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Attenuated processing of vowels in the left
temporal cortex predicts speech-in-noise
perception deficit in children with autism
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Abstract

Background Difficulties with speech-in-noise perception in autism spectrum disorders (ASD) may be associated
with impaired analysis of speech sounds, such as vowels, which represent the fundamental phoneme constitu-
ents of human speech. Vowels elicit early (< 100 ms) sustained processing negativity (SPN) in the auditory cortex
that reflects the detection of an acoustic pattern based on the presence of formant structure and/or periodic enve-
lope information (f0) and its transformation into an auditory “object”.

Methods We used magnetoencephalography (MEG) and individual brain models to investigate whether SPN

is altered in children with ASD and whether this deficit is associated with impairment in their ability to perceive
speech in the background of noise. MEG was recorded while boys with ASD and typically developing boys passively
listened to sounds that differed in the presence/absence of 0 periodicity and formant structure. Word-in-noise per-
ception was assessed in the separate psychoacoustic experiment using stationary and amplitude modulated noise
with varying signal-to-noise ratio.

Results SPN was present in both groups with similarly early onset. In children with ASD, SPN associated with process-
ing formant structure was reduced predominantly in the cortical areas lateral to and medial to the primary auditory
cortex, starting at ~ 150—200 ms after the stimulus onset. In the left hemisphere, this deficit correlated with impaired
ability of children with ASD to recognize words in amplitude-modulated noise, but not in stationary noise.

Conclusions These results suggest that perceptual grouping of vowel formants into phonemes is impaired in chil-
dren with ASD and that, in the left hemisphere, this deficit contributes to their difficulties with speech perception
in fluctuating background noise.

Keywords Autism spectrum disorder (ASD), Magnetoencephalography (MEG), Speech-in-noise perception, Vowels,
Formant structure, Periodicity pitch, Sustained processing negativity (SPN), Children, Auditory processing disorder
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criteria used [2-6]. Deficits in receptive and expressive
language are associated with early ASD diagnosis [7] and
worse outcome [4] and frequently observed even in ver-
bal children with ASD [2, 4]. While in many cases lan-
guage deficits in ASD can be attributed to general level of
cognitive development [8] and/or social motivation [4, 9],
there is a strong reason to believe that atypical processing
of auditory information may contribute to the observed
deficits [10-12].

A common difficulty faced by people with ASD, even
those with normal or above normal IQ, is a poor listen-
ing ability under suboptimal acoustic conditions, such
as background noise, both in experimental settings (for
a review see [13]) and in real-life [14—17]. Several stud-
ies have linked speech perception in noise to fidelity of
temporal processing estimated with frequency follow-
ing response (FFR) at or above ~100 Hz [18-21]. Atypi-
cal FFR has also been found in ASD [22-25]. However,
since FFR reflects both cortical and subcortical activity
[26, 27], it remains unclear whether the impaired abil-
ity to perceive speech in noise in individuals with ASD
is due to deficits at subcortical level, at the level of early
auditory cortex, or is related to the processing of higher-
order features of the speech signal in non-primary audi-
tory cortices.

In this study, we investigated how processing of basic
phonetic properties of speech sounds in auditory cortical
areas contributes to deficits in speech-in-noise percep-
tion in autism. To do so, we investigated in children with
autism and their typically developing peers the relation-
ship between speech perception in noise and vowel pro-
cessing using MEG, a technique that localizes the sources
of electromagnetic responses in the cortex.

Focusing on vowels may be interesting in two respects.
First, vowels represent the simplest and ontogeneti-
cally and phylogenetically oldest phoneme constituents
of human speech. They are the first speech sounds to be
produced by human infants [28]. Vowel-like sounds are
present even in the vocal repertoire of non-human pri-
mates [29]. Thus, atypical vowel processing may have
serious effects on speech perception in noise and on lan-
guage skills in general.

The second reason relates to the acoustic properties
of vowel sounds. Vowels are acoustic patterns charac-
terized by formant structure and common periodicity.
Detection of acoustic patterns is a rapid and automatic
process subserved by the auditory cortex [30-33]. The
combination of formants, i.e., peaks in the frequency
spectrum, determines the identity of the vowel, and
the periodicity of the amplitude envelope defines its
pitch (i.e., fundamental frequency, f0). Extraction of
these complex features is followed by processing of the
vowel as an auditory “object” [34—36]. In the absence
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of linguistic context (i.e., when the vowel is not repre-
sented as part of a word), the spectral-temporal struc-
ture of the vowel remains the only auditory cue for the
bottom-up grouping that governs its neural represen-
tation as a perceptually meaningful auditory object.
There is some evidence that the ability to automatically
group sound features is reduced in people with ASD
[37-39], and it has been suggested that this deficit may
contribute to their impaired speech perception in noisy
environments, as the auditory system must rely on
automatic grouping to effectively process speech [38].
However, whether automatic vowel processing in the
auditory cortex in ASD is altered in a way that affects
speech perception remains an open question.

The processing of auditory patterns and formation of
auditory objects (figures) is associated with a sustained
negative shift in neural current recorded with MEG/EEG
[32, 33, 40—-43]. The characteristics and neural basis of
this sustained negative shift have been discussed in more
detail in Stroganova et al. [44]. In particular, the sustained
response has been shown to be significantly enhanced
for vowels and periodicity [41, 45—47]. Here, to address
this enhancement, measured as the difference between
responses to the test and control conditions, and to
emphasize its direction, which coincides with the direc-
tion of negative transient auditory responses, we will
refer to it as the sustained processing negativity (SPN). It
has been suggested that SPN reflects the persistent activ-
ity of “non-synchronized” neural populations [43, 48].
These neurons are most abundant in non-primary audi-
tory areas, are highly sensitive to complex sound features
such as combinations of certain spectral and temporal
parameters, and are thought to support representation
of meaningful auditory patterns, including species-spe-
cific vocalizations or other ecologically relevant sounds
[30, 31, 36, 49-51]. The term “non-synchronized” refers
to the property of these neurons to sustained firing for
hundreds of milliseconds, especially when driven by their
preferred continuous stimuli. These neurons are thought
to encode temporally integrated spectral information [30,
31, 52] and transform it from an acoustic to a perceptual
dimension [31]. In the case of vowels, this transformation
seems to be necessary to form an integrated phonetic
representation.

The presence of bottom-up grouping cues character-
izing vowel sounds, such as periodicity of the amplitude
envelope, formant structure, and especially the combi-
nation of these features, leads to a rapid (within the first
80 ms) and long-lasting (~400 ms or longer) increase of
the SPN in the auditory cortex [41, 43, 53]. The sensi-
tivity of the SPN to bottom-up grouping signals and its
ubiquitous presence in the neural response of children
and adults suggests that it may serve as a candidate for
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detecting putative vowel processing dysfunction at the
level of the auditory cortex in children with ASD.

Although previous EEG/MEG studies in ASD individu-
als have not examined vowel-induced SPN, many stud-
ies have investigated mismatch negativity/field (MMN/
MMEF) response to changes in vowels or syllables in the
oddball paradigm. Despite considerable variation in
results, their meta-analysis showed that individuals with
ASD had increased MMN/MMEF latencies and decreased
MMN/MMEF amplitudes in response to “different pho-
neme” deviations, but not to phoneme-duration or
phoneme-pitch deviations [54], suggesting specific dis-
turbance of phonetic processing. The MMN/MMEF stud-
ies, however, had certain limitations. First, they have not
identified auditory cortical areas involved in abnormal
vowel processing in ASD, either due to limitations of sen-
sor-level analysis or coarse localization of brain activity
based on a template brain. Second, MMN/MMEF studies
typically focused on the peaks of event-related responses,
perhaps missing differences in activation beyond these
peaks. Third, for reasons still under debate, transient
ERP/ERF peaks in children and adults differ in timing,
polarity, and underlying neural processes [55—57], mak-
ing it difficult to compare data across age groups. Fourth,
since the auditory cortex is sensitive to any regular acous-
tic patterns [32, 33, 37], atypical MMN to vowels may
reflect a deficit that is not specific to the processing of
speech sounds.

In the present study, we aimed to clarify some of the
previously unresolved questions regarding putative vowel
processing deficit in ASD. First, we applied MEG imaging
combined with individual brain models to localize cor-
tical sources of atypical activity associated with analysis
of vowels in children with ASD. Second, we tracked the
entire timecourse of the vowel-related response in the
auditory cortex rather than focusing on response max-
ima. Third, we focused on the SPN, which is present in
both children and adults, overlapping with age-specific
transient components of the auditory response, and may
prove informative for testing putative vowel process-
ing deficits in the developing brain. Fourth, to disentan-
gle putative deficits related to the processing of formant
structure (“speechness”) and periodicity of the vowel
sound, we used synthetic vowels in which the formant
structure and f0 were either preserved or modified so
that they could be analyzed separately.

We next asked whether atypical vowel processing is
associated with impairment in the ability of children with
ASD to distinguish speech from background noise. Such
a possibility is worth investigating given the psychoa-
coustic evidence for the importance of vowels for speech
intelligibility [58] and the evidence for impaired speech-
in-noise recognition in ASD individuals, including those
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with normal-range IQ and audiometrically normal hear-
ing (for a review see [13]).

