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Eiﬁ;‘tﬁ Objective: The present study explored the processing of emotional speech prosody in school-aged
MMN children with autism spectrum disorders (ASD) but without marked language impairments (children
P3a with ASD [no LI]).

Methods: The mismatch negativity (MMN)/the late discriminative negativity (LDN), reflecting pre-
attentive auditory discrimination processes, and the P3a, indexing involuntary orienting to attention-
catching changes, were recorded to natural word stimuli uttered with different emotional connotations
(neutral, sad, scornful and commanding). Perceptual prosody discrimination was addressed with a behav-
ioral sound-discrimination test.
Results: Overall, children with ASD (no LI) were slower in behaviorally discriminating prosodic features
of speech stimuli than typically developed control children. Further, smaller standard-stimulus event
related potentials (ERPs) and MMN/LDNs were found in children with ASD (no LI) than in controls. In
addition, the amplitude of the P3a was diminished and differentially distributed on the scalp in children
with ASD (no LI) than in control children.
Conclusions: Processing of words and changes in emotional speech prosody is impaired at various levels
of information processing in school-aged children with ASD (no LI).
Significance: The results suggest that low-level speech sound discrimination and orienting deficits might
contribute to emotional speech prosody processing impairments observed in ASD.

© 2018 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights

reserved.

1. Introduction ASD show significant delays and abnormalities in their language

development (later referred to as children with ASD (LI) in this

Deficient social communication skills, narrow interests, and
repetitive behavior are the main diagnostic features of autism
spectrum disorders (ASD) (APA, 2013). Some individuals with
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article), whereas some individuals with ASD show rather typical
formal language development (later referred to as children with
ASD (no LI)) (WHO, 1993; Rapin and Dunn, 2003; Gillberg and
Coleman, 2000). However, individuals with ASD (no LI) may have
deficits in semantic-pragmatic language skills (Gillberg and
Coleman, 2000).
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Semantic and pragmatic information, as well as information on
the speaker’s intentions and emotions, are conveyed by speech
prosody (for reviews, see Wagner and Watson, 2010; Witteman
et al,, 2012). The f0, intensity, and duration changes in speech
mainly carry the prosodic information (Wagner and Watson,
2010; Witteman et al., 2012). It has been shown that emotional
speech prosody activates the auditory cortices irrespective of lis-
teners’ attention, suggesting that the early phases of emotional
prosody detection are pre-conscious (Ethofer et al., 2006;
Grandjean et al., 2005; for reviews, see Kotz and Paulmann,
2010; Briick et al., 2011). At the later stages, the acoustic cues
are integrated, and finally, the emotional information carried by
the vocalizations is evaluated (Schirmer and Kotz, 2006; Kotz and
Paulmann, 2010; Briick et al., 2011).

Even though atypical prosody production is often documented
in ASD (Shriberg et al., 2001; for a review, McCann and Peppé,
2003), behavioral studies of speech prosody comprehension in
ASD show conflicting results. Some studies suggest that individuals
with ASD have difficulties understanding emotional prosody
(Golan et al., 2007; Peppé et al., 2007; Rutherford et al., 2002;
Lindner and Rosén, 2006; Chevallier et al., 2011; McCann and
Peppé, 2003). Children with ASD were less accurate in matching
vocal emotional expressions with facial emotional expressions
than their typically developed peers (Linder and Rosén, 2006). Also,
they had difficulties judging, whether the speaker was liking or
disliking food based on the speech prosody (Peppé et al., 2007).
Consistently, adults with ASD have been found to score lower than
the control group when matching spoken phrases presented with
different emotional prosody with written labels of emotions
(Rutherford et al., 2002; Golan et al. 2007).

In contrast, some studies suggest rather typical emotional pro-
sody comprehension in ASD. Children with ASD were shown to have
no difficulties in naming vocally expressed emotions from spoken
words (Boucher et al., 2000). Also, children and adolescents with
ASD had no deficits in recognizing emotions from spoken sentences
or pseudo language utterances (Heikkinen et al., 2010; Brennand
et al. 2011; Le Sourn-Bissaoui et al., 2013; Grossman et al., 2010;
Chevallier et al., 2011). However, adolescents with ASD had difficul-
ties comprehending the emotional vocal cues from sentences when
being under a high cognitive load (Chevallier et al., 2011).

