TD group (r = -0.58, p = 0.001), with a significant
difference between the within-group correlations (z = 3.12, p = 0.002;
Fig. 7). There was no significant correlation between PAC and SRS scores
measuring overall ASD severity (r = -0.16, p = 0.45), and unlike the
finding with long-range functional connectivity, no significant correla-
tion between PAC and ASPS either (TD: r = -0.36, p = 0.07; ASD: r =
0.13, p = 0.54).

We also tested for potential correlations between two behavioral
scores measuring attentional inhibition (ICSS) and attentional switching
(ICSS) and local and long-range functional connectivity measures.
Neither of these behavioral measures of attention correlated signifi-
cantly with either one of the functional connectivity measures, in either
group.

4. Discussion

The aim of this study was to investigate neural deficits associated
with the impaired processing of spoken language often documented in
ASD. More specifically, we studied whether the cortical correlates of
integrating speech-related acoustic features into a coherent speech
stream were atypical in ASD. As hypothesized, our results showed that,
relative to TD children, ASD children had greater long-range feedfor-
ward functional connectivity from left primary auditory cortex to pari-
etal cortex during MSS relative to SWS. In parallel, the ASD group had
decreased local functional connectivity within the left parietal cortical
region during MSS relative to SWS, measured using phase-amplitude
coupling. The increased long-range functional connectivity in the ASD
group correlated with behavioral scores measuring auditory processing
abnormalities. Lastly, decreased local connectivity in the ASD group was
associated with different maturational trajectories between the groups,
revealing that the group difference in local phase-amplitude coupling
was driven by the youngest participants.

4.1. Increased feedforward functional connectivity in ASD

We found increased long-range functional connectivity in the ASD
group for MSS relative to SWS between left primary auditory cortex (A1)

MSS-SWS
102 r=-0.58, p=0.001
X r=0.23, p=0.25
1.2 2=3.12, p=0.002
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Q
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Fig. 7. Phase-amplitude coupling (PAC) maturational trajectories. Correlation
between PAC and age in MSS-SWS. The PAC values were extracted from the
cluster showing significant group difference (see Fig. 5A). The shaded areas (TD
in green, ASD in purple) encompass the 95% confidence interval for the cor-
relation. Correlation coefficients (r) and p-values for within-group correlations,
and z-scores and p-values for the difference between the within-group corre-
lations are shown in the plot. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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and a region centered in left lateral parietal cortex (see Fig. 4). This
region extended from the left temporoparietal junction to premotor
cortex (Brodmann area 6), peaking in supramarginal gyrus (SMG;
Brodmann area 40). These areas are linked to cortical speech processing
as part of the dorsal auditory stream (Rauschecker and Scott, 2009). In
addition to the known roles in spatial processing (Rauschecker and Tian,
2000) and sensorimotor integration (Hickok and Poeppel, 2007; Rau-
schecker, 2011), the dorsal auditory stream has more recently been
proposed to engage in time-dependent sequence processing, including
the segmentation and combination of increasingly larger linguistic
chunks in time during sentence processing (Bornkessel-Schlesewsky and
Schlesewsky, 2013). Such dynamic perception requires precise temporal
processing and coherence-dependent analysis and selective routing of
auditory information in speech (Giraud and Poeppel, 2012). Disruptions
in the temporal synthesis of sensory signals have been suggested to
characterize perceptual processing in ASD (Bharadwaj et al., 2022;
Robertson and Baron-Cohen, 2017; Van Der Hallen et al., 2015).
Post-hoc Granger causality analysis revealed a significant group
difference in the directionality of the connectivity with the ASD group
showing increased Al to SMG feedforward drive (see Fig. 5). Consid-
ering that the increased intelligibility of the MSS relative to SWS stim-
ulus (due to the restored binding cues) enables the brain to rely more on
bottom-up as opposed to top-down processes in the perception of this
stimulus, the observed increased Al to SMG feedforward connectivity in
the ASD group is consistent with previous behavioral studies showing
increased bottom-up processing tendencies in ASD (Amso et al., 2014;
Jarvinen-Pasley et al., 2008) as well as with the proposed abnormally
increased feedforward connectivity in ASD (Bharadwaj et al., 2022;
Khan et al., 2015; Kitzbichler et al., 2015; Mamashli et al., 2017),
seemingly lacking the typical selectivity in the routing of sensory in-
formation in a coherence-dependent manner (Hull and Scanziani, 2007).
At the individual level, increased functional connectivity was asso-
ciated with increased severity of auditory processing abnormalities in
the ASD group (see Fig. 7). The correlation between connectivity and
auditory processing abnormalities in the ASD group also differed
significantly from that same correlation in the TD group, which trended
in the opposite direction. This, together with the increased feedforward
drive in the ASD group, suggests that abnormal speech processing in
ASD may be driven at least in part by differences in low-level auditory
processing, rather than resulting from modulation of auditory process-
ing by higher-order cognitive mechanisms such as attention. Taken
together, the increased feedforward functional connectivity from Al to
SMG for the more speech-like MSS relative to SWS stimuli in the ASD
group could be interpreted as abnormal temporal processing and
bottom-up binding of sentence-length speech stimuli in ASD, resulting
from differences in low-level auditory processing and manifested as
increased feedforward processing within the dorsal auditory stream.