Although both words/syllables and sentences have pre-
viously been used to test speech-in-noise perception defi-
cit in children with ASD, in the present study we decided
to apply the “words-in-noise” (WiN) paradigm. Words
are less taxing on working memory than sentences,
and their repetition is less dependent on cognitive abil-
ity, allowing this test to be used for verbal children with
below-average intelligence. Our recent study showed
that the ability to recognise two-syllable high-frequency
words in background noise in verbal children with ASD
does not correlate with their IQ [59]. Unlike the recog-
nition of sentences, which carry higher-order linguistic
information (overall tonal contour, stress pattern, syntac-
tic structure, etc.), the recognition of isolated words relies
more on bottom-up grouping cues. Thus, the words-in-
noise paradigm is better suited than the sentences-in-
noise paradigm to investigate the perceptual effects of a
possible dysfunction in the relatively low-level cortical
grouping processes underlying vowel identification.

To compare WiN perception in children with ASD and
TD children, we used two types of background noises:
stationary (ST) and amplitude-modulated (AM). Dips
(i.e., short periods with more favorable SNR) in the AM
noise allow listeners to improve speech recognition. This
improvement, referred to as masking release, is attrib-
uted to the listener’s ability to detect the target speech
signal during the dips [60]. It has been suggested that
atypically low masking release in individuals with ASD is
due to a reduced ability to integrate fragments of audi-
tory information into meaningful words or sentences [61,
62]. However, deficit in phonetic processing, especially
of vowels, may also play a role, as the preserved spectral-
temporal structure of vowels is particularly important for
speech perception when speech is immersed in AM noise
[58, 60].

To summarize, we hypothesized that processing of
natural auditory objects—vowels—is atypical in chil-
dren with ASD and that this deficit may contribute to
their degraded perception of words in noise. To test
this hypothesis, we recruited verbal children with ASD
and TD children and examined group differences in
SPN using magnetoencephalography (MEG). To find
out which vowel features processing is affected in ASD,
we used synthetic periodic and aperiodic vowels, as well
as complex periodic sounds that lacked vowel formant
structure. We aimed to investigate when (in terms of
processing timing) and where (in terms of auditory corti-
cal regions) the timecourse of SPN in children with ASD
diverges from the typical activation pattern. We then
tested the relationship between atypical SPN activation
patterns in children with ASD and their word recognition
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abilities in the ST and AM noise. Given the importance
of vowels for “dip listening’, we hypothesized that vowel
processing deficit in children with ASD, if present, should
predominantly affect their performance in AM noise.

Materials and methods

Participants

The study included 35 boys with ASD aged 6.9 -
13.0 years and 39 typically developing (TD) boys of the
same age range. The TD children from the control group
were recruited through advertisements in the media.
None of the TD participants had known neurological or
psychiatric disorders. Twenty two of 39 TD participants
were the same as in our recent developmental study
devoted to comparison of sustained negative responses
to periodicity and formant composition of vowels in chil-
dren and adults [43]. The participants with ASD were
recruited through several sources (advertisements in the
media, consulting centers, an educational center affili-
ated with the Moscow State University of Psychology and
Education).

The ASD diagnosis was confirmed by an experienced
psychiatrist who was the author of the current study
(N.A.Y.) and was based on the Diagnostic and Statisti-
cal Manual of Mental Disorder (5th ed.) criteria as well
as an interview with the child and parents/caregivers. In
addition, parents of all children were asked to complete
the Russian translation of parental questionnaires: Social
Responsiveness Scale for children [63] and Social Com-
munication Questionnaire (SCQ-Lifetime) [64] and most

Table 1 Characteristics of the samples
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of them completed these questionnaires (Table 1). Intel-
lectual abilities were assessed using the KABC-II test,
and the Mental Processing Index (MPI) was used as an
IQ equivalent [65]. This index excludes tasks that require
verbal concepts, verbal reasoning, and cultural knowl-
edge and is recommended for evaluation of non-verbal
abilities in both TD children and those with ASD [66].

Hearing status of all participants was determined using
pure tone air conduction audiometry with a AA-02 clini-
cal audiometer (“Biomedilen”). Auditory sensitivity was
tested at 500, 1000, 2000, 4000 Hz, and the threshold
averaged over the four frequencies was calculated sepa-
rately for each ear. All participants had normal hearing
(threshold <20 dB HL) in either ear [67].

The Ethical Committee of the Moscow State Univer-
sity of Psychology and Education approved this investi-
gation. All children gave verbal consent to participate in
the study and their caregivers gave written consent to
participate.

Assessment of the general level of language development
The language test incorporated 12 subtests from the
Russian Child Language Assessment Battery, RuCLAB
[68], which evaluates expressive and receptive skills in
vocabulary (production and comprehension of word),
morphosyntax (sentence production and comprehen-
sion), and discourse (text production and comprehen-
sion). The audio material was provided by a professional
female native Russian speaker and recorded in studio
conditions. All test stimuli were delivered through the

Mean (range) + SD or Median (range) Student T-test / M-W U p
test?, Z

™D ASD

Age Mean=9.8+18 Mean=102+1.7 T=087 0.39
(73—13.0) (6.9—12.8)
N=39 N=35

MPIQ (KABCHII) Mean=1162+133 Mean=83.1+158 T=97 <0.0001
(85—138) (54—128)
N=39 N=34

SRS Mean=37.6+20.0 Mean=99.5+27.2 T=11.0 <0.0001
(3—84) (33—157)
N=37 N=34

SCQ Mean=6.3+3.2 Mean=248+64 T=156 <0.0001
(2—16) (12—35)
N=38 N=32

Language total score Median=94.9 Median=79.7 /=62 <0.0001
(86.3—98.6) (354—94.1)
N=29 N=32

N—number of participants for whom information is available

@ Mann-Whitney U Test was applied for the group comparison in Language total scores, because their distribution in the ASD group was significantly different from

normal

b language proficiency was estimated using the RUCLAB test
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AutoRAT application [69]. The tests took place in a
quiet and child-friendly environment. Before each sub-
test, participants received instructions and performed
2-3 practice trials, which were not included in the final
analysis. The sequence of the test items was the same for
all participants. During testing, the examiner completed
a paper protocol. Additionally, the sessions were vide-
otaped, adhering to ethical standards. The description of
the test components and details on the scoring are pro-
vided in the Supplementary Methods and Table S1. To
characterize the overall level of language proficiency, the
arithmetic mean of scores on all subtests was calculated.
This mean score is hereinafter referred to as the “total
language score”

Words-in-Noise (WiN) test
Stimuli
The Words-in-Noise (WiN) test includes 160 two-sylla-
ble lemmatized Russian nouns with high imagery (ability
to evoke mental images). These words were frequently
occurring words according to the List of Frequent Nouns
[70] and/or the list of 300 words most frequently used
in daily life [71], and corresponded to the age norm for
children 6 years and older. The words were spoken by a
35-year-old woman with neutral, unemotional intonation
and were recorded with studio recording equipment. The
mean duration of the words was 694 ms (SD =77 ms).
Mean loudness of each word was adjusted to cor-
respond to that of 45 dB SPL pink noise using the “spl”
function of a third-party software package for MATLAB
R2020a [72]. The masking noise was of two types: sta-
tionary pink noise (ST) and amplitude modulated pink
noise (AM) and was synthesized using “pinknoise” and
“ammod” functions of MATLAB R2020a (MathWorks,
Inc.). AM noise was obtained by modulating ST noise
with a 10 Hz sinusoidal function (i.e., pink noise was
interrupted 10 times per second); modulation started at
the 0° phase. Power spectral density of the masking noise
decreases proportional to its frequency (1/f), 3 dB per
octave. Noise lasted for 1 s and started 75 ms before word
onset. The rise/fall of each 1-s noise signal was smoothed
at 1 ms intervals. Words were presented at a fixed sound
pressure level. The sound pressure level of the masking
noise was varied at four signal-to-noise ratios (SNR): -0,
-3, -6, and -9 dB.

Testing procedure

The stimuli were presented through Sony WH-XB900ON
headphones with the noise-canceling function off. The
headphones were calibrated using a CEM DT-815 sound
level meter. A stationary pink noise of 45 dB was taken
as the reference. The experiment began with a training
session during which 10 words were presented randomly
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against a background of ST or AM noise (3 to -3 SNR).
The participant was asked to repeat the word after each
presentation. Only the exact repetition was considered a
correct answer. The training lasted until the child inter-
nalized the instruction, but no more than 10 min. If the
instruction was successfully learned, the experimenter
proceeded to the main part of the test, which included
four blocks in the sequence of 0, -3, -6, and -9 dB SNR,
where the 0 SNR condition was the easiest and the -9
SNR condition was the most difficult. Each block con-
tained 40 words—20 words for each noise type (ST and
AM). The type of the masking noise varied within a block
in a pseudorandomized order (no more than three con-
secutive presentations of the same noise type). Words
were selected randomly from the list and presented in
one of the conditions. Each word was presented only
once. For each condition (4 SNR levels, 2 types of mask-
ing noise), the number of correctly recognized words was
counted. At the end of the main part of the experiment,
words that the participant did not repeat correctly were
presented without noise. All of the children in this study
were able to repeat the words presented to them with-
out noise. The WiN test was presented to 30 (of 39) TD
children and to 29 (of 35) children with ASD. All TD and
27 of 29 ASD participants were able to complete the test.
The full data (MEG, results of WiN test, MPI IQ scores)
were available for 26 participants with ASD. There-
fore, partial correlation analyses were conducted on this
smaller sample of participants with ASD.