The variation in the instructions and cognitive task demands
might contribute to the above mentioned conflicting behavioral
results on emotional speech prosody comprehension in ASD.
Therefore, the auditory event related potentials (ERPs), including
components that are elicited task-independently, could serve as a
suitable tool for investigating prosody processing in ASD (Taylor
and Baldeweg, 2002). Repetitive speech sounds elicit the P1, N2,
and N4 deflections that reflect the detection and encoding of
speech in children (Ceponieneé et al., 2008). It was suggested that
the P1 reflects the detection of physical stimulus features of
sounds, whereas the N2 and N4 reflect more complex sound anal-
ysis (Ceponiené et al., 2001, 2005, 2008, such as the “speechness”
of the stimuli (Ceponiené et al., 2008). Previous studies have
reported diminished N4 amplitudes both in children with ASD
(LI) (Lepistd et al, 2005) and in children with ASD (no LI)
(Lepisto et al., 2006) for repetitive vowels. Also, diminished ERPs
to a repetitive word stimulus were found in children with ASD
(LI) (Lindstrom et al., 2016).

The mismatch negativity (MMN), in turn, reflects pre-conscious
auditory discrimination and it is elicited by any discriminable
change in physical or even abstract properties of sounds in a sound
sequence (Kujala and Nddtdnen, 2010). The MMN amplitude and
latency reflect sound discrimination accuracy; MMNs with large
amplitudes and short latencies are associated with more accurate
and speeded behavioral sound discrimination (Kujala and
Nddtdnen, 2010). In children, another change-related ERP deflec-

tion, the late discriminative negativity (LDN), can follow the
MMN within 400-600 ms from the deviant stimulus onset
(Korpilahti et al., 1995, 2001; Ceponiené et al., 1998; for reviews,
see Cheour et al.,, 2001; Wetzel et al., 2014). However, the brain
processes underlying the LDN elicitation are still poorly under-
stood (Wetzel et al., 2014). Distracting sound changes elicit a pos-
itive deflection called the P3a that reflects involuntary attention
switching processes (Escera et al., 2000; Escera and Corral, 2007).
The P3a amplitude indexes the magnitude of the sound change:
more distracting sounds elicit P3a with a larger amplitude than
minor sound changes (Escera et al., 2000).

ERP studies on natural speech prosody processing in ASD are
scarce. Diminished MMN for scornful prosodic sound changes
and prolonged MMN latency for commanding deviants, suggesting
aberrant neural discrimination of emotional prosody, were found
in adults with ASD (no LI) (Kujala et al., 2005). Lindstrom et al.
(2016), in turn, investigated children with ASD (LI) with the same
word stimuli used in Kujala et al. (2005) study by presenting the
children a repetitive neutral word stimulus that was occasionally
replaced by scornfully, commandingly, or sadly uttered word. They
showed a diminished MMN/LDN for the scornful prosodic change,
peaking at about 500 ms from the deviant stimulus onset, in these
children. Thus, the results of Lindstrom et al. (2016) and Kujala
et al. (2005) suggest hyposensitive neural discrimination of
emotional prosodic speech changes in ASD. However, Korpilahti
et al. (2007) reported enhanced MMNs to an angrily uttered devi-
ant word stimulus presented occasionally among tenderly-uttered
words in school-aged children with ASD (no LI), suggesting hyper-
active neural responsiveness for this prosodic change.

In Lindstrom et al. (2016) study, the P3a elicited by the scornful
deviant was diminished in amplitude in children with ASD (LI),
suggesting impaired orienting to emotional speech sound changes
in the ASD group. However, to our knowledge, it has so far not been
determined whether involuntary orienting to emotional prosodic
changes in natural speech, as reflected by the P3a, is abnormal in
children with ASD (no LI).

The aim of the current study was to explore how school-age
children with ASD (no LI) detect and encode physical stimulus
features of naturally-spoken words and how they behaviorally
and neurally discriminate and involuntarily orient to prosodic
changes in these words uttered with different emotional connota-
tions. We used the same ERP paradigm that was previously applied
in investigating children with ASD (LI) (Lindstrom et al., 2016).
Based on the studies by Chevallier et al. (2011) and Peppé et al.
(2007), the children with ASD were hypothesized to have lower
hit rates and slower reaction times for prosodic changes in the
sound discrimination test than the control participants. Based on
our previous results (Lindstrom et al., 2016), it was hypothesized
that the participants with ASD would show ERP responses dimin-
ished in amplitude to a repetitive word stimulus. Further, it was
hypothesized that they would show diminished MMN/LDNs to
the sad and scornful prosodic deviants including minor acoustic
changes in the stimuli. However, based on Korpilahti et al.
(2007), we expected an enhanced MMN/LDN to the commanding
deviant. Finally, based on Lindstrom et al. (2016), the prosodic
changes were expected to elicit diminished P3a in children with
ASD (no LI).

