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Abstract 
Research using the dichotic pitch and mistuned harmonic paradigms has identified 

neurophysiological markers for concurrent sound segregation (the Object Related Negativity [ORN], 

N2 difference and P400). The aim of this thesis was to determine whether these components are 

elicited, and if they differ in amplitude, for individuals with autistic spectrum disorder (ASDs) and 

typicals. Experiment 1 found ASDs elicited a diminished ORN compared to typicals for time-shifted 

dichotic pitch, indicating low-level deficits in ASD. Other stimuli that elicit these components were 

used in Experiment 2 (mistuned harmonics).  The addition of the interaural time difference (ITD) cue to 

mistuning increased the ORN amplitude in both groups. An ORN was elicited by ITD alone for 

Experiment 2. Experiment 3 revisited the dichotic pitch stimulus and utilized ITD and interaural 

amplitude difference (IAD) cues separately. Both groups elicited an ORN for the IAD dichotic pitch. 

Again ASDs elicited a diminished ORN for the ITD cue. This indicates that Gaussian noise is not the 

cause of the diminished ORN for ASDs. Experiment 4 explored the effects of separate and combined 

ITD and IAD cues in dichotic pitch on the ORN amplitude. The ITD cue did not increase the ORN 

amplitude for ASDs. ASDs only elicited an ORN when the ITD was lateralized to the opposite side of 

the IAD. This indicates that the ITD interferes with the ability of the ASDs to parse concurrent auditory 

objects. ASDs also elicited a diminished N2 difference for ITD and IAD dichotic pitch. This might 

suggest that the ASDs have difficulty with processing spatial information. An N2 difference was not 

found for mistuned harmonic stimuli. ASDs showed P400s for ITD dichotic pitch and mistuned 

harmonic stimuli. This indicates that controlled processes in ASD are intact for concurrent segregation. 

A diminished P400 was elicited by ASDs, compared to typicals, for the ITD and IAD cues in dichotic 

pitch (Experiment 3). This may indicate controlled processing difficulties with multiple cues for ASDs. 

Main findings indicate that ASDs have a low-level processing deficit in processing ITD cues but not for 

other cues for concurrent sound segregation. Controlled processes are intact in ASDs for concurrent 

sound segregation. 
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Chapter 1: General Introduction 
 

This thesis is concerned with the auditory perceptual processes involved in 

autistic spectrum disorder (ASD); and the way that autistic individuals, compared to 

typical controls, process concurrent auditory information. In addition to the triad of 

core symptoms in ASD, many ASDs experience sensory difficulties, such as hyper or 

hypo-sensitivities in visual, auditory and tactile domains. Many ASDs experience 

distressing hyper-reactivity to noise and several studies have reported that ASDs have 

difficulty extracting relevant auditory information (i.e., speech) in the presence of 

competing background noise. Atypical sensory experiences can impact upon 

developmental processes associated with social and cognitive maturation and can lead 

to learning difficulties for some ASD individuals; therefore it is important to 

understand the mechanisms behind sensory processing, particularly auditory 

processing, in order to improve support services and learning programs for ASD 

individuals. As an introduction to this topic, the first part of this chapter will cover the 

ASD epidemiology, cognitive theories, sensory experience, and sensory / perceptual 

theories. The second part of this chapter will cover the concepts behind auditory scene 

analysis and our current understanding of auditory scene analysis in ASD. The last 

part of this chapter will then cover the thesis aims and experimental concepts.  

 
Autism: a definition 
 

First described by Kanner in 1943, Autism or ASD is a developmental 

disorder that is characterized by a triad of core behaviors: (1) impairments in social 

interaction, (2) communication and language deficits and, (3) restricted, repetitive, 

and stereotyped patterns of behaviors, activities and interests (American Psychiatric 

Association, 1994). The autism umbrella includes Asperger’s syndrome (AS) and 
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pervasive developmental disorder not otherwise specified (PDD, NOS). Rare but 

related forms of autism also include Rett’s syndrome, and childhood disintegrative 

disorder. The range of intellectual ability and sensory impairments varies greatly 

across the spectrum, which means there is great variation from one individual to the 

next individual in the expression of these characteristics. Autism is so variable that 

the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) has a list of 

criteria to diagnose suspected individuals of autism (American Psychiatric 

Association, 1994)1.  

 
 
Epidemiology of ASD  
 

Over 100 years ago, autism was largely unknown as a disorder. Today, ASD 

affects about 1 in every 68 individuals around the world and that number is growing 

(Autism New Zealand Inc., 2011; CDC, 2014). ASD commonly affects boys more 

than it does girls, with a ratio of 4 to 1 (Nygren, Sandberg, Gillstedt, Ekeroth, 

Arvidsson & Gillbreg, 2012). No one knows why it affects boys more than girls 

(Fambonne, 2005); it may be possible that girls with autism do not commonly display 

the same tell-tale characteristics of the disorder that boys do at the early stages of 

diagnosis (Anderson, Gillberg & Miniscalco, 2013; Kopp & Gillberg, 1992). In New 

Zealand alone, 40000 individuals have been given a diagnosis of ASD (Autism New 

Zealand Inc, 2011). Despite the increased prevalence of ASD, the current causes 

1 In the proposed DSM-V (released in 2013) the diagnostic criteria for autism have been updated. Autism spectrum disorder 

(ASD) will be used as an umbrella term to encompass all the previous classifications for individuals with autism (Autistic 

disorder or autism, Asperger’s syndrome and PDD-NOS). For this version of the DSM, ASD will now represent a single 

condition that consists of different levels of symptom severity in two core domains. An ASD diagnosis will now be characterized 

by 1) deficits in social communication and social interaction and 2) restricted repetitive behaviors, interests, and activities, which 

will include sensory issues (RRBs). Both components will be required for a diagnosis of ASD. Social communication disorder 

will be diagnosed if an individual does not present with RRBs symptoms. For this thesis, all participants with autism or 

Asperger’s syndrome were given a diagnosis using the DSM-IV classifications.  
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relating to how and why autism occurs are largely unknown. It was thought in the past 

that child immunizations cause ASD; however, recently that theory has fallen into 

disrepute (Fitzpatrick, 2004). In more recent years autism has been thought to be 

caused by disruptions within the gut, for example difficulty processing gluten and 

casein (Reichelt, Knivsberg, Lind & Nødland, 1991; Barcia, Posar, Santucci, & 

Parmeggiani, 2008; Genius & Bouchard, 2010; Whitely, Shattock, Knivsberg, Seim, 

Reichelt, Todd, Carr et al., 2013). In addition to the gluten/casein theory of ASD, 

amino acids have also been linked as being deficient in ASD (Arnold, Hyman, 

Mooney & Kirby, 2003; Perry, Hansen & Christie, 1978). There is good evidence that 

there is a genetic cause to autism (Constantino, & Todd, 2003; Constantino, Gruber, 

Davis, Hayes, Passanante, & Przybeck, 2004); however, due to the various 

combinations of symptoms of the disorder and co-morbidity to other disorders; no one 

gene has been identified as an instigator in the role of ASD (Connolly & Hakonarson, 

2013) 

 
Cognitive theories 
 
 

Various researchers have come up with their own theories in order to explain 

ASD in terms of brain connectivity and behavior. To date, theory of mind, weak 

central coherence, executive dysfunction and under-connectivity help us to 

understand how autistic individuals process the world around them. Many of these 

theories attempt to capture perceptual processes but no one theory has been able to 

offer a concise theoretical model that covers the perceptual experience in ASD. 
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Theory of mind 

Theory of mind (TOM) was first described by Permack and Woodruff (1978). 

Theory of mind refers to one’s everyday ability to infer what others are thinking 

(beliefs, desires and intentions) and that one can use that information in order to 

predict others’ behaviors (Permack & Woodruff, 1978).  

 

In an experimental setting, false belief tasks have been used to test theory of 

mind in autistic individuals. For example, Sally leaves her ball in her basket and goes 

away, Ann moves Sally’s ball into her basket; Sally returns and wants to play with her 

ball – where should Sally look for her ball?  The correct answer in this situation 

would be that Sally looks in her own basket for the ball, as it is the last place she left 

it (where Sally thinks it is) and she has no idea that Ann took her ball and moved the 

ball into her basket. Typically developing children are able to complete this task with 

no problem; they know that Sally will check her basket. Children with autism will say 

that Sally will look in Ann’s basket. The autistic child or individual thinks that Sally 

will know what they have observed (Baron-Cohen, Tager-Flusberg & Cohen, 1993; 

Happé, 1999).  

 

Experimenters have concluded that children with autism lack the ability to link 

their mental states with behavior and that they are unable to separate out their own 

mental state and another’s mental state (Baron-Cohen, et al., 1993; Happé, 1999; 

Baron-Cohen & Swettenham, 1997). Overall, theory of mind shows that autistic 

individuals interpret the world around them differently.  
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Weak central coherence 

 

Coined by Uta Frith (1989), central coherence is a theory that helps to explain 

how incoming information is processed in context; being able to pull information 

together for higher meaning (global), usually at the expense of detail. Generally, when 

one remembers a piece of information, such as a story, we tend to remember the gist 

(overall; global) of the information rather than being able to relay the whole story 

word for word (detail; local) (Frith, 1989; Frith & Happé, 1994; Happé, 1999).  

 

Frith (1989) suggests that in autism central coherence is weak, that is, that 

autistic individuals tend to focus on local information (detail) at the expense of global 

information; in other words, autistic individuals can’t see the “wood from the trees” 

(Frith, 1989). Weak central coherence attempts to explain how some autistic 

individuals are able to have exceptional memories for dates, numbers and events, yet 

lack the ability to effectively communicate and interact (Frith, 1989; Frith & Happé, 

1994; Happé, 1999).  More importantly, weak central coherence attempts to explain 

local (detail) information processing advantage that many ASDs have for visual 

processing. However, no clear explanation can be offered for the auditory domain.  

 

Executive dysfunction 

 

Executive function is an umbrella term that encompasses high-level cognitive 

functions such as working memory, mental flexibility, impulse control and planning 

(Ozonoff; Pennington & Rogers, 1991; Roberts, Robins & Weiskrantz, 1998; Stuss & 

Knight, 2002). Originally, it was thought that the executive functions were associated 
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with the frontal lobes, however, recent studies have also linked brain regions such as 

the pre-frontal cortex, the thalamic pathways and the subcortical pathways (Monchi, 

Pertrides, Strafella, Worsely & Doyson, 2006; Stuss & Alexander, 2000).  

 

It has been proposed that executive function is dysfunctional in autism 

(Ozonoff et al., 1991; Hill, 2004; Hughes, 2001; Yi, Fan, Joseph, Huang, Wang, Li, & 

Zou, 2014). Many studies have reported ASDs displaying deficits in executive 

domains such as planning, mental flexibility, inhibition and self-monitoring (Hill, 

2004; Hill & Bird, 2006). Deficits in these domains have been linked to autistic 

behaviors such as the need for sameness, and may result from dysfunction in brain 

regions that are responsible for mental flexibility and impulse control (Hill, 2004). 

However, executive dysfunction has also been proposed for other developmental 

disorders such as Down’s syndrome, Attention Deficit Disorders and Tourette 

syndrome (Ozonoff & Jensen, 1999). Varying amounts of executive dysfunction can 

been seen across all these disorders, suggesting that the executive dysfunction is not 

unique to ASD and that executive function can only explain some behaviors in ASD.  

 

Under-connectivity  

 

A theory proposed by Just, Newman, Keller, McEleney and Carpenter (2004) 

suggests that in autism deficits seen at the neural and cognitive levels are a result of 

underlying cortical and neural circuits under functioning (i.e., the brain is not 

integrating incoming information effectively) (Just et al., 2004).  
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Functional studies have found that cortical communication between active 

brain regions in ASD are lower compared to typical controls. Just et al. (2004) found 

that there was less functional connectivity of active brain regions during a sentence 

comprehension task in ASD compared to typical controls. Atypical connectivity has 

also been found for social cognition tasks (Castelli, Frith, Happé & Frith, 2002), 

working memory (Luna, Minshew, Garver, Lazar, Thulborn, Eddy, et al., 2002), and 

executive function tasks (Schneider, 1999).  

 

More recently, Just, Cherkassky, Keller, Kana and Minshew (2007) measured 

brain activation of participants whilst they completed the Tower of London (TOL) 

task during an fMRI. Participants had to rearrange the position of three distinctive 

balls, which were slotted into different pockets, into the target configuration (shaded 

ball on the bottom, dotted ball in the center and clear ball on top) using the least 

amount of moves. The participant had to indicate how many moves would be required 

to get the balls into the target configuration using all the pocket slots and moving only 

one ball at a time. They found reduced functional connectivity in between the frontal 

and parietal regions for ASDs compared to typical controls. Reduced bilateral 

activation of the corpus callosum was also seen in the ASD group. In addition to the 

above findings, the authors suggested that the size of the genu (anterior end) of the 

corpus callosum in the ASD group was correlated with the amount of frontal-parietal 

functional connectivity (Just et al., 2007).  

 

As well as evidence from functional studies, anatomical studies have provided 

evidence of atypical connectivity in ASD. For example, a study by Courchesne, 

Karns, Davis, Ziccardi, Carper, Tigue, et al (2001) investigated cerebral growth and 
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cerebellar volume in ASD. MRI scans revealed an abnormal growth pattern for white 

matter over time for ASD individuals compared to typical controls. Courchesne et al. 

(2001) concluded that the abnormal growth pattern resulted from early overgrowth of 

cortical matter between the ages of 2-3 years that is followed by slowed growth in 

subsequent years in ASD (Courchesne et al., 2001). The rapid brain growth seen in 

ASD children during critical ages of development suggests that these neural 

connections are not forming correctly, which then later manifest as core triad deficits.  

 

Sparks, Friedman, Shaw, Aylward, Echelard, Artru, et al (2002) found that 

children with autism had larger brain volume compared to typically developing 

children and children with developmental delays. MRI found bilateral enlargement of 

both the amygdala and the hippocampus in ASD children compared to both of the 

other groups. It is thought that the amygdala plays an important role in regulating 

behavioral responses to emotional stimuli and emotional learning. Overgrowth in 

these regions may contribute to the core deficit related to social communication seen 

in ASD (Sparks et al., 2002).  

 

In addition to white matter, the corpus callosum (Hardan, Minshew, & 

Keshavan, 2000; Vidal, DeVito, Hayashi, Drost, Williamson, Craven-Thuss, et al., 

2003), and frontal and temporal cortex (Casanova, Buxhoeveden, Switala & Roy, 

2002) have been implicated with abnormal connectivity. Overall the under 

connectivity theory takes into account both the brain regions and the neural circuitry 

involved to explain the core triad symptoms in ASD.  
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What is not mentioned in the above cognitive theories, are the sensory deficits 

that are experienced by autistic individuals.  An ASD individual over their lifetime 

may experience a range of different sensory processing issues, such as hyper or hypo-

sensitivities in vision, audition, taste, and touch. This next section will explore the 

literature surrounding the sensory processing experience in ASD.  

 

Sensory processing in Autism  
 
 
Sensory experience in ASD 

In addition to the triad of core behaviors in autism, autistic individuals readily 

encounter atypical sensory experiences in the visual, auditory and tactile domains. An 

ASD individual can be hypo-sensitive to stimuli (for example, fail to respond to their 

name being called, or responding to pain); or hyper-sensitive to stimuli (covering 

one’s ears in response to loud sounds, restricted food preference, or unable to sit 

through a haircut); and/or sensory seeking (rocking, hand flapping, repetitive spinning 

of objects to make sounds) (Miller, Anzalone, Lane, Cermak & Osten, 2007). Autistic 

individuals commonly report heightened sensitivity to irrelevant stimuli in their 

environment such as, lights flickering, or a fan going in the background, which can be 

extremely distracting and hard to filter out. A famous quote by Grandin (1992) 

explains how debilitating this can be “My hearing is like an open microphone that 

picks up everything. I have two choices: turn the mike on and get deluged by sounds, 

or shut it off” (Grandin, 1992, p.107). 