Scoring

Although the words corresponded to the developmen-
tal level of the participants, some of them were particu-
larly easy or difficult to recognise. We excluded from the
analysis 18 words that were “easiest” or “most difficult”
according to the accepted criteria (see Supplementary
Methods). For each child, we then calculated the average
percent of correct responses in each of the SNRs (0 dB,
-3 dB, -6 dB, -9 dB) in the ST and AM noise conditions.
Many participants of both groups (14 of 30 TD and 14
of 27 ASD) gave 0% correct responses in the most dif-
ficult -9 dB ST noise condition. Therefore, we excluded
the -9 dB SNR condition from further analysis. For each
child, we then calculated the average percent of correct
responses across SNR levels (0 dB, -3 dB, -6 dB) in the
ST and AM noise conditions (WiNst and WiNam scores,
respectively).

MEG experiment

Stimuli

The experimental paradigm used in the present study is
identical to that described in Orekhova et al. [43]. We
used four types of synthetic vowel-like stimuli used by
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Uppenkamp et al. [73] and downloaded from ‘http://
medi.uni-oldenburg.de/members/stefan/phonology 1/
The downloaded stimuli had durations of ~400 ms and
were combined to create stimuli of 812 ms duration. Five
strong vowels were used: /a/ (caw, dawn), /e/ (ate, bait),
/i/ (beat, peel), /o/ (coat, wrote) and /u/ (boot, pool).

The synthetic periodic vowels consisted of damped
sinusoids, which were repeated with a period of 12 ms,
so that the fundamental frequency of each vowel was
83.3 Hz. The carrier frequencies of each vowel were
kept fixed at the four lower formant frequencies, which
were chosen in a typical range of an adult male speaker.
These are further referred to as periodic vowels. These
regular vowel stimuli have been modified, as described
below, to generate three other classes of stimuli: non-
periodic vowels, periodic non-vowels, and non-periodic
non-vowels. To violate periodicity, the start time of each
damped sinusoid was jittered within + 6 ms relative to its
start time in the original vowel, separately for each for-
mant. Despite the degraded voice quality (hoarse voice),
these non-periodic sounds were perceived as vowels. To
violate formant constancy, the carrier frequency of each
subsequent damped sinusoid was randomly chosen from
a set of eight different formant frequencies used to pro-
duce regular vowels and randomized separately for each
formant (Frequency range: formant 1=270—1300 Hz;
formant 2=850—2260 Hz; formant 3=1750—3000 Hz;
formant 4=3300—5500 Hz). Both periodic and non-
periodic sounds with disrupted formant structure were
perceived as noises rather than vowels (i.e. non-vowels).
The following four stimulus types were presented during
the experiment: (1) periodic vowels (/a/, /i/, /o/); (2) non-
periodic vowels (/a/, /u/, /e); (3) three variants of periodic
non-vowels and (4) three variants of non-periodic non-
vowels. The spectral composition of these stimuli is given
in Supplementary Figure S1 (see also [43]).

Two hundred seventy stimuli of each of the four classes
were presented, with three stimulus variants equally rep-
resented within each class (N=90). All stimuli were pre-
sented in random order. Each stimulus lasted 812 ms,
including rise/fall times of 10 ms each. The interstimulus
intervals (ISIs) were randomly chosen from a range of
500 to 800 ms.

The non-periodic non-vowels were used as control
stimuli. The contrasts of interest were (1) “non-periodic
vowels versus non-periodic non-vowels’, (2) “periodic
non-vowels versus non-periodic non-vowels” and (3)
“periodic vowels versus non-periodic non-vowels” By
comparing these contrasts in the ASD and TD groups
we investigated group differences in the processing of
formant structure, periodicity/pitch, or a combination
of these features in a synthetic vowel. The use of periodic
vowels allowed us to test whether, in children with ASD,
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the combination of these features in the ‘normal’ vowel is
disrupted even when processing of formant structure and
periodicity is preserved.

Procedure

Participants were instructed to watch a silent video
(movie/cartoon) of their choice and ignore the auditory
stimuli. Stimuli were delivered binaurally via plastic ear
tubes inserted into the ear channels. The tubes were
attached to the MEG helmet to prevent possible noise
from their contact with the subject’s clothing. The inten-
sity was set at 90 dB SPL. The experiment included three
blocks of 360 trials, each block lasting around 9 min with
short breaks between blocks. If necessary, the parent/
caregiver remained with the child in the MEG shielded
room during the recording session.

MRI data acquisition and processing

In all participants with ASD and in 28 TD partici-
pants T1-weighted 3D-MPRAGE structural image was
acquired on a Siemens Magnetom Verio 3 T scanner
(Siemens Medical Systems, Erlangen, Germany) using
the following parameters: [TR 1780 ms, TE 2.78 ms, TI
900 ms, FA 9°, FOV 256256 mm, matrix 320x 320,
0.8 mm isotropic voxels, 224 sagittal slices]. In 9 TD sub-
jects MRIs were acquired at a 1.5 T Philips Intera. In 2
TD subjects 1.5 T GE Brivo MR355/MR360 was used.
Cortical reconstructions and parcellations were gener-
ated using FreeSurfer v.7.4.1 [74, 75].

MEG data acquisition, preprocessing and source
localization

MEG data were recorded at the Moscow Center for
Neuro-cognitive Research (MEG-Center) using Elekta
VectorView Neuromag 306-channel MEG detector array
(Helsinki, Finland) with 0.1—330 Hz filters and 1000 Hz
sampling frequency. Bad channels were visually detected
and labeled, after which the signal was preprocessed with
MaxFilter software (v.2.2) in order to reduce external
noise using the temporal signal-space separation method
(tSSS) and to compensate for head movements by reposi-
tioning the head in each time point to an “optimal” com-
mon position (head origin). This position was chosen
individually for each participant as the one that yielded
the smallest average shift across all data epochs after
motion correction.

Further preprocessing steps were performed using
MNE-Python software (v.1.4.1) [76]. The data were fil-
tered using notch-filter at 50 and 100 Hz and a 110 Hz
low-pass filter. Periods in which peak-to-peak signal
amplitude exceeded the thresholds of 7e-12 T for mag-
netometers or 7e-10 T/m for gradiometers, and “flat”
segments in which signal amplitude was below le-15 T
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for magnetometers or le-13 T/m for gradiometers were
automatically excluded from further processing. To cor-
rect cardiac and eye movement artifacts we recorded
ECG, vEOG, and hEOG and used a signal-space projec-
tion (SSP) method. Next, we excluded from analysis data
segments in which head rotation exceeded a threshold
of 10 degrees/s along one of the three space axes, head
velocity exceeded a threshold value of 4 cm/s in 3D
space, or head position deviated from the origin posi-
tion by more than 10 mm in 3D space. The data were
then epoched from -0.2 s to 1 s relative to stimulus onset.
The mean number of artifact-free data epochs was ini-
tially higher in the TD participants (TD: 997 vs ASD: 927,
p<0.05). To equalize this number, we randomly removed
70 epochs for each TD participant. The resulting mean
number of clean epochs for each subject and stimulus
type was 231 (range 141—340) and 231 (range 131—347)
for TD and ASD children, respectively. The epoched data
were averaged separately for the four experimental con-
ditions and then baseline corrected by subtracting the
mean amplitude in -200—0 ms prestimulus interval.

To obtain the source model, the cortical surfaces
reconstructed with the Freesurfer were triangulated
using dense meshes with about 130,000 vertices in each
hemisphere. The cortical mesh was then resampled to a
grid of 4098 vertices per hemisphere, corresponding to a
distance of about 4.9 mm between adjacent source points
on the cortical surface.

To compute the forward solution, we used a single layer
boundary element model (inner skull). Source recon-
struction of the event-related fields was performed using
the standardized low-resolution brain electromagnetic
tomography (sLORETA) [77]. Noise covariance was esti-
mated in the time interval from -200 to 0 ms relative to
stimulus onset. To facilitate comparison between sub-
jects, the individual SLORETA results were morphed to
the fsaverage template brain provided by FreeSurfer.

MEG data analysis

Data analytic plan

First, to find out whether SPN associated with process-
ing vowel periodicity and formant structure presents in
both TD children and children with ASD, we compared
responses to test stimuli (periodic vowels, non-periodic
vowels, periodic non-vowels) and control stimuli (non-
periodic non-vowels) separately in TD and ASD groups.
This was done in the sensor space using a global root
mean square RMS signal and then in the source space
using the SLORETA values in combination with the non-
parametric permutation test with spatiotemporal thresh-
old-free cluster enhancement (TFCE) [78]. The TFCE
analysis was performed in the left and right regions of
interest (ROIs) broadly overlapping the auditory cortex.
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To analyze temporal characteristics of the responses
associated with processing of periodicity or formant
structure, we compared timecourses of neural cur-
rents evoked by test and control stimuli in those sources
where the effects identified by TFCE analysis were most
significant.

Second, we used TFCE cluster analysis in the ROIs to
test for the group differences in differential responses
(e.g. response to periodic vowel minus response to con-
trol stimulus). Then, we analyzed the timecourses of the
group differences in the “most significant” sources identi-
fied by TFCE analysis.

Third, when group differences in differential responses
were found, we tested for their correlation with WiN
scores in children with ASD using partial correlation
analysis to account for the effects of age and IQ.

Root mean square (RMS) analysis

For the sensor level analysis, all subjects’ data were trans-
formed to a common standard head position (to [0, O,
45] mm, default MaxFilter parameter). RMS metric was
computed based on the signal from all gradiometer sen-
sors and compared between test (periodic vowels, peri-
odic non-vowels, non-periodic vowels) and control
(non-periodic non-vowel) conditions point-by-point in
the 0—800 ms stimulation interval using paired t-tests.