2. Methods
2.1. Participants
16 children with ASD (no LI) and 16 control children were

recruited for the experiment. However, as a result of noisy EEG
signal, the data of one participant with ASD were rejected. Due to
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atechnical error, the behavioral data of one participant with ASD (no
LI) was not available. Also, the behavioral data of one participant
with ASD (no LI) were rejected as an outlier (Participants’ hit rate
being between 5 and 24%, whereas the ASD (no LI) group average
was between 93 and 98%). Altogether, the ERP data consisted of 15
participants with ASD (no LI) and 16 controls, and the behavioral
data consisted of 13 participants with ASD (no LI) and 16 controls.

Altogether, 15 children with ASD (no LI) fulfilling the ICD-10
(WHO, 1993) and DSM-IV (APA, 1994) criteria for Asperger syn-
drome (n = 13) or DSM-5 (APA, 2013) criteria for ASD (n = 2) partic-
ipated the experiment (all boys; two left handed; mean age
10.4 years, range 8.2-12.4; monolingual Finnish speakers). Chil-
dren with ASD (no LI) were recruited from the Helsinki University
Central Hospital (HUCH), the Neuropsychiatric Rehabilitation and
Medical Centre NeuroMental, and the Central Hospital of Central
Finland. They all had been diagnosed by experienced clinicians uti-
lizing all information available from multidisciplinary teams. Addi-
tional diagnostic information was collected with parental Autism
Diagnostic Interview-Revised (Lord et al., 1994; Rutter et al,,
2003). Based on the patient medical records available all the chil-
dren with ASD (no LI) had no other major neurological or genetic
disorders, and their language development was not delayed. One
child with ASD (no LI) was reported to previously having had a
mild unilateral hearing deficit. However, the hearing of this child
was measured with audiometer before the experiment, and as it
was found to be normal, he was included in the study. One child
with ASD (no LI) was taking psychostimulant medication and took
five days’ break from medication before the EEG experiment. Based
on parental reports all the other children with ASD (no LI) had no
hearing problems and were unmedicated.

The control group consisted of 16 participants (all boys; two left
handed; mean age 10.1 years, range 7.5-11.8; monolingual Finnish
speakers). They were recruited from elementary schools or among
participants of a previous EEG study at the Cognitive Brain
Research Unit (CBRU), University of Helsinki. Parental reports
showed that the control children had no past or present hearing
problems or neurological disorders, or any language, learning, or
psychiatric problems. Furthermore, their relatives did not have
autism spectrum disorders or developmental/psychiatric disor-
ders. They were all unmedicated.

Verbal and non-verbal cognitive performance of children with
ASD (no LI) had been assessed in the hospital or as a part of a pre-
vious study protocol at the CBRU with the Finnish version of the
Wechsler Intelligence Scale for Children III (WISC-III; Wechsler,
1991) or the Wechsler Intelligence Scale for Preschoolers III
(n=2) (WPPSI-IlI; Wecshler, 2009). WISC-III (n=14) and the
WPPSI-III (n=2) were used to assess the control children. The
mean of the performance IQ (PIQ) was 98 (range 75-133, sd
12.89) and the mean verbal IQ (VIQ) 108 (range 88-137, sd
14.72) in children with ASD. The mean PIQ was 108 (range 85-
136, sd 12.9) and the mean VIQ 116 (range 83-144, sd 15.3) in con-
trol participants. The independent sample t-tests showed that
there were no statistically significant age or VIQ differences
between the groups. Although the participants with ASD (no LI)
had a PIQ in the normal range (>70), a marginally significant PIQ
difference between the groups was found (t(29)=-1.90,
p =.066). However, regression analyses suggested that the PIQ
had no significant effect on the ERPs (measured from the frontal
region of interest [ROI] including the electrodes AF3, F1, FC1 AF4,
Afz, Fz, F2, FC2, and FCz) or reaction times (RTs) in any condition.

2.2. Stimuli and procedure
The stimuli, created by Leinonen et al. (1997), consisted of Fin-

nish female name “Saara” that was uttered with neutral, com-
manding, sad, and scornful emotional connotations by a female

speaker. They were previously used to study adults with ASD by
Kujala et al. (2005) and typically developed children and children
with ASD (LI) by Lindstrom et al. (2012, 2016). The stimulus length
varied as follows: neutral stimulus 577 ms, commanding 538 ms,
sad 775 ms, and scornful 828 ms. The peak loudness of the stimuli
varied randomly within 5 dB (Leinonen et al., 1997), but the stimuli
were not manipulated in other ways. The f0 of the standard stim-
ulus changed as follows: start 158 Hz, peak 207 Hz (from 454 ms
stimulus onset), end 195 Hz. In the deviant stimuli the fO changed
as follows: commanding: start 230 Hz, peak 235 Hz (114 ms), end
139 Hz; scornful: start 191 Hz, peak 191 Hz (224 ms), end 98 Hz;
and sad: start 172 Hz, peak 172 Hz (163 ms), end 99 Hz. In the
standard stimulus the intensity changed as follows: start 59 dB,
peak 80 dB (427 ms), end 53 dB, and in the deviant stimuli as fol-
lows: commanding: start 66 dB, peak 83 dB (120 ms), end 55 dB;
scornful: start 53 dB, peak 79 dB (270 ms), end 46 dB, and sad:
start 59 dB, peak 81 dB (206 ms), end 50 dB.