4.2. Reduced local functional connectivity in ASD

In parallel with the increased Al to SMG long-range connectivity, we
found reduced local functional connectivity within SMG for MSS relative
to SWS in the ASD group (see Fig. 6). Since the binding cues across the
tones (representing formants) were eliminated in the SWS stimulus but
restored in the MSS stimulus through increased temporal coherence and
harmonicity, this finding implies that binding formants into intelligible
speech might be abnormal in ASD, further supporting the interpretation
of abnormal temporal processing in ASD. Such deficit could contribute
also to well-documented higher-order language impairments in ASD
(Arnett et al., 2018; Bloy et al., 2019; Lee et al., 2017; Lombardo et al.,
2015). This finding also expands on our recent study where auditory
cortical responses in ASD children showed insensitivity to increasing
temporal coherence in the auditory scene (Bharadwaj et al., 2022) and is
consistent with the temporal binding hypothesis of autism (Brock et al.,
2002).

The cortical location of the significant group difference in local
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functional connectivity is in agreement with findings from previous
studies linking parietal cortex to binding representations of separate
acoustic features into a coherent object (Sohoglu et al., 2020; Yao et al.,
2020). For instance, in their recent study using fMRI and multivariate
pattern analysis, Sohoglu et al. (Sohoglu et al., 2020) found integrated
multivoxel representations of acoustic features in the left lateral parietal
cortex around the inferior and superior parietal lobules whereas inde-
pendent representations of the component acoustic features were found
in the superior temporal plane around Al. In light of these findings, the
parallel abnormalities in A1 to SMG long-range connectivity and in local
connectivity within SMG in the ASD group are consistent with the
interpretation of disruption to the integration of independent repre-
sentations of acoustic components into a coherent whole.

The maturational trajectories of the local connectivity (PAC) mea-
sures were significantly different between the groups (see Fig. 7). In the
TD group, a negative correlation was observed between the individual
connectivity measures and age, indicating that the youngest TD partic-
ipants had the strongest local connectivity. In contrast, the ASD group
showed an opposite trend. In other words, the significant group differ-
ence in local connectivity was driven by participants below 14 years of
age, implying that the proposed abnormality in auditory object binding
in ASD might ameliorate with maturation.

These results are in line with previous findings of inverse matura-
tional trajectories for auditory processing between TD and ASD groups
(Alho et al., 2021; Edgar et al., 2015; Port et al., 2016; Stephen et al.,
2017) and in PAC measures during visual processing of emotional faces
(Mamashli et al., 2018). For example, using a subsample of the present
study, we recently showed that the maturational trajectories of MEG-
measured auditory cortical responses to natural speech sentences were
similarly divergent between the TD and ASD groups: While the response
strength decreased with age in the TD group (possibly reflecting
increasingly efficient language processing through synaptic pruning
(Changeux and Danchin, 1976), the opposite was observed in the ASD
group (Alho et al., 2021). A similar interpretation could hold for the
present findings. The opposite maturational trajectories could also relate
to the relatively slow maturation of the dorsal auditory stream in lan-
guage processing (Brauer et al., 2013; Zhang et al., 2007) which could
make it more susceptible to disturbance during development, as has also
been suggested for the dorsal visual stream (Braddick et al., 2003) in the
context of a tentative dorsal visual stream deficiency in ASD (Grinter
et al., 2010; Pellicano et al., 2005; Spencer et al., 2000).

Interestingly, identical maturational trajectories to those observed
here have been documented in audiovisual integration of speech. For
example, Foxe et al. (2015) showed that the deficits in integrating heard
and seen speech that were evident in 5-12 year-old ASD children were
fully ameliorated in 13-15 year-old ASD children. Similarly, a study on
the perception of the McGurk effect in 7-16 year-old ASD children
demonstrated an audiovisual integration deficit that diminished with
age (Taylor et al.,, 2010). Even though multisensory (audiovisual)
binding of heard and seen speech cues is a distinct from intramodal
auditory binding of acoustic features of speech, both are thought to be
mediated by temporal coherence. It is therefore possible that deficits in
temporal coherence processing during speech perception could
ameliorate during adolescence in ASD. There is also some evidence that
the postulated dorsal visual stream deficiency in ASD, found using dy-
namic visual stimuli, ameliorates upon entering adolescence (Spencer
et al., 2000), which could point to an alleviation of a deficit in the
temporal processing of sensory stimuli in ASD on an even more general
level.