 

 Researchers suggest that sensory experience is vital to the development of 

neuronal circuitry (Hensch, 2004; Jiao, Zhang, Yanagawa & Sun, 2006) and, if from 

an early age a child blocks out various sensory inputs or focuses on one kind of 
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stimulus, it can potentially disrupt neuronal circuitry development that is important 

for social and cognitive maturation (Mottorn, Mineau, Martel, Bernier, Berthianume, 

Dawson, et al., 2007). Gomot, Belmonte, Bullmore, Bernard and Baron-Cohen (2008) 

found that children with ASD tended to be more sensitive to minor changes in the 

environment compared to typically developing children. They suggest that the 

repetitive and stereotyped behaviors associated with sensory dysfunction are coping 

mechanisms that compensate for changes in the environment in ASD. For example, 

an individual with ASD may focus on a repeating sound (such as humming a tune 

over and over; and rocking) in order to block out other distressing loud sounds in a 

social situation (Gomot et al., 2008).  

 

Sensory sensitivities have also been associated to the lack of social cognition 

and interaction deficits seen in ASD. For example, hyper and/or hypo reactivity to 

verbal and social auditory input can lead to failed responding to speech sounds in 

early development in ASD (Lord, Pickles, McLeannan, Rutter, Bregman, Folstein, et 

al., 1997). Difficulty extracting speech sounds from background noise in social or 

learning environments can be highly distressing and lead to isolation for some ASD 

individuals (Alcantara, Weisblatt, Moore & Bolton, 2004; Teder-Salejarvi, Pierce, 

Courchesne & Hillyard, 2005).  

 

The link between what causes atypical sensory processes and how these 

atypical sensory processes affect individual behavior is poorly understood. Jones, 

Happé, Baird, Simnonoff, Marsden, Tregay, et al. (2009) suggest that (auditory) 

sensory behaviors seen in ASD may arise from enhanced or reduced sensitivity to 

differences between sounds and that the neurological system involved in auditory 

10 
 



     Chapter 1 
 

detection and discrimination is either “fine-tuned” or “blunt” in autism (Jones et al., 

2009). The next section looks at sensory and perceptual theories in autism.  

 

 

Sensory & Perceptual theories of autism 

 

Originally described by Rimland (1964), under-arousal (hypo-arousal) theory 

of autism suggests that ASD individuals have deficits in activating the reticular 

system, preventing the ability to form connections between past experiences with new 

experiences. This overall dysfunction in the reticular system prevents learning from 

experiences and being able to generalize information, which in turn contributes to 

under-reactivity to stimuli. DesLauriers and Carlson (1969) suggest that the 

dysfunction of the reticular system actually suppresses the activation of the limbic 

system. They suggest that the amount of activation of the reticular system leads to the 

amount of arousal in ASD individuals. For example, individuals with over functioning 

reticular systems would be over aroused (hyper-arousal), while those with under 

functioning reticular systems would be under aroused. The authors suggest that both 

under reactivity and over reactivity of the reticular system leads the limbic system to 

suppress activations related to reward and affective behaviors. For example, repeated 

hand flapping behaviors can provide much needed sensory inputs lacking in autism 

(Ornitz & Ritvo, 1986).  This could be the underlying cause of repetitive and 

restricted behaviors seen in autism (DesLauriers & Carlson, 1969).  More recently, 

researchers have expanded upon the under-arousal models proposed by Rimland and; 

DesLauriers and Carlson, and related it to the social deficits seen in autism (Dawson, 

Toth, Abbot, Osterling, Munson, Estes, & Liaw, 2004; Loveland, 2001; O’Conner, 

Manly, Robertson, Hevenor & Levine, 2004). 
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First described by Hutt, Hutt, Lee and Ounstead (1964) the over-arousal 

theory of autism suggests that autistic individuals are easily aroused by sensory 

stimuli; such as spinning a wheel over and over, and tend to react more to sensory 

stimuli compared to typically developing individuals (reacting to loud sounds by 

covering ears) . In addition, ASD individuals tend to habituate poorly to stimuli in the 

environment. Hutt et al., (1964) looked at the EEG activation in autistic children and 

found that autistic children had high levels of waking activation in the presence of 

environmental stimuli. They found that higher levels of waking activation lead to 

more stereotypic behaviors in autistic children. Hutt et al. (1964) suggested that the 

brainstem reticular system was functioning at very high levels in ASD with over-

arousal and in order to block the over-arousal, neural pathways involved would block 

over stimulation; which would lead to the dampening of responses to sensations. For 

example, an autistic individual might spin a car wheel repetitively in order to block 

out external activity from the environment; this behavior acts as a coping mechanism 

and dampens their response to other sensations. Hutt et al suggested that this was the 

reason for the repetitive behaviors and sensory dysfunction seen in ASD.  

 

As an extension of the over-arousal theory, Orntiz and Ritvo (1986) developed 

the perceptual inconstancy theory. Ornitz and Ritvo (1986) suggest that autism is 

characterized by abnormal arousal states due to a dysfunctional brainstem, which 

causes over-stimulation and over inhibition states in autistic individuals. The 

continuous presence of fluctuating stimulation and inhibition states prevents ASD 

individuals from maintaining a perceptual constancy of stimuli.  
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In order to integrate neurological function and perceptual processes, 

Waterhouse, Fein and Modahl (1996) suggest a cross-model approach to explain 

sensory deficits seen in ASD. Waterhouse et al. (1996) suggest that sensory deficits 

are the result of mossy fibers in the hippocampus being abnormal, specifically the 

CA3 pyramidal cells. The failure of these cells at binding incoming sensory 

information to events or context with spatiotemporal information results in impaired 

cross-modal integration of information (Waterhouse et al., 1996). Brock, Brown, 

Boucher and Rippon (2002) have proposed a similar theory, suggesting that the 

dysfunction seen in the sensory domain is a result of reduced connectivity in the 

brain. 

 

Brock et al. (2002) suggest that abnormalities seen in autism relating to 

information integration and language arise from the reduction of connectivity between 

specialized local neural networks in the brain, due to deficits in temporal binding. 

This occurs when high frequency gamma fails to synchronize between networks, 

resulting in the failure of temporal binding. On the other hand, the local advantage 

seen in ASD is thought to arise from over-connectivity within neural networks. This 

is why enhanced processing can be seen in some tasks (e.g. Pitch memory); while in 

other areas processing of information is diminished (e.g. temporal processing) due to 

the lack of connectivity between neural networks. Overall, the temporal binding 

hypothesis explains why we see so much local advantage and global disadvantage in 

autism for some tasks.  

 

In the past decade, a resurgence in cognitive neuroimaging research has 

helped to link findings from genetics, biochemical, psychological and physiological 
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research in autism. In light of this, Rippon, Brock, Brown and Boucher (2007) have 

updated their original temporal binding hypothesis to include disordered connectivity 

in autism. Similar to Just et al. (2004) the under-connectivity model and disordered 

connectivity “theories” of autism suggest that structural and functional connectivity is 

disrupted in ASD.  

 

Enhanced perceptual functioning  

 

Proposed as an alternative model to the weak central coherence model (Frith, 

1989, Frith & Happé, 1994; Happé, 1999), the Enhanced Perceptual Function model 

(Mottron & Burack, 2001) suggests that superior performance in visual and auditory 

domains for domain specific or low-level cognitive tasks is due to neural networks 

that are over specialized, which is why some individuals with autism tend to focus on 

local elements of scenes rather than the global scene. Unlike the weak central 

coherence model, the enhanced perceptual function model suggests that the local 

(low-level) advantage does not come at the expense of higher-level processes 

(Mottron & Burack, 2001; Mottron, Dawson, Soulieres, Huvert, & Burack 2006). The 

authors suggest that the superior local advantage seen in ASD may be related to 

patterns of atypical brain growth and cortical rededication (Mottron & Burack, 2001).  

 

Plaisted (2001) proposed a similar model of perceptual processing. Plaisted 

(2001) suggested that the atypicalities that ASD individuals experience are due to 

enhanced discrimination that results from enhanced lateral inhibition. In autism it is 

thought that excess lateral inhibition narrows the range of neurons within neural 

columns; i.e. sharpens the orientation of each neuron within columns. This is thought 
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to result in better discrimination between stimuli in the visual domain (Plaisted, 2001; 

Plaisted, Saksida, Alcantara, & Weisblatt, 2003).  

 

Much of the work done encompassing weak central coherence and enhanced 

perceptual functioning has been in the visual domain. Researchers have found that 

during an embedded figures task (Witkin, Oltman, Raskin & Karp, 1971), where 

participants are asked to find figures embedded in the overall picture, ASD 

individuals are faster and more accurate compared to matched controls (Shah & Frith, 

1983; Jolliffe & Baron-Cohen, 1997). Shah and Frith (1993) found that ASD 

individuals are able to assemble patterned blocks (Block design task) to recreate a 

pattern faster and with fewer errors compared to matched controls. The authors 

suggested that this was due to superior low-level processes that allow ASDs to focus 

on the details of the pattern. Peak performance in the block design has been replicated 

since, with similar results (Szatmari, Tuff, Finlayson & Bartolucci, 1990; Allen, 

Lincoln & Kaufman, 1991; Happé, 1994).  However, some studies using the Navon 

figures task (Navon, 1977) have failed to show a low-level enhancement in ASD 

(Mottron & Belleville 1993; Plaisted, Swettenham & Rees, 1991; Ozonoff, Strayer, 

McMahon & Filloux, 1994). Overall, these studies suggest that in some contexts 

processing is enhanced and in others processing is not enhanced. Changes in 

methodology in some of the studies could have led to different interpretations of the 

task, which could have led to mixed findings.  

 

Empirical studies in the auditory domain have also found mixed results; some 

studies suggest that auditory performance in ASD is enhanced (Heaton, Hermelin & 

Pring, 1998; O’Riordan & Passetti, 2006; Bonnel, Mottron, Pertez, Trudel, Gallun & 
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Bonnel, 2003), or dysfunctional (Alcantara et al, 2004; 2006; Groen, van Orsouw, 

Hurrne, Swinkles, van der Gaag, Buitelaar, et al., 2008) compared to typical controls. 

However, much of this work has been based on Autistic savants, Asperger’s 

Syndrome and high functioning ASD individuals; it is possible that even within these 

groups auditory processing differences are present. Some researchers have attempted 

to use other theoretical models (such as Bregman’s auditory scene analysis) to explain 

atypicalities and enhancements in ASD (e.g. Lepisto et al., 2009; Teder-Salejarvi et 

al., 2005).  

 

Bayesian theory  

More recently, Pellicano and Burr (2012) have proposed a model that uses 

Bayes theorem to account for the atypicalities in sensation and perception seen in 

autism. Many of the current theories such as weak central coherence and enhanced 

perceptual functioning focus on the hyper-sensitivities in autism and these authors 

argue that the heterogeneity of autism makes it difficult to apply any given perceptual 

theory to account for hyper or hypo-sensitivities and sensory seeking behaviors seen 

in ASD (Pellicano & Burr, 2012).  

 

Using the Bayesian framework, Pellicano and Burr (2012) propose that altered 

perception in autism is a result of deficits at the level of a prior – “a prior is the 

probability distribution p(y) defining the expectation about the environment being in 

any of its possible states, y, before any observation is available” (Pellicano, & Burr, 

2012, p.504). They suggest that a dysfunction at the level of the prior can occur at 

either the construction or the combination of the sensory information, which leads to 

hypo-priors. Hypo-priors are attenuated prior knowledge and these authors suggest 
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that in autism, the priors are broader, which is why the autistic experience is different. 

They predict that in some cases hypo-priors in autism could result in more “accurate” 

perception of sensory stimuli. In autism hypo-priors should distort sensory signals 

less, which would explain the enhanced performance of autistics seen in tasks such as 

the Kaniza illusion or block figures. While in other cases, hypo-priors can impact 

performance in autism. In situations where sensory information is overwhelming, 

hypo-priors could be mismatching information from expectation and measurement of 

stimuli (Pellicano & Burr, 2012).  Overall, the Bayesian framework offers a 

measurable approach to investigate sensory atypicalities in autism and does not focus 

atypical behaviors to one kind of sensitivity, such as hyper or hypo-sensitivities to 

stimuli, which has been a weakness of other perceptual theories.  

 

The past few years have seen researchers revisiting sensory and perceptual 

processing in ASD, with particular interest in the relationship between language 

deficits and auditory processing (Alcantara et al, 2004; Alcantara, Weisblatt, Clark, 

Lomax, McLaughlin, Minakaran & Segal, 2006). A few studies have used Bregman’s 

two-stage auditory scene analysis framework to measure bottom-up (low-level) and 

top-down (high-level) processes in ASD (Teder-Salejarvi et al, 2005; Lepisto et al, 

2009). The next section outlines the auditory scene analysis framework.  

 

Auditory Scene analysis 
 
 

In order to understand auditory processing in ASD, it is important to explore 

the theoretical model of how sounds are grouped and organized in order to understand 

the fundamental basics behind the perception of sounds. At any given moment in 

time, we are surrounded by a number of sounds, for example a clock ticking in the 
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background, cars driving past outside, birds chirping and people talking. Most of the 

time, these sounds are presented simultaneously. To make sense of all the sounds we 

hear, we must segregate and group sound elements into separate mental 

representations (or auditory objects). This process is known as auditory scene analysis 

(Bregman, 1990).  Bregman uses the Gestalt psychology principles of proximity, 

similarity, continuity, common fate and closure to explain how sounds are grouped 

(Bregman, 1990; Haykin & Chen, 2005). Bregman proposes a two-stage model that 

describes the processing of auditory objects in terms of primitive (bottom-up/ low-

level) and schema based (top-down/high-level) processing. The following sections 

outline Bregman’s theoretical model. 

 

Primitive processing 

 

The acoustic signal is first subject to primitive processes; these processes are 

pre-attentive and are thought to be innate, as new born infants are able to respond to 

changes in auditory stimuli (Alho, Sainio, Sajaniemi, Reinikainen & Naatane, 1990; 

McAdams & Bertoncini, 1997). Primitive processing has also been demonstrated in 

non-human species such as birds (Hulse, MacDougall-Shackleton & Wisniewski, 

1997; MacDougall-Shackleton, Hulse, Gentner & White, 1998), monkeys (Izumi, 

2002; Javitt, Schroeder, Steinschneider, Arezzo & Vaughan Jr, 1992) and cats (Csepe, 

Karmos & Molnar, 1987). Analysis of the signal is driven by the physical properties 

of the stimulus and is thought to be a bottom-up (low-level) process. Primitive 

processing uses two principles in order to group the signal: (1) Sequential integration 

and (2) Simultaneous integration.  
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In sequential integration, frequency components that have similar sound 

properties are grouped into a single stream. This type of processing occurs in the 

horizontal dimension – sounds organized over time; for example, if a listener is 

presented with two types of tones – high frequency (A) and low frequency (B) over 

time then they will perceive the tones over time as the sequence A-B-A-B-A-B. 

However, if the presentation of tones A and B is sped up, then the listener would 

perceive the high and low frequency tones as separate streams of sound (Bregman, 

1990; Carlyon, 2004). Sequential processing is important for recognizing speech and 

is frequently exploited by musicians.  

 

Simultaneous integration (concurrent segregation)2, on the other hand, is the 

segregation of sounds that overlap in time. This type of processing occurs in the 

vertical dimension, for example, sounds are grouped together if they have the same 

onset and offset, or if they are related in some way (harmonically, or by intensity). 

The larger the disparity of the onsets and offsets the easier it is to segregate multiple 

occurring sound sources (Bregman, 1990).  

