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ABSTRACT 

Human voice conveys information about a speaker’s emotions and intention via 
speech prosody; changes in the speaker’s intonation, stress, rhythm, and tone of voice. 
The ability to recognize and interpret speech prosody is essential for successful social 
communication and has been associated with social competence throughout 
childhood. Autism spectrum disorders (ASD) are characterized by impaired social 
communication and social interaction skills as well as repetitive patterns of behavior. 
Semantic-pragmatic language deficits, including deficient speech prosody production 
and comprehension, are often found to be impaired in individuals with ASD. The 
present thesis investigated processing of words and speech prosody in school-aged 
typically developed children and two groups of children with ASD: those with 
accompanying language impairments (children with ASD [LI]) and those with no 
accompanying language impairments (children with ASD [no LI]). To this end, 
auditory event-related potentials (ERPs) were recorded for a Finnish word uttered with 
different emotional connotations (neutral, scornful, sad, and commanding). Two of the 
thesis studies included a behavioral prosody discrimination task, and in one study, 
facial electromyographic (facial EMG) reactions were recorded for the above-
mentioned speech stimuli. 

In typically developed children, changes in speech prosody elicited mismatch 
negativity (MMN) / late discriminative negativity (LDN) responses, demonstrating 
that the auditory system of school-aged children automatically detects prosodic 
changes in speech. Further, these prosodic changes in speech activated an involuntary 
attention mechanism in typically developed children, as reflected by a P3a component. 
However, no reliable facial EMG reactions were found for these non-attended 
prosodic changes in speech. Both groups of children with ASD had diminished ERP 
responses to words, suggesting that initial stages of sound encoding were deficient in 
children with ASD, but these processes were more impaired in children with ASD (LI) 
than in children with ASD (no LI). In both groups of children with ASD, MMN/LDN 
responses to the scornful stimulus were diminished, suggesting abnormal auditory 
discrimination mechanisms in children with ASD. In addition, P3a responses were 
diminished and atypically distributed in children with ASD, suggesting that these 
children have difficulties in orienting to speech sound changes. Finally, children with 
ASD (no LI) were slower in behaviorally discriminating prosodic changes in speech 
compared to the typically developed children. Taken together, these and the ERP 
results show that processing of natural speech prosody is impaired in children with 
ASD at various information processing levels, including aberrant discrimination of 
and orienting to, as well as sluggish responding to prosodic changes. These speech 
processing deficits might contribute to the observed difficulties in comprehending 
another person’s emotional state based on his/her tone of voice in individuals with 
ASD. 
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TIIVISTELMÄ 

Puhujan tunnetilaa koskeva tieto välittyy puheen prosodian, eli puheen intonaation, 
painotusten, rytmin ja äänensävyn vaihteluiden kautta. Prosodian havaitseminen ja 
ymmärtäminen ovat erittäin tärkeitä sosiaaliselle vuorovaikutukselle, ja näiden 
taitojen on havaittu olevan yhteydessä sosiaaliseen kompetenssiin läpi lapsuusiän. 
Autismikirjolla tarkoitetaan kehityksellisiä neurobiologisia häiriöitä, joiden keskeisiä 
piirteitä ovat pulmat sosiaalisessa vuorovaikutuksessa ja toistavat, stereotyyppiset 
käyttäytymisen mallit. Autismikirjoon liittyy kielen semantiikan ja pragmatiikan 
pulmia, ml. vaikeuksia puheen prosodian havaitsemisessa ja tuottamisessa. 
Väitöskirjatyössä selvitettiin prosodisten piirteiden havaitsemista tyypillisesti 
kehittyneillä kouluikäisillä lapsilla ja autismikirjoon kuuluvilla lapsilla. Tutkimukseen 
osallistui sekä ryhmä autismikirjoon kuuluvia lapsia, joilla oli kielenkehityksen 
vaikeuksia että ryhmä autismikirjon lapsia, joilla ei ollut kielenkehityksen 
viivettä/vaikeuksia. Prosodian havaitsemista selvitettiin rekisteröimällä aivojen 
tapahtumasidonnaisia kuuloherätevasteita luonnollisille sanaärsykkeille, joita 
esitettiin eri tunnetiloissa lausuttuna (neutraali, surullinen, halveksiva ja käskevä). 
Äänen esitietoisen erottelun mittarina käytettiin poikkeavuusnegatiivisuus l. mismatch 
negativity (MMN) / late discriminative negativity (LDN) -vasteita. Tahattoman 
tarkkaavaisuuden kääntymistä äänimuutoksiin mitattiin P3a-vasteen avulla.  Kahteen 
osatutkimukseen sisältyi äänten erottelutehtävä. Tyypillisesti kehittyneillä lapsilla 
tutkittiin lisäksi kasvojen lihasreaktioita (kasvolihasten EMG-rekisteröinti) edellä 
mainittuihin sanaärsykkeisiin. 

Tulosten mukaan tyypillisesti kehittyneet lapset erottelevat puheesta puhujan 
äänensävyn muutoksia kuulotiedon esitietoisella tasolla ja heidän tahaton 
tarkkaavuutensa kääntyy näihin äänimuutoksiin. Tutkimuksessa ei kuitenkaan 
löydetty selkeitä kasvolihasreaktoita näille sanaärsykkeille. Autismikirjon lapsilla 
havaittiin äänipiirteiden peruskäsittelyssä poikkeavuutta. Näitä vaikeuksia oli 
enemmän niillä lapsilla, joilla oli autismikirjon häiriön lisäksi kielenkehityksen 
vaikeutta. Tulosten mukaan autismikirjoon kuuluvilla lapsilla myös puheen 
prosodiikan erottelu on tyypillisesti kehittyneisiin lapsiin verrattuna heikentynyttä. 
Puheen prosodisille muutoksille syntyneet vaimentuneet MMN/LDN -vasteet 
osoittavat, että autismikirjoon kuuluvat lapset havaitsevat kuulotiedon käsittelyn 
esitietoisella tasolla tyypillisesti kehittyneitä lapsia heikommin puheen äänensävyn 
muutoksia. Vaimentuneet ja epätyypillisesti jakautuneet P3a-vasteet osoittavat lisäksi, 
että autismikirjoon kuuluvien lasten tahaton tarkkaavuus ei kääntynyt prosodisille 
muutoksille yhtä hyvin kuin tyypillisesti kehittyneillä lapsilla. Tulokset viittaavat 
vaikeuteen ja hitauteen huomioida puhujan tunnetilaa heijastavia äänen muutoksia 
autismikirjossa.  Tutkimuksessa esiin tulleet puheäänen käsittelyn vaikeudet voivat 
heijastua autismikirjossa havaittuihin vaikeuksiin tehdä päätelmiä puhujan 
tunnetilasta hänen äänensävynsä perusteella.  



5  

ACKNOWLEDGMENTS 

First, I express my deepest gratitude to my supervisors Prof. Teija Kujala and Dr. 
Tuulia Lepistö-Paisley. During these years, you two were always encouraging me and 
giving me excellent guidance and advice. I want to thank Teija for giving me the 
opportunity to join her group and for sharing her enormous scientific expertise on 
cognitive brain research. Teija, thank you for believing in me and supporting me 
throughout this project. I wish to thank Tuulia for sharing her knowledge and clinical 
experience on autism spectrum disorders, and for all her good advice, practical help, 
and thoughtful comments at various stages of this work.       

I thank my official reviewers Prof. Heikki Hämäläinen and Dr. Marie Gomot for 
their encouraging comments on the thesis manuscript, and Prof. Heikki Lyytinen for 
agreeing to act as the opponent at the public defense of this dissertation.     

This study was carried out at the Cognitive Brain Research Unit, University of 
Helsinki and the data collection conducted in collaboration with the Helsinki 
University Hospital, the Central Hospital of Central Finland, Neuropsychiatric 
rehabilitation and medical centre NeuroMental and elementary schools located in 
Helsinki area. I thank all these organizations for enabling this study. I’m also very 
grateful for the financial support of the Academy of Finland, the Finnish Cultural 
Foundation, the Rinnekoti Research Centre, the Finnish Brain Foundation, the Alfred 
Kordelin Foundation, the Emil Aaltonen Foundation, and the Doctoral School in 
Humanities and Social Sciences HYMY. Moreover, I’m very grateful for all the 
children and their parents for their participation in this study. Without you, this thesis 
would not have been possible. 

I am deeply grateful to Tommi Makkonen for his valuable contribution to technical 
aspects of data collection and analysis, and for always being ready to help me with my 
questions and concerns. I want to thank my co-authors Raija Vanhala, Reija Alén, Dr. 
Outi Reinvall, and Dr. Taina Nieminen-von Wendt for their contributions and pleasant 
collaboration. Special thanks go to Dr. Soila Kuuluvainen for starting this ProPiAS 
project with me, and for sharing various phases of the post-graduate studies. I thank 
Dr. Lilli Kimppa, Saila Seppänen, Henna Markkanen, and Prof. Olli Seppänen for 
their work with data collection and analysis. I also want to thank Jari Lipsanen for his 
excellent guidance in statistical analyses, and Miika Leminen for his technical help 
with the pilot experiments.   

I wish to thank Docent Petri Paavilainen and Prof. Mari Tervaniemi for their 
guidance and encouragement in the early phase of my research career. For the positive 
atmosphere, practical help, and for both academic and other discussions, I thank Dr. 
Maria Mittag, Dr. Eino Partanen, Dr. Ritva Torppa, Dr. Satu Pakarinen, and many 
other present and former colleagues in the CBRU. It has been a great pleasure to work 
with you all! I also want to thank Dr. Miia Seppänen for supportive discussions and 
advice during this process. I also wish to express my warmest thanks to my previous 
and present colleagues and co-workers at the Eteva and Rinnekoti Foundation.  



6  

I wish to thank all my friends for their good company, and for being still there after 
all these years. Emppu, my dear childhood friend, thank you for supporting me through 
the ups and downs. I owe my deepest gratitude to my family, and thank my mother, 
Elina, for encouraging me in education. I dedicate this thesis to my father Ossi (1934–
2014), who was always so proud his daughter was taking the doctoral degree. Daddy, 
now it is finished.         

Finally, I owe my greatest gratitude toward my husband Kalle and son Viljami. 
Kalle, thank you for your love, support, and understanding during this process. 
Viljami, you bring joy and happiness to our life. I love you to the moon and back.  

 
 

 
Helsinki, January 14th, 2019 
 
Riikka Lindström  



7  

CONTENTS 

Abstract ......................................................................................................................................................... 3 
Tiivistelmä .................................................................................................................................................... 4 
Acknowledgements ....................................................................................................................................... 5 
Contents ........................................................................................................................................................ 7 
List of original publications .......................................................................................................................... 8 
Abbreviations ................................................................................................................................................ 9 
1 Introduction .................................................................................................................................... 10 

1.1 Emotional speech prosody and brain areas involved in emotional prosody perception ...... 10 
1.2 The development of the ability to infer speaker’s emotional speech prosody .................... 11 
1.3 Autism spectrum disorders ................................................................................................. 11 

1.3.1 Perceptual processing of emotional speech prosody in children with ASD ................... 15 
1.4 ERPs as tools for studying speech prosody processing in children .................................... 15 

1.4.1 Obligatory auditory ERPs in school-aged children ........................................................ 16 
1.4.2 The mismatch negativity and the late discriminative negativity .................................... 16 
1.4.3 The P3a .......................................................................................................................... 17 

1.5 Speech sound encoding in school-aged children with ASD ............................................... 18 
1.6 Cortical discrimination of and orienting to emotional prosodic changes ........................... 19 

1.6.1 Cortical speech prosody discrimination in typically ...................................................... 19 
1.6.2 MMN reflecting sound and prosody discrimination in ASD .......................................... 20 
1.6.3 P3a reflecting orientation to speech in typical development and in ASD....................... 22 

1.7 Facial EMG responses to emotional expressions in children and in adults ........................ 22 
2 Aims of the studies ......................................................................................................................... 24 
3 Methods .......................................................................................................................................... 25 

3.1 Participants ......................................................................................................................... 25 
3.2 Stimuli ................................................................................................................................ 25 
3.3 Stimulus discrimination test ............................................................................................... 28 

3.3.1 Statistical analysis of behavioral data ............................................................................ 28 
3.4 EEG and EMG experiments ............................................................................................... 28 

3.4.1 EEG data acquisition and analysis ................................................................................. 29 
3.4.2 Statistical analysis of EEG data ..................................................................................... 32 
3.4.3 EMG Data recordings .................................................................................................... 32 
3.4.4 Statistical analysis of EMG data .................................................................................... 33 

4 Results and discussion .................................................................................................................... 34 
4.1 Prosody processing in typical development: EMG, Behavioral and ERP measures ........... 34 

4.1.1 Rapid facial reactions to speech stimuli ......................................................................... 34 
4.1.2 Perceptual prosody discrimination ................................................................................. 34 
4.1.3 Neural prosody discrimination ....................................................................................... 35 
4.1.4 Involuntary orienting to prosodic changes ..................................................................... 37 

4.2 Prosody processing in children with ASD: Behavioral and ERP measures ........................ 38 
4.2.1 Perceptual prosody discrimination in ASD .................................................................... 38 
4.2.2 Obligatory ERPs to words in ASD ................................................................................. 39 
4.2.3 Discrimination of prosodic changes in ASD .................................................................. 40 
4.2.4 Orienting to prosodic changes in ASD ........................................................................... 44 

5 General discussion .......................................................................................................................... 45 
5.1 Summary of overall findings .............................................................................................. 45 
5.2 Processing of prosodic changes in school-aged children .................................................... 45 
5.3 Processing of words and emotional prosody in children with ASD ................................... 46 

5.3.1 Atypical encoding of speech stimuli in children with ASD ........................................... 46 
5.3.2 Perceptual and cortical discrimination of prosody in children with ASD ...................... 47 
5.3.3 Deficient orienting to prosodic changes in children with ASD ...................................... 48 

5.4 Study limitations and future directions ............................................................................... 49 
5.5 Clinical implications .......................................................................................................... 50 

6 Conclusions .................................................................................................................................... 51 
7 References ...................................................................................................................................... 52 



8 

LIST OF ORIGINAL PUBLICATIONS 

This thesis is based on the following publications: 
 
I Lindström, R., Lepistö, T., Makkonen, T. & Kujala, T. (2012). 