Spatiotemporal cluster analysis

The spatiotemporal clustering analysis was performed
in the ROIs that were selected in the fsaverage template
brain so as to broadly overlap the left and right auditory
cortex and nearby areas (Fig. 3). These ROIs were identi-
cal to those used in our previous study [43]. The direction
of the source current in the ROIs was aligned using the
MNE-python function “label_sign_flip” We then verified
that in each participant and hemisphere, the timecourse
averaged over all the point sources and across condi-
tions had a negative sign between 300-800 ms, consist-
ent with the sustained negativity observed in response to
these stimuli in the auditory cortex [41, 43] and a positive
sign of the P100m component between 50—-150 ms. The
source current data were cropped to 0-800 ms timere-
gion and downsampled to 500 Hz.

TECE spatiotemporal cluster analysis was used to com-
pare evoked source currents between groups. The TFCE
procedure derives the spatiotemporal cluster-level sta-
tistics for each data point p by using a weighted average
between the cluster extent e (i.e., number of connected
above-threshold data points) and the cluster height # (i.e.,
the statistical value of the data point), calculated accord-
ing to the formula:
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h
TFCE(p) = / " eERt dn,
h=hy

where default values of E = 0.5 and H = 2 were applied
[78], and starting threshold /g = 0, step size dh = 0.4
were set up for the better approximation. Permutation
tests with TFCE effectively address the issue of multiple
comparisons, and in this study, we computed 5000 TFCE
permutations. For each data point, a corrected p-value
was calculated by determining the proportion of permu-
tations in which the TFCE output was greater than or
equal to the original TFCE output. The null hypothesis of
no cluster of the difference between the groups or condi-
tions (within each group) was rejected at p <0.05. As no
interhemispheric spatial-adjacency-based clusters were
expected, the “check_disjoint=True” option was applied,
which is equivalent to running the test separately for
each hemisphere.

To identify clusters showing significant differences
between test and control stimuli we used one-sample
permutation test with spatiotemporal TFCE (“stats.per-
mutation_cluster_lsamp_test” MNE Python function)
separately in each group. In this test, the inputs were
the differences between responses to test and control
stimuli that were permuted within a single subject.

To identify clusters of significant Group X Condition
interactions, we employed a two-sample permutation
test with spatiotemporal TFCE (“stats.spatio_temporal
cluster_test” MNE Python function), where the inputs
were the differences between responses to the test and
control stimuli for each subject from the ASD and TD
groups.

When clusters of significant differences were found, we
examined timecourses of activity in the “most significant”
sources within these clusters. In this case, we did not
consider sources beyond the “STG+"” region (areas Al,
52, LBelt, PBelt, MBelt, RI, A4, TA2, PI and Pol1, accord-
ing to the HCPMMP1 atlas [79]). All the STG +areas are
structurally connected [80, 81] and participate in pro-
cessing of auditory information [82-84]. On the other
hand, activity observed in response to auditory stimuli in
superior insula and superior temporal sulcus may reflect
point spread from auditory cortical regions [85, 86] and
inspection of the polarity of the current induced by audi-
tory stimuli in our study confirms this (Figure S3).

To select the “most significant” sources for timecourse
analysis, we applied an approach similar to that used in
[87]. Specifically, we selected sources within the clus-
ter with the average p-values that were below the global
average within this cluster. The sources were defined
separately for the left and right hemispheres and for each
comparison performed (i.e., test-vs-control and ASD-vs-
TD contrasts).
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To analyze correlations of the SPN with WiN scores in
children with ASD, the activity of the “most significant”
sources was averaged in the time interval that displayed
strongest differences between TD and ASD groups. The
temporal boundaries of this interval were restricted to
the mean onset and end times of significant group differ-
ences in the “most significant” sources (see Supplemen-
tary Fig. S2). Using linear regression analysis, we then
calculated the adjusted SPN (SPNadj) by regressing from
the response to the test stimulus the magnitude of the
response to the control (non-periodic non-vowels) stim-
ulus and the square root of the mean number of averaged
epochs per condition. Thus, by computing SPNadj, we
accounted for large interindividual variability in the mag-
nitude of auditory responses and for differences in the
number of averaged epochs.

Statistical analysis

Nonparametric tests (Mann—Whitney U Test, Spearman
correlations, or partial Spearman correlations) were used
when the distribution differed significantly from normal
according to Shapiro—Wilk’s W test (p <0.05). Otherwise
parametric tests (T-test, Pearson correlations, Pearson
partial correlations) were used. To calculate partial corre-
lations we used the “pcor” function in R. Group or condi-
tion-related differences in neural responses were assessed
using TFCE cluster analysis (see above). In case of multi-
ple comparisons, the false discovery rate (FDR) method
of Benjamini and Hochberg [88] for correcting p-values
was applied. The accepted significance level was p <0.05.
To analyze the effect of SNR (0 dB, -3 dB and -6 dB) and
type of masking noise (ST, AM) on the difference in
WiN scores between the TD and ASD participants, we
employed Mann—Whitney U Test and/or linear mixed
model analysis using the “lmer” function in R.

Results

Characteristics of the samples

The characteristics of the samples are summarized in
Table 1. Participants with ASD compared to TD partici-
pants had significantly higher SRS and SCQ scores. In the
case of the SRS questionnaire, all but 3 of 34 tested sub-
jects with ASD diagnosis had total scores above 60 points
cut-off for ASD. For the SCQ questionnaire, all but 3 of
32 tested ASD subjects scored above the 15 points cut-
off. The three ASD subjects who scored below the cut-off
on the SRS questionnaire scored above the cut-off on the
SCQ questionnaire, and vice versa. In the TD sample all
but 5 children scored below ASD threshold on the SRS
questionnaire, and all but one scored below ASD cut-
off on the SCQ questionnaire. Given the sensitivity and
specificity of the SRS and SCQ questionnaires [89, 90],



Fadeev et al. Journal of Neurodevelopmental Disorders (2024) 16:67

these results suggest that our samples of ASD and TD
children are very well separated on autistic traits.

The participants with ASD as compared with TD par-
ticipants had significantly lower MPI IQ scores. 18 ASD
subjects (53%) had the MPI IQ scores below 85, which
corresponds to “below-average” intelligence [65]. This
percentage of ASD children with below-average intel-
ligence roughly corresponds to that reported in 8-years-
olds with ASD in USA in year 2020 (61% [91]) and is
slightly lower than that reported in chinese children born
2002-2008 and aged 6—12 years (~64% [92]).

All, but two children with ASD displayed a history
of language delay or impairment, defined by parents’
reports of lack of two-word combinations at age three or
the presence of language problems at the time of the diag-
nostic assessment. Six children with ASD experienced
language regression at some point in their development.

Words in noise (WiN) test results in TD and ASD groups
Children with ASD recognised significantly fewer words
than TD children in AM noise at all SNRs and in ST noise
at -3 and -6 dB SNR (Fig. 1A). Both TD and ASD chil-
dren performed better in case of the AM than ST noise,
with the exception of the 0 dB SNR condition in the ASD
group, when no “masking release” (i.e., improved per-
formance in AM compared to ST-noise) was observed
(Fig. 1B).

Linear mixed model with main effects of Group, noise
Type (ST, AM) and noise Level (0, -3 and -6 dB SNR)
and random intercept for subject have found significant
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interaction between Group and Type (estimate=-0.10,
SE=0.046, t(270)=-2.21, p=0.028). Presence of gaps in
noise resulted in lower masking release in the ASD group
than in TD group. Given this effect, as well as the pre-
vious literature that show different masking properties
of the ST and AM noise [61, 62], for each child we cal-
culated WiNst and WiNam scores for ST and AM noise
separately, as the percentage of correct responses aver-
aged over SNR levels.

In both groups, WiNst and WiNam scores improved with
age (Spearman correlations; WiNst: TD, R(N=30)=0.43,
p=0.02; ASD R(N=26)=0.50, p=0.009; WiNam: TD
R(N=30)=0.56, p=0.001, ASD R(N=26)=0.51, p=0.008).
WiN scores did not correlate with IQ in either group
(Spearman correlations; WiNst: TD R(N=30)=0.08,
p=0.65, ASD R(N=26)=-0.27, p=0.18 WiNam: TD
R(N=30)=0.10, p=0.58, ASD R(N=26)=0.02, p=0.93).

To sum up, the ability to recognize words in noise was
impaired in children with ASD compared to their TD
peers, was independent of IQ, and improved with age.

WiN performance and general language abilities in TD

and ASD groups

As expected, children with ASD had significantly lower
total language scores than TD participants (Mann—Whit-
ney U Test: Ntd=29, Nasd=32, Z=6.2, p<0.0001, n2 =
0.64). The scores improved with age in control partici-
pants (Spearman R (N=29)=0.74, p<0.0001), but not in
children with ASD (Spearman R (N=32)=0.21, p=0.23).
Unlike WiN scores, language total scores correlated
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Fig. 1 Mean percentage of correctly repeated words presented against a background of masking noise. A Comparison of performance
in TD and ASD groups, separately for the stationary and amplitude-modulated noise conditions. B Comparison of performance in stationary
and amplitude-modulated noise, separately for TD children and children with ASD. # p<0.1, ** p<0.01, *** p<0.001 (Mann-Whitney U Test)
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with IQ (Spearman correlations, TD (N=29): R=0.35,
p=0.06; ASD (N=31): R=0.46, p=0.008).