Before the experiment, the children’s consent to participate in
the study was obtained and a written informed consent was signed
by a parent. The experiment was accepted by the HUCH and Cen-
tral Hospital of Central Finland Ethical Committees. The experi-
ment followed the Declaration of Helsinki.

Electroencephalogram (EEG) was recorded in an electrically and
acoustically shielded room. The participants were presented with
eight blocks of stimuli (268 stimuli in each) at 56 dB (SPL; mea-
sured at the approximate location of the head of a participant)
via loudspeakers (OWI-202 [OWI Inc. CA., USA]). The oddball para-
digm was used: a repetitive neutral stimulus (79%) was infre-
quently replaced by a deviant (commanding, sad, scornful; 7% of
each) stimulus (the stimulus onset asynchrony [SOA] 1300 ms). A
deviant stimulus was always followed by at least two standard
stimuli. The stimulus sequences for each block were fixed and
the order of the blocks were randomized.

During the EEG recordings, participants sat in an armchair and
watched silent film from the screen that was located in front of the
participant. The stimuli were presented from loudspeakers that
were located on the left and right side of the screen. The distance
between the loudspeakers was 108 cm and the distance between
the loudspeaker and the participant’s head was 157 cm. The par-
ents were in the experimental chamber with the participants if
the participants wanted to. The participants were video-
monitored continuously during the whole experiment. The dura-
tion of the EEG-experiment was about an hour.

2.3. Behavioral task

The same behavioral prosody discrimination test was used as in
Lindstrom et al. (2012). The behavioral test was performed after
the EEG-experiment. The behavioral test consisted of three blocks
of stimulus pairs (40 pairs in each block) that were presented via
loudspeakers at 56 dB (SPL). The stimulus pairs were either identi-
cal (50%; two neutral stimuli) or different (50%; a neutral stimulus
followed by one of the deviants) (Table 1). The within-pair stimu-
lus onset asynchrony (SOA) was 1077 ms and the between-pair
SOA 3900 ms. The stimulus sequence for each block was fixed
but the order of the stimulus pairs was randomized. The order of
the blocks was balanced between the participants. Participant’s
task was to answer with a response button if the sounds were
the same or if they were different. To make sure that the partici-
pants understood the task, 12 training trials were presented before
the behavioral test.

2.4. ERP recordings and analysis

The Biosemi Active Two Mk2 with a 64-channel active electrode
set-up (BioSemi B.V.) was used to record the continuous EEG
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Table 1
Results of the behavioral stimulus discrimination task.
Stimulus ASD (no LI) Control
Hit rate (% + SD) Reaction time (ms * SD) Hit rate (% = SD) Reaction time (ms + SD)
Neutral 97.5 (3.2) 1184.0 (210.3) 97.9 (3.5) 1039.7 (127.6)
Scornful 97.5 (5.2) 1232.6 (132.8) 98.1 (3.5) 1087.4 (180.0)
Commanding 93.3 (8.6) 1087.3 (200.8) 98.4 (2.3) 940.0 (145.2)
Sad 97.7 (4.1) 1213.4 (137.7) 96.9 (5.5) 1059.2 (174.8)

Mean hit rates in percentage values and reaction times in milliseconds (standard deviations in brackets) in control children and children with ASD (no LI).

(DC-104 Hz; sampling rate 512 Hz). Supplementary electrodes
were placed at the left and right mastoids and to the tip of the nose
(the off-line reference electrode). The eye movements were
recorded with electrodes that were placed above and at the outer
corner of the left eye.

The continuous EEG was processed with the EEGLAB toolbox
(Delorme and Makeig, 2004). First, it was down-sampled to
256 Hz. Then, the data were off-line high-pass filtered (1 Hz) and
manually checked, and all the noisy channels were marked. The
EEG data were divided into epochs that were 1100 ms long, con-
taining 100 ms pre-stimulus baseline. The epochs were then
baseline-corrected. All epochs surpassing the voltage changes
+300 pV at any electrode were removed from the data. Blink arti-
facts were removed with fast ICA (Hyvarinen and Oja, 2000) algo-
rithm calculated from all the non-noisy channels. One blink
component per participant was removed with ICA. The EEG data
with ICA corrections were then compared with the original EEG
data, to be certain that only the eye blinks were removed from
the data. The data were then low-pass filtered (30 Hz) and epochs
with amplitudes exceeding +150 pV were removed. Channels with
data indicating unstable signal behavior were interpolated from
the neighboring channels.