Processing of prosodic changes in natural speech stimuli in school-age 
children. International Journal of Psychophysiology, 86, 229–237. 

 
II Lindström, R., Lepistö-Paisley, T., Vanhala, R., Alén, R. & Kujala, T. 

(2016).  Impaired neural discrimination of emotional speech prosody in 
children with autism spectrum disorder and language impairment. 
Neuroscience Letters, 628, 47–51 

 
III Lindström, R., Lepistö-Paisley, T., Makkonen, T., Reinvall, O., 

Nieminen-von Wendt, T., Alén, R. & Kujala, T. (2018). Atypical 
perceptual and neural processing of emotional prosodic changes in 
children with Autism Spectrum Disorders. Clinical Neurophysiology, 
129, 2411–2420. 

 
 
The publications are referred to in the text by their roman numerals. The articles are 
reprinted with the kind permission of the copyright holders.  



9 

ABBREVIATIONS 

ADI-R Autism Diagnostic Interview-Revised  

ASD (LI) autism spectrum disorder with accompanying language impairment 

ASD (no LI) autism spectrum disorder without accompanying language impairment 

ANOVA analysis of variance            

EEG electroencephalography 

EOG  electro-oculogram  

ERP  event-related potential  

ISI  inter-stimulus interval  

LDN  late discriminative negativity  

MMN mismatch negativity  

MMNm  magnetic mismatch negativity  

NMDAR  N-methyl-d-aspartate receptor   

PIQ  performance intelligence quotient  

RFR  rapid facial reaction 

RT  reaction time  

SOA  stimulus onset asynchrony  

VIQ  verbal intelligence quotient  

WISC-III  Wechsler intelligence scale for children – III  

WPPSI-III  Wechsler preschool and primary scale of intelligence – III   



 

10 

1 INTRODUCTION 

1.1 EMOTIONAL SPEECH PROSODY AND BRAIN 
AREAS INVOLVED IN EMOTIONAL PROSODY 
PERCEPTION 

Human voice conveys information about a speaker’s emotions, attitudes, and mental 
states as well as grammatical and pragmatic information, by speech prosody (for a 
review, see Wagner and Watson, 2010). Speech prosody can be defined as changes in 
a speaker’s intonation, stress, rhythm, and tone of voice, in other words, in 
suprasegmental aspects of speech (for reviews, see Wagner and Watson, 2010; 
Witteman et al., 2012). Prosodic cues are used to detect word boundaries, suggesting 
that speech prosody has a critical role in word recognition (Wagner and Watson, 
2010). Also, the meaning of an utterance can change if speaker stresses it differently 
(for example: Who took my socks? versus Who took my socks?) (McCann and Peppé, 
2003). For successful social communication, one has to understand the speaker’s 
emotional state and intentions conveyed by (emotional) speech prosody. For example, 
the meaning of the sentence, “Who is that boy?” can change dramatically when it is 
uttered with different emotional prosody, for example with a scared or angry voice. 

A speaker’s emotional state affects his or her breathing, phonation, and 
articulation, producing acoustic changes in voice (Kappas et al., 1991; Scherer, 2003). 
Acoustically, prosodic features are represented by changes in the fundamental 
frequency (f0), intensity, and duration of speech voice (Bänziger et al., 2014; Toivanen 
et al., 2004; for reviews, see Scherer, 2003; Wagner and Watson, 2010; Witteman et 
al., 2012). The models of both Schirmer and Kotz (2006; see also Kotz and Paulmann, 
2011) and Wildgruber et al. (2009; see also Brück et al., 2011) on prosody perception 
indicate three stages of emotional prosody processing. The first stage is the analysis 
of the basic acoustic properties of the vocalization bilaterally at the primary and 
secondary auditory cortices (Brück et al., 2011; Schirmer and Kotz, 2006). Next, the 
emotionally significant acoustic cues are integrated as an “emotional gestalt” (Brück 
et al., 2011; Schirmer and Kotz, 2006). Schirmer and Kotz (2006) suggest that the 
integration phase involves the auditory “what” pathway at the bilateral superior 
temporal gyrus and the right anterior superior temporal sulcus. Brück et al. (2011) 
associate the right posterior superior temporal cortex with the integration of acoustic 
speech features. The final stage is the evaluation of the emotional vocal information 
(Brück et al., 2011; Schirmer and Kotz, 2006), which involves the prefrontal and 
orbitofrontal cortices (Brück et al., 2011; Kotz and Paulmann, 2011). Both of these 
models indicate that the amygdala plays a significant role in the detection of emotional 
salience and evaluation of the prosodic signal (Brück et al., 2011; Kotz and Paulmann, 
2011), but the role of the basal ganglia is also highlighted (Kotz and Paulmann, 2011).    
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1.2 THE DEVELOPMENT OF THE ABILITY TO INFER 
SPEAKER’S EMOTIONAL SPEECH PROSODY 

A human fetus starts to respond to environmental sounds from the second trimester of 
pregnancy onwards (Hepper and Shahidullah, 1994). Further, auditory learning has 
been shown to take place in the last trimester of pregnancy (Partanen et al., 2013). 
However, maternal tissues filter especially the high-pitched sounds transmitted to the 
womb. As a result, sound melody and intonation were shown to be better transmitted 
to the fetal ear than detailed phonemic information (Querleu et al., 1988; Heppner and 
Shahidullah, 1994). Consistent with this, even newborns can extract prosodic cues 
(Sambeth et al., 2004), such as pitch contours (Nazzi et al., 1998), speech rhythm 
(Nazzi and Ramus, 2003), or stress patterns (Sansavini et al., 1997), well before they 
have been shown to detect words in continuous speech (Jusczyk and Aslin, 1995). 

Newborns have been shown to respond distinctly to different vocal emotional 
expressions when these expressions were presented with their native language 
(Maestropieri and Turkewitz, 1999). Three-month-old infants were shown to be able 
to discriminate sad and happy facial and vocal emotional expressions from videotapes 
when these expressions were presented by their parents (Walker-Andrews et al., 
2011). Further, 5-month-old infants were shown to discriminate sad, happy, and angry 
vocal expressions (Flom and Bahrick, 2007; Walker-Andrew and Lennon, 1991; 
Walker-Andrew and Grolnick, 1983). Studies using the forced-choice method have 
suggested that at the age of 4 years, children are able to evaluate a speaker’s emotional 
state based on speech prosody (Friend, 2000; Friend and Bryant, 2000; Morton and 
Trehub, 2001; Quam and Swingley, 2012). However, with a more complex 
experimental paradigm, 5-year-old children had difficulties evaluating the emotional 
state of the speaker based on the prosodic cues (Aquert et al., 2013). Aquert et al. 
(2013) also showed, that even though 9- and 13-year-old participants performed better 
than 5-year-olds, they were less accurate than the adult participants, suggesting that 
the ability to recognize a speaker’s emotional state based on speech prosody is not 
fully developed in school-aged children (Aguert et al., 2013; for corresponding results, 
see also Aquert et al., 2010; Waxer and Morton, 2011; Sauter et al., 2013). Further, 
the ability to understand speech prosody is a very important communicative tool and 
developmental task, as it is associated with social competence in both children and in 
adolescents (Rothman and Nowicki, 2004; see also Trentacosta and Fine, 2010). 

1.3 AUTISM SPECTRUM DISORDERS 

Autism spectrum disorders (ASD), affecting approximately 1% of the population 
(Won et al., 2013), includes neurodevelopmental disorders characterized by 
difficulties in social communication and interaction and restricted behavior (American 
Psychiatric Association, 2013). Previously, ICD-10 (World Health Organization, 
1993) and DSM-IV (American Psychiatric Association, 1994) diagnostic criteria 
classified individuals with ASD into two main subgroups based on their language 
development: autism and Asperger syndrome (AS). The diagnostic criteria were 
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otherwise the same, but the criteria for autism required significant delays and 
abnormalities in language development, whereas those for AS did not allow a 
significant delay in general language or cognitive development (American Psychiatric 
Association, 1994; World Health Organization, 1993). Despite this, individuals with 
AS were shown to have rather similar semantic-pragmatic language deficits as those 
with autism (Rapin and Dunn, 2003; McCann and Peppé, 2003; Paul et al., 2005; 
Gillberg and Coleman, 2000). 

However, in 2013, after the data collection of this thesis, American Psychiatric 
Association published the DSM-5, including new diagnostic criteria for ASD, in 
which these two subgroups are not separated from each other anymore (American 
Psychiatric Association, 2013). In Finland, the official diagnostic system used is still 
the ICD-10, but with the publication of the ICD-11 (in June 2018, 
http://www.who.int/classifications/icd/en/) the diagnostic criteria used in Finland are 
likely to be similar to DSM-5. Table 1 presents the diagnostic criteria for autism and 
AS (ICD-10, American Psychiatric Association, 1994) as well as for ASD (American 
Psychiatric Association, 2013). Consistent with the DSM-5 diagnostic criteria, 
children with ASD showing accompanying language impairment will be later in this 
thesis referred to as ASD (LI) and children with ASD without accompanying language 
impairment as ASD (no LI). 

Deficits in semantic-pragmatic language skills and impaired prosody are widely 
acknowledged in ASD, demonstrating that individuals with ASD have difficulties 
using language as a tool for social interaction (for reviews, see Eigsti et al., 2011; 
Mody et al., 2013; Rapin and Dunn, 2003; Simms and Jin, 2015). Individuals with 
ASD often have poor conversational skills, such as difficulties in reciprocal 
conversation, irrelevant topic shifting, or topic perseveration (Jones and Schwartz, 
2009; Paul et al., 2009). They usually use language in an idiosyncratic way, tend to 
interpret statements literally, and have difficulties in comprehending idioms, 
metaphors, humor, and irony (Kerbel and Grunwell, 1998; Martin and McDonald, 
2004; Ozonoff and Miller, 1996; for reviews, see Happé, 1995; Mody et al., 2013). 
The speaking style of individuals with ASD (no LI) may be atypically over-formal, 
rigid, and detailed already in childhood (Ghaziuddin and Gerstein, 1996; for a review, 
see Eigsti et al., 2011). In addition, anomalous prosody production is consistently 
reported in ASD, including aberrant use of pitch, stress, intonation, rhythm, and 
loudness in speech (Grossman et al., 2010a; Shriberg et al., 2001; Peppé et al., 2007; 
for reviews, see Gomot and Wicker , 2012; McCann and Peppé, 2003). Language 
impairments were reported to be rather persistent in children with ASD (LI) 
(Andersson et al., 2007; Pickles et al., 2014).  
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Table 1. DSM-IV/ICD-10 and DSM-5 diagnostic criteria for autism, AS, and ASD. Adapted from 
Lord et al. (2000), Simms and Jin (2015), and American Psychiatric Association (2013). 

  

 ICD-10/DSM-IV DSM-5 
 Autism and AS ASD 

 
Age of onset Autism 

Delay or abnormal functioning in social interaction, 
language, and/or play by age 3.  
 
AS  
No clinically significant delay in language, cognitive 
development, or development of age-appropriate 
self-help skills, adaptive behavior, and curiosity 
about the environment in childhood. 

Symptoms must be present in the 
early developmental period (but 
may not become fully manifest until 
social demands exceed limited 
capacities, or may be masked by 
learned strategies in later life). 

   
Social interaction 
 

Autism 
Qualitative impairment in social  
interaction, as manifested by at least two of  
the following:*  
a)  marked impairment in the use of multiple 
nonverbal behaviors, e.g., eye-to-eye gaze;  
b)  failure to develop peer relationships appropriate 
to developmental level;  
c)  lack of spontaneous seeking to share enjoyment 
with other people;  
d)  lack of social or emotional  
reciprocity. 
 