 

Schema based processing  

 

In comparison to primitive processing, schema based processing relies on 

attention, prior knowledge and experience to process sounds (top-down/high-level).  

Schema based processing is thought to use prior schemas about the sound objects in 

order to match the incoming auditory information (Bregman, 1990). Auditory 

schemas are only activated when listeners are paying attention to the streams of 

2 Simultaneous integration and concurrent segregation are interchangeable terms. From this 
point onwards the term concurrent segregation will be used. 
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incoming sounds in the auditory environment. For example, if a listener is paying 

attention to streams of sounds and is asked to detect a high tone, the listener has to 

deduce the information on the high tone by using their prior knowledge and 

experience of the tone in order to detect the tone.  The listener is thought to be 

“activating” an auditory schema in order to complete the task. The ability to activate 

prior schematic information not only saves time but aids in improved detection. Bey 

and McAdams (2002) found that when listeners had prior experience with a target 

melody, they were better at detecting the target melody when it was interleaved with 

distractor tones compared to when participants had not experienced the target before.  

 

Bregman’s theoretical model of scene analysis has led to an influx of auditory 

research over the last decade. Auditory scientists have been attempting to clarify the 

underlying neural processes behind sound segregation (e.g. Cocktail party, dichotic 

listening, and mistuned harmonics). The next section looks at the neurophysiological 

markers for concurrent sound segregation using the auditory scene analysis 

framework. 

 

Neurophysiological markers for concurrent sound segregation  

 

A mistuned harmonic paradigm has been excellent in identifying 

psychological and neural markers that support concurrent segregation. In an 

experimental setting, a mistuned harmonic can be produced by mistuning one spectral 

component from a harmonically tuned complex tone. Figure 1.1 shows the tuned 

harmonic complex; pure tones are multiples of a fundamental frequency and when 

played, the listener perceives a single sound (i.e. one auditory object). For a mistuned 

harmonic, one of the tones (or partials) from the complex is mistuned by a percentage 
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(e.g. 16%) and when played, the listener would perceive a complex sound object plus 

a separate sound with a pure tone quality (i.e. two auditory objects), as the mistuned 

partial does not match the remaining tones. The degree of mistuning (1-16%) of the 

one spectral component from the tuned harmonic complex will increase the likelihood 

of a listener being able to “hear-out”3 the two auditory objects: a complex tone and a 

pure tone (Moore, Glasberg & Peters, 1986; Alain, Arnot & Picton, 2001). 

 

 

Figure 1.1: Schematic representation of a tuned harmonic complex, on the left side 
(i.e. one auditory object; complex object), the tuned harmonic consists of multiple 
tones, which are based on a fundamental frequency. The right side depicts a mistuned 
harmonic (i.e. two auditory objects; complex object plus a tone) where one of the 
tones from the complex is mistuned by 16% (e.g. 400 Hz, mistuned by 16% is 432 
Hz).  

  

In a series of experiments using mistuned harmonics, Alain et al. (2001) found 

a late negative deflection in the difference waveform (mistuned – tuned), which they 

later coined an object-related negativity (ORN). The ORN occurs approximately 150 

ms after stimulus onset and is thought to reflect the perceptual judgment of the 

3 The term “hear-out” in auditory research commonly refers to the listener being able to distinguish between multiple sounds or 
detect one sound over another in the presence of background noise (Bregman, 1990). 
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listener hearing two concurrent sound objects (Alain et al., 2001). The ORN is 

thought to reflect low-level (bottom-up) processing as the component was observed 

for both attend and non-attend conditions (Alain et al., 2001; Alain & Izenberg, 

2003). Subsequent studies have found that the ORN is not affected by visual attention 

load (Dyson, Alain & He, 2005) or sound duration (Alain, Schuler & McDonald, 

2002). In addition to the ORN, Alain et al. (2001) found a positive component in the 

difference wave that peaked approximately 400 ms after stimulus onset; they referred 

to this component as the P400. The P400 is only present when participants make 

active judgments about the stimuli and it is thought that this component reflects a 

perceptual decision making processing (top-down).   

 

It is important to note that the ORN shares similar latency and amplitude 

distributions with another ERP component called the mismatch negativity (MMN). 

The MMN occurs in the ERP in the presence of a rare deviant stimulus embedded in a 

train of homogenous standard stimuli (Näätänen, 1992; Picton, Alain, Otten, Ritter & 

Achim, 2000). Like the ORN, the MMN amplitude peaks around 150 ms after a 

deviant stimulus onset and has a frontal-central scalp distribution.  In addition, both 

the ORN and the MMN can be indexed when listeners are attending or ignoring the 

auditory sound objects, suggesting that both components reflect pre-attentive, bottom-

up processes. However, the ORN and MMN differ in some important ways. Firstly, 

the MMN is highly sensitive to the perceptual context of auditory objects being 

presented, while the ORN is not affected by the context. Secondly, the MMN is only 

elicited by rare deviant stimuli, while the ORN is elicited by mistuned stimuli in both 

frequent and infrequent presentations (Alain et al., 2001). Furthermore, the ORN and 

the MMN differ in sensitivity in respect to attentional load. The amplitude of the 
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ORN is not affected by attentional load; in contrast the MMN amplitude is reduced in 

tasks with high attentional demand (Alain & Izenberg, 2003). These differences 

suggest that the ORN is involved in the simultaneous integration of sounds, while the 

MMN reflects the sequential processing of sounds.  

 

McDonald and Alain (2005) further examined the role of other cues (such as 

spatial location) for concurrent segregation. In this paradigm they presented tuned and 

mistuned harmonics in different locations to see whether the ORN could be indexed 

by spatial location; and furthermore, if mistuning and spatial location would increase 

the likelihood of reporting two concurrent sounds. They found an ORN was indexed 

for mistuning conditions and spatial location conditions. When spatial location is 

combined with mistuning, it increases the perception of hearing out concurrent 

auditory objects, particularly when the sound objects are ambiguous (McDonald & 

Alain, 2005). The results from this experiment suggest that listeners can segregate 

sounds based on harmonicity and spatial location alone but that they can use both 

cues in conjunction to better segregate sounds, particularly when harmonicity cues are 

unclear. This suggests that the ORN is not limited to just the parsing of harmonics but 

to the perception of hearing out two concurrent sound objects.   

 

Magnetic counter-parts of the ORN have also been found using 

magnetoencephalography (MEG). Alain and McDonald (2007) measured middle 

latency auditory evoked responses for tuned and mistuned stimuli and found that the 

mistuned stimuli generated an early positivity that peaked around 60-100 ms, an ORN 

that peaked around 140-180 ms that overlapped the N1 and P3 waves, and a late 

positivity that peaked around 230 ms (P230) after stimulus onset. The aim of their 
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study was to investigate the effects of concurrent segregation and age and they found 

that the ORN and P230 components were reduced in the older adults compared to the 

middle aged and young. The authors concluded that inharmonicity is processed 

automatically and is rapid for the three age groups but that the perception of 

concurrent sounds declines with age (Alain & McDonald, 2007).  

 

In addition to mistuning and spatial location, studies have shown that 

onset/offset asynchrony (Lipp, Kitterich, Summerfield, Bailey & Paul-Jardanov, 

2010; Weise, Schröger & Bendixen, 2013), interaural time difference (Johnson, 

Hautus & Clapp, 2003; Hautus & Johnson, 2005), interaural level difference (Johnson 

& Hautus, 2010), fundamental frequency (Alain, Reinke, He, Wang & Lobaugh, 

2005) and echo thresholds (Sanders, Joh, Keen & Freyman, 2008) can also be used as 

successful concurrent segregation cues to evoke ORN and P400 components.   

 

Like the mistuned harmonic paradigm, dichotic pitch also gives rise to 

neurological markers: the ORN and the P400 component in the auditory ERP 

(Johnson et al., 2003; Hautus & Johnson, 2005). A psychoacoustic illusion, dichotic 

pitch involves the perception of pitches that arise from broadband stimuli that do not 

contain monaural cues to pitch (Dougherty, Cyndader, Bjornson, Edgell, Giaschi 

(1998). The next section looks at studies that have used dichotic pitch to investigate 

mechanisms involved in perceptual segregation and spatial localization of concurrent 

sound sources on the basis of interaural timing. 
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Dichotic pitch  

Time-shifted dichotic pitch is a unique way to measure concurrent 

segregation. Created by Dougherty et al (1998), time-shifted dichotic pitch uses 

interaural time difference (ITD) to create concurrent sound objects. Dichotic pitch is 

made by inserting an ITD into a narrow frequency band of two independent but 

identical copies of white noise (see Figure 1.2). When the two copies are played, one 

to each ear, the listener will perceive a faint pitch-like sound in addition to the white 

noise (Dougherty et al., 1998). If the listener receives only one channel, monaurally, 

then listeners would only perceive the white noise with no pitch. Time-shifted 

dichotic pitch sounds similar to real localized sound sources (Dougherty et al., 1998).   

 
 

Figure 1.2: Schematic representation of centralized time difference dichotic pitch. The 
creation of the dichotic pitch begins with two independent noise sources, a narrow 
band is taken from each noise source and a time delay is put in place. When the two 
copies are played, one to each ear, the listener will perceive a faint pitch-like (left) 
sound in addition to the white noise (center).  
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Johnson et al. (2003) presented participants with dichotic pitch stimuli and 

found a negative deflection in the difference waveform (pitch – control), which 

resembled the ORN. The pitch stimuli (dichotic pitch) appeared to be more negative 

compared to the control (white noise) stimuli, with latencies beginning at 150 ms, and 

maximum amplitude peaks around 210-280 ms (Johnson et al., 2003). Topographic 

mapping showed that this late negativity was lateralized to the left hemisphere. 

However, Johnson et al. (2003) could not clarify whether the negativity observed for 

concurrent sounds was an ORN or a MMN.  

 

To further clarify the component, Hautus and Johnson (2005) presented 

participants with dichotic pitch that varied in active and passive listening conditions. 

For the first condition (active randomized), participants were actively listening to 

pitch and control stimuli and responding via a button press whether they perceived 

one or two concurrent auditory objects. In the second condition (passive randomized): 

listeners were presented with pitch and control dichotic pitch stimuli, except 

participants were instructed to ignore the stimuli and watch a silent movie. In the third 

condition (passive blocked) participants were presented with uniform blocks of pitch 

or control dichotic pitch stimuli. The authors found that an ORN component was 

elicited, approximately 150 ms after stimulus onset, in all of the listening conditions 

and a P400 component, with a latency of around 320-420 ms, was only present in the 

active condition when participants were responding to the stimuli. The authors 

concluded that the results from this experiment extend the findings from Alain et al 

(2001) and support Bregman’s two-stage model of auditory scene analysis and that 

the ORN represents automatic bottom-up (low-level) processes; while the P400 

component represents more controlled top-down processes (Hautus & Johnson, 2005). 
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Clapp, Johnson and Hautus (2007) investigated whether the ORN and the 

P400 components elicited by dichotic pitch stimuli were “all or none” or whether 

these components were graded. Alain et al. (2001) found that the ORN amplitude 

increased with the amount of harmonic mistuning and an aim of Clapp et al. (2007) 

was to see if a similar outcome could be found by increasing and decreasing the signal 

to background ratio (SBR) of the dichotic pitch stimulus. 

 

 Dougherty et al (1998) explains that detectability of a signal in a noise 

increases when the signal’s interaural phase shape differs from that of the noise. In the 

generation of dichotic pitch stimuli, the SBR can be adjusted from 0 (i.e. no signal is 

present in the noise) to 1 (i.e. signal is fully present; full dichotic pitch) by changing 

the height of the signal filter, which also changes the depth of the complimentary 

background filter. An SBR can also be set above 1 for listeners who are unable to 

detect dichotic pitch. In this case, SBR > 1, cues to pitch are monaurally detectable 

(i.e. peaks present in the amplitude spectra) (Dougherty et al. 1998). 

 

 Clapp et al. (2007) had three different conditions with different SBRs: 0, 0.75 

and 1. They found that the greater the SBR (i.e. the greater the intensity difference 

between the signal and the noise) the greater the amplitude difference of the ORN. 

Clapp et al. (2007) concluded that cue strength was related to the magnitude of the 

ORN component. Similar results were found for the P400 component. The amplitude 

increased as the SBR was increased, which may reflect the perceptual judgment of 

the participant in deciding whether there were two concurrent objects or not (Alain et 

al., 2001; Clapp et al., 2007). The outcome of this study supports the findings of Alain 
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et al. (2001) who found that the amplitude difference of the ORN increased as the 

mistuned harmonic became easier to distinguish.   

 

Johnson, Muthukumaraswamy, Hautus, Gaetz and Cheyne (2004) used MEG 

to investigate the neural components associated with dichotic pitch; and to see 

whether these neural components are influenced by hemispheric lateralization related 

to the perceived location of the dichotic pitch.  Compared to prior experiments 

utilizing dichotic pitch, Johnson et al. (2004) decided to lateralize the pitch to either 

the left or the right side of space, while keeping the background noise in the center of 

space.  Johnson et al. (2004) found comparable magnetic evoked fields to that of 

Johnson et al. (2003) and Hautus & Johnson (2005). Since the stimuli were solely 

discriminable by the dichotic delay in the dichotic pitch stimulus, the authors 

concluded that the neural processes involved were dependent upon binaural fusion 

within the auditory system (Johnson et al., 2004). Johnson et al. (2004) found a right 

hemisphere dominance for processing localized sound sources. They found that the 

right hemisphere responded to both contralateral and ipsilateral stimuli, while the left 

hemisphere showed greater responses to ipsilateral stimuli (Johnson et al., 2004).  

 

More recent work with lateralized left and/or right dichotic pitch stimuli with 

centrally located noise found that the ORN is not affected by the task demands. 

Johnson, Hautus, Duff, and Clapp (2007) looked at two different tasks, a dichotic 

pitch localization task and a discrimination task, to investigate task demands on the 

ORN; if the ORN is thought to reflect primitive processes then it should not be 

affected by the location of the pitch or the identification of the pitch. On the other 

hand, task demands may affect schema driven processes such as the P400. Johnson et 
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al. (2007) found that an ORN and an N2 difference were indexed for both tasks. The 

P400 was only indexed for the discrimination task but not for the localization task, 

suggesting that the P400 may be linked to concurrent segregation and requires more 

conscious effort than just listening to the sounds, as the P400 in all past studies has 

only been indexed during discrimination tasks (Johnson et al., 2007).   

 

To investigate temporal order effects on the P400, Johnson et al. (2007) ran a 

second order analysis of the P400, where they looked at the effect on the P400 of 

different combinations of control and dichotic pitch stimuli (such as control preceding 

control, control preceding dichotic pitch, dichotic pitch preceding control and dichotic 

pitch preceding dichotic pitch). They found that the P400s indexed in the 

discrimination task were sensitive to the temporal order in which the stimuli were 

presented. The P400 had the greatest amplitude in conditions when the dichotic pitch 

condition was followed by a control condition and was greatly reduced in amplitude 

when dichotic pitch was followed by another dichotic pitch. This suggests that the 

P400 may be involved in detecting a change in the number of perceptual objects in the 

auditory environment; such as detecting the change from one auditory object to two 

auditory objects in a scene (Johnson et al., 2007).  

 

More recently, Johnson and Hautus (2010) investigated binaural processes by 

utilizing dichotic pitch stimuli that either varied in ITD or interaural amplitude 

difference (IAD)4 for the pitch stimulus condition. Their aim was to investigate 1) the 

extent to which binaural cues are represented and processed in the contralateral 

hemisphere and 2) whether the two cues, ITD and IAD are processed in separate 

4 IAD can also be referred to as interaural intensity difference (IID), or interaural level difference (ILD). These terms can 
be considered interchangeable however for consistency purposes this thesis will use interaural amplitude difference 
(IAD) throughout.  
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cortical pathways. For this experiment, they utilized lateralized dichotic pitch that 

varied in ITD or IAD. For lateralized stimuli, both the background noise and the 

narrowband pitch contained opposing interaural disparities (e.g. time or level) to 

create the sensation of spatial separation between the dichotic pitch and the 

background noise (see Figure 1.3). 