MEG results: sensor-level analysis

Figure 2 shows the grand average auditory evoked field
waveforms expressed as root mean square (RMS) signals
calculated over all 204 gradiometer channels. Compared
to control stimuli, stimuli characterized by tempo-
ral regularity (periodic non-vowels), formant structure
(non-periodic vowels), or a combination of these features
(periodic vowels) caused a transient decrease in RMS
around 100 ms relative to post stimulus onset (time range
of the child P100m component), followed by its pro-
longed increase after ~150 ms that lasted up to 400 ms
or longer. The RMS amplitude provides a measure of the
magnetic field strength across the MEG sensors regard-
less of polarity, and is blind to the direction of the condi-
tion-related difference in the cortical currents [93]. In our
previous study we have shown that both the decreases
and increases in RMS in response to vowel-like versus
control stimuli were explained by sustained negative shift
of current in neural activity of the superior temporal cor-
tex [43], i.e., SPN. To account for current polarity, we fur-
ther analyzed the data at the cortical source level.

MEG results: analysis of the source current

Effects of periodicity and formant structure in TD and ASD
participants

To test whether children with ASD, similarly to TD chil-
dren [43], respond to patterned acoustic input with a SPN
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in the auditory cortical areas, we applied spatiotemporal
cluster analysis separately in TD and ASD groups. SPN
was defined as an increase in negativity in the evoked
source current for the Test versus Control contrasts, i.e.,
a negative sign of the difference between vowel or com-
plex periodic sounds (periodic non-vowels) and a control
non-periodic non-vowel sound.

Cluster analysis was performed in the ROIs broadly
overlapping the auditory cortex and nearby regions
where auditory evoked activity was observed (Fig. 3).
Before cluster analysis, the direction of dipole sources
within the ROIs was adjusted to correspond to the domi-
nant direction of source current in the auditory cortex
(see Methods for details). In both groups, periodicity, for-
mant structure, and their combination were associated
with bilateral clusters of negative differential responses,
i.e., SPN that lasted several hundred milliseconds (Fig. 3).
SPN clusters encompassed primary and secondary audi-
tory cortex and adjacent areas. In case of non-periodic
vowels, the cluster of negative differences (test>control)
was followed by (or co-existed with) a cluster of positive
differences (test < control). In our previous study a similar
pattern of differences between non-periodic vowel and
control stimuli was observed in neurotypical individuals
(see [43] for discussion). The temporal evolutions of the
clusters of differences between test and control stimuli
in the TD and ASD groups are shown in Supplementary
videos S1-S6.

Figure 4 shows the sources in which the differences
between periodic vowels and control stimuli identified
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Fig. 3 Significant clusters of the differences in the evoked source current between test (periodic vowel, non-periodic vowel, periodic non-vowel)
and control (nonperiodic non-vowel) conditions in TD and ASD groups. Blue colors correspond to SPN, i.e. a more negative source current

to the test compared to the control condition, red colors—to the opposite direction of the difference. Color intensity indicates the duration

of the cluster. Black line indicates the border of the region used for cluster analysis. Note that the 798 ms point is the last time point analyzed

by cluster analysis were most significant (Fig. 4A, B), and
the mean timecourses in these sources (Fig. 4C, D). The
respective differential responses (periodic vowels minus
control stimuli) and their significance (i.e. difference
from zero) are shown in Fig. 4E, F, G and H. Similar illus-
trations for non-periodic vowels and periodic non-vow-
els are given in the Supplementary materials (Figures S4
and S5).

In both groups and in response to all test stimuli, sig-
nificant SPN (i.e. negative sign of the difference in the
source current between responses to test and control
stimuli) began earlier than 100 ms after stimulus onset
and then persisted for approximately 500 ms. This tim-
ing is consistent with previous results indicating early
neural discrimination of auditory patterns characterized
by grouping cues [32, 45], which in our study were repre-
sented by frequency composition and/or periodicity. The
group differences in the SPN are described in the next
section.

Group differences in SPN related to the processing

of periodicity and formant structure

TECE cluster analysis yielded bilateral clusters of the
group differences for differential responses (test — con-
trol condition) for non-periodic and periodic vowels (i.e.,
sounds characterized by the presence of formant struc-
ture), but not for periodic non-vowels. The spatial loca-
tion of the clusters on the surface of the “inflated” brain
is shown in Fig. 5. Supplementary Fig. S6 shows the same
clusters projected onto the surface of white matter for a
three-dimensional representation.

In all cases, group differences were driven by greater
negativity in TD compared to ASD group. As shown in
Fig. 5, the cortical localization of clusters of significant
group differences was remarkably similar for periodic
and non-periodic vowels. Within the STG + region, ver-
tex sources with the highest significance and greatest
temporal extent of the differences were located ante-
riorly and laterally or medially relative to the primary
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Fig. 4 Comparison of evoked responses to the periodic vowels and control stimuli (non-periodic non-vowels) in the “most significant” dipole
sources identified by cluster analysis. A, B The “most significant” dipole sources within STG +region (outlined with a red contour) are marked

by blue dots. Color shade (light blue to dark blue) indicates significance of the differences between test and control conditions in the respective
point sources. The primary auditory cortex (A1) is outlined with a white contour. C, D Averaged neural current timecourses in the “most significant”
sources. E, F The difference between timecourses of current evoked by the test and control stimuli. G, H T-statistics reflecting a pointwise
comparison of the response timecourses to test and control stimuli. Significant differences (p < 0.05, FDR corrected) are marked in gray.
Supplementary figures S4 and S5 show the similar results for non-periodic vowels and periodic non-vowels

auditory cortex (area Al). In the left hemisphere, the
most significant and long-lasting differences were
observed in the anterior part of the parabelt auditory
area A4 [79]. In the right hemisphere, the differences
were most prominent in the posterior segment of the
circular insula sulcus (pINS). Additionally, the group
differences in SPN were localized to the sources in the
superior segment of the circular insula sulcus (SINS)
and STS. However, the direction of the current in these
sources (Figure S3) as well as their position directly
above and below the STG+sources (see Figure S6)

suggest that the group differences in sINS and STS are
likely the result of point spread from the auditory corti-
cal areas [85, 86].

To sum up, neural processing of sounds with vowel
frequency composition differed between children with
ASD and TD children in the non-primary auditory cor-
tex of both hemispheres. These group differences in the
SPN had a more restricted localization than the SPN
itself (see Fig. 4). SPN associated with periodicity of
non-vocal sound did not differ between the groups.
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Fig. 5 Differences between TD and ASD groups in sustained processing negativity (SPN) associated with periodic and non-periodic vowels.
Central panels show the cortical localization of the TFCE clusters of significant group differences in differential responses (vowels minus control
non-periodic non-vowel stimulus). The Coloured bar below the inflated surfaces indicates temporal extent for sources belonging to the TFCE
cluster. The left and right panels show the “most significant” dipole sources selected based on the probability of the SPN group differences
within the STG +region delineated by the red dashed line. Color bars below the images indicate vertices' p-values averaged over the temporal

extent of the cluster

Current timecourses associated with processing of vowel
formant structure: SPN and P3a-like response

The analysis of timecourses in the “most significant”
sources identified by cluster analysis has shown that
group differences emerged starting from ~150—200 ms
after stimulus onset, and persisted for approximately
200 ms (Fig. 6E, F).

To ensure that the differences in the SPN between the
groups were due to test rather than control stimuli, we
averaged these responses across the “most significant”
sources in the interval bounded by the mean onset and
end times of significant group differences (see Methods
and Supplementary Figure S2). No group differences
were found in responses to control stimuli (all p’s>0.3).
The responses to periodic and non-periodic vowels
were reduced in children with ASD compared to TD
children (periodic vowel, left hemisphere: t(72)=3.02
p=0.003, Cohen’s d=0.67, right hemisphere: t(72) =4.44,
p=0.00003, Cohen’s d=0.92; non-periodic, left hemi-
sphere: t(72) =1.92, p=0.06, Cohen’s d =0.44, right hemi-
sphere: t(72)=3.59, p=0.0006, Cohen’s d=0.78).

Inspection of Fig. 6 revealed a positive transient peak
with a latency of ~ 300 ms that was most prominent in

response to periodic vowels (and less so to non-peri-
odic vowels) in the left-hemisphere. Considering recent
intracranial evidence for left-hemispheric predomi-
nance of the P3a response associated with processing
of novel and potentially salient speech sounds [94],
this deflection might reflect an involuntary capture of
attention to perceptually salient vowels presented in a
sequence of less salient stimuli.

Group differences in this P3a-like response might
obscure (or produce) group differences in SPN. To test
this possibility, we performed an additional analysis.
For each subject, we low-passed the timecourse signals
at 10 Hz and estimated P3a-like amplitude as the ampli-
tude of the largest positive peak in the 200-400 ms
range relative to the mean of the two nearest negative
peaks. If a positive peak between 200 and 400 ms was
absent or indistinct (i.e., its amplitude relative to the
preceding or following negative peaks, was below the
RMS of the signal amplitude in the baseline period), the
P3a-like peak was considered absent and its amplitude
was set to zero.