AS  
Same as autism 

Persistent deficits in social 
communication and social 
interaction across multiple 
contexts, as manifested by the 
following, currently or by 
history: 
 
1. Deficits in social-emotional 
reciprocity, ranging, for example, 
from abnormal social approach and 
failure of normal back-and-forth 
conversation; to reduced sharing of 
interests, emotions, or affect; to 
failure to initiate or respond to 
social interactions. 
 
2.Deficits in nonverbal 
communicative behaviors used for 
social interaction, ranging, for 
example, from poorly integrated 
verbal and nonverbal 
communication; to abnormalities in 
eye contact and body language or 
deficits in understanding and use of 
gestures; to a total lack of facial 
expressions and nonverbal 
communication. 
 
3.Deficits in developing, 
maintaining, and understanding 
relationships, ranging, for example, 
from difficulties adjusting behavior 
to suit various social contexts; to 
difficulties in sharing imaginative 
play or in making friends; to 
absence of interest in peers. 

Communication Autism  
Qualitative impairments in communication  
as manifested by at least one of the  
following:  
a)  delay in, or total lack of, the  
development of spoken language;  
b)  marked impairment in initiating or  
sustaining a conversation with  
others, in individuals with adequate  
speech;  
c)  stereotyped and repetitive use of  
language or idiosyncratic language;  
d)  lack of varied, spontaneous make- 
believe or imitative play. 
 
AS 
No clinically significant general delay in language. 
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Table 1.  Continued 

  

 ICD-10/DSM-IV DSM-5 
 Autism and AS ASD 

 
Repetitive behavior Autism 

Restricted, repetitive, and stereotyped  
patterns of behavior, as manifested by at least one 
of the following: 
a)  preoccupation with one or more stereotyped or 
restricted patterns of interest;  
b)  adherence to non-functional  
routines or rituals;  
c)  stereotyped and repetitive motor mannerisms;  
d)  persistent preoccupation with parts of objects. 
 
AS 
Same as autism. 

Restricted, repetitive patterns of 
behavior, interests, or activities, as 
manifested by at least two of the 
following, currently or by history: 

 
1. Stereotyped or repetitive motor 
movements, use of objects, or 
speech (e.g., simple motor 
stereotypes, lining up toys or 
flipping objects, echolalia, 
idiosyncratic phrases). 

 
2. Insistence on sameness, 
inflexible adherence to routines, or 
ritualized patterns of verbal or 
nonverbal behavior (e.g., extreme 
distress at small changes, 
difficulties with transitions, rigid 
thinking patterns, greeting rituals, 
need to take same route or eat 
same food every day). 

 
3. Highly restricted, fixated interests 
that are abnormal in intensity or 
focus (e.g., strong attachment to or 
preoccupation with unusual objects, 
excessively circumscribed or 
perseverative interests). 

 
4.Hyper- or hyporeactivity to 
sensory input or unusual interest in 
sensory aspects of the environment 
(e.g., apparent indifference to 
pain/temperature, adverse 
response to specific sounds or 
textures, excessive smelling or 
touching of objects, visual 
fascination with lights or 
movement). 

 
  

*A total of six or more items are required for 
diagnosis. 

Specify if: 
With or without accompanying 
intellectual impairment 
With or without accompanying 
language impairment. 
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1.3.1 PERCEPTUAL PROCESSING OF EMOTIONAL SPEECH 
PROSODY IN CHILDREN WITH ASD 

Based on behavioral prosody studies, children with ASD (no LI) were shown to have 
difficulties in matching vocal emotional expressions with pictures of facial emotional 
expressions (Lindner et al., 2006) and in judging speakers’ preferences based on their 
speech prosody (Peppé et al., 2007). Also, adults with ASD (no LI) were less accurate 
in matching emotionally uttered phrases with emotion labels than control participants 
(Golan et al., 2007; Rutherford et al., 2002; for a review, see McCann and Peppé, 
2003).   

However, in contrast to the above-mentioned results, children with ASD (LI) were 
shown to name vocally expressed emotions from spoken words equally well as their 
typically developed peers (Boucher et al., 2000). Nevertheless, they had difficulties 
matching these vocal expressions with corresponding facial emotional expressions. 
Furthermore, children or adolescents with ASD (no LI) had no deficits in recognizing 
emotional connotations from pseudo-language utterances (Brennand et al., 2011; Le 
Sourn-Bissaoui et al., 2013), or from sentences (Heikkinen et al., 2010), even if the 
sentences were low-pass filtered to include no verbal cues (Grossman et al., 2010a). 
However, they scored lower than the control group when the positive vocal expression 
was presented with a negative situational cue, showing emotional prosody 
comprehension difficulties in complex experimental conditions (Le Sourn-Bissaoui et 
al., 2013). Consistent with this, adolescents with ASD (no LI) were found to be slower 
than their controls in identifying vocal emotional cues when they were performing a 
highly cognitively demanding secondary task, even though they had no difficulties 
with the prosody task when they were not placed under a high cognitive load 
(Chevallier et al., 2011).    

Taken together, previous behavioral studies of emotional prosody comprehension 
in ASD show partly conflicting results. Possibly, the age and the language skills of the 
participants, as well as other clinical features, diversity of the prosodic cues, and the 
study protocol (instructions and cognitive task demands) may influence the results of 
studies addressing emotional speech prosody comprehension in ASD. 

1.4 EVENT-RELATED POTENTIALS AS TOOLS FOR 
STUDYING SPEECH PROSODY PROCESSING IN 
CHILDREN 

Auditory event-related potentials (ERPs) are a set of voltage changes time-locked to 
sensory or cognitive events, which are extracted from a scalp-recorded continuous 
electroencephalogram (EEG) (Coles and Rugg, 1995; Taylor and Baldeweg, 2002). 
ERPs are a feasible tool for studying the neural basis of processing rapid physical 
changes in speech (such as prosody) as they provide an accurate way of investigating 
noninvasively the timing and stages of cortical activity related to auditory input (Coles 
and Rugg, 1995; Näätänen et al., 2007).  

ERPs can be classified in three groups according to their latency: short-latency or 
brainstem (0–12 ms), middle-latency (10–100 ms), and long-latency (50–1000 ms)  
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auditory evoked potentials (Coles and Rugg, 1995; Rotteveel, 1990). Long-latency 
auditory evoked potentials, in turn, can be distinguished between two classes: 
exogenous and endogenous components (Coles and Rugg, 1995). Exogenous 
components reflect the physical properties of the stimuli, whereas endogenous 
components reflect the cognitive processing of the stimuli. Some endogenous 
components can even be elicited in the absence of the stimuli, for example, if an 
expectation of forthcoming stimulus is violated (Coles and Rugg, 1995; for a review, 
see Näätänen and Winkler, 1999). 

1.4.1 OBLIGATORY AUDITORY ERPS IN SCHOOL-AGED CHILDREN 
In school-aged children, repetitive speech stimuli elicit an obligatory ERP waveform 
consisting of P1 (usually peaking at 100 ms from stimulus onset), N2 (at about 200 
ms), and N4 responses (at about 400 ms) (Čeponienė et al., 1998; 2001; Cunningham 
et al., 2000; Ponton et al., 2000; Sharma et al., 1997). P1 is thought to reflect the 
detection of physical stimulus features of sounds (for a review, see Näätänen and 
Winkler, 1999), whereas the N2 and N4 were suggested to reflect higher-order 
acoustic encoding than the P1 or a comprehensive acoustic analysis (Čeponienė et al., 
2005; 2008). Larger N4 amplitudes were found for speech than non-speech stimuli, 
and therefore, N4 has also been interpreted to reflect sound “speechness” (Čeponienė 
et al., 2001; Čeponienė et al., 2005; Čeponienė et al., 2008). 

1.4.2 THE MISMATCH NEGATIVITY AND THE LATE DISCRIMINATIVE 
NEGATIVITY 

The mismatch negativity (MMN) (Näätänen et al., 1978) and its magnetic counterpart 
MMNm (Hari et al., 1984) are elicited by any discriminable change in the physical or 
abstract properties of sound stimuli (for reviews, see Näätänen et al., 2010; 2012). The 
MMN can be recorded during non-attentive conditions and using the oddball 
paradigm, where a repetitive sound stimulus (the standard) is occasionally replaced by 
a different sound (the deviant) (Lyytinen et al., 1992; for reviews, see Näätänen et al., 
2005; Paavilainen, 2013; for other MMN paradigms, see however, Näätänen et al., 
2004; Pakarinen et al., 2007). The MMN is elicited from 100–300 ms after deviant 
stimulus onset (Näätänen et al., 2010; 2012). It reflects a pre-attentive neural 
discrimination process between the auditory system’s prediction of the expected 
auditory input and the incoming sound: the MMN is elicited if the prediction is 
violated (for reviews, see Kujala et al., 2007; Näätänen et al., 2011). The MMN was 
also proposed to reflect updating of the predictive model to match with the incoming 
sound violating the prediction (for a review, see Wetzel and Schröger, 2014). 

Two main subcomponents were shown to contribute to the MMN: the 
supratemporal component, located in the supratemporal auditory cortices, and the 
frontal component, generated in the frontal cortex (Näätänen and Alho, 1995; Rinne 
et al., 2000; for a review, see Näätänen et al., 2007). The MMN has been associated 
with the activity of N-methyl-D-aspartic acid receptors (NMDAR) (for reviews, see 
Näätänen et al., 2012; 2014). The NMDAR are glutamatergic synapse receptors  
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associated with regulation of synaptic functions and synaptic plasticity, contributing 
to the initiation of both working and long-term memory as well as plastic changes in 
the brain (Näätänen et al., 2012; 2014; Won et al., 2013).  

The MMN amplitude and latency reflect the stimulus deviance magnitude, as large 
MMN amplitudes and short latencies have been associated with more deviating 
stimulus changes (Sams et al., 1985; Pakarinen et al., 2007; Yago et al., 2001; for a 
review, see Näätänen et al., 2010). Increased MMN amplitudes and decreased 
latencies have been associated with more accurate and accelerated behavioral 
discrimination performance (Lang et al., 1990; Novitski et al., 2004; for a review, see 
Kujala and Näätänen, 2010). The MMN has been widely used as an index of sound 
discrimination and cognitive functioning in several clinical populations, such as in 
dyslexia (Huttunen-Scott et al., 2008; for a review, see Lyytinen et al., 2005), and even 
in newborn children (for a review, see Näätänen et al., 2012). In addition, it has been 
used to investigate training (Tervaniemi et al., 2001) or remediation (Huotilainen et 
al., 2011; Lovio et al., 2012) effects in different populations. 

The late discriminative negativity (LDN), a frontally maximal negative response 
elicited 400–600 ms from stimulus onset, may follow the MMN in children (Bishop 
et al., 2011; Čeponienė et al., 1998; Korpilahti et al., 2001; Liu et al., 2014; for 
reviews, see Cheour et al., 2001; Wetzel and Schröger, 2014). LDNs have also been 
obtained in adults (Honbolygó et al., 2017; Horváth et al., 2009; Jiang et al., 2014), 
but its amplitude is more pronounced in children (Bishop et al., 2011; Liu et al., 2014). 
The LDN has been hypothesized to reflect a higher-order auditory change detection 
than the MMN (Čeponienė et al., 1998; 2004), but the neural mechanisms underlying 
the LDN elicitation are not well understood (Wetzel and Schröger, 2014). The LDN 
amplitudes were reported to be larger for minor sound changes (as opposed to the 
MMN amplitude) (Bishop et al., 2011) and larger for speech than for non-speech 
sound changes (Bishop et al., 2011; Korpilahti et al., 2001; Kuuluvainen et al., 2016; 
for conflicting results, see Čeponienė et al., 2002). The LDN has been suggested to 
reflect language learning effects and reading development (Datta et al., 2012; Neuhoff 
et al., 2012; Shestakova et al., 2003). Consistent with this, the LDN amplitude was 
recently associated with verbal short-term memory and rapid alternating naming speed 
in preschool-aged children (Kuuluvainen et al., 2016). 

1.4.3 THE P3A 
In passive paradigms, the MMN may be followed by a fronto-centrally maximal P3a 
200–400 ms from deviant stimulus onset (for reviews, see Polich, 2007; Wetzel and 
Schröger, 2014). The P3a was suggested to reflect an involuntary attention switch 
toward sound change (for reviews, see Escera and Corral, 2007; Wetzel and Schröger, 
2014). Its amplitude was shown to reflect the magnitude of the sound change, the 
amplitude being larger for distracting sounds than for minor sound changes (Yago et 
al., 2001; Wetzel et al., 2006). Further, both the P3a amplitude and latency were found 
to correlate with behavioral discrimination accuracy and reaction times (RTs) 
(Novitski et al., 2004). Training effects modulate the P3a amplitude (Atienza et al., 
2004; Draganova et al., 2009; Jakoby et al., 2011; Putkinen et al., 2013; Shestakova  
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et al., 2003), suggesting that it reflects plasticity of auditory attention switching 
processes. The neural sources of P3a include both the auditory cortex and the both 
prefrontal and frontal cortices, but also other areas, such as the parietal cortex, the 
posterior hippocampus, the parahippocampal gyrus and the cingulate gyrus were 
shown to be involved in P3a generation (Alho et al., 1998; Baudena, 1995; Wronka et 
al., 2012; for reviews, see Escera et al., 2000; Huang et al., 2015). 