 

 They used MEG to measure the brain responses of the dichotic pitches and 

found that the M100 showed a strong inter-hemispheric activation for ITD cues, but 

only when ITD cues were presented unilaterally from the right hemispace. The IAD 

cues were only prominent for the right hemisphere and did not engage the left 

hemisphere. These results suggest that, prior to the ORN time-window stage, 

information that is common to the ITD and IAD cues must be processed by distinct 

neural populations. In addition to the M100 finding, both cues elicited MEG ORNs 

(mORNs). IAD cues generated larger mORN amplitudes compared to the ITD cues 

(Johnson & Hautus, 2010).  
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Figure 1.3: Schematic representation of the dichotic pitch stimuli used in 
experimental conditions. Background noise/No pitch (CC1, CC2, LC, RC) is shown 
as ### and the dichotic pitch/Pitch is shown as a musical note. Top example shows 
the centralized time-shifted dichotic pitch, the background noise is always presented 
in the centre of the head and the pitch is lateralized to the left or right side. The center 
and bottom examples display the lateralized dichotic pitch, the background noise is 
always lateralized to the left or right side and the pitch (ITD or IAD) is lateralized to 
the opposing side to the noise. 
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Auditory scene analysis and autism    
 

The majority of auditory research investigating auditory scene analysis in 

autism has been related to sequential processing. Many studies have used the MMN 

component to measure amplitude and latency differences between autistics and 

typically developing individuals, and often the results have been mixed.  

 

Several studies have identified reduced amplitudes for the MMN in ASD. A 

recent study by Kujala, Kuuluvainen, Saalasti, Jansson-Verkasalo, Wendt, and 

Lepisto (2010) found reduced MMN amplitudes for Asperger’s children compared to 

matched controls in a complex oddball discrimination task. They presented 

participants with syllable deviants that varied either by pitch, intensity, duration or 

replacement (changing to a vowel or consonant). The authors concluded that the 

multiple types of deviant stimulus distracted the ASD group from identifying the 

change, which led to the diminished MMN. 

 

Lespisto, Kuitunen, Sussman, Jansson-Verkasalo, Nieminen-von Wendt and 

Kujala (2009) found reduced MMN amplitudes for Asperger syndrome (AS) children 

in response to loudness changes in a multi-stream segregation task. They embedded 

higher frequency tones into a traditional oddball task and found that AS children 

elicited a greatly reduced MMN compared to the matched control group. The authors 

concluded that the reduced MMN in the AS group may reflect difficulties in 

separating out multiple streams of auditory information.   

 

Tecchio, Bensassi, Zappasodi, Gialloreti, Palermo, Seri, et al (2003) found 

reduced MMF (the magnetic counterpart for the MMN) amplitudes for low 
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functioning ASD individuals compared to matched controls in an oddball task. They 

presented participants with infrequent deviants, which differed in frequency, that were 

randomly embedded in a stream of repeated standard tones. They found that the MMF 

was greatly diminished or absent for ASD individuals. The authors concluded that the 

atypical MMF response seen in the ASD group may reflect difficulties in the inability 

to discriminate between the physical properties of two consecutively presented stimuli 

(Tecchio et al., 2003).  

 

Kuhl, Coffey-Corina, Padden, and Dawson (2005) found reduced MMN 

amplitudes to speech syllable changes in ASD children compared to matched 

controls. In order to examine the social and linguistic processing of speech, they 

presented participants with a phonetic discrimination task; an oddball task with /wa/ 

as the standard and /ba/ as the deviant. They found that the children with ASD did not 

exhibit the MMN in response to the change in speech syllables, but the matched 

controls did. In a secondary task that measured the auditory preference for 

“motherese” speech and non-speech analogs of the same signal, they found that the 

ASD group had a preference for non-speech analog signals compared to matched 

controls. The authors concluded that the lack of the MMN seen in children with ASD 

might be related to central auditory deficits, which may affect a listener’s ability to 

register an auditory change in the speech stimulus (Kuhl et al., 2005).  

 

Gomot, Giard, Adriend, Barthelemy and Bruneau (2002) used scalp potential 

and scalp current density mapping to investigate the neural generators of the MMN in 

children with ASD. They found that the MMN topography in children with ASD was 

characterized by atypical electrical activity- reduced in amplitude and early onset over 
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left frontal sites. In addition, they found that children with autism had earlier MMN 

peak latencies compared to matched controls. The authors suggested that the different 

topography between groups indicated that different brain mechanisms are involved in 

the processing of stimulus-change detection (Gomot et al., 2002).  

 

On the other hand, some studies have found no differences in the MMN 

amplitude and latency between ASDs and typical controls. Kemner, Verbaten, 

Curperus, Camfferman and van Engeland (1995) found no differences in MMN 

amplitude for ASD children compared to controls in an oddball task. They found no 

abnormal lateralization or abnormal MMNs for the ASD group for the deviant stimuli.  

 

A similar result was found by Ceponiene, Lepisto, Shestakova, Vanhala, 

Nattanen and Yaguchi (2003). They presented participants (high functioning ASDs 

and typical controls) with simple tones, complex tones, and vowels in separate 

oddball type tasks. They found that the MMN was elicited in all three conditions for 

both groups. No group differences were found for the MMN. The authors concluded 

that the sensory auditory processes are intact in high functioning ASDs and that these 

processes were not affected by the complexity or the “speechness” of the stimuli.  

 

Lepisto, Kujala, Vanhala, Alku, Huotilanen and Naatanen (2005) found the 

MMN to be enhanced in children with ASD compared to matched controls. They 

presented participants with vowel and non-speech style stimuli that varied in pitch 

and duration in an oddball task. They found pitch discrimination to be enhanced in 

children with ASD for both speech and non-speech pitch changes compared to 

matched controls. For duration changes, the MMN was diminished (shorter) for the 
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non-speech condition in ASD children. However, no group differences were found for 

the duration changes in either condition.  The authors attributed this outcome to 

superior pitch processing abilities in autistic individuals, suggesting a low-level 

enhancement. For the diminished MMN resulting from duration changes in the non-

speech condition, the authors suggested that autistic individuals had deficits in 

processing temporal information related to sound properties.  

 

Lepisto, Kajander, Vanhala, Alku, Huotilanen, Naatanen et al (2008) 

investigated the ability of ASDs to extract phonetic features from speech input. They 

found enhanced MMNs for pitch changes to constant features and varying feature 

conditions for ASD children compared to matched controls. The authors suggested 

that the ASD group had superior pitch processing abilities for spectral auditory 

information and that this detection ability is enhanced in ASD.  The findings were 

attributed to enhanced local processing, as postulated in the weak central coherence 

and enhanced perceptual functioning theories.     

 

Overall, there is no consensus in the literature about sequential processing 

abilities in ASD using the MMN component and the differences seen across these 

studies may be attributed to the type of stimuli used and the variation of the ASD 

population. However, there is evidence that ASD individuals have difficulties in 

extracting out information into separate streams (Teder-Salejavi et al., 2005, Lepisto 

et al., 2009). To date, there have been no studies that have looked at concurrent 

segregation abilities in ASD.  
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Aims of the thesis  

 

In comparison to auditory streaming, very little research has been done in 

regards to concurrent sound segregation. Auditory researchers have been asking 

questions like: How does the brain process and assign simultaneously incoming 

acoustic elements into perceptual auditory objects? What factors influence concurrent 

segregation? What role does attention play in concurrent sound segregation?  These 

questions have perplexed auditory scientists for decades and researchers have 

discovered cues that listeners use in auditory scene analysis. How does auditory scene 

analysis differ in clinical populations such as ASD, ADHD, and Schizophrenia? Many 

of the mechanisms behind auditory scene analysis are not fully understood.  

 

Bregman’s two-stage auditory scene analysis framework provides an excellent 

platform to investigate low-level (bottom-up) and high-level (top-down) processing 

abilities in ASD. Much of the current ASD research utilizing Bregman’s auditory 

scene analysis framework has been done in sequential sound segregation and 

researchers have found mixed results. Some studies indicate low-level (bottom-up) 

processing enhancements and high-level (top-down) deficits (Teder-Salejarvi et al., 

2005), while others have found low-level deficits and high-level enhancements 

(Lepisto et al., 2009). To date, no research group has investigated concurrent sound 

segregation abilities in ASD.  

 

Past work utilizing dichotic pitch and mistuned harmonic stimuli have found 

neurophysiological markers for concurrent sound segregation (the ORN, N2 

difference and P400) using the auditory scene analysis framework (Alain et al., 2001; 
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Johnson et al., 2003; Hautus & Johnson, 2005). The ORN and N2 differences are 

associated with the low-level (bottom-up) stage of processing concurrent auditory 

information, while the P400 component is thought to reflect high-level (top-down) 

processes and is linked with the perceptual decision making process about concurrent 

auditory objects.  

 

The primary objective of this thesis is to investigate concurrent sound 

segregation abilities in ASD; to determine whether the ORN, N2 difference and P400 

components are elicited by the ASD group and if these components differ in 

amplitude for the ASD group compared to matched typicals. This in turn will help to 

fill the gap within the auditory perceptual processing literature about concurrent 

segregation abilities in ASD.  

 

This thesis will also explore the general understanding of how low-level (bottom-up) 

and high-level (top-down) processes are utilized by the auditory system, when 

multiple auditory cues are combined to facilitate concurrent sound segregation, and 

how the combining of two auditory cues affect low-level (bottom-up) and high-level 

(top-down) processes.  

 

To address these issues, the experiments in this thesis will utilize the dichotic 

pitch and mistuned harmonic paradigms to assess bottom-up and top-down processing 

abilities in ASDs and matched typicals. High density EEG will allow this thesis to 

assess time sensitive neurological markers, the ORN, N2 difference and the P400 at 

different stages of neural processing. The purpose of these experiments is to 
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determine whether ASDs index the ORN, N2 difference and P400 components the 

same way that typicals do, whilst attending to various types of auditory cues.  

 

The aim of Experiment 1 is to use dichotic pitch stimuli to measure concurrent 

segregation in ASDs compared to matched typicals and to determine whether ASDs 

index the ORN, N2 difference and P400 components, and if they do, to assess 

whether these components are different in amplitude compared to typicals. The 

second aim of Experiment 1 is to use centralized and lateralized dichotic pitch stimuli 

to assess the sensitivity of the subjects to the centralized stimuli compared to the 

lateralized stimuli. This is to determine whether the centralized or the lateralized 

stimuli are more sensitive to binaural processes. 

 

The aim of Experiment 2 is to see if another type of stimulus (mistuned 

harmonics) which also gives rise to ORN, N2 difference and P400 components are 

different in amplitude for the ASD group compared to matched typicals. Experiment 2 

will employ time differences (ITDs) in combination with mistuning. This is to 

determine whether incorporating ITD cues with mistuning  has an effect on the ORN; 

if an ORN can be solely elicited by ITD cuing alone (conditions with 0% mistuning 

with left, center or right locations) and/or in combination with mistuning (conditions 

with 1.5% mistuning and left, center or right locations).  

 

Experiment 3 revisits the dichotic pitch stimuli and utilizes separately two 

different types of auditory cues, ITD and IAD. One of the aims of Experiment 3 is to 

replicate the ITD results from Experiment 1 and to see if differences in amplitude are 
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present for the ORN, N2 difference and P400 components for IAD dichotic pitch 

between the ASD group and the typical group.  

 

The first aim of Experiment 4 is to explore the perceptual effect of combining 

ITD and IAD cues into a single dichotic pitch stimulus and to determine whether the 

combination of the ITD and IAD cues will elicit the ORN component for the ASD 

and matched typicals. If the combination of the ITD and IAD cues will increase the 

ORN amplitude in the ASD group and if so, does the combination of the two cues 

give rise to improved detection. The second aim of Experiment 4 is to see if the 

results from Experiment 3 can be replicated (i.e. a diminished ORN for the ASD 

group for the ITD stimulus and a typical ORN for the ASD group for the IAD 

stimulus).  
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Chapter 2: Experiment 1 
 
 
Introduction  

 

The aim of this first study was to investigate auditory processing in ASD 

within Bregman’s two-stage auditory scene analysis framework. Auditory scene 

analysis refers to the processes by which incoming acoustic information is integrated 

across time, space, and frequency into distinct auditory objects. Bregman 

distinguishes between low-level (bottom-up) “Primitive processing” that occurs 

automatically and is independent of attention, and high-level (top-down) “Schema 

based processing” that uses prior knowledge to extract meaning from the incoming 

auditory information (Bregman, 1990). 

 

It is well documented that individuals with ASD, including those with 

Asperger’s Syndrome (AS), commonly experience hyper or hypo-sensitivities in the 

auditory domain (Talay-Ongan & Wood, 2000; Grandin & Scarinano, 1986; 

Rosenhall, Nordin, Sandstrom, Ahlsen & Gillberg, 1999). A review by Rogers & 

Ozonoff (2005) found that sensory symptoms across auditory, visual and tactile 

domains are more common in children with autism compared to those with other 

developmental disorders.  

 

A review by Leekam, Nieto, Libby, Wing and Gould (2007) found that 90% 

of children with ASD had sensory abnormalities and that sensory deficits were across 

multiple modalities. These reviews are consistent with the most recent review by 

Marco, Hinkley, Hill & Nagarajan, (2011), who also found a high correlation of 

sensory deficits across modalities in ASD. Macro et al. (2011) suggest that neural 
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connectivity of auditory and visual pathways are disrupted in ASD and that these 

disruptions prevent the correct integration of multiple sensory sources. An example of 

this would be the ability to extract speech and focus on a speaker in a crowded 

environment; here one needs to have the ability to integrate incoming auditory 

information in order to make sense of one’s environment.  

  

Studies have reported that ASD individuals have difficulty extracting speech 

in the presence of background noise (Boatman, Alidoost, Gordan, Lipsky & 

Zimmerman, 2001; Alcantara, et al., 2004; Teder-Salejarvi, Pierce, Courchesne & 

Hillyard, 2005; Groen, et al., 2009). For example, Alcantara et al (2004) found that 

adults with ASD required a higher signal-to-noise ratio in order to perceive and repeat 

a sentence back to researchers in various different background noise conditions. A 

similar result was found when Alcantara, Weisblatt, Clark, Lomax, McLaughlin, 

Minakaran, & Segal (2006) presented ASD participants with nonsense syllables in 

different background noise conditions. These authors concluded that ASD individuals 

had deficits in separating out auditory information in the presence of competing 

background noise and that this may be related to deficits in integrating temporal 

information. Recently, it has been suggested that reduced temporal processing in ASD 

is a result of abnormal processing in the inferior colliculi nuclei in the auditory 

brainstem. Alcantara Cope, Cope, & Weisblatt (2012) suggest that deficits in the 

inferior colliculi are a result of aberrant neuronal development during infancy that 

affects the ascending auditory pathways (Alcantara, et al, 2012). 

 

More recently, a few studies have used Bregman’s auditory scene analysis 

framework to investigate auditory processing in ASD. Teder Salejarvi et al., (2005) 
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investigated ASD and matched controls in their ability to focus attention on sound 

sources in a noisy environment. They used both behavioral and ERP methods to 

measure participants’ ability to attend to sounds coming from a particular location, 

whilst ignoring similar sounds from the surrounding eight locations. Participants were 

asked to make a button press when they identified the target location. They found that 

participants with ASD found it difficult to focus their attention to the target sound 

source compared to matched controls. The authors concluded that in ASD there is a 

fundamental deficit in spatial attention, which they thought may be a factor in ASD 

that impacts on one’s ability to socially respond and interact in noisy environments. In 

Bregman’s model, these authors would be suggesting that high-level (top-down) 

processes are dysfunctional in ASD.   