Finally, the ERPs were created by averaging the data for the
standard and deviant stimuli and for each condition separately.
To calculate the difference waves, the ERPs elicited by the standard
stimuli were subtracted from the ERPs elicited by the deviant stim-
uli. Accepted deviant trials for the children with ASD (no LI) were
132 (range 96-148) and for the control children 140 (range 113-
149).

The same ERP deflections were chosen for the analysis as in
Lindstrom et al. (2016). The mean amplitudes for the standard
stimulus ERPs were calculated as follows. First, the group-
average peak latencies of each standard stimulus ERPs were deter-
mined from the Fz electrode for control and ASD groups separately.
Then, the mean amplitudes were determined by integrating the
ERP signal over a #25-ms time period centered to the grand-
mean peak latency of each standard stimulus response. For the
latency analysis, the individual-participant peak latencies of each

Table 2

standard stimulus ERPs were identified at the Fz electrode, from
the same time windows that were used in Lindstrom et al.
(2016) (see Table 2).

Similarly, the mean amplitudes of the MMN/LDN and P3a were
calculated from the standard-deviant difference waves. The MMN/
LDNs were identified from the Fz electrode and the P3a from the Cz
electrode. For the MMN/LDN, the mean amplitudes were deter-
mined by averaging the EEG signal over a +25-ms time centered
at the grand-mean peak latency of the component and for the
P3a over a #50-ms time period centered at the grand mean peak
latency of the component. For the latency analysis, the individual
peak latencies of the MMN/LDN and P3a were determined at the
Fz (MMN/LDN) or Cz (P3a) electrodes. Table 2 presents the time
windows that were used for the MMN/LDN and P3a peak latency
identification.

2.5. Statistical analyses

For the behavioral task, the button presses which appeared
before the 200 ms from the presentation of the second stimulus
of the stimulus pair and occurred after the presentation of the next
stimulus pair were excluded in the analysis. The normality of the
RTs and hit rates were analyzed with Shapiro-Wilk test of normal-
ity. The hit rates were analyzed with the Mann-Whitney U tests,
and the reaction times with Repeated Measures Analyses of Vari-
ance (rANOVA) (Group x Stimuli).

To ensure that the statistical analyses were applied to a real and
reliable ERP responses (not noise), the statistical significance of
each brain response was tested by comparing the mean amplitudes
to zero at either the Fz electrode (for standard stimulus ERPs and
the MMN/LDN) or at the Cz electrode (for the P3a) with one-
sample t-tests (Table 2). With this approach it was possible to
exclude the insignificant responses from the analysis beforehands,
and thereby avoid comparing, firstly, insignificant ERP amplitudes
with each others, and secondly, the scalp distributions of the signal
(a significant response) and noise (an insignificant response). The
ERPs that were elicited statistically significantly in at least one of
the groups were chosen for further amplitude analysis (Table 2).

The mean amplitudes and latencies (standard deviations in brackets) of the standard stimulus ERPs, the MMn/LDN and the P3a, with the corresponding t-values, degrees of

freedom, and p-values of t-tests.

Stimulus type  Response ASD Control
Amplitude pV (sd) t df p-value  Latency ms (sd)  Amplitude pV (sd) t df p-value  Latency ms (sd)
Neutral 1st 2.8 (1.9) 5.5 14  .000 186 (44) 3.5(1.9) 7.1 15 .000 192 (39)
2nd -1.1(2.3) -1.8 14 .096 362 (21) -1.4(1.7) -33 15 .004 374 (11)
3rd 0.3 (2.5) .56 14 583 483 (48) 0.2 (1.4) 5 15 633 498 (32)
4th -3.2(2.1) -6.1 14  .000 684 (56) -4.8 (1.8) -10.7 15 .000 716 (36)
Scornful MMN/LDN  —2.5(3.0) -32 14 .006 502 (45) -3.5(3.3) —4.2 15 .001 480 (40)
P3a 1.7 (3.1) 22 14 .050 769 (60) 1.9 (2.9) 2.7 15  .022 751 (85)
Commanding MMN/LDN  —1.1(4.1) -1.0 14 332 478 (59) -1.4(2.8) -2.0 15 .066 500 (66)
P3a 1.1 (24) 1.8 14 .094 760 (90) 1.3(2.2) 2.7 15 .038 752 (58)
Sad MMN/LDN -5 (3.1) -63 14 .000 444 (28) -4.3(2.6) 43 15 .001 453 (25)
P3a 2.0 (1.8) 4.3 14  .001 734 (60) 2.6 (2.3) 4.5 15 .000 765 (56)
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Fig. 1. Electrodes used in data analysis in the study. The electrodes were fitted into cap using cartesian XYZ electrode position coordinates of standard Biosemi 64 channels
headcap (www.biosemi.com). The images are projections in XY plane. The figure on the left shows the frontal (AF3, AFz, AF4, F1, Fz, F2, FC1, FCz, FC2) and the centroparietal
(C1, Cz, C2, CP1, CPz, CP2, P1, Pz, P2) ROIs that were used in group amplitude comparisons. The figure on the right shows the left frontal (F5, F3, F1, FC5, FC3, FC1), the right
frontal (F2, F4, F6, FC2, FC4, FC6), the left centroparietal (CP5, CP3, CP1, P5, P3, P1) and the right centroparietal (CP2, CP4, CP6, P2, P4, P6) ROIs that were used in the scalp