1.5 SPEECH SOUND ENCODING IN SCHOOL-AGED 
CHILDREN WITH ASD 

Impaired speech sound encoding, as reflected by the diminished obligatory ERPs, 
have been found both in children with ASD (LI) and children with ASD (no LI) (for 
a review, see Kujala et al., 2013). A diminished P1 for tones and syllables was found 
in children with ASD (no LI) (Jansson-Verkasalo et al., 2003). Also, a trend for a 
smaller than normal P1 amplitude for vowels was found in children with ASD (LI) 
(Čeponienė et al., 2003). Both the N2 (Jansson-Verkasalo et al., 2003; 2005) and the 
N4 (Jansson-Verkasalo et al., 2005) elicited by tone stimuli were found to be reduced 
in amplitude in children with ASD (no LI). Lepistö et al. (2005), in turn, reported 
diminished P1, N2, and N4 amplitudes in children with ASD (LI) for vowels and their 
non-speech counterparts (for contradicting results, see Whitehouse and Bishop, 2008), 
but found only a diminished N4 for vowels in children with ASD (no LI) (Lepistö et 
al., 2006). Also, a marginally significant N4 distribution difference between children 
with ASD (no LI) and control children for syllable stimuli was found, indicating 
atypical N4 generator sources in children with ASD (Kujala et al., 2010). 

Prolonged P1 and N4 latencies for tones was found in children with ASD (no LI) 
(Jansson-Verkasalo et al., 2005), suggesting slower than normal neural sound 
encoding in ASD (for consistent magnetoencephalography studies, see Roberts et al., 
2011, and Oram Cardy et al., 2008). However, a shortened N2 latency for tones was 
observed in children with ASD (no LI) (Jansson-Verkasalo et al., 2005). 

In summary, the majority of the above-mentioned studies have found differences 
between children with ASD and their controls in speech sound encoding, but there is 
variability in the results. However, diminished or atypically lateralized N4 amplitudes 
have been found both in children with ASD (no LI) (Lepistö et al., 2006; Jansson-
Verkasalo et al., 2005; 2003; Kujala et al., 2010) and in children with ASD (LI) 
(Lepistö et al., 2005) indicating impaired higher-order sound encoding (Čeponienė et 
al., 2001; 2005; 2008) in both groups.   
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1.6 CORTICAL DISCRIMINATION OF AND ORIENTING 
TO EMOTIONAL PROSODIC CHANGES 

1.6.1 CORTICAL SPEECH PROSODY DISCRIMINATION IN TYPICALLY 
DEVELOPED CHILDREN AND ADULTS  

In adults, MMNs were elicited by stress pattern changes in speech, suggesting 
attention-independent detection of prosodic speech features (Honbolygó et al., 2004; 
2013; Ylinen et al., 2009). In addition, changes of f0, intensity, and vowel or consonant 
duration in bisyllabic pseudo-words were found to elicit both the MMN (at 200 ms 
from the deviant stimulus onset) and a later negative deflection, presumably the LDN, 
around 450 ms (Honbolygó et al., 2017).  

The MMN has been obtained for prosodic speech features, reflecting the emotional 
state of the speaker in adults (Carminati et al., 2018; Charpentier et al., 2018a; Kujala 
et al., 2005; Pakarinen et al., 2014; Schirmer et al., 2005; 2007; 2010; Thönnessen et 
al., 2010; see also, Wabacq et al., 2004). MMNs were elicited for pseudo-words or 
vocalizations uttered with an angry, happy, or sad prosody (Schirmer et al., 2005; 
2007; 2010; Sokka et al., 2014; Pakarinen et al., 2014; Pinheiro et al., 2017). The 
MMN amplitude was larger for happy compared with neutral or angry deviant stimuli 
(Pinheiro et al., 2017) and larger for angry than for neutral deviant stimuli (Schirmer 
et al., 2010), indicating that these prosodic changes in speech modulate the MMN 
amplitude (for corresponding latency results, see Schirmer et al., 2005). Also, the 
MMN was larger for vowels uttered with fearful prosody than for happily or neutrally 
uttered vowels (Carminati et al., 2018; see also Charpentier et al., 2018a).  

Biphasic MMNm responses were elicited by happy and angry deviants in 
acoustically changing pseudo-words, suggesting that the MMN was elicited by 
abstract emotion category changes, not only by the acoustic changes in speech 
(Thönnessen et al., 2010). Moreover, MMNs within 90–160 ms and 160–260 ms from 
the deviant stimulus onset were elicited both by emotion category changes and 
simultaneous acoustical and emotional category changes in pseudo-words (Jiang et al., 
2014). Taken together, previous research shows that the adult brain discriminates 
prosodic features in speech at early stages of auditory processing as reflected by the 
MMN (Honbolygó et al., 2004, 2013; Ylinen et al., 2009; Kujala et al., 2005; 
Thönnessen et al., 2010; Schirmer et al., 2005; 2007; 2010; Pakarinen et al., 2014; 
Carminati et al., 2018; Charpentier et al., 2018a; Pinheiro et al., 2014), and in some 
cases by the LDN (Jiang et al., 2014; Honbolygó et al., 2017; Thönnessen et al., 2010). 

Speech stimuli uttered with happy, fearful, and angry prosody were shown to elicit 
MMN-like responses in newborn babies (Cheng et al., 2012). In addition, 7-month old 
infants were shown to neurally discriminate between neutral, happy, and angry 
emotional stimuli, as suggested by stronger ERPs elicited by angry and happy deviants 
than the neutral stimulus (Grossmann et al., 2005; for corresponding results, see also 
Grossman et al., 2010b). Angrily uttered words in a sequence of tenderly uttered words 
elicited both the MMN (at about 200 ms) and LDN (at about 650 ms) in school-aged 
children (Korpilahti et al., 2007). Recently, emotional prosody discrimination was 
studied in school-aged children with experimental paradigm controlling the acoustical 
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differences of the stimuli (with an oddball and equiprobable sequence conditions)  
(Charpentier et al., 2018a). Both neutral and angry prosodic changes in vowels elicited 
MMNs in children, indicating pre-attentive discrimination of prosodic features. 

1.6.2 MMN REFLECTING SOUND AND PROSODY DISCRIMINATION IN 
ASD 

Both hypo- and hypersensitive sound discrimination, as reflected by atypical MMN 
amplitudes and latencies, have consistently been observed in individuals with ASD 
(for reviews, see Gomot and Wicker, 2012; Kujala et al., 2013; O’Connor, 2012). 
Hypersensitive frequency discrimination, as suggested by MMN enhancements for 
sound frequency changes, was found for non-speech stimuli in children with ASD (no 
LI) (Lepistö et al., 2006), and for speech (Lepistö et al., 2005; 2008) and for non-
speech stimuli children with ASD (LI) (Ferri et al., 2003; Lepistö et al., 2005). 
Enhanced MMNs for frequency changes in vowels were also found in adults with ASD 
(no LI) (Lepistö et al., 2007). Consistent with these results, shortened MMN latency 
for frequency changes in tones was reported in ASD (LI) (Gomot et al., 2002; 2011; 
for inconsistent results in children with ASD (no LI), see Jansson-Verkasalo et al., 
2005). However, diminished MMNs for frequency changes in syllables (Kujala et al., 
2010) and in tones (Hudac et al., 2018) were reported in children and adolescents with 
ASD (no LI). Also, diminished MMNs for frequency changes in tones (Dunn et al., 
2008; Hudac et al., 2018; Seri et al., 1999) were found in children and adolescents 
with ASD (LI).  

Hyposensitive sound processing in ASD, in turn, was suggested by results showing 
diminished MMN for duration changes in vowels and syllables in children with ASD 
(no LI) (Lepistö et al., 2006; Kujala et al., 2010). In addition, duration changes in tone 
or complex non-speech stimuli were shown to elicit diminished MMNs in adolescents 
with ASD (no LI) (Andersson et al., 2013) and children with ASD (LI) (Lepistö et al., 
2005). Finally, delayed MMN/MMNm latencies to vowel changes were reported both 
in children with ASD (LI) (Roberts et al., 2011; Oram Cardy et al., 2004) and children 
with ASD (no LI) (Roberts et al., 2011; Lepistö et al., 2006).  

Recently, speech and non-speech processing was investigated in children with 
ASD (LI) (Yu et al., 2015; Huang et al., 2018; Wang et al., 2017) speaking Mandarin 
Chinese. Mandarin Chinese is a tonal language in which frequency changes convey 
phonemic information, but duration changes do not convey such information (as 
opposed to Finnish) (Yu et al., 2015). Enhanced MMNs were found for frequency 
changes in pure tones and hummed sounds in children with ASD (LI) (Yu et al., 2015). 
However, similar frequency changes in monosyllabic words elicited diminished 
MMNs in children with ASD (LI), indicating phonological processing deficits in ASD 
(Yu et al., 2015; see also Wang et al., 2017). The above-mentioned results suggest that 
the linguistic environment affects the speech sound discrimination deficits observed 
in ASD. 

Overall, MMN has been found to be more posteriorly distributed on the scalp both 
in children with ASD (no LI) (Jansson-Verkasalo et al., 2005; Lepistö et al., 2006) and 
children with ASD (LI) (Gomot et al., 2002; Lepistö et al., 2005) than in controls,  
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which may reflect hypoactive neural activity in the frontal areas of individuals with 
ASD (Kujala et al., 2013). Further, previous studies have shown differentially 
lateralized MMNs in children (Jansson-Verkasalo et al., 2003; Korpilahti et al., 2007; 
Lepistö et al., 2006) and adults (Kujala et al., 2005; Lepistö et al., 2007) with ASD 
(no LI) and in children with ASD (LI) (Lepistö et al., 2005; 2008; Yu et al., 2015), 
suggesting abnormal left and right hemisphere sound processing functions in ASD 
(Kujala et al., 2013). Taken together, these MMN topography differences between 
typically developed individuals and individuals with ASD suggest abnormal MMN 
sources in ASD.  

There are only a few studies investigating emotional speech prosody processing 
with ERPs and natural speech stimuli in ASD. Adult data indicate deficient neural 
prosody discrimination in individuals with ASD (no LI) (Kujala et al., 2005). Kujala 
et al. (2005) presented adult participants with a repetitive Finnish word (female name 
“Saara”) uttered with neutral connotation which was occasionally replaced by 
scornful, commanding, or sad deviants. MMNs elicited by the scornful stimuli were 
diminished in amplitude over the right hemisphere and MMNs elicited by the 
commanding deviant were prolonged in latency in adults with ASD (no LI). Overall, 
MMNs elicited by prosodic deviants were smaller at the right tempo-parietal 
electrodes in participants with ASD compared to the controls (Kujala et al., 2005). In 
contrast, Korpilahti et al. (2007) reported enhanced MMNs for an angry deviant 
stimulus in children with ASD (no LI), indicating hyperactive neural responsiveness 
for this prosodic change (Korpilahti et al., 2007). Consistent with the findings of 
Kujala et al. (2005) with adults, MMNs were right-lateralized in typically developed 
children but symmetrically distributed in children with ASD (no LI) (Korpilahti et al., 
2007).    

In contrast with Korpilahti et al. (2007) findings, however, a diminished MMNm 
amplitude was found in 3- to 5-year-old children with ASD to the Japanese syllable 
“ne” uttered with a high falling tone (and thus conveying prosodic information 
[“attention-seeking, emotional, declarative, or interrogative information”]) among 
syllables pronounced with a flat tone (Yoshimura et al., 2017). However, when 
comparing groups of “children with ASD and with a speech onset delay (SOD)” and 
“children with ASD but without a speech onset delay (no SOD)”, it was found that the 
MMNm amplitude in the time window of 200–350 ms was stronger in children with 
ASD (SOD) than in controls or children with ASD (no SOD) in left inferior frontal 
gyrus. Thus, these findings suggest enhanced amplitude of the second sub-component 
of the MMN in young children with ASD (SOD).  

Taken together, previous findings on emotional prosody discrimination in ASD 
are variable in children and adults with ASD (Kujala et al., 2005; Korpilahti et al., 
2007; Yoshimura et al., 2017). Probably, the stimulus saliency contributes to these 
results so that very intrusive prosodic sound changes elicit enhanced and smaller 
changes diminished MMN amplitudes in ASD.  
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1.6.3 P3A REFLECTING ORIENTATION TO SPEECH IN TYPICAL 
DEVELOPMENT AND IN ASD 

The P3a has been used to investigate orientation toward speech sound changes in 
language-related neurodevelopmental disorders (Hämäläinen et al., 2008; Lovio et al., 
2012) including ASD (Lepistö et al., 2005; 2006; 2007; Čeponienė et al., 2003; Yu et 
al., 2015). Children with ASD (LI) (Čeponienė et al., 2003; Lepistö et al., 2005), and 
children with ASD (no LI) (Lepistö et al., 2006) were shown to have diminished P3a 
amplitudes for frequency changes in Finnish phonemes but not in tones (Ceponiené et 
al., 2003) or corresponding changes in non-speech sounds (Ceponiené et al., 2003; 
Lepistö et al., 2005; 2006), indicating atypical orienting to pitch changes in speech in 
children with ASD. Further, phoneme changes and corresponding non-speech sound 
changes were found to elicit a reduced P3a in children with ASD (LI) (Lepistö et al., 
2005). Also, diminished P3a amplitudes were found for phoneme changes and 
prolonged P3a latencies for speech duration changes in children with ASD (no LI) 
(Lepistö et al., 2006). However, in children with ASD (LI) speaking a tonal language, 
both pure tone and lexical tone frequency changes were found to elicit an enhanced 
P3a (Yu et al., 2015). Further, diminished P3a for vowel duration changes (but not for 
changes in pure tones) was found in ASD (Huang et al., 2018).  