In the pooled sample of participants, the P3a-like
response to non-periodic vowels was more frequently
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Fig. 6 Timecourses of the group differences in differential responses to vowels in the “most significant” dipole sources identified by cluster analysis.
A, B Group average timecourses of responses to vowels and control stimuli in TD and ASD groups. C, D Average timecourses of the differential
responses (test stimulus—control stimulus) in TD and ASD groups. E, F Point-by-point comparison of timecourses of differential responses
between the groups. Significant differences (p <0.05, FDR corrected) are marked in gray

detected in the left than in the right hemisphere (69%
and 50% respectively; Chi square=4.9, p=0.02). In
the left hemisphere, it was more frequently detected
in response to nonperiodic vowels than control stim-

(69% and 45% respectively; Chi square=28.64,
»=0.003), while no such difference was found in the
right hemisphere (50% vs 42%; Chi square=0.95,
p=0.33). There were no group differences in the occur-
rence of P3a-like response to non-periodic vowels
either in the left (TD: 64%, ASD: 74%; Chi square =0.85,
p=0.36) or right (TD: 44%, ASD: 57%; Chi square=1.2,
p=0.27) hemispheres, and its amplitude did not differ
between the groups (Mann—-Whitney U-test, left hemi-
sphere: Z=1.53, p=0.12, n2 = 0.03; right hemisphere:
Z=1.29, p=0.17,n2 = 0.02).

In response to periodic vowels, the P3a-like peak also
occurred more frequently in the left than in the right
hemisphere in the combined sample of participants (82%
and 66% respectively; Chi square=4.89, p=0.03) and
was more often present in response to periodic vow-
els than control stimuli (left: 82% and 46% respectively;
Chi square=0.85, p<0.0001; right: 66% and 43%; Chi
square=7.8, p=0.005). In response to periodic vow-
els, P3a-like response in the left hemisphere was more
frequently detected in the ASD than in TD group (TD:
72%, ASD: 94%; Chi square=6.07, p=0.014), whereas
no group differences were found in the right hemi-
sphere (TD: 67%, ASD: 66%; Chi square=0.01, p=0.93).
Amplitude of the P3a-like response to periodic vowels
was higher in children with ASD than in TD children in
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the left hemisphere (Mann—Whitney U-test: Z=2.93,
p=0.003, n2 = 0.12), but not in the right one (Mann—
Whitney U-test: Z=0.67, p=0.50, n2 = 0.01).

The amplitude of the left-hemispheric P3a-like
response to periodic vowels decreased with age in par-
ticipants with ASD (Spearman R=-0.45, p=0.007), but
not in TD participants (Spearman R=-0.11, p=0.52),
although group differences in correlation coefficients
did not reach the level of significance (Fisher’s Z=1.54,
p=0.13). No correlations with age were found for the
left-hemispheric P3a-like responses to non-periodic vow-
els (TD: R=-0.12, ASD: R=0.03, n.s.).

To sum up, the SPN to vowel formant structure was
reduced in children with ASD in the STG areas ante-
rior and lateral to the Al and in pINS. This reduction
was observed in both hemispheres from ~150—200 ms
to~350—450 ms after stimulus onset. In the left hemi-
sphere, periodic and non-periodic vowels evoked P3a-
like deflection that was superimposed on the sustained
negativity. In response to periodic vowels, the left-hem-
ispheric P3a-like response was present more frequently
and with larger amplitude in the ASD group than in the
TD group, whereas no group difference was found for
the non-periodic vowels. These findings indicated that
the P3a-like response might contribute to diminished
SPN to periodic vowels in children with ASD in the left
hemisphere, but was unlikely to account for the signifi-
cant reduction of the SPN associated with processing of
non-periodic vowels. In the right-hemisphere, P3a-like
response can hardly explain the group differences in SPN
to either periodic or non-periodic vowels.
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SPN to vowels predicts WiN scores in children with ASD

To test whether atypical SPN to vowels in children with
ASD predicts their WiN scores, we applied partial cor-
relation analysis, controlling for age and IQ. SPN was
preliminary adjusted (SPNadj) for the magnitude of
response to control stimulus and for the number of aver-
aged trials in the following two steps. First, for each sub-
ject, the timecourses of responses to vowel and control
stimuli were averaged over the “most significant” sources
in the time interval bounded by the mean start and end
times of significant group differences (see Methods and
Supplementary Figure S2). Second, we computed SPNadj
as regression residuals after partialling out the magni-
tude of response to control stimulus and the square root
of the number of averaged epochs from the magnitude of
response to the test stimulus.

The partial correlations of SPNadj with WiN scores are
presented in Table 2, separately for periodic and non-
periodic vowels. For both types of vowels, greater SPNadj
in the left hemisphere was associated with better WiN
scores in the AM noise (WiNam). Figure 7 illustrates the
relationships between adjusted SPN to periodic and non-
periodic vowels in the left hemisphere and WiNam per-
formance in the ASD sample. No significant correlations
were found for the WiNam in the right hemisphere or
for the WiNst in either hemisphere. We also checked for
the presence of the partial correlations between SPNadj
and WiN scores in TD children. None of the correlations
were significant (all p >0.7, see Supplementary Table S3).

To assess the specificity of the correlations for
WiNam, we compared coefficients of correlations of the

Table 2 Relationship between psychophysical and MEG results in children with ASD: Spearman partial correlation between WiN

scores and adjusted SPN to periodic and non-periodic vowels

Periodic vowels

Non-periodic vowels

Left hemisphere

WiNam SPNadj: Rpart=-0.55, p=0.005
Age: Rpart=0.50,p=0.013
IQ: Rpart=0.19, p=0.36
WiNst SPNadj: Rpart=-0.26 p=0.22
Age: Rpart=046, p=0.02
1Q: Rpart=-0.21,p=0.32
Right hemisphere
WiNam SPNadj: Rpart=-0.03, p=0.88
Age: Rpart=0.52, p=0.01
IQ: Rpart=0.10 p=0.64
WiNst SPNadj: R=-0.02, p=0.92

Age: Rpart=0.49, p=0.01

|Q: Rpart=-0.23 p=0.28

SPNadj: Rpart=-0.61, p=0.001
Age: Rpart=048, p=0.02

IQ:R part=0.13, p=0.53

SPNadj: Rpart=-0.19, p=0.37
Age: Rpart=0.45, p=0.02

IQ: Rpart=-0.23,p=0.27

SPNadj: Rpart=-0.01, p=0.96
Age: Rpart=0.51,p=0.01

IQ: Rpart=0.11 p=0.62
SPNadj: R=-0.02, p=0.91
Age: Rpart=0.49, p=0.01

IQ: Rpart=-0.23 p=0.28

WiN words-in-noise, SPNadj Sound Processing Negativity, adjusted for response to control stimuli and for the number of averaged epochs. The analysis was performed
in 26 children with ASD in whom WiN +1Q + MEG data were available. Significant Spearman partial correlations of interest which survive Bonferroni correction for
multiple comparison (uncorrected p <0.00625) are marked in bold. P-values are two-tailed, uncorrected for multiple comparisons
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Fig. 7 The relationship between WiNam scores and adjusted SPN to vowel stimuli in children with ASD. WiNam scores—percent of correctly
repeated words in the amplitude modulated noise. Adjusted SPN— sustained processing negativity adjusted for the response to control stimuli
and for the number of averaged epochs. WiNam scores were corrected for age

left-hemispheric SPNadj with the WiNam and WiNst
scores using Fisher’s Z statistics for dependent samples
[95]. In the case of non-periodic vowels, the correlation
was significantly higher for WiNam than WiNst scores
(N=26, Z=2.35; p=0.018). No significant difference was
found for the periodic vowels (N=26, Z=1.60; p=0.11).

We also assessed group differences in partial correla-
tions between WiN and SPNadj scores using Fisher’s
Z-statistics for independent samples. In the left hemi-
sphere, correlations between WiNam and SPNadj scores
differed significantly between the autism and TD groups
(periodic vowels: Z=2.19, p=0.029; non-periodic vow-
els: Z=2.23, p=0.026).

To test whether P3a-like response contributed to the
correlation with the WiNam scores we repeated the par-
tial correlation analysis including P3a-like response ampli-
tude as an independent variable (Supplementary material,
Table S2). The results suggest that the link between SPN-
adj and WiNam scores cannot be explained by the differ-
ences in the amplitude of the P3a-like component.

Children in the ASD sample had variable levels of 1Q,
which ranged from moderate intellectual disability to
age-appropriate intellectual capacities (Table 1). There-
fore, to evaluate the nonspecific effect of disorder sever-
ity, we tested whether the reduced SPNadj to vowels in
children with ASD was related to their lower IQ scores.
No significant Spearman correlations were found (peri-
odic vowel, left hemisphere: R=-0.03, n.s.; periodic
vowel, right hemisphere: R=-0.21, n.s.; non-periodic
vowel, left hemisphere: R=0.01, n.s.; non-periodic vowel,
right hemisphere: R=-0.2, n.s.).