distribution comparisons.

To compare the ERP amplitude differences between the groups,
two regions of interest (ROIs), the frontal and the centroparietal
ROI, were calculated based on Kujala et al. (2010) study by averag-
ing the ERP data over nine electrodes (Please, see Fig. 1 for more
detailed information about the electrodes chosen for the analysis).
Based on Kujala et al. (2010), a priori planned one-way ANOVAs
were conducted to each response and ROI separately for standard
stimulus responses. Similarly, based on Kujala et al. (2010), for
the MMN/LDN and P3a, Group x Deviant rANOVAs were con-
ducted to each ROI separately.

Scalp distribution comparisons were analyzed for those
responses that were significantly elicited in both groups. Four ROIs
were calculated by averaging the ERP data over six electrodes
based on Kujala et al. (2010): the left frontal ROI, the right frontal
ROI, the left parietal ROI and the right parietal ROI (Fig. 1). For stan-
dard stimulus responses, a priori planned three-way ANOVA
[Group x Anterior-Posterior x Laterality] was conducted to each
response separately. For the MMN/LDN and P3a, a three-way
rANOVA [Group x Deviant x Anterior-Posterior x Laterality] was
conducted to each response separately. For all ANOVAs/TANOVAs,
significant interactions were analyzed with Sidak correction, to
correct multiple comparisons within each ANOVA. However, to
avoid increasing the Type Il error and reducing power
(Nakagawa, 2004; Perneger, 1998; Rothman, 1990), multiple com-
parisons were not corrected between the ANOVAs.

For all amplitude analyses, the normality of the data was ana-
lyzed with Shapiro-Wilk test of normality. The between group
amplitude differences were analyzed with the Mann-Whitney U
tests, if the data did not meet the normality assumption. Multivari-
ate analysis of variance (MANOVA) was used instead of rANOVA, if
the assumption of sphericity was violated. Between-group
response latencies were investigated with a one-way ANOVA or
Mann-Whitney U tests for the stimuli that were statistically signif-
icant in both groups. All statistical analyses were made with IBM
SPSS statistics 24.

3. Results
3.1. Behavioral results
There were no hit rate differences between the groups. How-

ever, a significant main effect for Group (F[1,27] =7.79, p=.010;
partial ETA? =.22) was found for the reaction times: the RTs were

slower in the participants with ASD than in the control children
(Table 1).

3.2. Standard stimulus responses

The standard stimulus ERP consisted of four peaks (Fig. 2,
Table 2). The 1st and 4th peaks were statistically significant in both
groups and the 2nd peak in the control group (Table 2). At the
frontal ROI the 4th peak was smaller in the children with ASD than
in the controls (F [1,29] = 4.8, p = .037; partial ETA? = .14) (Table 2,
Fig. 2). There were no standard stimulus ERP latency differences
between the groups.

3.3. Deviant stimulus responses

3.3.1. The MMN/LDN

Within 500 ms from the deviant stimulus onset, a prominent
negative deflection was elicited for all the deviant stimuli (Figs. 3
and 4; Supplementary Figs. S1-S9). Both the MMN and LDN could
contribute to this deflection, and therefore we call this deflection
as an MMN/LDN, consistently with our previous study using the
same stimuli (Lindstrom et al, 2016). The amplitude of the
MMN/LDN was statistically significant for scornful and sad stimuli
in the ASD group (Table 2). In controls, it was significant for the
scornful and sad stimuli, and marginally significant (p <.07) for
the commanding stimuli (Table 2).

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.clinph.2018.08.018.

Significant Group x deviant interaction was found in the
centro-parietal ROI (Wilks’s lambda =.77, F[2,28] =4.16, p =.026,
partial ETA?=.23). Further, post-hoc analyses showed that the
MMN/LDN amplitude for the scornful deviant was diminished in
children with ASD (no LI) (t(29) = 2,1, p =.045, d’ =.75). There were
no MMN/LDN latency differences between the groups.