To my knowledge, there are only few studies which have investigated emotional 
prosodic change detection with P3a (Carminati et al., 2018; Charpentier et al., 2018a; 
Pakarinen et al., 2014; Sokka et al., 2014). In typically developed school-aged children 
and adults, the P3a amplitudes were found to be larger for neutrally than for angrily 
uttered deviant vowels (Charpentier et al., 2018a). The P3a latencies were shorter for 
angry than neutral sound changes in children (Charpentier et al., 2018a). However, to 
my knowledge, no previous studies have explored orienting to such stimuli with the 
P3a in children with ASD.        

1.7 FACIAL ELECTROMYOGRAPHY RESPONSES TO 
EMOTIONAL EXPRESSIONS IN CHILDREN AND IN 
ADULTS 

Facial electromyography (facial EMG) can reflect human psychophysiological 
correlates of different emotional or cognitive situations (Dimberg, 1990a). In adults, 
facial emotional expressions were often reported to elicit rapid facial reactions (RFRs) 
(Dimberg et al., 1990a; 2000; 2011; Mathersul et al., 2013; McDonald et al., 2011; 
McIntosh, 2006). Activation of the zygomaticus major muscle (zygomaticus; raises 
the cheek in a smile) is associated with presentation of happy faces or positive stimuli, 
and activation of the corrugator supercilii muscle (corrugator; knits the brows in a 
scowl) with angry faces or negative stimuli (Dimberg and Thunberg, 1998; Dimberg 
et al., 2000; 2011; McDonald et al., 2011). The RFRs are reported to occur rapidly, 
within 500 ms of stimulus onset (Dimberg and Thunberg, 1998; Dimberg, 1997; 
McDonald et al., 2011). Further, it was suggested that participants cannot voluntarily 
control these reactions (Dimberg et al., 2002), and that even backwardly masked facial 
stimuli can elicit RFRs in adults (Dimberg et al., 2000; Mathersul et al., 2013).  
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Therefore, the RFRs were suggested to be automatic and unconscious reactions 
(Dimberg and Thunberg, 1998; Dimberg, 1997; 2000; 2002; Mathersul et al., 2013; 
McDonald et al., 2011). RFRs were also proposed to reflect automatic motor mimicry 
of the perceived facial expressions (for a review, see Wood et al., 2016) associated 
with the mirror neuron system and contributing to the emotional contagion (Hatfield 
et al, 2009; Williams et al., 2001). However, according to another interpretation, RFRs 
might reflect a person’s emotional reactions to the presented stimuli, as angry facial 
stimuli were shown to elicit activation in the medial frontalis muscle that is related to 
the expression of fear (Beall et al., 2008; Geangu et al., 2016; Magneé et al., 2007; 
Moody et al., 2007). This interpretation is also supported by the studies showing RFRs 
in response to non-emotional stimuli (Dimberg, 1990b; 1990c; Jäncke et al., 1996; 
Kjellberg et al., 1994). 

In adults, RFRs have been reported for auditory emotional stimuli, such as natural 
speech stimuli with different emotional connotations (Hietanen et al., 1998) and for 
emotional facial and vocal stimuli (Magneé et al., 2007), and for other sound stimuli 
such as pure tones (Dimberg, 1990b; 1990c; Jäncke et al., 1996), environmental 
sounds (Jäncke et al., 1996) and noise (Kjellberg et al., 1994). In 3- to 12-year old 
children, RFRs have been reported for happy, angry, fearful, and sad facial expressions 
(Beall et al., 2008; Geangu et al., 2016; Deschamps et al., 2012; 2015). Recently, RFRs 
were found even in 7-month-old infants, who showed greater zygomaticus activity to 
happy than to angry facial expressions (Datyner et al., 2017). In school-aged children, 
however, RFRs reactions to emotional speech stimuli have not yet been, to my 
knowledge, studied.   
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2 AIMS OF THE STUDIES 

The present thesis investigated the processing of prosodic changes in naturally 
articulated words uttered with different emotional connotations in school-aged, 
typically developed children. Further, emotional speech prosody processing was 
compared between typically developed children and two groups of children with ASD, 
in children with ASD (LI) and children with ASD (no LI). 

Study I explored how 7- to 12-year old school-aged children neurally discriminate 
and orient to emotional prosodic changes in natural speech stimuli, and how emotional 
prosodic changes are discriminated at the perceptual level. Also, Study I aimed to 
determine if these natural speech stimuli would elicit involuntary RFRs in school-aged 
children. To this end, ERPs, RFRs, and behavioral responses for scornful, 
commanding, and sad prosodic changes of words were recorded. Both the MMN or 
LDN, and P3a amplitudes were expected to be largest for the acoustically most salient 
prosodic change. Based on Hietanen et al. (1998), natural emotional speech stimuli 
were expected to elicit RFRs in school-aged children. 

The same ERP paradigm was applied to investigate children with ASD (LI) (Study 
II) and children with ASD (no LI) (Study III) to determine how school-aged children 
with ASD detect and encode naturally spoken words and how they neurally 
discriminate and orient to emotional prosodic changes. Study III also used the same 
behavioral discrimination test as Study I to determine how children with ASD (no LI) 
perceptually discriminate emotional prosodic changes in speech stimuli. It was 
expected that children with ASD are impaired in speech encoding, as reflected by 
diminished obligatory ERPs. Based on Kujala et al. (2005), it was hypothesized that 
children with ASD would show diminished MMN or LDN amplitudes to the sad and 
scornful prosodic deviants. However, based on Korpilahti et al. (2007), enhanced 
MMNs to a commanding deviant were expected in these children. Based on Čeponienė 
et al. (2003) and Lepistö et al. (2005; 2006), it was also hypothesized that children 
with ASD would show diminished P3a amplitudes for prosodic changes in speech. 



 

25 

3 METHODS 

3.1 PARTICIPANTS 

The participants were typically developed children (Study I), children with ASD (LI) 
(Study II), and children with ASD (no LI) (Study III). Clinical groups were compared 
with age-, handedness-, and sex-matched controls (Table 2). All the participants were 
monolingual Finnish speakers.  

Clinical groups were recruited from the Helsinki University Hospital (HUCH), the 
Neuropsychiatric rehabilitation and medical centre NeuroMental, the Central Hospital 
of Central Finland, and among participants of a previous EEG study at the Cognitive 
Brain Research Unit (CBRU), University of Helsinki. 13 children fulfilled the ICD-
10 (World Health Organization, 1993) and DSM-IV criteria for Asperger syndrome 
(American Psychiatric Association, 1994) (Study III), two fulfilled the DSM-5 criteria 
for ASD (American Psychiatric Association, 2013) (Study III), and 10 children 
fulfilled the ICD-10 (World Health Organization, 1993) and DSM-IV (American 
Psychiatric Association, 1994) criteria for autism (Study II). The clinical diagnoses 
were based on multidisciplinary assessments and had been made by experienced 
clinicians. To obtain supplementary diagnostic information, the parental Autism 
Diagnostic Interview-Revised (ADI-R) was used (Lord et al., 1994; Rutter et al., 
2003). The parents signed an informed consent and the children gave approval prior 
to the experiment. All the studies were carried out according to the Declaration of 
Helsinki and were approved by the Ethical Committees of the HUCH and Central 
Hospital of Central Finland. 

3.2 STIMULI 

A Finnish word, the female name “Saara”, uttered by a female speaker with four 
different emotional connotations (neutral, commanding, sad, and scornful), was used 
as the stimulus. Figure 1 and Table 3 present the basic acoustic features of the stimuli. 
The stimuli were developed by Leinonen et al. (1997) and used in Kujala et al. (2005) 
ERP study on adults.    
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Table 2. Characteristics of the participants in Studies I–III. 

 
* The cognitive abilities of the children with ASD (Studies II and III) had been assessed with the 
Finnish version of the WIPPSI-III (Wechsler, 2009), WISC-III (Wechsler, 1999), or the Leiter 
International Performance Scale-Revised (Roid and Miller, 1997). Typically developed children 
were assessed with WISC-III (Studies I, II, and III) or with WIPPSI-III (Study III; n= 2). ^ Data not 
available on three children with very limited expressive language. 
 
 

Table 3. Fundamental frequencies (f0), durations, and intensities of stimuli. The f0 and intensity 
are presented for the beginning and end of each stimulus. Also, the mean stimulus onset-to-
offset f0 and intensity values, and the f0 and intensity values at the intensity peak latencies (given 
in parentheses) are presented.  

 
 

 
  

Study N Male/Female 
ratio 

Handiness 
(left/right) 

Mean age 
in years 
(range) 

Mean 
PIQ 
(range)* 

Mean 
VIQ 
(range)* 

I 18 typically 
developed 
children 

9/9 0/18 10.0  
(7.5–12.3) 

108  
(88–136) 

115  
(83–144) 

       
II 10 children 

with ASD 
(LI) 

1/9 1/9 10.5 
(8.6–12.2) 

100  
(77–104) 

63 
(46–98)^ 

 13 control 
children 

1/12 1/12 10.0 
(7.5–11.8) 

110  
(85–136) 

117  
(83–144) 

       
III 15 children 

with ASD 
(no LI) 

15/0 2/13 10.4  
(8.2–12.4) 

98  
(73–133) 

108  
(88–137) 

 16 control 
children 

16/0 2/14 10.1 
(7.5–11.8) 

108  
(85–136) 

116  
(83–144) 

 Neutral Scornful Commanding Sad 
f0 start, Hz 158 191 230 172 
f0 peak, Hz 207 (454 ms) 191 (224 ms) 235 (114 ms) 172 (163 ms) 
f0 end, Hz 195 98 139 99 
f0 mean, Hz 154 116 176 122 
Intensity start, 
dB 

59 53 66 59 

Intensity peak, 
dB 

80 (427 ms) 79 (270 ms) 83 (120 ms) 81 (206 ms) 

Intensity end, 
dB 

53 46 55 50 

Intensity mean, 
dB 

75 68 78 74 

Stimulus 
duration, ms 

577 828 538 775 
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Figure 1 Acoustic waveforms of the stimuli together with f0 and intensity contours of the stimuli. 
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3.3 STIMULUS DISCRIMINATION TEST 

In Studies I and III, participants were presented with a behavioral stimulus 
discrimination test after the EEG experiment. The same stimuli were used in the 
behavioral test as in the EEG experiment. The participants were presented with 
stimulus pairs via loudspeakers (at 56 dB [SPL]) and they were instructed to press a 
response button according to whether the stimuli were the same (two neural stimuli; 
50% of pairs) or different (a neutral stimulus followed by one of the deviant stimuli; 
50% of pairs). The within-pair stimulus onset asynchrony (SOA) was 1077 ms and the 
between-pair SOA 3900 ms. The behavioral test included three blocks of stimuli, each 
containing 40 stimulus pairs 

3.3.1 STATISTICAL ANALYSIS OF BEHAVIORAL DATA 
The button presses appearing 200 ms after the presentation of the second stimulus and 
occurring before the next stimulus was presented were included in the analysis. The 
hit rates were analyzed with a repeated measures ANOVA (rANOVA) (Study I) or 
Mann-Whitney U test (Study III) and RT with rANOVA (Studies I and III). Significant 
main effects were analyzed with Fisher's Least Significant Difference (LSD) post-hoc 
comparisons (Study I).   

3.4 EEG AND EMG EXPERIMENTS 

The ERPs (Studies I–III) and facial EMG (Study I) were recorded with an oddball 
paradigm. Eight stimulus blocks, each containing 268 stimuli (SOA 1300 ms) were 
presented to the participants. The neutral stimulus (79%) served as a frequent standard 
stimulus, and the commanding (7%), sad (7%), and scornful (7%) stimuli as infrequent 
deviant stimuli. The stimuli were presented pseudorandomly: a deviant stimulus was 
preceded by at least two standard stimuli. The stimulus sequences for each block were 
fixed and the order of the blocks was randomized.  