With respect to the maturation trajectories of PAC specifically, while
the group difference in this study was driven by the youngest partici-
pants, this was not the case during the visual processing of faces. In a
study focusing on upright faces, the group difference in PAC was driven
by the oldest, not youngest, participants, with the same age range as
here (Mamashli et al., 2018). In a follow-up study of the same cohort, we
again found group differences in PAC during the processing of inverted
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faces (Mamashli et al., 2021), and this time without any correlation with
age. A separate study on PAC during resting state in ASD that spanned up
to age 16 also found no correlation between PAC and age in ASD (nor the
control group) (Port et al., 2019). Together, these findings support the
idea that differences in the maturation of PAC in ASD may be specific to
task and brain region. As discussed above, the differences in PAC driven
by the youngest participants observed here could indicate a delayed
maturation of this process in ASD, rather than a permanent impairment.
In contrast, it is known that face processing deficits continue well into
adulthood in ASD (Dawson et al., 2005), and the increasing demands on
face processing skills with age could potentially explain why PAC group
differences in face processing are mostly driven by older participants. It
is important to note that larger sample sizes, greater age spans, and
ideally longitudinal studies would be needed to test the validity of the
proposed ideas.

4.3. Limitations

The interpretation of our results needs to be considered in the
context of the limitations of the study. First, we did not measure the
perception or intelligibility of the present stimuli in our participants, but
instead relied on prior literature to guide our design and interpretation
(Carrell and Opie, 1992; Lewis and Carrell, 2007). It is possible that
different participants would perceive the stimuli as having different
degrees of speech-like quality and different levels of intelligibility if they
were actively attending to the stimuli. Second, while the cortical loca-
tion of the significant group difference in the local and long-range
functional connectivity analysis is compatible with findings on the
neural correlates of auditory object binding (Sohoglu et al., 2020; Yao
et al., 2020), the location is more anterior than, for example, the one
reported in Sohoglu et al. (2020), making it difficult to definitively
dissociate the proposed object binding from effects of attention capture
and switching (Cusack et al., 2010). However, while we cannot rule out
the possibility of attentional differences contributing to the observed
group difference, the nature of the employed passive paradigm together
with the lack of any association of the connectivity measures with the
behavioral ICSS or SCSS scores (measuring attentional inhibition and
attentional switching, respectively) in part support our interpretation. It
is also possible that the use of passive listening resulted in a different
pattern of MEG responses and group effects than would have been ob-
tained using an active task that requires attention to the stimuli and
perceptual judgements. That said, temporal-coherence based binding of
acoustic components is generally thought to occur in a bottom-up
manner with attention thought to be allocated to bound objects rather
than to individual acoustic cues (Shinn-Cunningham, 2008). Another
potential limitation in our study is the lack of correlation of the con-
nectivity measures with overall ASD severity. However, this concern is
mitigated by findings showing that language development deficits do
not covary strongly with autistic traits (Taylor et al., 2014). Such asso-
ciations are likely to be more specific to the speech and communication
impairments characteristic of ASD, rather than to ASD severity more
broadly. Lastly, it should be noted that, as in many other studies
involving neuroimaging and especially MRI, the ASD participants clus-
tered around the upper end of the autism spectrum in terms of severity.
Therefore, whether these findings would extend to ASD participants
with more profound presentations, and in particular with more pro-
foundly impacted auditory processing, is not known.

4.4. Conclusions

In summary, we found atypically increased feedforward functional
connectivity from left primary auditory cortex to parietal cortex with
concurrent decreased local functional connectivity within the left pari-
etal cortical region when children with ASD were passively listening to
speech stimuli that included bottom-up binding cues, compared to
stimuli that did not. Considering the importance of temporal coherence
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as a binding cue in natural sounds together with the proposed functional
roles of the parietal cortex in auditory object binding and in time-
dependent speech sequencing as part of the dorsal auditory stream,
our findings imply a deficiency in the temporal processing of speech in
ASD. More specifically, our results suggest both abnormally enhanced
feedforward recruitment of the dorsal auditory stream and impaired
binding of acoustic components of speech into a coherent perceptual
stream based on temporal coherence in ASD. The atypical feedforward
drive together with the correlation of the individual long-range func-
tional connectivity measures with behavioral scores measuring auditory
processing abnormalities imply that the proposed temporal processing
impairment in ASD was likely driven by atypical sensory processing
rather than top-down modulation by higher-order cognitive mecha-
nisms. Lastly, the divergent maturational trajectories of the local func-
tional connectivity between the groups, with the group differences
driven largely by the youngest participants, suggests that the atypical
speech binding in ASD might ameliorate with maturation.
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