Discussion

We investigated whether cortical processing of isolated
sounds characterized by vowel formant structure and/
or periodicity (pitch) differs in the auditory cortex of
children with ASD and TD children, and whether dif-
ferences related to the processing of these key vowel fea-
tures contribute to poor perception of words in noise in
children with ASD. In both groups of children presence
of periodicity and formant structure was associated with
sustained processing negativity (SPN) — an early (starting
before 100 ms) negative shift of current in the primary
and non-primary auditory cortical areas that persisted
for several hundred milliseconds. We found no evidence
for atypical processing of periodicity (f0) of non-vocal
spectrally complex sounds lacking formant composi-
tion in children with ASD. In contrast, the SPN evoked
by vowel-like sounds characterized by formant struc-
ture, was significantly reduced in ASD as compared with
TD children, regardless of the periodicity of the sound.
This SPN reduction emerged relatively late (around
150—200 ms after a vowel onset) and was localized bilat-
erally to the auditory areas anterior to the primary audi-
tory cortex (parabelt area A4 and/or the pINS cortex). In
the left, but not in the right hemisphere, reduced SPN in
response to vowels predicted poor recognition of words
presented against AM noise. Overall, our results suggest
that impaired processing of vowel formant composition
in children with ASD contributes to their impaired ability
to recover words from glimpses of speech interrupted by
masking noise.
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Attenuated processing of vowel formant structure

in children with ASD

The presence of SPN in response to periodicity or for-
mant structure is consistent with the previous findings in
neurotypical children and adults [41, 43, 45] and extends
these findings to children with ASD, at least those with
phrasal speech. Similar sustained negative shifts of cur-
rent were observed in several recent MEG and EEG
studies in response to sounds that can be characterized
as acoustic patterns distinguished on the basis of their
temporal properties such as periodicity [46] or frequency
composition, either static or coherently changing in time
[32, 40, 42, 96-98]. It has been suggested that this nega-
tive shift reflects the fundamental cortical mechanism of
automatic grouping in the auditory modality [98]. The
early (<100 ms) latency of the SPN in our study (Fig. 4)
is consistent with evidence on the remarkably early sensi-
tivity of human auditory cortex to acoustic patterns [32]
and, in particular, to vowels [45].

Being well-recognized vocal sounds deeply shaped
by the experience of verbal communication, vowels are
unique auditory objects. Studies have repeatedly shown
that certain areas of the secondary auditory cortex and
adjacent regions show a preference for conspecific vocali-
zations in humans [99-101] and non-human primates
[83]. Although still debated [100], it has been suggested
that voices are similar to faces in many ways, as both are
“special’, carry information about the personality and
emotional state of the subject, and are processed in spe-
cialized cortical areas [99].

In this respect, the decrease of SPN evoked by periodic
and non-periodic vowel-like sounds in children with ASD
is a remarkable finding. This decrease can be attributed
specifically to an attenuated response to formant compo-
sition rather than to the periodicity of the vowel ampli-
tude envelope (fundamental frequency / pitch), as the
latter auditory cue was absent in non-periodic vowels.
Since children with ASD had normal SPNs to nonvocal
sounds characterized by f0 periodicity, as well as normal
responses to control nonperiodic nonvocal stimuli (see
Fig. 6A and B), the reduced SPNs to vowels cannot be
explained by a general decrease in response amplitude or
non-specific deficit in auditory pattern processing.

Despite the early start of the SPN (<100 ms post-stim-
ulus onset), its group differences emerged relatively late
(> 150 ms post-stimulus onset) and were located predom-
inantly in the non-primary auditory areas (Fig. 5). Spared
functional activity of the primary auditory cortex in chil-
dren with ASD in our study is in line with fMRI findings
in ASD individuals [102, 103]. This result is also consist-
ent with the results of Engineer et al. [104] who found in a
mice model of autism that non-primary auditory cortical
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areas are more vulnerable to prenatal factors leading to
autism than the primary auditory cortex.

Presence of typical SPN up to at least 150 ms after
vowel onset (Fig. 6) suggests that the reduced activity in
response to vowels in children with ASD is not inherited
from the earlier stages of analysis, such as tonotopic pro-
cessing of formant frequencies [105], detection of harmo-
nicity in complex sounds [106] or detection of an acoustic
pattern [32]. On the other hand, timing of the vowel-
related SPN reduction generally agrees with results of the
meta-analysis of MMN/MMEF studies which concluded
that responses to phoneme changes (either vowels or syl-
lables) are reduced in individuals with ASD [54]. These
considerations suggest that the processing deficit in chil-
dren with ASD arises at the stage of phonetic analysis.

Notably, the time at which we observed a decrease
in SPN in children with ASD coincides with the time
at which categorization of isolated vowel sounds into
distinct phoneme categories (e.g., /u/ vs. /a/) occurs
(~175 ms post-stimulus onset) [107]. This stage is
referred to as acoustic—phonetic mapping and distin-
guishes brain responses reflecting the true internalized
percept of a vowel category from those that index acous-
tic properties of the vowel [107]. Deficits in phoneme
category perception (e.g., relating vowels in the /y/—/i/
continuum to the category /y/ or /i/) have previously
been reported in children with ASD, despite preserved
or even superior phoneme discrimination abilities (e.g.,
judging two vowels in the /y/—/i/ continuum as the same
or different) [108]. Therefore, it is likely that the neuro-
functional abnormalities leading to decreased SPN in
response to vowels in children with ASD reflect impaired
acoustic—phonetic mapping necessary for phoneme
categorization. This hypothesis is consistent with the
observation that, in the left hemisphere, SPN reduction
was most reliable and persistent in the mid-STG region
located lateral to the primary auditory cortex in Hes-
chl's gyrus (parabelt area A4 according to HCPMMP1
[79]) (Fig. 5). This area was suggested to be an initial STG
waypoint of the ventral auditory stream — the auditory
pathway optimized for recognition of acoustic pattern
[36, 109, 110], especially those representing conspecific
communication calls [111, 112]. In humans, this parabelt
auditory region plays a crucial role in phoneme encod-
ing [36, 113, 114]. The meta-analysis of neuroimaging
studies of speech processing [36] concluded that pho-
neme recognition is associated with activation in the left
mid-STG region, while the integration of phonemes into
more complex patterns (i.e., words) is localized to the left
anterior STG. This conclusion received strong support in
a recent study of a patient with extensive lesions of the
bilateral STS and left anterior STG, which showed that
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the intact region of the mid-STG alone can effectively
subserve explicit vowel categorization despite the pres-
ence of “pure word deafness” [115].

The SPN in children with ASD was also decreased in
the temporo-insular regions medially adjacent to the
Hershel gyrus and extending in the anterior direction
(Fig. 5). The pINS has strong structural and functional
connections with the auditory cortex [81, 116—119] and
is responsive to a wide variety of acoustic stimuli [82].
Yet, registration of its neuronal responses in humans
[120] and non-human primates [83] has shown that
this auditory region of the pINS is sensitive to conspe-
cific vocalizations and can transmit respective auditory
information further down to the anterior insula, which
is involved in the evaluation of affective signals conveyed
by vocal sounds. In the future, it would be interesting to
test whether reduced SPN in pINS regions is associated
with impaired human voice emotion recognition in ASD
[121].

Apart from signals of auditory modality, the pINS
comprises neuronal representations of somatosensory,
motor, visual, vestibular, limbic signals and is thought
to be involved in multisensory integration [122]. The
right insula seems to be particularly important for the
audiovisual integration [123]. In this regard, it is inter-
esting that the reduction in the SPN induced by vowels
in our participants with ASD was strongest in the right
pINS (Fig. 5). In the future, it is interesting to investi-
gate whether atypical activity or connectivity of the right
PINS contribute to severe deficit in audiovisual integra-
tion during phoneme recognition in children with ASD
[124].

However, it should be noted that the effects found in
the insula in our study have to be interpreted with cau-
tion because the MEG localization error is increased in
deep structures such as the insula [85].

Suppressed processing of vowel formant structure

is associated with words in noise perception difficulties

in children with ASD

The reduced negativity underlying processing of for-
mant structure in children with ASD predicted the
severity of their word recognition problems in the AM
noise: the diminished SPN responses to vowels in the left
hemisphere were associated with lower WiNam scores
(Table 2, Fig. 7). This finding has several important impli-
cations for interpreting vowel processing deficit and its
impact on auditory speech recognition in ASD.

First, while WiN performance in children with ASD
showed some developmental improvement throughout
childhood, neither child’s age nor IQ could explain cor-
relations between the reduced SPN and lowered WiNam
scores (Table 2). The lack of correlation between WiN
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scores and IQ agrees well with the previous findings on
the presence of speech-in-noise recognition difficulties
even in high-functioning individuals with ASD [13]. On
the other hand, our results suggest that these problems
may be caused, at least in part, by a deficient vowel pro-
cessing at the level of the non-primary auditory cortex.

The passive presentation of auditory stimuli and the
presence of the SPN deficit at already~150—200 ms
after sound onset—i.e., at the preattentive stage of pro-
cessing—make the potential contribution of higher-
order factors such as voluntary attention or motivation
unlikely. Yet, involuntary orienting of attention to audi-
tory stimuli may still influence differences between ASD
and TD groups. Indeed, the P3a-like responses to peri-
odic and nonperiodic vowels were observed in both TD
and ASD children in our study, likely reflecting invol-
untary shift of attention to perceptually salient speech
stimuli [125]. These responses were left-lateralized, con-
sistent with the left-hemispheric bias of the P3a novelty
response to speech revealed in the auditory cortex during
intracranial recordings in patients [94]. The presence of
elevated P3a-like response to periodic vowels in the left
hemisphere in our participants with ASD suggests that
their reduced negative responses to vowels is unlikely to
be due to inattention to the auditory stream containing
speech sounds as it was previously suggested [126]. On
the contrary, their involuntary attention seems to be cap-
tured by perceptually salient periodic vowel stimuli to a
greater degree than in TD children.