 

However, Lepisto, et al (2009) suggested that the results from the above study 

can be interpreted in an alternative way; that ASD individuals may have an 

underlying deficit in auditory streaming, which would implicate low-level (bottom-

up) processes as dysfunctional.  In order to test this, these authors presented standard 

and deviant tones for three different conditions (standard oddball, integrated and 

segregated) to children with Asperger’s Syndrome (AS) and their matched controls. A 

MMN is commonly associated with deviant tones in an oddball paradigm and is 

thought to be the neurological marker for sequential segregation. They found that the 

MMN amplitude elicited by the deviant tones was diminished for the children with 

AS compared to matched controls, suggesting that the AS participants did not 

segregate the sounds into separate auditory streams. The authors concluded that in AS 

auditory stream segregation abilities are less efficient compared to controls.  
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The current study used a centralized and lateralized dichotic pitch paradigm to 

directly contrast low-level and high-level processes in ASD during the spatial 

segregation of concurrent sounds. Dichotic pitch refers to the perception of pitches 

from stimuli that do not contain monaural cues to pitch (Bilsen, 1976, Cramer & 

Huggins, 1958; Dougherty, et al., 1998). Time-shifted dichotic pitch is created by 

taking copies of broadband noises that are identical in spectra but contain interaural 

time delays in narrow frequency bands of the broadband noises. The delayed 

frequency band, when heard, becomes perceptually separated from the noise. This in 

turn, results in pitch that has a tonal quality that is related to the centre frequency of 

the dichotically delayed part of the spectrum (Johnson, Hautus & Clapp, 2003; Hautus 

& Johnson, 2005). In “lateralized” dichotic pitch, the segregation of pitch and noise is 

maximized such that the listeners would perceive the broadband noise lateralized to 

one side of auditory space and the pitch lateralized to the other side (see Figure 1.3, p. 

31; Johnson & Hautus, 2010). 

 

Previous research using centralized and lateralized dichotic pitch has 

demonstrated three distinct components in the difference waveforms for pitch and 

control stimuli (Hautus & Johnson, 2005; Clapp, Johnson & Hautus, 2007; Johnson, 

et al., 2007) and the event related magnetic field (Johnson, et al., 2004; Johnson & 

Hautus, 2010). These appear to correspond to different stages in the processing of 

dichotic pitch stimuli.  

 

The first component, termed the object related negativity (ORN), is an 

attention-independent component that has a latency of about 150 – 250 ms and occurs 

when the auditory system parses complex objects into two concurrent perceptual 
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objects (Alain, et al., 2001). The ORN can be produced using stimuli that utilize ITDs 

(Hautus, & Johnson, 2005; Johnson et al., 2004; Hautus, Johnson, & Colling, 2009), 

inharmonicity (Alain et al, 2001; Sanders, Joh, Keen, Freeman, 2008), or both (Alain, 

et al., 2005). A magnetic counter-part, the mORN, has also been found in MEG 

studies (Hautus, & Johnson, 2010; Johnson et al 2004; Alain, & McDonald, 2007).  

 

Following the ORN, the N2 is a negative deflection that occurs about 270 – 

330 ms after onset and is thought to reflect the identification and classification of 

incoming auditory information (Ritter, Simson, Vaughan & Friedman, 1979; Ritter, 

Simson, Vaughan & Macht, 1982; Hautus et al., 2005; Johnson et al., 2007). In 

dichotic pitch paradigms, an N2 difference is elicited in detection and localization 

tasks (Johnson et al., 2007).  

 

The final component, the P400, has a latency of about 400-500 ms and is 

thought to reflect the decision making process related to the parsing of the complex 

objects into concurrent perceptual objects (Alain et al., 2001; Hautus et al., 2005). 

Like the ORN, the P400 can be produced by ITD and inharmonicity. However, it is 

attention dependent, occurring only when participants are actively listening and 

discriminating between stimuli. It is also highly context dependent and only occurs 

when there are changes in the number of auditory objects in the scene. Hautus et al. 

(2009) found that the P400 was more salient in the presence of multiple auditory cues 

(i.e. timing and spectral cues), indicating that the P400 reflects higher level perceptual 

processing (Hautus, et al., 2009).  
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The current study used dichotic pitch to determine if one or more of these 

processing stages are compromised in ASD. If autistic individuals have difficulties 

with pre-attentive (low-level) processing, the ORN and N2 components should be 

reduced or absent in their ERPs. In contrast, a deficit in schema-based (high-level) 

processing predicts a reduction in the P400 component only. 

We hypothesize that if concurrent segregation deficits are present at the low or 

high-level stage of processing in ASD, then these components, (ORN and P400) 

would be diminished in amplitude compared to typical controls. 
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Method 
 
Participants  

 

A total of thirty-two participants (6 females, 4 left handed) with ages ranging 

from 16-34 years (M = 22.19, SD = 5.20) participated in this study. Participants were 

equally split into two groups: Typical group (TG) and Autistic group (AG). The TG 

consisted of sixteen participants (3 females, 2 left handed) with ages ranging from 17-

33 years (M = 22.69, SD = 5.20), who were matched (age [± 2 years], gender and 

handedness) to individuals in the AG. Matching was to ensure that participants had 

similar profiles, particularly in age, as the perception of concurrent sound detection 

declines with age (Alain & McDonald, 2007).  

 

The AG consisted of sixteen participants (3 females, 2 left handed) with ages 

ranging from 16-34 years (M = 21.69, SD = 5.33). Of those in the AG only two 

participants were identified as having high functioning autism, the rest were identified 

as having Asperger’s syndrome (AS). Only members of the AG with an official 

diagnosis of ASD were admitted into the study. Participants were required to have a 

diagnosis of ASD made by a clinician, practitioner or a pediatrician before they were 

admitted into the study. All the individuals with ASD met the criteria for ASD on the 

DSM-IV. As a further check, it was determined that all participants met the cut off for 

ASD on the Social Communication Questionnaire (SCQ – Lifetime scale ≥ 15), a 

parental questionnaire based on the Autism Diagnostic Interview-Revised, with which 

it has good agreement (Bishop & Norbury, 2002). 
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Participants in the AG were recruited via adverts posted at Autism NZ, 

Altogether Autism, Autism House, Centre for Brain Research and The University of 

Auckland. Exclusion criteria for the AG included a co-morbid axis 1 disorder and 

relevant axis 3 diagnosis, hearing deficits and pharmacological treatment. For 

participants in the TG, exclusion criteria included personal or family history of 

neurological or psychiatric disorders, hearing deficits and pharmacological treatment. 

Further inclusion criteria for both the TG and AG were: (1) normal auditory acuity-

hearing thresholds ≤ 25 dB HL, as assessed by an audiometer (Amplitude T-Series, 

Otovation, LLC USA) for the standard range of 250-8000 Hz; (2) a full-scale mental 

ability score whose lower confidence bound was ≥ 80; and (3) passing a pre-screening 

assessment demonstrating an ability to detect dichotic pitch. 

 

All participants gave their informed consent. All procedures used were 

approved by The University of Auckland Human Participants Ethics Committee 

(Reference, 2009/537). Handedness was determined by the Edinburgh handedness 

inventory (Oldfield, 1971).  

 

Apparatus  

Wechsler Abbreviated Scale of Intelligence  

 

The Wechsler Abbreviated Scale of Intelligence (WASI) was administered to 

all participants. The test consists of four components (two verbal and two 

performance). The verbal tests were for Vocabulary and Similarities. The Vocabulary 

test is a measure of expressive vocabulary, verbal and general knowledge. The test 

consists of 42 items, where the participant tells the examiner what each word means 
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(e.g. “tell me what transform means”). A participant’s responses are scored based on 

their understanding of each word meaning. The Similarities test measures verbal 

concept formation and abstract reasoning. It consists of twenty-six items, where 

participants have to respond to how two words/concepts are alike (e.g. “How are 

photograph and song alike?”). Participant’s responses are scored based on their 

understanding of how the words/concepts are alike.  

 

The performance test consists of Block design and Matrix reasoning. The 

block design test measures spatial visualisation, visual-motor coordination, and 

abstract conceptualisation. The block design is a thirteen item test, where the 

participant constructs a pattern from blocks (total of 9 identical blocks, with equal 

red/white and ½ red/white sides). Speed and accuracy are recorded for each item. The 

matrix reasoning test measures non-verbal fluid reasoning and consists of thirty-two 

items. The participant chooses from the five options to fill in the missing piece of the 

picture matrix.  

 

The WASI was administered according to the standard instructions (Wechsler, 

1999). Participants were administered the four subtests in the following sequence: 

Vocabulary, Block design, Similarities and Matrix reasoning. The tests were 

conducted in a quiet room. The participant was seated at a table facing the tester. 

During the assessments, the time required for administration of each subtest was 

recorded in an unobtrusive manner. Some participants required breaks during testing; 

these periods were not included in the total administration time.  
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Raw scores were totalled for each section to create a sum t-score that is later 

used to look up verbal and performance IQ/percentile scores. The sum of verbal and 

performance tests make up the full-4 t-score, which is converted to the 4-subtest 

IQ/percentile score.  

Social Communication Questionnaire  

The Social Communication Questionnaire (SCQ) was used in conjunction 

with the DSM-IV to identify ASD participants for the AG. The SCQ is a 40-item 

screening tool that measures behavioral traits associated with ASD. The items are 

administered in a yes/no fashion. The Lifetime scale focuses on behaviors present 

during the ages from 4-6 years (i.e. development history), while the Current scale 

assesses behavior exhibited in the last three months. The AG was asked to present 

their parent or guardian with the lifetime SCQs. The lifetime form was collected back 

and scored. 

 

Stimuli  

Lateralized and Centralized Dichotic pitch stimuli 

 

Two independent broadband Gaussian noise bursts, each 500 ms in duration, 

were constructed at a sampling rate of 44.1 kHz, using LabView software (National 

Instruments, Austin, Texas, USA). One noise burst was bandpass filtered with a 

centre frequency of 600 Hz and a bandwidth of 20 Hz using a fourth-order 

Butterworth filter. The other noise burst was notch filtered using the same filter 

characteristics. A copy was made of both noises (bandpass and notch), one copy of 

each type for each ear. For the target stimulus (noise plus pitch; two auditory objects) 

opposing interaural delays (±500 μs) were applied to the bandpass- and notch-filtered 
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noises so that the resulting combination would create a noise lateralized to one side of 

auditory space and a pitch to the other side of auditory space. For control stimuli 

(noise alone; one auditory object) both the bandpass- and the notch-filtered noise 

were interaurally delayed (500 μs) to the same ear (Figure 1.3, p. 31). The notch-and 

bandpass-filtered noise processes within each auditory channel were recombined, 

producing two spectrally flat noise processes, which were again bandpass filtered 

(fourth-order Butterworth filter) with a centre frequency of 600 Hz and bandwidth of 

400 Hz.  

 

The stimuli were windowed with a cos² function with 4 ms rise and fall times. 

The auditory stimuli were generated on two-channels of a 16-bit converter (Model N1 

USB-6259, National Instruments, Austin, TX). Programmable attenuators (Model 

PA4, Tucker-Davis Technologies, Alachua, FL) set the binaural stimuli to yield 70 dB 

SPL from insert earphones at the ear (ER2, Etymotic Research Inc., Elk Grove 

Village, Illinois, USA). 

 

The CDP stimuli were created using the method above, but the notch-filtered 

noise was not delayed at all (i.e. noise was perceived in the centre of the head rather 

than being lateralized to left or right side; Figure 1.2, p. 25). For sequences of stimuli, 

the inter-stimulus intervals were drawn from a rectangular distribution between 2000 

ms and 3400 ms.  
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Procedure 

Screening test  

A yes/no procedure was conducted to ensure all participants could 

discriminate between stimuli containing one or two auditory objects. Participants 

completed four 100 trial blocks. Participants indicated via button press whether they 

heard white noise (No pitch; one auditory object) or white noise plus pitch (Pitch; two 

auditory objects). Participants were given feedback indicating their performance 

during the screening. Screening was conducted in a sound attenuating chamber 

(Amplaid, Model E) and stimuli were delivered through insert earphones. For 

participants to participate further in the study, they needed to exceed the performance 

criterion of 69% correct. (Macmillan & Creelman, 2005, p. 9; Hautus and Johnson, 

2005; Clapp et al., 2007; Johnson et al., 2007). 

 

Electroencephalography  

The electroencephalography (EEG) recordings were conducted in an 

electrically shielded room (Belling Lee - Model L3000, Enfield, England) using 128-

channel Ag/AgCl electrode nets (Tucker, 1993) from Electrical Geodesics Inc., 

(Eugene, Oregon, USA). EEG was recorded continuously (250-Hz sample rate; 0.1-

100 Hz analogue bandpass) with Electrical Geodesics Inc. amplifiers (200-MΩ input 

impedance). Electrode impedances were kept below 40 kΩ, an acceptable level for 

this system (Ferree, Luu, Russell & Tucker, 2001). Common vertex (Cz) was used as 

a reference. During the EEG, subjects were asked to fixate on a cross that was 

presented on a computer screen. 
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Four blocks of each stimulus type (LDP and CDP) were presented in an 

alternating fashion. Table 2.1 shows the stimulus conditions and Figure 1.3, p. 31 

illustrates those for LDP stimulus type. The stimulus conditions were randomized 

with each block consisting of 256 trials. Each 256 trial block had an equal frequency 

of each condition. Participants were asked to indicate whether they heard one auditory 

object or two auditory objects by pressing a button. No feedback about performance 

was provided. The time out on the response box was 1500 ms. If no response was 

registered the next stimulus was presented.  

 

Table 2.1: Experimental conditions and the associated noise and pitch lateralizations.  

Lateralized dichotic pitch  (LDP) 

Condition Pitch Background Noise Percept 

Left control (LLC) Left Left Noise; 1 auditory object 

Right control (LRC) Right Right Noise: 1 auditory object 

Left pitch (LLP) Left Right Noise + Pitch; 2 auditory objects 

Right pitch (LRP) Right Left Noise + Pitch; 2 auditory objects 

Centralized dichotic pitch  (CDP) 

Condition Pitch Background Noise Percept 

Centre control 1 (CC1) Centre Centre Noise; 1 auditory object 

Centre control 2 (CC2) Centre Centre Noise; 1 auditory object 

Left pitch (CLP) Left Centre Noise + Pitch; 2 auditory objects 

Right pitch  (CRP) Right Centre Noise + Pitch; 2 auditory objects 

 
 
Data Analysis  

Behavioral & WASI scores 
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 Age, Handedness, verbal IQ, performance IQ, combined IQ, and yes/no 

proportion correct was analyzed at the end of data collection. A paired-samples t-test 

was used to measure differences between the two groups.  

 

Behavioral EEG proportion correct  

Behavioral results were recorded during EEG to monitor the performance of 

participants. On completion of data collection, the behavioral EEG proportion correct 

scores were analysed using an ANOVA with Condition (LLC, LRC, LLP, LRP, CC1, 

CC2, CLP, CRP) as within subject factors and Group (TG/AG) as a between subject 

factor.  

 

Event related potential data  

EEG files were segmented into 850 ms epochs (including a 100 ms pre 

stimulus baseline) during which all ocular artifacts were corrected (Jervis, Nichols, 

Allen, Hudson, & Johnson, 1985). Trials with channels marked as bad were dropped 

from the averaging process. ERPs were re-referenced to the average reference. ERPs 

from individual participants were combined to produce grand-averaged ERPs for each 

condition. Grand averages were then digitally filtered with a zero-phase shift 3-pole 

Butterworth filter (0.1-30 Hz) (Alarcon, Guy, & Binnie, 2000) and then re-referenced 

to the mean. 