3.3.2. The P3a

A positive deflection was elicited by all deviant stimuli at about
760 ms from the deviant stimulus onset, which presumably is the
P3a (see also, Lindstrom et al., 2016) (Figs. 3 and 4; Supplementary
Figs. S1-S9). The amplitude of the P3a was statistically significant
for all the deviant stimuli in the control children. However, in chil-
dren with ASD (no LI) it differed from zero for the sad stimuli and
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Fig. 2. Responses to the repetitive word stimuli at the Fz electrode. Four deflections chosen for analysis are marked with arrows. Respective topographic maps of 1st, 2nd, 3rd,

and 4th deflections are presented below the waveforms. The stimulus onset is at 0 ms.

was marginally significant for the scornful stimuli (p =.05), but
insignificant for the commanding stimuli (Table 2).

Significant Group x Anterior-Posterior interaction effect was
found for sad and scornful deviants (F[1,29] = 10.16, p =.003, par-
tial ETA? =.26). Pos-hoc comparisons indicated that children with
ASD (no LI) had a diminished P3a at the right and left frontal ROIs
(t(29)=2.1, p=.037, d' =.81) compared to the controls. Also, the
P3a was larger at the frontal electrodes than in the parietal elec-
trodes (t(29)=4.3, p<.001, d’'=1.05) in control children, but no
such amplitude distribution effect was found for the ASD group.
The latencies of the P3a elicited by the scornful or sad stimuli
did not differ between groups.

4. Discussion
The present study determined speech encoding and discrimina-

tion of prosodic speech features, as well as orienting to prosodic
changes in speech, in children with ASD (no LI). ERPs elicited by

natural words that were uttered with neutral voice or with com-
manding, sad, or scornful prosody were compared between typi-
cally developed children and children with ASD (no LI). Functions
at the perceptual level were compared with a behavioral sound
discrimination task, using the same stimuli, between typically
developed children and children with ASD (no LI). The standard-
stimulus ERPs (4th peak), the MMN/LDN and the P3a were
diminished in the children with ASD (no LI). Furthermore, the scalp
distribution of the P3a differed between the groups. The RTs were
found to be slower in the participants with ASD (no LI) than in the
control children for all the stimulus contrasts in the discrimination
test. These results suggest impaired processing of words and pro-
sodic speech features in neural speech encoding, discrimination
and involuntary orienting level and slower perceptual prosody
discrimination in children with ASD (no LI).

Our behavioral results showed that children with ASD were
slower in discriminating prosodic features of speech stimuli than
their controls. However, no Group x Stimulus interaction was
observed, suggesting that the participants with ASD were reacting
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Fig. 3. Dotted lines represent the grand-average ERPs to neutral stimulus and the
solid lines the grand-average ERPs to the scornful, commanding, and sad stimuli at
the Fz electrode. The stimulus onset is at 0 ms.

slowly irrespective of the emotional prosodic features. These
results are consistent with Chevallier et al. (2011) showing slower
RTs in adolescents with ASD in a vocal emotional identification
task, and previous studies reporting slower than usual RTs both
in children and adults with ASD to speech duration changes rele-
vant for prosody perception (Lepistd et al., 2006; Lepistod et al.,
2007).

Our result of the diminished 4th peak of the standard stimulus
ERP in children with ASD suggests aberrant speech sound encoding
in children with ASD (no LI). Further, they are consistent with our
previous findings showing impaired encoding of the same repeti-
tive word stimuli in children with ASD (LI) (Lindstrom et al.,
2016) and with those of Lepisto et al. (2005, 2006) showing dimin-
ished N4 both in children with ASD (LI) and in children with ASD
(no LI). In addition, in Lindstrom et al. (2016) study, the amplitude
of both the 3rd and the 4th peak of the ERP to standard word stim-
uli were diminished in children with ASD (LI), whereas no
between-group amplitude differences were observed in the pre-
sent study for the 3rd peak of the standard stimulus ERP. The pre-
sent results, and those of Lindstrom et al. (2016), suggest impaired
encoding of words in both groups of children with ASD. However,
these deficits might be more pronounced in children with ASD (LI)
(Lindstrom et al., 2016), than in the children with ASD (no LI).