All recordings were done in an electrically and acoustically shielded room, where 
the children sat in an armchair and watched soundless videos during the experiment. 
The stimuli were presented via loudspeakers (OWI-202; OWI Inc. CA., USA) at 56 
dB (SPL; measured at the approximate location of the head of a participant). The 
loudspeakers were located in front of the child, on the left and right side of the video 
screen (at a 157 cm distance from the participant’s head, 108 cm apart from each 
other). Children were instructed not to pay attention to the stimuli. Children were 
accompanied by their parent if they wanted to and video-monitored throughout the 
experiment.  
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3.4.1 EEG DATA ACQUISITION AND ANALYSIS 
The EEG was continuously registered with Biosemi Active Two Mk2, from 64-
channel active electrode set-up (Biosemi, Amsterdam, the Netherlands). Additional 
electrodes were placed at the nose (off-line reference electrode) and at the left and 
right mastoids. The electro-oculogram (EOG) was recorded with electrodes placed 
above and at the outer canthus of the left eye. ERPs were averaged in each condition 
separately for the standard and deviant stimuli, filtered, and baseline corrected. In 
Study II, the data were off-line re-referenced to the average of the mastoid recordings. 
Difference waves were obtained by subtracting separately the ERPs elicited by the 
neutral stimulus from those elicited by commanding, sad, and scornful stimuli. In 
Studies II and III, blink artifacts were removed based on an independent component 
analysis (ICA) algorithm. In Studies II and III, channels with noisy EEG signal were 
interpolated. Table 4 shows the further details of data acquisition and analysis as well 
as the averages of the accepted deviant trials of Studies I–III. 

The grand-mean peak latencies for four standard stimulus ERPs (the 1st, the 2nd, 
the 3rd, and the 4th; see Table 5, Figures 4 and 5) were identified first for each group 
separately in Studies II and III. Thereafter, the mean amplitudes were calculated over 
a 50 ms time period, centered at the grand-mean peak latency from the individual 
participant ERPs. Finally, the individual participant peak latencies were identified (for 
latency windows, see Table 5). Table 5 presents the ERPs analyzed in Studies I–III 
and the electrodes and time windows from which each deflection was identified.  

The mean amplitudes and latencies of the deviant sound responses were identified 
from the deviant-standard difference waves (Table 5 and Figures 3, 6, and 7). The 
grand-mean peak amplitudes for the MMN/LDN and the P3a were identified 
separately for each group. Then, the mean amplitudes of the MMN/LDN were 
calculated over a 50 ms time period, centered on the grand-mean peak latency from 
the individual participant ERPs, and for P3a over 50 ms (Study II) or 100 ms (Study 
III). The individual participant peak latencies were identified for the MMN/LDN and 
P3a with the time windows presented in Table 5. In addition, the mean amplitudes and 
latencies of the rapid negative (within 290 ms from sound onset) and positive (within 
370 ms from sound onset) deflections elicited by the commanding deviant were 
identified in Study I (Table 5, Figure 3).  
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Table 4. The details of the data acquisition and analysis as well as the mean accepted deviant 
trials of each study. Down sampled sampling rate and range of the accepted deviant trials are 
presented in parentheses. 

  

Data 
acquisition/analysis 
phase 

Study I Study II Study III 

Recorded frequency 
band 

DC-104 Hz DC-104 Hz DC-104 Hz 
 
 

Sampling rate  
(down sampled) 

512 Hz (256Hz) 512 Hz (256Hz) 512 Hz (256Hz) 
 
 

High-pass filter  1 Hz 1 Hz 
 

Epocking (-100 ms to 
1000 ms) 

  
 
 

Baseline correction 
(100 ms pre-stimulus 
period) 

 
 
 

Artifact rejection I ±300 μV ±300 μV 
 

Band-pass filter 1–20 Hz   
 

Blink removal  Run ICA Fast ICA 
 

Low-pass filter  20 Hz 30 Hz 
 

Artifact rejection II ±100 μV ±100 μV ±150 μV 
 

Interpolating bad 
channels 

  
 
 

Number of accepted 
deviant trials (range) 

117 (74–144) ASD: 114 (71–146) 
Control: 135 (81–
149)

ASD: 132 (96–148) 
Control: 140 (113-
149) 
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Table 5. Stimuli and ERP deflections analyzed in each study, as well as the electrodes that were 
used for identification of the deflections and their latencies. The time window column describes 
the time windows used for the peak amplitude and latency measurements. 

 
 
 
 
 
 
 

 

 

Study Stimulus Deflection Measurement  
electrode 

Time window  
(ms) 

I Scornful MMN/LDN Cz 400–600  
 Commanding Rapid negative Cz 254–328  
  Rapid positive Cz 330–399 
  MMN/LDN Cz 400–600 
 Sad MMN/LDN Cz 400–600 
     
 Scornful P3a Cz 600–900 
 Commanding P3a Cz 600–900 
 Sad P3a Cz 600–900 
     

II     
 Standard 1st Cz 100–300 
  2nd  Cz 300–400 
  3rd Cz 400–600 
  4th Cz 600–800 
     
 Scornful MMN/LDN Cz 400–600 
 Commanding MMN/LDN Cz 400–600 
 Sad MMN/LDN Cz 400–600 
     
 Scornful P3a Cz 600–900 
 Commanding P3a Cz 600–900 
 Sad P3a Cz 600–900 
     

III     
 Standard 1st Fz 100–300 
  2nd  Fz 300–400 
  3rd Fz 400–600 
  4th Fz 600–800 
     
 Scornful MMN/LDN Fz 400–600 
 Commanding MMN/LDN Fz 400–600 
 Sad MMN/LDN Fz 400–510 
     
 Scornful P3a Cz 600–900 
 Commanding P3a Cz 600–900 
 Sad P3a Cz 600–900 
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3.4.2 STATISTICAL ANALYSIS OF EEG DATA 
Statistical significance of each ERP component was assessed with a t-test against zero 
(Tables 8 and 10). Differences in the ERP amplitudes and latencies between the 
different stimuli (Study I) and between the groups (Studies II and III) were analyzed 
with the ANOVA (Studies II and III), rANOVA (Studies I and II), or with multivariate 
analysis of variance (MANOVA) (Study III). Significant main effects and interactions 
were analyzed with Fisher's LSD correction (Study I) or Sidak correction (Studies II 
and III). All presented results are significant with p-values less than .05, unless 
otherwise mentioned.  

In Study I, nine electrodes from three anterior-posterior (F3, Fz, F4/C3, Cz, C4/P3, 
Pz, and P4) and lateral (F3, C3, P3/Fz, Cz, Pz/F4, C4, and P4) lines were used in the 
analysis. In Study II, the group ERP amplitude differences were analyzed from six 
fronto-central electrodes (Fz, F3, F4, C3, Cz, and C4), and the scalp distribution 
differences analyzed as in Study I. In Study III, group amplitude differences were 
analyzed from two regions of interests (ROIs) that were calculated based on Kujala et 
al. (2010) study by averaging the ERP data over nine electrodes: the frontal ROI (AF3, 
AFz, AF4, F1, Fz, F2, FC1, FCz, and FC2) and the centro-parietal ROI (C1, Cz, C2, 
CP1, CPz, CP2, P1, Pz, and P2). The scalp distribution differences between the groups 
were analyzed from four ROIs: left frontal ROI (F5, F3, F1, FC5, FC3, and FC1); right 
frontal ROI (F2, F4, F6, FC2, FC4, and FC6); left centro-parietal ROI (CP5, CP3, 
CP1, P5, P3, and P1); and right centro-parietal ROI (CP2, CP4, CP6, P2, P4, and P6). 

3.4.3 EMG DATA RECORDINGS 
Electromyographic signals were bipolarly recorded during the EEG experiment 
(Biosemi Active Mk1 amplifier; 512 Hz sampling rate; DC-104 Hz bandwidth) from 
electrodes placed on the corrugator supercilii and zygomaticus major area, according 
to Tassinary et al. (1989). The EMG signal was offline filtered (30–200 Hz, FFT). 
Epochs with values over ±100 μV in EOG channel (filtered 1–30 Hz) were excluded 
from the analysis. The signals were rectified, averaged in 100 ms chunks, and log10 
transformed. The data were standardized within each subject and baseline corrected 
(100 ms pre-stimulus baseline). For all EMG analyses, the EMG signal was analyzed 
only for those stimuli that were preceded by at least two standard stimuli. Only the 
first 15 trials for each stimulus type were included in the EMG analyses 2–4, described 
below. 

EMG analysis 1: The EMG activity was analyzed from 100 ms to 1000 ms post-
stimulus onset. EMG reactions were extracted with a peak detection algorithm that 
was developed based on McIntosh’s (2006; see also Dimberg et al., 2000) study.  

EMG analysis 2: As in Beall et al. (2008), changes in the EMG activity across 
nine 100 ms long post-stimulus windows from 100 ms to 1000 ms were analyzed.  

EMG analysis 3: Based on Magneé et al. (2007) study, epochs with the length of 
1300 ms from stimulus onset were extracted from the filtered and rectified EMG  
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signal. The ratio of post-stimulus mean activity to pre-stimulus mean activity was 
calculated for each stimulus type.  

EMG analysis 4: The EMG signal was processed as in EMG analysis 3, but 
averaged in 100 ms chunks and depicted as a percentage of the mean 100 ms pre-
stimulus baseline amplitude. Six post-stimulus windows from 400 ms to 1000 ms were 
analyzed (see Beall et al., 2008). 

3.4.4 STATISTICAL ANALYSIS OF EMG DATA 
For EMG analysis 1, the number of EMG reactions for each stimulus type was divided 
by the presentation rate of each stimulus type (later referred as an EMG peak ratio.). 
The differences in EMG reactions for different stimuli were further analyzed with 
rANOVA. For EMG analyses 2–4, the differences in EMG activity were analyzed 
with rANOVAS for each deviant (analysis 2) or muscle (analyses 3 and 4) separately. 
For each above-mentioned rANOVAs, the degrees of freedom were corrected with a 
Greenhouse-Geisser correction when necessary.  
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4 RESULTS AND DISCUSSION 

4.1 PROSODY PROCESSING IN TYPICAL 
DEVELOPMENT: EMG, BEHAVIORAL, AND ERP 
MEASURES 

4.1.1 RAPID FACIAL REACTIONS TO SPEECH STIMULI 
Both corrugator and zygomatic EMG peak ratios for all stimuli were significantly 
different from 0.5, suggesting that the EMG responses were not elicited randomly after 
the stimulus presentation and, thus, both facial muscles possibly showed at least some 
stimulus related activity during the experiment. Table 6 presents the EMG peak ratios 
(see section 3.4.3, EMG analysis 1) for each stimulus type. However, the EMG activity 
to the different speech stimuli did not differ from each other, indicating no reliable 
RFRs to the non-attended speech stimuli in typically developed children.  

 

Table 6. EMG peak ratios in Study I for both corrugator and zygomaticus muscle and for all 
stimuli, with the standard deviation (SD) in brackets. 

 
 
 

 

4.1.2 PERCEPTUAL PROSODY DISCRIMINATION 
All speech-stimulus contrasts were accurately discriminated in the behavioral test, as 
shown by high hit rates (Table 7). No significant differences in the hit rates for the 
different stimulus types were found (Study I). However, the RTs varied significantly 
for the different stimuli, suggesting distinct timing in detecting the stimuli (Table 7). 
The children discriminated the commanding stimulus the fastest and the scornful 
stimulus the slowest, and they discriminated the neutral stimulus faster than the sad 
stimulus. Table 7 presents the mean hit rates and the mean reaction times (RTs) for 
the behavioral discrimination test in typically developed children.  

Muscle Stimulus    
 Neutral Scornful Commanding Sad 
Corrugator .61 (.06) .60 (.05) .61 (.05) .61 (.07) 
Zygomaticus .57 (.06) .57 (.06) .58 (.06) .58 (.04) 
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Table 7. Hit rates and RTs (standard deviations in brackets) for each stimulus contrast in Study I. 
 

 
 

 
 

4.1.3 NEURAL PROSODY DISCRIMINATION 
In typically developed children, all the deviant stimuli elicited a change-related, 
prominent negative-going neural response peaking at about 500 ms from the onset of 
the deviant stimulus (see Figures 2-3, and Table 8), and followed by a positive brain 
response peaking at about 740 ms from the deviant stimulus. This negativity, elicited 
within 500 ms from the stimulus onset, is referred to as the MMN/LDN, although it 
should be noted that one cannot reliably distinguish the different contributions of the 
ERP components to these acoustically highly variable natural speech stimuli. For the 
commanding deviant, a negative-going response, peaking at about 290 ms from the 
stimulus onset and followed by a positive response at about 370 ms from the stimulus 
onset, was observed (Figures 2- and 3, Table 8). These brain responses elicited by the 
commanding deviant prior to the MMN/LDN are referred to as rapid negative and 
positive deflections (see Figure 3). No such rapid negative or positive brain reactions 
were observed for the scornful or sad deviants in typically developed children. 

The rapid negative response elicited by the commanding deviant (within 290 ms) 
peaked earlier than the MMN/LDN elicited by the sad and scornful deviants (within 
500 ms), suggesting that the brain reactions were fastest for the commanding deviant. 
Consistent with this, the commanding stimulus was perceptually discriminated the 
fastest in the behavioral test results of Study I, thus demonstrating that children’s 
auditory systems detect salient prosodic changes (such as the commanding deviant) 
more efficiently than less salient prosodic changes (such as the scornful and sad 
deviants).   