Electrodes of interest for the ORN1, N2 difference and the P400 components 

were selected by combining all participants’ data separately for the NP and P 

conditions. These grand averaged waveform topographic maps were used to select a 

cluster of electrodes that showed the greatest difference in amplitude between the NP 

1 The ORN component occurs over the P2 time window. The ORN looks at the difference in amplitude between one auditory 
object compared to two auditory objects over the P2 time window (150-250) ms in the auditory event related potential. The P2 
and the ORN are separate components.  
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and P conditions for each component of interest. Time windows that best captured the 

amplitude difference for each component were selected to coincide closely with time 

windows published in literature (Hautus and Johnson, 2005; Clapp et al., 2007; 

Johnson et al., 2007). Figures 2.1-2.3 show the electrodes of interest for each 

component of interest (ORN, N2, and P400).  

 

Table 2.2: Electrodes used in the event related potential waveform graphs. 
ERP  

(-100-750 ms) 
Left electrodes Right electrodes 

Lateralized DP 7, 12, 13, 20, 28, 29, 30, 31, 37 5, 80, 87, 105, 106, 111, 112, 117, 118 

Centralized DP 7, 12, 13, 20, 28, 29, 30, 31, 37 5, 80, 87, 105, 106, 111, 112, 117, 118 

 

Tables 2.2 and 2.3 show the electrodes selected for the ERP waveforms and 

the hemisphere specific electrodes of interest and the time windows used in the 

statistical analysis.  

Table 2.3: Time windows and electrodes used in the statistical analyses of the ERP 
components. 

 

 

ERP (time window)                                    Electrodes 

ORN  

(152-252 ms) 
7, 12, 13, 20, 28, 29, 30, 31, 37 5, 80, 87, 105, 106, 111, 112, 117, 118 

N2  

(250-350 ms) 
7, 13, 29, 30, 31, 36 80, 104, 105, 106, 111, 112 

P400  

(400-500 ms) 

7, 12, 13, 20, 28, 29, 30, 31, 35, 

37 

5, 80, 87, 105, 106, 110, 111, 112, 117, 

118 
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Figure 2.1:128 channel EEG head map showing component electrodes selected for 
the P2 (ORN). (Left hemisphere: green; right hemisphere: yellow). 
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Figure 2.2: 128 channel EEG head map showing component electrodes selected for 
the N2 (N2 difference). (Left hemisphere: green; right hemisphere: yellow). 
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Figure 2.3: 128 channel EEG head map showing component electrodes selected for 
the P400. (Left hemisphere: green; right hemisphere: yellow). 
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Event related potential waveforms 

 

Grand averaged event related potential waveforms for the lateralized DP 

stimuli were created by averaging electrodes of interest over a time window of -100 – 

750 ms (See Table 2.2, p.53 - for the full list of electrodes used). A lateralized No 

Pitch ERP waveform was created by combining conditions LLC and LRC. A 

lateralized Pitch ERP waveform was created by combining Pitch conditions LLP and 

LRP. Grand-averaged waveforms for centralized DP stimuli were created by 

combining the CC1 and CC2 conditions to form the centralized No Pitch ERP 

waveform and the Pitch conditions CLP and CRP were combined to form the 

centralized Pitch ERP waveform. The difference wave was created by subtracting the 

Pitch from the No pitch (P-NP) over a 750 ms time window.  

 

ERP component analysis  

 

For lateralized DP, P2 component electrodes of interest (refer to Table 2.3, 

p.53) were selected at a time window of 152-252 ms from each subject for each No 

Pitch (LLC and LRC) and Pitch type (LLP and LRP). These electrodes were 

collapsed to obtain grand-averages used in the statistical analyses. The same 

procedure was applied to the lateralized DP N2 difference for electrodes (refer to 

Table 2.3, p.53) over a time window of 250-350 ms, and the lateralized DP P400 

component for electrodes (refer to Table 2.3, p.53) over a time window of 400-500 

ms.  
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For centralized DP, P2 component electrodes (refer to Table 2.3) were 

selected at a time window of 152-252 ms from each subject for each No pitch (CC1 

and CC2) and Pitch types (CLP and CRP) from the left and right hemisphere. These 

electrodes were collapsed to obtain grand-averages used in the statistical analyses. 

The same procedure was applied to the centralized DP N2 difference for electrodes 

(refer to Table 2.3) over a time window of 250-350 ms, and centralized DP P400 

component for electrodes (refer to Table 2.3) over a time window of 400-500 ms. 

 

 Statistical analyses of each ERP component were performed using a mixed between-

within subjects factorial ANOVA (Type [LDP/CDP] x Hemisphere [LH/RH] x Pitch 

[NP/P] x Side [LS/RS]) and Group (TG/AG). Any violations of sphericity were 

mediated with the Greenhouse-Geisser correction (ε). A Bonferroni correction 

adjustment was used. A lack of significance was taken as p >.05.  Effect size was 

measured by partial eta squared (ηρ²).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 59 



Chapter 2  

Results 
 

For the current study, the aim was to use the dichotic pitch illusion to measure 

concurrent segregation abilities in ASDs compared to matched typicals and to 

determine whether ASDs elicited the components of interest ORN, N2 difference and 

P400. The goal was to see if these components were different in amplitude compared 

to typicals. The current study used two types of dichotic pitch, centralized and 

lateralized dichotic pitch. A second aim was to assess participant’s sensitivity to pitch 

for the different types of stimuli (LDP compared to CDP). In terms of the statistical 

analyses, and to assess sensitivity to the two types of dichotic pitch, both types of 

dichotic pitch were included in the statistical analysis of the behavioral and 

component analysis data. If Type was split for the analysis, the current study would 

not be able to assess sensitivity to the type of dichotic pitch used. The Type of 

dichotic pitch was split for the ERP waveforms to give separate indication of 

components present in the difference waveform for each type of dichotic pitch.  

 

Behavioral data  

Table 2.4 summarizes the demographic and cognitive characteristics of the 

two groups. The two groups did not differ significantly in age, sex, or handedness. 

Groups did not significantly differ in the measure of verbal IQ or the combined IQ. 

However, the groups did differ on a measure of non-verbal IQ; the AG on average 

performed close to the average level for their age, while the TG, on average, 

performed above average for their age. The groups also differed in performance on 

the yes/no task. The TG obtained a greater proportion correct (PC) score compared to 

the AG. However, the AG performed above the 69% criterion level for the task, 

indicating that the AG were able to detect the difference between No Pitch and Pitch. 
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Table 2.4: Demographic and cognitive characteristics of the Typical and Autistic 
groups. 

 

 

EEG proportion correct scores 

 

A repeated measure ANOVA with Condition (LLC, LRC, LLP, LRP, CC1, 

CC2, CLP, CRP) as a within subjects factor and Group [TG/AG] as a between 

subjects factor was applied to arcsine transformed EEG proportion correct scores. A 

main effect for Group was found (F (1, 30) = 12.70, p <.001, ηρ² = 0.35). The TG (M = 

87.47, SD =13.11) obtained a higher proportion correct compared to the AG (M = 

70.42, SD = 21.26). A main effect was not found for Condition (p >.05).  

Figure 2.4 and Table 2.5 shows the Group by Condition interaction (F (2.45, 

73.98) = 6.71, p < .001, ηρ² = 0.41, ε = 0.35). Post hoc analysis found a Group 

difference for Conditions LLP, LRP, CLP and CRP. It is interesting to see that all the 

Measure AG (N = 16) 

M (SD) 

TG (N = 16) 

M (SD) 

T-test 

t             df           p 

Age (years) 21.69 (5.33) 22.69 (5.20) 0.54 30 .59 

Handedness 

(-100%-100%) 
75.69 (54.70) 68.62 (62.77) -0.34 30 .74 

Verbal IQ 119.50 (18.69) 118.38 (14.89) -0.19 30 .85 

Performance IQ 107.25 (13.76) 116.25 (9.95) 2.12 30 .04 

Combined IQ 114.75 (16.64) 120.31 (12.27) 1.08 30 .29 

SCQ 23.06 (5.22) - - - - 

Yes/No Proportion 
correct 76.88 (7.69) 85.45 (9.23) 2.84 30 .008 
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Conditions containing two auditory objects were significantly different between the 

TG and AG. The TG obtained a greater mean proportion correct for detecting two 

auditory objects compared to the AG. Group differences were not found for LLC, 

LRC, CC1 and CC2 suggesting the mean accuracy for detecting one auditory object 

was not different for the groups (p >.05). 

A significant Condition difference was found for the AG between LLP and 

CC2 (F (2.45, 73.98) = 6.71, p = .010, ηρ² = 0.51, ε = 0.35). The AG obtained a greater 

mean PC for CC2 (one auditory object) compared to the mean accuracy of LLP (two 

auditory objects). Significant Condition differences were found between CC2 (one 

auditory object) and CLP (two auditory objects) for the AG, indicating that the AG 

found it easier to detect one auditory object compared to two auditory objects during 

the EEG. Significant differences were not found for LLC, LRC, LRP, CC1 and CRP. 

As seen in Figure 2.4 the mean PC for the AG on these conditions was very similar. 

Significant differences were not found between any of the conditions for the TG. 

 

Table 2.5: Means and SEs for EEG proportion correct scores for TG and AG. 

 

 

 

 

Condition TG AG 
LLC 81.79 (5.03) 71.38 (5.03) 
LRC 86.87 (4.71) 75.87 (4.71) 
LLP 87.94 (3.75) 62.64 (3.57) 
LRP 89.06 (3.80) 67.67 (3.80) 
CC1 83.87 (4.34) 77.74 (4.34) 
CC2 85.11 (3.94) 80.03(3.94) 
CLP 92.29 (4.45) 63.28 (4.45) 
CRP 92.82 (4.67) 64.74 (4.67) 
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Figure 2.4: Mean EEG proportion correct scores for the Group by Condition 
interaction.  

 

Comparison of Yes/No proportion correct and EEG proportion correct behavioral 

scores 

A repeated measures ANOVA with Test [YN/EEG] as a within subjects factor 

and Group [TG/AG] as a between subjects factor was applied to arcsine transformed 

yes/no proportion correct and EEG proportion correct scores. The comparison was 

done to measure whether the net application and the use of insert earphones affected 

the behavioral performance of the AG, as many ASDs also experience tactile 

dysfunction (Miller, et al., 2007). 
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 A main effect of Group was found (F = 13.75, df = 1, p < .001, ηρ² =0.32). 

The TG obtained a greater overall proportion correct in both tests compared to the AG 

(see Table 2.6). A main effect of Test was not found (p > .05) indicating that the two 

tests did not differ in terms of participant performance. A Group by Test interaction 

was not found (p > .05); indicating that both groups preformed similarly for both tests 

(as seen in Table 2.6).  

 

Table 2.6: Means for the Yes/No proportion correct and EEG behavioral proportion 
correct for the TG and AG. 

      Test TG AG 
Yes/No PC 85.45 (2.14) 70.42 (2.13) 
EEG behavioral PC 87.47 (3.37)                   76.87 (3.37) 
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Electrophysiological data 
 
Lateralized DP ERPs 

 

Figure 2.5 shows the TG and AG grand averaged ERP waveforms for the 

lateralized DP. A P-N-P-N complex of waves peaking at latencies of about 56 (P1), 

106 (N1), 200 (P2), 302 (N2) ms, respectively was obtained. In addition to the P-N-P-

N complex of waves, a later component (P400) was present for both groups. The 

P400 complex was manifested as a positive displacement in the difference waveform 

that had maximal amplitude during a time window of 350 ms–550 ms.  

 

Figure 2.5: ERP and difference waveforms displaying main components of interest 

for the LDP over a time window of -100–750 ms for the TG and AG.  

Centralized DP ERPs 
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Figure 2.6 shows the TG and AG grand averaged ERP waveforms for the 

centralized DP. A P-N-P-N complex of waves peaking at latencies of about 56 (P1), 

107 (N1), 201 (P2), 300 (N2) ms, respectively was obtained. In addition to the P-N-P-

N complex of waves, a later component (P400) was present for both groups. The 

P400 complex was manifested as a positive displacement in the difference waveform 

that had maximal amplitude during a time window of 350 ms–550 ms. 

 

 
 

Figure 2.6: ERP and difference waveforms displaying main components of interest 

for the CDP over a time window of -100–750 ms for the TG and AG. 
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Components of interest 
 
Auditory components of interest are presented in order of time occurrence.  
 
 P2 component 

A mixed ANOVA with Pitch [NP/P], Hemisphere [LH/RH], Side [LS/RS] and 

Type [LDP/CDP] as within subjects factors and Group [TG/AG] as between subjects 

factor revealed a main effect of Pitch (F (1, 30) = 12.91, p < .001, ηρ² = 0.30). The NP 

obtained a greater amplitude (M= 1.01, SE = 0.72) compared to P (M = 0.90, SE = 

0.70), indicating that the ORN was elicited during the P2 time window. In addition to 

a Pitch main effect, a main effect of Type was also found (F (1, 30) = 72.67, p < .001, 

ηρ² = 0.70).  The LDP obtained a greater mean amplitude (M = 1.12, SE = 0.71) 

compared to the CDP (M = 0.79, SE = 0.69). The Type main effect shows that the 

mean amplitude for lateralized DP was greater than that for centralized DP, perhaps 

indicating that the lateralized DP is a more salient cue compared to centralized DP for 

the detection of concurrent auditory objects. Significant main effects were not found 

for Group, Hemisphere or Side (p >.05).  

Group by Pitch (F (1, 30) = 7.62, p = .010, ηρ² = 0.20) and Pitch by Hemisphere 

(F (1, 30) =16.73, p < .001, ηρ² = 0.36) interactions were obtained and will be explained 

via the 3-way interaction of Group by Pitch by Hemisphere (F (1, 30) = 11.91, p = .002, 

ηρ² = 0.28).  

Figure 2.7 and Table 2.7 shows the Group by Pitch by Hemisphere interaction. 

Post hoc comparisons found no Group differences for the LH or RH for the NP or P 

conditions. Pitch differences were found for the LH and RH for the TG, indicating 

that the TG obtained ORNs in both hemispheres and can segregate out two auditory 

objects. The mean amplitude difference for Pitch was greater for the RH compared to 
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the LH for the TG. The AG did not obtain Pitch differences for the LH or the RH (p > 

.05; as seen in Figure 2.7), indicating a diminished ORN component for the AG, 

which indicates that the AG had difficulty in segregating two auditory objects. 

Hemispheric differences were only seen for P in the TG; with the LH obtaining a 

greater mean amplitude compared to the RH. A Hemispheric difference was not found 

for NP for the TG. Hemispheric differences were not found for the AG for the NP or 

P conditions.  

 

Table 2.7: P2 Means and SEs for the Group by Pitch by Hemisphere interaction. 

 Hemisphere 
TG LH RH 
     NP 1.08 (0.16) 1.06 (0.17)                        
     P  0.97 (0.16)                                0.78 (0.18) 
AG LH RH 
    NP 0.97 (0.16) 0.93 (0.18) 
    P  0.95 (0.16) 0.90 (0.18) 
 

 

 

Figure 2.7: Mean P2 amplitudes for the Group by Pitch by Hemisphere interaction. 
Significant differences indicated by *, p < .05. 
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Figure 2.8 and Table 2.8 shows the Type by Pitch interaction (F (1, 30) = 7.03, p 

=.013, ηρ² = 0.20). Post hoc analysis revealed a Pitch difference for LDP but not for 

CDP. This indicates that the LDP had a greater amplitude difference between the NP 

and P conditions compared to CDP NP and P conditions (as shown in Figure 2.8). A 

Type difference was obtained for both NP and P. Figure 2.8 shows the mean 

amplitude is lower for CDP compared to LDP, suggesting that LDP is more salient 

compared to CDP for the ORN component, which was also shown as a main effect of 

Type.  

No further significant interactions were obtained for the P2 component ( p >.05).  