Diminished MMN/LDN amplitude for the scornful deviant was
found in the present study in children with ASD (no LI), suggesting
anomalous cortical discrimination of prosody in these children.
These results are consistent with previous studies showing dimin-
ished MMN or MMN/LDN to the same scornful deviant stimulus
both in children with ASD (LI) (Lindstrom et al., 2016) and adults

with ASD (Kujala et al., 2005). The scornful vs. neutral stimulus
contrast was possibly harder to discriminate than the other stimu-
lus contrasts. This is supported by the fact that the reaction times
for the scornful stimuli were the longest ones in the behavioral dis-
crimination test. Therefore, these three studies provide converging
results suggesting that subtle prosodic sound features are particu-
larly hard to discriminate for individuals with ASD.

Based on Korpilahti et al. (2007), who showed enhanced MMNSs
to the angry prosodic deviant in children with ASD (no LI),
enhanced brain reactions were expected to the commanding devi-
ant in children with ASD (no LI). However, we found no significant
MMN/LDN amplitude differences between the groups for this devi-
ant, consistent with Lindstrom et al. (2016) study. These opposite
results of Korpilahti et al. (2007) vs. the present ones, Lindstrém
et al. (2016), and Kujala et al. (2005) are compatible with the sug-
gestion that ASD is characterized by both hypo- and hypersensitive
sound processing (for reviews, see O’Connor et al., 2012; Kujala
et al., 2013). Possibly, the stimuli of Korpilahti et al. (2007)
included more differences in acoustical and emotional aspects than
the stimuli used in the present study and in Lindstrém et al. (2016),
and Kujala et al. (2005), leading to enhanced change-related
responses. This conclusion is supported by the notion that the
MMN amplitudes in Korpilahti et al. (2007) were larger (varying
between —2.8 uV and —3.6 pV in children with ASD, and between
—-1.9uV and —-2.7uV in control children) compared with the
MMN/LDN elicited by the commanding deviant in the present
study (—1.1uV in children with ASD (no LI) and —1.4uV in
controls).

Our results showed that the P3a was diminished at the frontal
scalp areas for the scornful and sad prosodic changes in children
with ASD (no LI), consistent with previous studies showing dimin-
ished P3a amplitudes for speech sound changes both in children
with ASD (no LI) (Lepist6 et al., 2006) and children with ASD (LI)
(Lindstrom et al., 2016; Ceponiené et al., 2003; Lepisto et al.,
2005, 2008). These impairments in involuntary attention shifting
towards prosodic speech features may affect the social-
communication development of children with ASD, and further,
contribute to the well-known social attention deficits observed in
ASD (for a review, see Chevallier et al., 2012).

Further, the P3a was differently distributed in the children with
ASD (no LI) than in the control children. In controls, a larger P3a
was elicited at the frontal electrodes than at the parietal electrodes,
whereas, no P3a amplitude distribution effect was found in the
ASD group, indicating atypical P3a generator sources in ASD. Possi-
bly, frontal P3a generator activation (Escera et al., 2000) is
decreased in children with ASD as compared to typically developed
children. Consistent with this interpretation, atypical frontal-lobe
metabolism has been found in ASD (George et al, 1992;
Zilbovicius et al., 1995).

The current stimuli were natural and thus acoustically highly
variable (for further details, please see Lindstrom et al., 2012).
Therefore, it is not possible to determine to what extent ERPs eli-
cited by the deviant stimuli reflect the emotional category changes
or the acoustical differences between the stimuli. However, as the
speech prosody is conveyed via several acoustical speech features
(Banse and Scherer, 1996; Wiethoff et al., 2008), controlling further
the acoustical differences between the stimuli would have affected
their emotional content (Wiethoff et al., 2008), and made the stim-
uli unnatural and ecologically invalid. The present stimuli and
experimental paradigm served as valid setting to study several
levels of prosody processing in ASD (no LI) and comparison of
the results with those found in adults with ASD (no LI) (Kujala
et al.,, 2005) and in children with ASD (LI) (Lindstrom et al.,
2016). The results obtained in these studies suggest an extensive
atypical processing pattern in encoding, discriminating, orienting,
and reacting to natural speech prosody in ASD, which might
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underlie the observed difficulties in attributing other persons’
emotional state based on his tone of voice in ASD.

4.1. Conclusions

Taken together, our results suggest impaired speech encoding,
as reflected by diminished standard stimulus ERP, and aberrant
neural discrimination of prosodic features, as reflected by dimin-
ished MMN/LDN, in children with ASD (no LI). Further, involuntary
attention switching towards prosodic speech sound changes was
found to be altered in children with ASD (no LI), as suggested by
diminished and atypically distributed P3a. These neural speech
sound processing deficits might contribute to the aberrant emo-
tional prosody comprehension observed in ASD. Consistent with
this, children with ASD (no LI) were found to be slower than nor-
mal in perceptually discriminating prosodic changes in speech.
Our results support the hypothesis suggesting that emotional

speech prosody processing impairments observed in ASD have
low-level neurofunctional origins.
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