The MMN/LDN amplitude was larger for the scornful than for the commanding 
deviant, and larger for the sad than for the commanding deviant. It was differentially 
distributed for the different deviant stimuli. For both the scornful and the sad deviants, 
the MMN/LDN amplitude was larger in the frontal and central than in the posterior 
scalp regions. However, no MMN/LDN amplitude differences between the scalp 
regions were found for the commanding deviant. The MMN/LDN latency was shorter 
for the sad deviant as compared to the commanding or scornful sound changes.  

Taken together, the results of Study I show that prosodic changes in speech activate 
the automatic auditory change detection mechanism in typically developed school-
aged children, as these changes elicited the MMN/LDN during a non-attentive 
experimental paradigm. Consistent with this, Charpentier et al. (2018a) showed 
MMNs for emotional changes in vowels in school-aged children. Further, the results 
of Study I suggest that different prosodic changes in speech modulate the amplitude,  

Stimulus Reaction time  
ms (SD) 

Hit rate 
% (SD) 

Neutral 1005 (180) 97.1 (3.2) 
Scornful 1101 (191) 95.5 (5.9) 
Commanding 909 (192) 96.8 (4.9) 
Sad 1054 (190) 96.0 (6.9) 
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latency, and distribution of the MMN/LDN in typically developed school-aged 
children, suggesting that diverse acoustic speech features activate neural 
discrimination mechanisms partly differently in school-aged children. 

 

Table 8. ERP latencies in milliseconds, amplitudes in microvolts (standard deviations in brackets) 
and statistical significance in Study I. 

 
 
 
 
 
 
 
 
 
The amplitudes significantly differing from the zero (one-sample t-tests) are marked with asterisks: 
* p ≤ .05, ** p < .01, and *** p < .001.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 ERPs elicited by neutral, scornful, commanding, and sad stimuli in Study I. Stimulus 
onset at 0 ms 

Stimulus Response Amplitude 
μV (SD)  

Latency 
ms (SD)  

Scornful MMN/LDN −4.5 (2.3)*** 494 (16) 
  P3a 2.3 (3.0)** 749 (72) 
    

 
  

Commanding Rapid negative −1.8 (2.6)** 290 (13) 
  Rapid positive 1.9 (3.1)* 370 (52) 
  MMN/LDN −1.9  (2.0)** 504 (73) 
  P3a 1.6 (1.6)** 739 (77) 
    

 
  

Sad MMN/LDN −3.9 (2.6)*** 456 (27) 
  P3a 2.9 (2.6)*** 737 (75) 
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Figure 3 Grand-mean difference waves for scornful, commanding, and sad deviants at the three 
mid-line electrodes in Study I. Deviant-stimulus onset at 0 ms.  
 

4.1.4 INVOLUNTARY ORIENTING TO PROSODIC CHANGES 
The positive deflection, peaking at about 740 ms from the deviant stimulus onset 
(Table 8, Figure 2 and 3), is presumably composed of obligatory responses and the 
P3a. For brevity, it is hereafter called the P3a. No significant main effect for the 
deviant type was found for the P3a, indicating that its amplitude did not significantly 
differ for the different prosodic deviants. The P3a amplitude was larger in the central 
scalp region than over the right hemisphere for the sad deviant, but there were no other 
topography effects for the rest of the deviants (Study I). However, for the scornful and 
commanding deviants, no laterality differences between the scalp regions were 
observed (Study I). No significant differences in the latencies of the P3a elicited by 
the different deviant stimuli were found (Study I). Results of Study I suggest that 
unattended changes in speech prosody activate involuntary attention mechanisms in 
school-aged children, as reflected by the P3a.  
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4.2 PROSODY PROCESSING IN CHILDREN WITH ASD: 
BEHAVIORAL AND ERP MEASURES 

In Study I, no reliable stimulus-type-specific facial EMG reactions were found in 
typically developed children, whereas behavioral tests and ERPs differentiated the 
processing associated with the different emotional deviant stimuli. Therefore, only the 
ERPs (Studies II and III) and behavioral measures (Study III) were selected to 
investigate speech prosody processing in children with ASD.       

 

4.2.1 PERCEPTUAL PROSODY DISCRIMINATION IN ASD 
Perceptual prosody discrimination was studied in children with ASD (no LI) only, 
since the children with ASD (LI) all had severe language impairments or delays and 
autistic behavior, and such children might be unable or unwilling to complete 
behavioral tasks (see Method section). There were no hit rate differences between 
control and ASD participants (Study III, Table 9). Children with ASD (no LI) were as  
accurate as their typically developed peers in discriminating prosodic features from 
naturally uttered words (Study III). However, the RTs of the children with ASD (no 
LI) were overall longer for prosodic changes than those of their controls, suggesting 
sluggish discrimination of prosodic speech features in the ASD group. 

 
 

Table 9. Hit rates and RT in children with ASD (no LI) and in control children (standard deviations 
in brackets) in Study III. 

  

Stimulus ASD (no LI) Control   
 RT ms (sd) Hit rate % (SD) RT ms (SD) Hit rate % (SD) 
Neutral 1184.0 (210.3) 97.5 (3.2) 1039.7 (127.6) 97.9 (3.5) 
Scornful 1232.6 (132.8) 97.5 (5.2) 1087.4 (180.0) 98.1 (3.5) 
Commanding 1087.3 (200.8) 93.3 (8.6) 940.0 (145.2) 98.4 (2.3) 
Sad 1213.4 (137.7) 97.7 (4.1) 1059.2 (174.8) 96.9 (5.5) 
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4.2.2 OBLIGATORY ERPS TO WORDS IN ASD 
The standard stimuli elicited an ERP consisting of four peaks in all groups (Figures 4 
and 5, Table 10). The amplitudes of the 3rd and 4th peaks of the standard stimulus 
response were smaller in children with ASD (LI) than in controls (Study II, Fig. 4). In 
addition, the 4th peak was smaller in children with ASD (no LI) than in controls at the 
frontal ROI (Study III, Fig. 5). There were no significant group differences in the 
standard stimulus response latencies. These results suggest poor neural encoding of 
the repetitive word stimuli used in the present thesis both in children with ASD (LI) 
and ASD (no LI). Furthermore, these results indicate that early sensory sound 
processing is more affected in children with ASD (LI) than in children with ASD (no 
LI). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 The ERPs elicited by the neutral stimulus at the Cz electrode in Study II. Stimulus onset 
at 0 ms 

  



 

40 

 
 

Figure 5 ERPs elicited by the neutral stimulus at the Cz electrode and the respective topographic 
maps for different deflections in Study III. Stimulus onset at 0 ms. 

 

4.2.3 DISCRIMINATION OF PROSODIC CHANGES IN ASD 
The MMN/LDN elicited by the scornful deviant was diminished in amplitude both 
children with ASD (LI) (Study II, Figure 6) and children with ASD (no LI) (Study III, 
Figure 7), suggesting impaired cortical discrimination of the scornful prosodic change 
in these children. The MMN/LDN amplitude for this deviant was diminished in 
children with ASD (LI) at frontal and central scalp areas (Study II). However, in 
children with ASD (no LI) the MMN/LDN amplitude was diminished centro-
parietally (Study III). Latencies of the MMN/LDN did not differ between the ASD 
and control groups (Study II and III).  

The results of Studies II and III showing diminished MMN/LDN amplitudes to the 
scornful prosodic speech change in children with ASD are consistent with those of 
Kujala et al. (2005), who reported diminished MMN amplitudes specifically to this 
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deviant in adults with ASD (no LI). The scornful stimulus was possibly the hardest 
one to discriminate from the neutral stimulus, as the RTs were the longest for the 
scornful stimuli in the behavioral discrimination test (Studies I and III). This suggests 
that individuals with ASD have particularly difficulties in neurally discriminating 
subtle prosodic speech features.  

 
 

 
 

Figure 6 Grand-mean difference waves for scornful, sad, and commanding deviants at the 
midline electrodes Fz, Cz, and Pz in children with ASD (LI) and controls in Study II. Deviant 
stimulus onset is at 0 ms.  
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Figure 7 Grand-mean difference waves for prosodic deviants and the topographic maps of the 
MMN/LDN and P3a in typically developed children and children with ASD (no LI) in Study III. 
Deviant stimulus onset at 0 ms. 
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4.2.4 ORIENTING TO PROSODIC CHANGES IN ASD 
The P3a amplitudes were diminished in children with ASD (LI) for the scornful 
deviant (Study II, Figure 6), and for scornful and sad deviants in children with ASD 
(no LI) (Study III, Figure 7). This diminished P3a amplitude in children with ASD 
indicates that their involuntary attention does not switch toward emotional speech 
sound changes equally well as the controls. Furthermore, when comparing the P3a 
scalp distribution between children with ASD (no LI) and their controls, a significant 
interaction effect was found. In controls, the P3a elicited by both scornful and sad 
deviants was larger at the frontal electrodes than at the parietal electrodes, whereas no 
such amplitude distribution effect was found for the ASD (no LI) group (Study III), 
suggesting atypical P3a generator sources in these children. There were no significant 
group differences in the P3a latencies between the control and ASD groups (Studies 
II and III). 
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5 GENERAL DISCUSSION 

5.1 SUMMARY OF OVERALL FINDINGS 

Study I of this thesis investigated with multiple methods (EMG, behavioral, and ERP 
measures) the speech prosody processing in typically developed children. Since the 
EMG measures showed no emotion-specific reactions in typically developed children, 
only ERPs (Studies II and III) and behavioral measures (Study III) were selected to 
study prosody processing in children with ASD. In typically developed children, 
natural word stimuli uttered with different emotional connotations activated pre-
attentive neural sound discrimination mechanisms, as reflected by the MMN/LDN, 
and involuntary orienting toward prosodic change, as reflected by the P3a. The neural 
change detection mechanisms were impaired in children with ASD, as suggested by 
diminished MMN/LDN amplitudes to prosodic changes in speech. Further, 
diminished and atypically distributed P3a indicate aberrant involuntary orienting 
toward prosodic changes in speech in children with ASD. 

5.2 PROCESSING OF PROSODIC CHANGES IN 
SCHOOL-AGED CHILDREN 

The results of Study I showed, as expected, that the auditory system of school-aged 
children automatically detects prosodic changes in speech. In addition, salient 
prosodic speech features (such as words pronounced in a commanding manner) were 
found to be discriminated faster and more efficiently than less salient prosodic features 
(such as words pronounced scornfully or sadly). However, in Study I, the MMN/LDNs 
for the prosodic changes were elicited at longer latencies in children than in adults in 
a previous study using the same stimuli (Kujala et al., 2005). This finding is consistent 
with Charpentier et al. (2018a), showing shorter MMN latency for angry prosodic 
change in adults than in school-aged children (see also Korpilahti et al., 2007 for 
corresponding results in children with ASD and their fathers). The results of Study I, 
and those of Charpentier et al. (2018a) and Korpilahti et al. (2007), demonstrate 
immature cortical processing of the emotional speech prosody in the school age. 
Consistent with this, Aquert et al. (2013; see also Aquert et al., 2010; Waxer and 
Morton, 2011) reported that children 5 to 13 years old and adolescents were less 
accurate than adults in judging the speaker’s emotional state based on speech prosody.     

The P3a amplitude, reflecting the involuntary attention switch toward prosodic 
changes, did not significantly differ for the different prosodic deviants, suggesting that 
all the prosodic changes activated the involuntary attention mechanisms equally in 
typically developed children. Some other studies, however, reported distinct P3a 
amplitudes for stimuli with different emotional connotations both in adults and in 
children (Carminati et al., 2018; Charpentier et al., 2018a; Pakarinen et al., 2014). 
These studies used different experimental conditions compared to Study I, and further, 
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different stimuli varying both in complexity, and emotional content, possibly 
contributing to the discrepant findings between the studies. 

Contrary to expectations, no stimulus type selective facial EMG reactions were 
found in children (Study I), even though the RFRs to facial emotional expressions 
were previously found in children (Beall et al., 2008; Datyner et al., 2017; Deschamps 
et al., 2012; 2015; Geany et al., 2015) and to vocal emotional expressions in adults 
(Hietanen et al., 1998). It is possible that as the experimental paradigm used in the 
Study I was primarily designed for ERP recordings, it was not optimal for recording 
facial muscle reactions. Further, in Hietanen et al. (1998) study employing natural 
emotional speech stimuli (angry, neutral, and content; developed by Leinonen et al., 
1997), adult participants, from whom the RFFs to speech stimuli were found, were 
instructed to listen to the presented stimuli, whereas in Study I, the children were 
ignoring the stimuli by watching silent videos. It may have been that the withdrawal 
of attention from the sounds prohibited the RFRs in children. However, when 
designing Study I, a passive paradigm was thought to be suitable as the RFRs had been 
previously reported as being automatic and unconscious reactions (Dimberg et al., 
2000; 2002). 