 

Table 2.8: P2 Means and SEs for the Type by Pitch interaction 

Type NP P 
 LDP      1.21 (0.12) 1.04 (0.11) 
 CDP 0.81 (0.11)                    0.76 (0.12) 
 

 

 

Figure 2.8: Mean P2 amplitudes for the Pitch by Type interaction and the main effect 
of Type. Significant differences indicated by *, p < .05 and the main effect of type by 
□, p < .05. 
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N2 component (N2 difference) 

 

Mixed ANOVA with Pitch [NP/P], Hemisphere [LH/RH], Side [LS/RS] and 

Type [LDP/CDP] as within subjects factors and Group [TG/AG] as between subjects 

factor revealed a main effect of Pitch (F (1, 30) =16.95, p < .001, ηρ²  = 0.36). The NP 

obtained a greater mean amplitude (M = -0.36, SE = 0.74) compared to the P (M= -

0.54, SE = 0.82). This indicates that the N2 difference was elicited. A main effect of 

Type was also found (F (1, 30) = 55.56, p < .001, ηρ² = 0.65). The CDP (M = - 0.62, SE 

= 0.75) had a greater negative mean amplitude compared to LDP (M= -0.28, SE = 

0.79). Main effects were not found for Group, Hemisphere or Side (p > .05).  

A Group by Pitch interaction (F (1, 30) = 7.17, p = .012, ηρ² = 0.19) and Pitch 

by Hemisphere interaction (F (1, 30) = 10.98, p = .002, ηρ² = 0.27) were found and will 

be explained via the 3-way interaction of Pitch by Hemisphere by Group (F (1, 30) = 

8.79, p = .006, ηρ² = 0.23). 

Figure 2.9 and Table 2.9 shows the Pitch by Hemisphere by Group three-way 

interaction. Post hoc analysis found a Group difference for P in the RH; the TG 

obtained a greater amplitude than the AG. A Group difference was not obtained for P 

in the LH. Group differences were not found in either hemisphere for NP.  

Pitch differences were found for the TG in the LH and the RH. The RH had a 

greater amplitude difference for Pitch compared to the LH. The AG did not obtain 

Pitch differences for either hemisphere; indicating that the AG elicited a diminished 

N2 difference compared to the TG, and that the AG had difficulty processing lower 

level information related to concurrent sound segregation.  
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A Hemisphere difference was found for the TG for P. The RH had a greater 

negative mean amplitude compared to the LH. A Hemispheric difference was not 

found for the NP between the LH or RH for the TG. Hemispheric differences were 

not found for NP or P for the AG.  

 

Table 2.9: N2 Means and SEs for the Group by Pitch by Hemisphere interaction. 

 Hemisphere 
TG LH RH 
     NP -0.43 (0.18)                                -0.47 (0.16)                        
     P -0.63 (0.20)                                -0.88 (0.17) 
AG  LH RH 
     NP -0.27 (0.18)                               -0.27 (0.16) 
     P -0.33 (0.15)                               -0.37 (0.17) 
 

 

 

Figure 2.9: Mean N2 amplitudes for the Group by Pitch by Hemisphere interaction. 

Significant differences indicated by *, p <.05 and a Group difference indicated by □, 
p <.05.   

 

Figure 2.10 and Table 2.10 shows the Group by Pitch by Side interaction (F (1, 

30) = 7.03, p = .013, ηρ² = 0.19).  Post hoc analysis found no Group differences for NP 

on the LS or the RS or for P on the LS or the RS.  
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A Pitch difference was found for the TG on the RS. NP had a greater mean 

amplitude compared to P. Pitch differences were not found for the TG on the LS. 

Pitch differences were not found for either side for the AG; indicating that the AG 

group had more difficulty processing low-level information about location of the 

stimuli compared to the TG.  

A Side difference was found for the TG for NP. The LS had a greater negative 

mean amplitude compared to the RS. A Side difference was not found for the TG for 

P. Side differences were not found for NP or P in the AG.  

No further significant interactions were obtained for the N2 difference (p >.05). 

 

Table 2.10: N2 Means and SEs for the Group by Pitch by Side interaction. 
 Location 

TG LS RS 
     NP  -0.55 (0.18) -0.35 (0.16) 
     P  -0.69 (0.18) -0.81 (0.19) 
AG  LS RS 
     NP -0.27 (0.18) -0.26 (0.16) 
     P -0.36 (0.18) -0.30 (0.19) 
 

 

Figure 2.10: Mean N2 amplitude for the Group by Pitch by Side interaction. 

Significant differences indicated by *, p <.05. 
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P400 component 

 

A mixed ANOVA with Pitch [NP/P], Hemisphere [LH/RH], Side [LS/RS] and 

Type [LDP/CDP] as within subjects factors and Group [TG/AG] as between subjects 

factor revealed a main effect of Pitch (F (1, 30) = 12.17, p = .002, ηρ²  = 0.29). The NP 

obtained a greater negative mean amplitude (M = -0.53, SE = 0.51) compared to the P 

(M= -0.37, SE = 0.51). This indicates that the P400 component was elicited during the 

P400 time window. Main effects were not found for Group, Hemisphere, Side or 

Type (p >. 05).  

A Pitch by Side interaction was obtained (F (1, 30) = 4.30, p = .046, ηρ² = 0.13) 

and will be explained via the 4-way Pitch by Hemisphere by Side by Type interaction 

(F (1, 30) = 4.24, p = .046, ηρ² = 0.13). 

Figure 2.11 and Table 2.11 shows the Pitch by Hemisphere by Side by Type 

interaction. Post hoc analysis found differences in Pitch for the LDP in the RH on the 

LS. A Pitch difference was not found for LDP in the LH on the LS or for LDP in 

either hemisphere for the RS. A Pitch difference was found for CDP in both 

hemispheres for the LS. A Pitch difference was not found for the CDP in either 

hemisphere for the RS. 

Hemispheric differences were found for LDP for NP on the LS and LDP for P 

on the RS. Hemispheric differences were not found for LDP for NP on the RS or for 

the LDP for P on the LS. Hemispheric differences were not found for CDP for NP or 

P in either location.  

A Side difference was found for LDP for the RH for NP. The LS had a greater 

negative mean amplitude compared to the RS. A Side difference was not found for the 
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LDP in the RH for P. Side differences were not found in the LH for NP or P. For CDP 

no Side differences were found for either hemisphere for NP or P.  

No Type differences were found; indicating that there were no differences for 

the P400 component for Type in either hemisphere or side.   

No further significant interactions were obtained for the P400 component (p >.05).  

 

Table 2.11: P400 Means and SEs for the Pitch by Hemisphere by Side by Type 
interaction. 

LCD  Location 
   LH LS RS 
       NP  -0.51 (0.11) -0.44 (0.10) 
       P -0.34 (0.10) -0.31 (0.08) 
   RH   
      NP -0.67 (0.11) -0.47 (0.09) 
      P -0.40 (0.09) -0.46 (0.09) 
CDP   
   LH LS RS 
      NP  -0.49 (0.08) -0.51 (0.09) 
      P -0.26 (0.10) -0.39 (0.09) 
   RH   
      NP -0.57 (0.08) -0.59 (0.08) 
      P -0.37 (0.10) -0.46 (0.09) 
 

 
 
Figure 2.11: Mean P400 amplitude for the Pitch by Hemisphere by Side by Type 
interaction. Significant differences indicated by *, p < .05. 
Discussion 
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The aim of the current experiment was to use the dichotic pitch stimuli to 

measure concurrent segregation abilities in ASD individuals (AG) compared to 

matched typicals (TG). The current experiment investigated if the neurological 

markers, the ORN, N2 difference and P400, would differ in amplitude for the ASDs 

compared to matched typicals. The current study found that for the typicals, 

centralized and lateralized dichotic pitch stimuli indexed auditory evoked potentials: 

the ORN, N2 difference, and the P400. The ORN and N2 differences were both 

reduced in the ASDs. There was, however, no significant group difference for the 

P400 component. In addition to measuring the concurrent segregation abilities in 

ASD, this experiment investigated how sensitive individuals were to the centralized 

stimuli compared to the lateralized stimuli. It was found that binaural processes were 

more sensitive to lateralized stimuli compared to the centralized stimuli.  

Behavioral data  

For the behavioral components of the current study, it was found the ASD 

group performed above criterion for the yes/no behavioral task, and during the EEG 

test, but still elicited diminished early components compared to the typicals. Most 

striking, differences in terms of performance were revealed by the ANOVA for the 

EEG behavioral proportion correct. The ASDs were less accurate overall in terms of 

proportion correction compared to the typicals for the EEG task, indicating difficulty 

in overall accuracy for the detection of auditory objects but more specifically, the 

ASDs were less able to detect two auditory objects accurately compared to the 

typicals. This outcome suggests that the ASDs do have difficulty in segregating 

concurrently presented sounds. Our results indicate that the ASDs can detect the 

pitch-like quality produced by the ITD difference in the two types of dichotic pitch, 

but their auditory systems do not fully segregate out the two sound qualities (noise 
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and pitch) into separate auditory objects. In terms of perception, the ASD group is 

more likely to perceive a single auditory object that contains both the noise and the 

pitch-like qualities. Being able to distinguish these qualities within a single object 

could allow an ASD individual to complete behavioral tasks successfully; but obtain a 

lower score in comparison to the typicals.  

Early components – the ORN & N2 difference components 

Despite showing a normal late response (P400), earlier responses with the 

ORN and N2 difference were diminished in the ASDs compared to the typicals. First 

described in the context of mistuned harmonics by Alain et al. (2001), the ORN is 

thought to represent a neurological marker related to the perception of two auditory 

objects. Alain et al. (2001) proposed that the ORN arises with or without attention to 

the auditory stimuli and that the amplitude of the ORN is relative to the amount of 

mistuning. These authors suggest that the ORN must reflect pre-attentive 

mechanisms, where sounds are parsed automatically by extracting the mismatch 

between the harmonic template of the incoming sound, and harmonic frequency 

generated by the fundamental of the harmonic complex (Alain et al., 2001; Hautus & 

Johnson, 2010). Recent work with time-shifted dichotic pitch has found that the ORN 

can be elicited solely by ITD cues alone (Johnson et al., 2003, Hautus & Johnson, 

2005). This suggests that the ORN component is a generalized physiological marker 

related to the pre-attentive stage of auditory scene segregation, rather than a harmonic 

template matching process (Hautus & Johnson, 2005; Hautus & Johnson, 2010). 

Source modeling has found that the neural generators of the ORN are located in the 

posterior supratemporal plane for dichotic pitch stimuli (Hautus & Johnson, 2005). 

This supports the theory that the planum temporal neural network plays a functional 

role in concurrent sound segregation (Alain et al., 2001; Griffths & Warren, 2002). 
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Alain, Reinke, He, Wang & Labough (2005) found that Heschl’s gyrus, the temporal 

gyrus, and the planum temporale showed an increased BOLD signal when 

participants correctly identified two concurrent vowels during fMRI. The authors 

suggested these regions might be active in processing information about concurrent 

stream segregation. 

The diminished ORN in the ASDs suggests a deficit in low-level perceptual 

processing related to concurrent stream segregation. It is possible that the diminished 

ORN in the ASDs is due to only partially detecting the ITD cue information but not 

fully segregating the auditory information into two separate acoustic objects. This 

may also explain why the ASD group elicited the later P400 component. By being 

able to partially detect the ITD, the ASDs could still identify which objects contained 

the ITD and respond to them as two objects. 

 The ability to segregate sounds into concurrent and sequential streams occurs 

early in development (in infancy; Folland, Bulter, Smith & Trainor, 2012; Dermany, 

1982; McAdams & Bertoncini, 1997) and continues to improve in conjunction with 

the growth of neuronal connectivity in adolescence (Smith & Trainor, 2011). In ASD, 

the pattern of neuronal growth is disrupted (Volker & Lopata, 2008). Courchesne, 

Redcay & Kennedy (2004) found that children with ASD go through a period of 

accelerated head and brain growth from birth to 24 months of age. From 24 months 

the pattern of brain growth in ASD usually slows down compared to typically 

developing infants of the same age (Alyward, Minshew, Field, Sparks & Singh, 2002; 

Courchesne et al., 2004). It is thought that sensory dysfunction is related to the 

atypical pattern of brain growth and size in ASD (Coskun, Vargheese, Reddoch, 

Castillo, Pearson, Loveland, Papanicolaou & Sheth, 2009). Reduced ability to filter 

out and process multiple sounds may have contributed to atypical brain development 
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and growth in ASD. Some studies have found individuals with ASD have a smaller 

planum temporal compared to typically developing individuals (Rojas, Bawn, 

Benkers, Reite & Rogers, 2002; Rojas, Camou, Reite & Rogers, 2005). Reduced size 

of the planum temporal in individuals with ASD may contribute to concurrent 

segregation deficits; it may help to explain why some with ASD may experience a 

reduced ability to separate out sounds from the background. 

Studies have found that ITDs are processed at the level of the medial superior 

olive in the brainstem (Goldberg & Brown, 1969; Yin & Chan, 1990).  A recent study 

by Kulesza & Mangunay (2008) found a significant disruption in the morphology of 

the medial superior olive neurons in autistic brains. Both the cell body shape and 

orientation were significantly different (smaller and rounder) compared to control 

brains during autopsy. The authors suggest that the disruption at a cellular level in the 

morphology of the medial superior olive neurons in the autistic brain may explain 

hearing difficulties experienced in ASD (Kulesza & Mangunay, 2008).  

 In one study, an autopsy found the complete absence of the superior olivary 

complex (the medial superior olive is part of this complex) in an autistic brain 

(Rodier, Ingram, Tisdale, Nelson & Romano, 1996). Deficits in the morphology of 

brain regions involved in processing ITD information could help to explain auditory 

processing deficits seen in ASD.  

 A follow up study by Kulesza, Lukose, & Steven (2010) investigated the 

brainstems of autistic individuals and found significant differences in the soma shape, 

size, and cell number in the superior olivary complex region of ASD brains, which 

included substantial malformations involving the medial superior olive compared to 

control brains in autopsy. The authors concluded that the significant malformations 
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seen in the auditory brainstem in ASD brains must contribute in some way to hearing 

deficits seen in this group; such as difficulty extracting auditory information in the 

presence of background noise, poor temporal processing and difficulty orienting to 

speech (Kulesza et al., 2010).  These authors also suggest that the amount of 

dysmorphology of auditory regions within the brainstem are not uniform across ASD 

individuals, they suggest these differences would explain the variation in auditory 

abilities in ASD (Kulesza & Mangunay, 2008; Kulesza et al., 2010). Overall, there is 

good evidence pointing to morphological deficits in ASD that may contribute to 

deficits in auditory processing.  

Alternatively, the dichotic pitch stimulus duration may have been too short 

(500 ms) for the ASDs to process and this may have contributed to the diminished 

ORN seen for the ASDs. Lepisto et al (2005) found that ASD children had diminished 

MMNs amplitudes compared to controls for non-speech sound for duration 

conditions. In contrast, duration differences were not found in the ASDs for speech 

sounds. The authors concluded that this was due to poor temporal processing and may 

contribute to dysfunctional processing at the level of the cerebellum (Lepisto et al., 

2005). Similar results were found by Lepisto Silokallio, Nieminen-von Wendt, Alku, 

Naatanen, Kujala (2006) in a follow up study. They presented the same paradigm 

used in Lespito et al (2005) and found that children with Asperger’s syndrome had 

MMNs of smaller amplitudes for short sound duration (< 400 ms) changes compared 

to matched controls. These authors attributed the diminished MMNs to duration-

discrimination processing deficits in ASD and AS children and suggest that auditory 

processing abilities for ASDs and AS may be more similar than different despite the 

language development differences (Lepisto et al., 2006). Overall, the evidence above 

indicates that other low-level processes are diminished in ASD and that temporal 
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processing deficits may be present in this population. A similar outcome could have 

occurred in the current study.  