The excessive P3a-like response could contribute to the
decrease in the left-hemispheric SPN to periodic vowels
and its correlation with WiNam scores in children with
ASD, but it can hardly explain the general trend toward
SPN reduction or a common correlation pattern for both
periodic and non-periodic vowels. There are several
arguments in support of this assumption. (1) No group
differences in the P3a-like responses or distinct P3a-like
peaks were observed in the right hemisphere, despite the
prominent right-hemispheric SPN attenuation in ASD
vs TD group (Figs. 4 and 6). (2) In case of non-periodic
vowels, the group differences in vowel-related negativity
started already around 150 ms (Fig. 6D), i.e. in the time
interval when P3a-like is not yet evident. (3) The group
differences in P3a-like amplitude and in frequency-of-
occurrence of the P3a-like peak were found for periodic
vowels only, while in ASD group, the SPN was reduced
for both periodic and nonperiodic vowels. (4) In the left
hemisphere, SPN was a better predictor of WiNam scores
in children with ASD than the amplitude of the P3a-like
component (Supplementary Table S2).

Although beyond the scope of this paper, the possible
role of an enhanced left-hemispheric P3a-like response to
speech sounds in autism deserves mention. The previous
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studies have shown that the P3a can be relatively inde-
pendent of antecedent negativity. For example, Torppa
et al. [127] observed in children with cochlear implants
and normal hearing smaller MMN but larger P3a in
response to speech sounds. Vlaskamp et al. [128] found
that tone duration deviants induced smaller MMN, but
larger P3a in children with ASD. It has been hypothesized
that the larger P3a reflects increased recruitment of neu-
ral resources to compensate for less efficient automatic
processing of salient sounds that lie outside the current
attentional focus [128].

Second, despite the presence of altered vowel-evoked
SPN in the auditory cortex of both hemispheres (Fig. 5),
correlations with WiNam scores were only found in the
left hemisphere (Table 2), indicating a specific relation-
ship between the functional integrity of the left second-
ary auditory cortex and the ability to recognize words
in fluctuating noise in children with ASD. Our previ-
ous study, which used the same stimuli to compare the
SPN responses in neurotypical children and adults [43],
showed that the left hemispheric asymmetry in vowel-
evoked SPN was present in adults but not in children, in
whom SPN responses had the equal amplitude in both
hemispheres. The correlation between left-hemispheric
but not right-hemispheric SPN to vowels and WiNam
scores in children with ASD suggests that some degree
of left-hemispheric specialization for vowel processing is
already present in childhood and possibly increases with
age, driven by the need to integrate the encoding of vowel
spectral composition with a predominantly left-lateral-
ized language system (see [129] for the concept of graded
hemispheric specialization).

The left STG region that most reliably separated
between ASD and TD participants in the present study
is remarkably similar to the region that appeared to be
sensitive to intelligibility of the sentences that, in turn,
depends on the slow temporal modulation of the speech
signals at the level of syllables (3—4 Hz) [109]. Our results
do not exclude a role of the left A4 region in sentence
intelligibility, perhaps in the context of the top-down
interactions between phonetic and higher-level (lexical,
syntactic, working memory, etc.) processes, but suggest
that this region is tuned to spectro-temporal composi-
tion of vowels and that weakening of this tuning hinders
WiNam task performance.

Third, while the atypical left-hemispheric processing
of vowels in children with ASD correlated with WiNam
scores, it did not correlate with WiNst scores (Table 2).
This pattern of correlations suggests that the impaired
vowel processing interferes with the ability of listeners
with ASD to use dips in noise to capture acoustic cues.
Psychoacoustic studies have shown that in subjects
with normal hearing, information important for word
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recognition in fluctuating noise is conveyed through both
the temporal fine structure (TFS) of vowels, i.e., carrier
frequencies of formants, and their common amplitude
envelope (f0 / pitch) [58]. In our study, WiNam scores in
children with ASD correlated with SPN evoked by peri-
odic and non-periodic vowels (Table 2). Since both have a
formant structure, but nonperiodic vowels lack f0, atypi-
cal processing of formant frequencies seems to be a cru-
cial factor contributing to the difficulties in perceiving
words in AM noise in children with ASD. However, late
(> 150 ms post-stimulus onset) occurrence of SPN reduc-
tion and its location in non-primary auditory cortex (left
mid-STG region) suggests that the poor “dip listening”
is due to insufficient grouping of formants into a “vowel
object” rather than decoding of TES separately for each
formant frequency. Consistent with this hypothesis, a
recent study of older adults found that impaired central
grouping of acoustic patterns is a major contributor to
their deficits in processing speech in noise [130].

Our study has several limitations. First, we restricted
the analysis to temporal cortical regions, where the
amplitude of response to sound is maximal, whereas
important differences in the processing of linguistic stim-
uli in autism can also be observed outside the auditory
cortex, such as in inferior frontal regions [131]. Second,
we presented vowel stimuli which are very special over-
learned conspecific auditory objects. It would be impor-
tant to clarify whether the ASD-related deficit in SPN is
specific to vowels or whether it is also observed for other
auditory objects that have constant or coherently chang-
ing frequency composition. Third, since we used simple
words to test tor speech-in-noise processing difficulties
in ASD, one should be cautious about generalizing the
findings to more complex linguistic constructions such
as sentences. In the case of sentences, speech recognition
in noise may be supported by prosody, the slow (syllable-
rate) envelope of the speech signal [58], and higher-order
semantic cues [132] that are absent or less important in
the case of isolated words. Fourth, we did not control
subjects’ attention to the auditory stimuli, so the possibil-
ity remains that differences in attention allocation could
affect the results. Comparing the responses in passive
and active listening paradigms may help to clarify the
role of attention in the observed differences in SPN. Fifth,
only boys participated in this study. There are multiple
sex differences in individuals with ASD (time of diagno-
sis, genetic burden, neurological and cognitive abnormal-
ities) that may influence the variables investigated in this
study [133]. Our sample size did not allow us to analyze
the effect of gender. Therefore, we decided to limit our
sample to males, who constitute the majority of individu-
als diagnosed with ASD. More research is needed to see
if the findings can be extended to girls with ASD.
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Direction for future research

Word recognition in amplitude-modulated noise depends
on multiple integrative processes occurring at differ-
ent levels of the brain hierarchy and involving numer-
ous feedforward, recurrent, and top-down interactions
[134, 135]. In a highly heterogeneous ASD population,
difficulties with speech perception in noise may arise
for a variety of reasons that are attributable to impair-
ments at different stages of the auditory pathway or at
higher hierarchical levels. Thus, our results indicating a
role for impaired processing of vowel formant structure
in WiN perception deficits in children with ASD do not
exclude the contribution of other factors. In some chil-
dren with autism, poor WiN recognition may be due to
deficits occurring already at the subcortical level [23-25,
136, 137], as indexed by the frequency following response
to speech sounds [138]. In the future, it would be impor-
tant to investigate whether impairments in the analysis of
the temporal fine structure of sound (TFS) [139] in the
brainstem, and the deficit in cortical processes leading
to the formation of auditory object contribute indepen-
dently to poor WiN performance in children with ASD.
Our findings do not rule out the “cognitive” hypothesis,
which, based on behavioral results, attributes poor mask-
ing release in individuals with ASD to a weakness of the
domain-unspecific mechanisms that integrate glimpsed
fragments into meaningful speech [61, 62]. However,
since our study was not designed to test this hypothesis,
additional neuroimaging research is warranted to address
this issue.

Impaired speech-in-noise hearing is one of the central
symptoms of auditory processing disorder (APD)—diffi-
culties in recognizing and interpreting sounds that result
from central auditory nervous system dysfunction [140]
and are often seen in children with ASD and other neu-
rodevelopmental disorders [141]. Detecting at what level
of speech signal analysis this dysfunction takes place is
important for development of effective and personal-
ized intervention for auditory processing abnormalities
not only in ASD, but also in other neurodevelopmental
disorders. In this respect, our findings contribute to an
emerging profile of children with developmental listening
difficulties that may be caused by abnormal processing of
speech at different levels of the central nervous system.

Conclusion

Our results suggest that a substantial proportion of chil-
dren with ASD have altered functional integrity of non-
primary auditory cortical areas involved in processing
of the vowel formant composition. The localization and
relatively late occurrence of this deficit suggest that it
arises at the stage of integration of individual formants
into phonetic objects — vowels — whereas no deficit was
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found in children with ASD at earlier stages of processing
associated with the encoding of individual formants and/
or the detection of a frequency pattern. In the left hemi-
sphere, neural deficit in vowel processing was associated
with difficulty recovering words from glimpses of speech
in fluctuating noise, a problem characteristic of children
with autism. Thus, the impaired grouping of acoustic fea-
tures into phonetic objects may have an adverse effect
on the ability to recognise speech in fluctuating noise in
children with autism.

Abbreviations

ASD Autism spectrum disorder

AM Amplitude-modulated [noise]

EEG Electroencephalography

ERP/ERF Event-related potential/field

INS Insula

MEG Magnetoencephalography

MMN/MMF  Mismatch negativity/field

MPI Mental Processing Index

ROI Region of interest

pINS Posterior insula

sCQ Social Communication Questionnaire

SLORETA Standardized low-resolution brain electromagnetic tomography

SNR Signal-to-noise ratio

SPN Sustained processing negativity

SPNadj SPN adjusted for the response to the test stimulus and for the
number of averaged epochs

SRS Social Responsiveness Scale

ST Stationary [noise]

STG Superior temporal gyrus

STS Superior temporal sulcus

1IB) Typically developing

TFCE Threshold-Free Cluster Enhancement

WiN Words in noise

WiNam Words in amplitude-modulated noise

WiNst Words in stationary noise
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