5.3 PROCESSING OF WORDS AND EMOTIONAL 
PROSODY IN CHILDREN WITH ASD 

5.3.1 ATYPICAL ENCODING OF SPEECH STIMULI IN CHILDREN WITH 
ASD 

As expected, the processing of the repetitive speech stimuli in children with ASD 
diverged from that of the typically developed children at the initial stages of auditory 
processing (Studies II and II). Study II showed that both the 3rd and 4th peaks of the 
standard stimulus ERPs were diminished in children with ASD (LI), but only the 4th  
peak was diminished in children with ASD (no LI) (Study III), suggesting poorer 
encoding of these word stimuli in children with ASD (LI) than ASD (no LI). The 
present results conform with earlier studies showing altered obligatory responses for 
speech sounds in children with ASD (no LI) (Jansson-Verkasalo et al., 2003; Lepistö 
et al., 2006) and children with ASD (LI) (Čeponienė et al., 2003; Lepistö et al., 2005; 
for a review, see Kujala et al., 2013), this aberrancy being more severe in children 
with ASD (LI) (Lepistö et al., 2005; 2006). Possibly, the aberrant extraction and 
encoding of speech and/or acoustic features contribute to the communication deficits 
observed in ASD (Anderson et al., 2007; Hudry et al., 2010; for reviews, see Eigsti et 
al., 2011; Mody et al., 2013).    
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5.3.2 PERCEPTUAL AND CORTICAL DISCRIMINATION OF PROSODY 
IN CHILDREN WITH ASD 

The RTs were longer in children with ASD (no LI) than in controls in the behavioral 
prosody discrimination test, indicating slower detection of prosodic speech features in 
children with ASD (no LI) (Study III). Consistent with this, delayed RTs were found 
in an emotional prosody identification task in adolescents with ASD (Chevallier et al., 
2011). Also, delayed RTs have been reported for sound duration changes in children 
(Lepistö et al., 2006) and adults (Lepistö et al., 2007) with ASD (no LI).    

The scornful deviant elicited diminished MMN/LDN both in children with ASD 
(no LI) and with ASD (LI) (Studies II and III), which suggests similar prosody 
discrimination deficits in these two ASD groups, despite their distinct language 
development. Consistent with this, Lepistö et al. (2005; 2006) found in their MMN 
study enhanced pitch discrimination and deficient duration discrimination both in 
children with ASD (LI) and children with ASD (no LI). The present results and those 
of Lepistö et al. (2005; 2006; see also Kujala et al., 2010) indicate that atypical pre-
attentive discrimination of prosody or sound features (pitch, duration) relevant for 
prosody perception are not directly dependent on the language level of the individuals 
with ASD.              

The results of Studies II and III are consistent with Kujala et al. (2005) findings 
showing impaired neural discrimination of the same scornful stimuli in adults with 
ASD. The results of Kujala et al. (2005) and Studies II and III provide converging 
evidence suggesting deficient auditory detection of subtle prosodic changes in speech 
in ASD. These results suggest that deficits in emotional prosody comprehension 
observed in ASD (Chevallier et al., 2011; Golan et al., 2007; Lindner et al., 2006; 
Peppé et al., 2007; Rutherford et al., 2002) may have low-level neurofunctional 
origins, as the impaired neural discrimination reflected by the MMN/LDN could 
potentially hamper further levels of prosody processing in ASD.    

Based on Korpilahti et al. (2007), who showed larger MMNs to the angrily uttered 
words in school-aged children with ASD (no LI) than in controls, it was expected that 
children with ASD would react in a hypersensitive manner to the commanding deviant 
as reflected by enhanced MMN or LDN amplitude. However, in the present thesis, 
significant group differences between the control and ASD participants was found 
only for the MMN/LDN elicited by the scornful deviant (Studies II and III). Probably, 
the acoustical differences between the standard and deviant stimuli (tender versus 
angry stimuli in Korpilahti et al., (2007); neutral versus commanding stimuli in the 
present thesis) were more pronounced in Korpilahti et al. (2007), leading to 
hypersensitive reactions to the angry prosodic change in children with ASD (no LI). 
The discrepant findings of Korpilahti et al. (2007) versus Studies II and III and Kujala 
et al. (2005; see also Yoshimura et al., 2017) are consistent with the suggestion of both 
hypo- and hypersensitive reactions to sounds in ASD (Mottron et al., 2006; O’Donnell 
et al., 2012; O’Neill and Jones, 1997; Tomchek et al., 2014; for reviews, see Caminha 
and Lampreia, 2012; Gomot et al., 2012; Kujala et al., 2013).   

Finally, the diminished MMN/LDN found in children with ASD (Studies II and 
III) and the diminished MMNs reported in the previous literature (Kujala et al., 2013) 
might reflect the NMDAR dysfunctions associated with ASD (for reviews, see Lee et 
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al., 2015; Rojas, 2014; Won et al., 2013), as the MMN was suggested to be associated 
with the NMDAR activity (Näätänen et al., 2012; 2014). The synaptic dysfunctions, 
in turn, were suggested to have a role in ASD pathogenesis (Won et al., 2013). 
Moreover, it has been assumed that glutamatergic synapse (such as the NMDAR) 
dysfunctions might be a shared pathogenic mechanism for different 
neurodevelopmental disorders (e.g., ASD, intellectual disability, Down syndrome, 
Rett syndrome, and attention deficit hyperactivity disorder (ADHD)) (Moretto et al., 
2017). Consistent with this, atypical MMNs have been found in several 
neurodevelopmental disorders such as ASD, ADHD, and Down syndrome (Näätänen 
et al., 2012, for a review). 

5.3.3 DEFICIENT ORIENTING TO PROSODIC CHANGES IN CHILDREN 
WITH ASD 

The present thesis showed diminished P3a amplitudes for prosodic changes in speech 
in both children with ASD (LI) (Study II), and ASD (no LI) (Study III) indicating 
impaired involuntary orienting to prosodic changes in both groups of children with 
ASD. These results are consistent with those of Čeponienė et al. (2003), Lepistö et al. 
(2005; 2006; 2008), and Huang et al. (2018), showing decreased P3a amplitudes for 
speech stimuli in both groups of children with ASD, and with Lepistö et al. (2007), 
showing similar results in adults with ASD. Further, the current thesis studies found 
that the P3a was frontally preponderant in the control children and evenly distributed 
in the children with ASD (no LI), suggesting atypical P3a generator sources in children 
with ASD (no LI) (Study III). 

Aberrant orienting to speech sounds has been found to emerge during the early 
development of children with ASD. Unlike typically developed children, children with 
ASD were reported to show no preference over their mother’s voice (Klin et al., 1991) 
and further, even a lack of preference for human voices in general (Kuhl et al., 2005). 
Deficits in social attention might thus be one of the first symptoms of ASD to emerge 
(Dawson et al., 1998; 2004; Osterling et al., 2002; for a review, see Elsabbagh and 
Johnsson, 2016). This altered orienting to speech sounds may affect the social brain 
network that is associated with recognizing other people and their mental states and 
found to be abnormally developed in ASD (for reviews, see Elsabbagh and Johnson, 
2016; Frith and Frith, 2010; Pelphrey et al., 2011).  

Social motivational models of ASD suggest that the altered social attention is 
likely to reduce social learning experiences in children with ASD and lead to 
difficulties in social cognition (Chevallier et al., 2012). The theory of mind (ToM) 
model of ASD (Baron-Cohen, 1985; Frith, 1989), indicates, in turn, that individuals 
with ASD have difficulties attributing other people’s mental states, and further, that 
deficient ToM affects their interest in social interactions (Chevallier et al., 2012). The 
impaired involuntary orienting to speech sound changes observed in the present thesis 
(Studies II and III) and previous studies in children with ASD (Čeponienė et al., 2003, 
Lepistö et al., 2005; 2006; 2008; Huang et al., 2018) might contribute to the social 
attention deficits observed in ASD (Chevallier et al., 2012) or the impaired ToM 
(especially the social-perceptual component, see Tager-Flusberg, 2000). Consistent 
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with this interpretation, Chien et al. (2018) recently showed an association between 
the P3a latency and social awareness deficits as well as attentional characteristics of 
adolescents and young adults with ASD.   

5.4 STUDY LIMITATIONS AND FUTURE DIRECTIONS 

The speech stimuli used in the current thesis studies were naturally spoken words that 
were acoustically highly variable and having, therefore, a high ecological validity. 
However, physical features of the sound stimuli are known to modulate the sensory 
ERPs (Coles and Rugg, 1995), the MMN (Sams et al., 1985; for a review, see 
Näätänen et al., 2010), and the P3a (Yago et al., 2001; Wetzel et al., 2006). Therefore, 
both the MMN/LDN and P3a elicited by these complex stimuli reflect not only the 
emotional categories of the standard and deviant stimuli, but also the acoustical 
properties of the stimuli. Moreover, the interpretation of the results is further 
complicated by the possible distinct influence of the acoustic stimulus features on the 
responses of the control participants and those with ASD, whose reactions may be 
hypo- or hypersensitive to sounds (Kujala et al., 2013, for a review). However, as the 
emotional prosody relies on a variety of acoustic changes in speech signals (for 
reviews, see Wagner and Watson, 2010; Witteman et al., 2012), matching the 
acoustical features of the stimuli would have changed the emotional information 
conveyed by them (Banse and Scherer, 1996; Wiethoff et al., 2008) and made them 
less natural and therefore ecologically invalid. This problem could be overcome in 
future studies by exploring the emotional speech prosody processing in children with 
or without ASD with experimental paradigms in which participants would be 
presented with varying standard stimuli (e.g., different versions of neutrally uttered 
stimuli) occasionally replaced by varying deviant stimuli (e.g., one of the different 
versions of scornfully uttered stimuli) (Thönnessen et al., 2010; see also Carminati et 
al., 2018; Charpentier et al., 2018a and 2018b; Jiang et al., 2014 for ERP paradigms 
controlling the acoustical parameters of the emotional stimuli). With these kinds of 
experimental paradigms, the influence of emotional category change on the 
MMN/LDN and P3a could be highlighted.  

Due to time limitations, no other behavioral prosody tests than the simple 
discrimination test of Studies I and III were included in the study. In future studies, it 
would be important to collect data using both ERP recordings and behavioral 
measures, such as naming and matching the different prosodic utterances or making 
decisions based on prosodic cues. That approach would bring out the associations 
between the neural level prosody discrimination reflected by the discriminative ERPs, 
and the perceptual level prosody discrimination and comprehension, reflected by the 
behavioral measures. As a long experiment time is not feasible for children and clinical 
groups, fast multi-feature MMN paradigms could be utilized here (Näätänen et al., 
2004). Also, computer-based behavioral prosody tests (presented with a laptop or 
tablet computer) could be considered, as the children could be then tested outside the 
laboratory environment. 
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ASD consists of a heterogeneous group of individuals with varying language and 
cognitive skills and other clinical features (for reviews, Mody et al., 2013; Simms and 
Jin, 2015). These differences in the participant population may influence the variable 
ERP results observed in studies addressing speech prosody processing in ASD 
(Studies II and III; Kujala et al., 2005; Korpilahti et al., 2007; Charpentier et al., 
2018b). Therefore, it would also be important to investigate, with a large number of 
participants, the possible associations between the ERP measures and the measures 
assessing these clinical features of individuals with ASD (e.g., ADOS-2 [Lord et al., 
2012], ADI-R [Rutter et al., 2003], Social Responsiveness ScaleTM [Constantino and 
Gruber, 2005], or Sensory ProfileTM [Dunn, 2014]). 

5.5 CLINICAL IMPLICATIONS 

Studies II and III showed altered neural speech sound encoding, impaired 
discrimination of and orienting to prosodic changes, and sluggish behavioral sound 
discrimination in children with ASD. Such low-level neural speech sound processing 
deficits might lead to difficulties in perceiving and attending to speech features that 
are essential for successful social communication and contribute the observed prosody 
comprehension difficulties in ASD. Therefore, the initial sound processing deficits 
should be taken into account when planning interventions for children with ASD.  

In addition, the results of this thesis showing impaired orienting to speech prosody 
in children with ASD suggest that children with ASD should be encouraged to orient 
to the speaker and to listen the speaker’s voice by explicitly teaching them that 
speakers’ voices carry meaningful social messages. For example, by describing social 
situations and naming the feelings of other people based on their tone of voice, an 
adult could help a child with ASD to pay attention to changes in speakers’ tone. 
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6 CONCLUSIONS 

The results of this thesis show that prosodic changes in speech activate pre-attentive 
auditory change detection and involuntary orienting in typically developed school-
aged children. However, no emotion-specific RFRs were elicited by the speech stimuli 
in children. The processing of speech and prosodic changes was found to be impaired 
in children with ASD in neural encoding, discrimination, and involuntary orienting, 
as well as perceptual discrimination levels. These processes were similarly deficient 
in children with ASD (no LI) and in children with ASD (LI). The results of this thesis 
support the hypothesis that low-level neural perceptual and attentional deficits may 
contribute the speech prosody processing impairments observed in ASD. 
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