The second component of interest is the N2 difference wave. Traditionally, the 

N2 component is thought to reflect the identification and classification of incoming 

auditory information (Ritter et al., 1979, 1982; Hautus & Johnson, 2005; Johnson et 

al., 2007). The current study found that the N2 difference was also diminished for the 

AG compared to the TG. The diminished N2 difference for our ASD group may be 

attributed to the diminished ability to separate out the acoustic objects into separate 

streams.  

It is more likely that the N2 difference observed in our study is similar to the late 

modulation reported by Johnson et al. (2007). They found that the N2 difference was 

sensitive to the spatial features of lateralized dichotic pitch. The authors suggested 

that this difference may reflect general location specific processes. It is possible that 

the ASDs were less efficient at processing location characteristics of the dichotic 

pitch stimuli, as our stimuli were lateralized to the left and right side of space. 

However, we cannot be sure this is the case, as we did not test either group in their 

ability to localize the dichotic pitch stimuli. 

Late component – P400 component 

In contrast to the ORN and N2 difference, the P400 component showed no 

significant group differences. The P400 component is thought to reflect the decision-

making process related to the parsing of complex auditory objects into concurrent 

perceptual objects (Hautus & Johnson, 2005; Hautus et al., 2009; Alain, Schuler, & 

McDonald, 2002). During the EEG task, all participants were focused on the 

incoming train of sounds and made active judgments about the perceived auditory 
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objects. Whitehouse & Bishop (2008) found that children with ASD had diminished 

responses to speech sounds, but not to non-speech sounds during a passive condition. 

However, these differences disappeared when ASD children were actively attending 

to speech and non-speech sounds. The authors attributed this change to top-down 

(high-level) influences on the auditory components. A similar outcome may have 

resulted in our study with the P400 component being indexed for the ASD group. 

 

Temporal auditory processing in ASD 

The construction of dichotic pitch exploits interaural time differences and the 

perception of dichotic pitch relies on the ability of the auditory system to process the 

temporal differences, which allows researchers to measure the temporal processing 

abilities of the binaural auditory system. In autism, there is evidence of general 

temporal processing deficits. Alcantara et al. (2004) found ASDs had difficulty 

extracting speech information from background noise. Alcantara et al. (2004) found a 

significant difference in speech reception thresholds between groups in the conditions 

that contained temporal modulations. The ASD group performed worse compared to 

the control group. The authors suggest that the ASD group did not use the temporal 

differences in the sounds as efficiently as the control group (Alcantara et al., 2004).  

Groen et al. (2009) also measured speech reception thresholds in ASD 

individuals and matched controls. They presented listeners with two-syllable words 

that were imbedded in various different backgrounds. They found that the ASD group 

was less efficient in integrating auditory information in the presence of temporal dips 

in background noise. The authors concluded that in ASD temporal characteristics of 

sounds may be impaired, while spectral grouping of sounds are intact in ASD.  
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In a recent study by Alcantara, Cope, Cope & Weisblatt (2012) temporal-

envelope resolution and temporal-processing efficiency was deficient in ASD children 

compared to matched controls. They measured temporal modulation transfer 

functions in six high functioning ASD children and six age/IQ matched controls, for 

an amplitude modulation task and an intensity-increment detection task. For the 

amplitude modulation task, listeners had to pick which interval contained the 

sinusoidal change in the broadband noise. In the intensity-increment detection task, 

they had to decide which interval contained the increment increase in the broadband 

noise. They found that the ASD children obtained higher temporal modulation 

transfer function scores (i.e. performed worse) compared to control children, whose 

scores were lower. However, no differences were found between groups for the 

intensity-increment detection task. The authors concluded that ASD individuals may 

have reduced processing efficiency of temporal modulation and that the temporal 

processing deficits in general must originate from bottom-up (low-level) processes 

rather than top-down processes (high-level) (Alcantara et al., 2012).  

Bhartara, Bakikian, Laugeson, Tachdjain, & Sininger (2013) found ASD 

adolescents performed worse than matched controls in a gap detection task. They 

presented listeners with two tasks, a frequency difference task and a gap detection 

task. During a 3AFC task, participants had to decide which sound presentation 

contained either a higher frequency or silent gap. Group differences were not found 

for the frequency difference task, although, thresholds increased for the ASD group 

for the highest frequency condition. However, a group difference was found for the 

gap detection thresholds; the ASDs performed worse at detecting the silent gap 

compared to matched controls. The authors suggest that in ASD there is a general 

deficit in auditory processing that is not limited to temporal processing, as they also 
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found the ASD individuals performed worse at the highest frequency in the frequency 

difference task and that auditory performance may be linked to different auditory 

profiles within the spectrum (Bhartara et al., 2013).  

Overall, these studies demonstrate that auditory processing specific to 

temporal processing is disrupted in ASD and that different ASD profiles may have 

different experiences. Our results demonstrate similar low-level temporal processing 

deficits in ASD. It is important to note, that this study concentrated on high 

functioning Asperger’s and ASDs. It is unclear if we would find similar low-level 

and/or high-level processing difficulties with other ASD profiles such as younger 

children and lower functioning ASD individuals. It is possible that some sub-groups 

with ASD have very different auditory perceptual experiences.  

 

In general, the results from our study suggest a problem with bottom-up (low-

level) processing abilities in ASD. Experiment 2 is designed to explore whether these 

bottom-up deficits are specific to ITDs, or are a general problem in concurrent sound 

segregation. Experiment 2 uses the mistuned harmonics paradigm; this stimulus also 

produces an ORN, and P400 components. The aim of Experiment 2 is to see if the 

ORN, N2 difference and the P400 components are different in amplitude for the ASD 

individuals compared to typicals.  
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Sensitivity to the dichotic pitch stimulus types 

The current study was the first to compare both lateralized DP and centralized 

DP in an experimental setting. The current study found that the lateralized dichotic 

pitch stimuli produced a larger ORN component compared to centralized DP. This is 

most likely due to the lateralized DP stimuli more fully engaging the central auditory 

system with contralateral pitch and noise conditions, compared to the centralized DP 

(as seen in Figure 2.8). Type differences were not observed for the P400 component; 

our results show the amplitudes were very similar for both types of DP for the P400 

component. Johnson & Hautus (2010) found lateralized DP stimuli engaged both 

hemispheres for ITD information. A similar pattern was observed for our results. 

Since the LDP produces larger ORNs compared to CDP, future experiments in this 

thesis will utilize LDP to explore concurrent segregation abilities in ASD. 

 
Conclusion 
 

The current experiment was the first of its kind to explore the individual’s 

sensitivity to both lateralized DP and centralized DP. The current experiment found 

that the individuals were more sensitive to the lateralized DP stimuli, as it produced a 

larger ORN amplitude compared to centralized DP stimuli. The current study also 

found that ASD individuals elicited a diminished ORN and N2 difference in the 

auditory ERP when compared to matched typicals. This suggests that the ASD 

individuals have deficits at the low-level stage of auditory processing, which may be 

preventing the complete segregation of sound sources, producing partially segregated 

auditory percepts that may differ in sound quality. In contrast, both groups elicited a 

P400 component, suggesting that high-level processes associated with the auditory 

perception of the DP stimuli employed are intact in ASD.  
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Chapter 3: Experiment 2 
   
 
Introduction  
 

Experiment 1 utilized both lateralized and centralized dichotic pitch to 

investigate if neurological markers, the ORN, N2 difference and the P400, would 

differ in amplitude for ASDs compared to matched typicals. Experiment 1 found that 

for the matched typicals, centralized and lateralized dichotic pitch stimuli indexed 

auditory evoked potentials: the ORN, N2 difference, and the P400. The ORN and N2 

difference were both reduced in the ASD group. There was, however, no significant 

group difference for the P400 component. In addition to measuring the concurrent 

segregation abilities in ASD, Experiment 1 investigated how sensitive individuals 

were to the centralized stimuli compared to the lateralized stimuli. It was found that 

binaural processes were more sensitive to lateralized stimuli compared to the 

centralized stimuli. Like the dichotic pitch paradigm, mistuned harmonics have been 

utilized in concurrent segregation research (Moore, et al., 1986; Alain et al., 2001; 

McDonald & Alain, 2005) and work well within Bregman’s auditory scene analysis 

framework.  

 

Moore, et al (1986) presented listeners with a tuned harmonic complex (tones 

that were multiples of a fundamental frequency) and a mistuned harmonic (harmonic 

complex where one of the tones does not match the remaining tones within the 

complex; listener perceives the tuned complex plus the mistuned tone). Participants 

had to indicate whether they heard one single sound (tuned complex) or two sounds 

(mistuned tone and the complex). They found when the mistuned tone was tuned out 

by 3% in frequency from its original value from within the complex listeners 
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perceived two separate sounds (i.e. complex harmonic and a pure-tone). They 

concluded that multiple factors impacted on the listener’s ability to hear the 

segregated tones. These included the amount of mistuning from the original value of 

the tone (e.g. 1%-16%), duration of the stimulus, and the harmonic number that is 

mistuned (Hartman, McAdams & Smith, 1990; Moore et al., 1986).  

 

Alain et al (2001) were the first to use a mistuned harmonic paradigm adapted, 

from Moore, et al (1986), in conjunction with EEG to measure the neural processes 

associated with concurrent segregation. For the first experiment, Alain et al (2001) 

presented listeners with tuned and mistuned (1%-16%) harmonics in a passive 

listening condition (listeners ignored the sounds and read a book) and an active 

listening condition (listeners had to indicate via button press whether they heard one 

or two sounds per trial). They found a late negative deflection in the difference 

waveform (mistuning – baseline) that they later coined an object related negativity 

(ORN). Alain et al (2001) found that the ORN was present for both active and passive 

conditions and they thought that it was associated with the perceptual judgment of the 

listener hearing two concurrent sound objects (low-level/bottom-up) (Alain et al., 

2001).  

 

Alain et al (2001) also found a positive component that peaked around 400 ms 

after stimulus onset, which they termed a P400. They found this component was only 

present during the active condition, when participants were making active judgments 

about the sounds they heard. These authors concluded that the P400 component must 

be related to perceptual decision making processes (high-level/top-down).  
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For the second experiment, these authors wanted to see the effects of attention 

in relation to the ORN, to see what would happen to the ORN if listeners were unable 

to focus on a particular frequency. To achieve this, the authors decided to randomize 

the mistuned harmonic number from trial to trial. They found that listeners were able 

to detect two auditory objects better when the mistuned harmonic number was 

presented at a lower frequency compared to when the harmonic number was at a 

higher frequency. Since the listeners were unable to focus on a specific harmonic 

number, the authors suggest that the perception of simultaneous auditory objects must 

be automatic and operate at a pre-attentive stage of sound segregation. The results 

from this experiment also generated an ORN and P400 component.  

 

For the final experiment, these authors wanted to examine whether the ORN 

generation was dependent on stimulus probability. They found that listeners reported 

hearing two distinct auditory objects when they were presented with mistuned stimuli. 

However, this ability decreased if mistuned harmonics were presented more 

frequently, suggesting that the sequential context of the auditory information 

presented affects the perception of hearing out two auditory objects (Alain et al., 

2001).  

 

Overall, the authors concluded that the ORN reflects the perceptual judgment 

of listeners hearing two concurrent sound objects and that this component reflects 

automatic (low-level/bottom-up) processes, as it was present for both passive and 

active conditions. In contrast, the P400 component was only present during active 

conditions and the authors suggest that this component reflects the decision making 
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process associated with hearing two concurrent sound objects (high-level/top-down) 

(Alain et al., 2001).  

In an auditory scene it is highly unlikely to find sounds presented in isolation 

and it is very likely that the auditory system uses multiple cues to detect auditory 

objects in a scene. Bregman (1990) suggests that sounds may be grouped using 

Gestalt psychology principles such as similarity, continuity, common fate and closure. 

One of the primary aims of auditory scientists is to understand how auditory cues give 

rise to the perception of auditory objects and over the past decade there has been 

considerable interest in the role of multiple auditory cues and how they help the 

auditory system to resolve sound objects and sources.  

 

Various studies have investigated the role of multiple cues in parsing 

concurrent sounds and the results from these studies have been mixed, with some 

reporting that the presence of multiple cues enhances the ability to parse concurrent 

sounds (Stellmack & Dye, 1993; McDonald & Alain, 2005), while others have found 

that multiple cues have little impact on segregation (Lee & Green, 1994; Gockel & 

Carlyon, 1998; Buell & Hafter, 1991).  

 

In order to further clarify the role of multiple cues (harmonicity and spatial 

location) on sound segregation, McDonald & Alain (2005) presented listeners with 

tuned and mistuned harmonics that differed in spatial location and/or harmonicity. 

One of the aims of their study was to see whether the ORN and the P400 could be 

indexed by spatial location alone, as spatial distance between two sound sources may 

contribute to the segregation of concurrent sounds; if so these authors wanted to 

discover if mistuning and spatial location would increase the likelihood of listeners 
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reporting two concurrent sounds. Listeners were presented with multiple harmonics in 

a free field environment. They presented listeners with tuned (0%) and mistuned 

harmonics (2% and 16%) that varied in spatial location during an EEG. They found 

that the ORN was indexed for both mistuning conditions and spatial location 

conditions. They found that listeners reported hearing two auditory objects more 

when the third partial within the harmonic was mistuned by 2% and presented at a 

different location. In contrast, they found that when the partial was mistuned by 16%, 

spatial location did not enhance the ability to report two auditory objects as the 

greater degree of mistuning led to a “pop out effect”, thus increasing the saliency of 

the harmonicity cue (McDonald & Alain, 2005). The authors concluded that listeners 

can segregate sounds based on harmonicity and spatial location cues on their own and 

listeners can use harmonicity and location cues in conjunction to segregate sounds, 

particularly when harmonicity cues are ambiguous.   

 

The current study expands upon the research done by McDonald & Alain 

(2005). The mistuned harmonics paradigm provides an excellent platform to 

investigate low-level and high-level processing abilities in ASD, and whether other 

types of stimuli (mistuned harmonics) that also give rise to ORN and P400 

components are different in amplitude for ASDs compared to typicals. The results 

from Experiment 1 showed that low-level (ORN and N2 difference) processes related 

to concurrent segregation using time-shifted dichotic pitch are diminished for ASDs 

compared to typicals, while higher level (P400 component) processes appear to be 

intact. It would be interesting to see if similar results would be obtained for the 

mistuned harmonic stimuli, in which case, it would suggest that ASD individuals 

might have an overall deficit in concurrent segregation abilities.  

 89 



Chapter 3 
 

 

In line with McDonald & Alain (2005) the current study also employed time 

differences (ITDs). This is to see whether incorporating time differences (ITDs cues) 

with the mistuning would have an effect on the ORN; specifically if the ORN can be 

solely elicited with ITD cuing alone (conditions with 0% mistuning with left, center 

or right locations) and/or in addition with mistuning (conditions with 1.5% mistuning 

and left, center or right locations).  

 

We hypothesize that if ASDs have general concurrent sound segregation 

deficits then the ORN and the P400 component will be diminished in amplitude 

compared to typicals, and the addition of the extra cue will not lead to an increase in 

the ORN amplitude.  
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Method 
 

Participants  

A total of thirty participants (6 females, 4 left handed) with ages ranging from 

18-47 years (mean = 24.90, SD = 7.09) participated in this study. Participants were 

equally split into two groups: Typical group (TG) and Autistic group (AG). The TG 

consisted of fifteen participants (3 females, 2 left handed) with ages ranging from 17-

33 years (M = 25.80, SD = 6.36), who were matched (age [±2 years], gender and 

handedness) to individuals in the AG.  

 

The AG consisted of fifteen participants (3 females, 2 left handed) with ages 

ranging from 16-34 years (M = 24.00, SD = 7.87). Of those in the AG only three 

participants were identified as having high functioning autism, the rest were identified 

as having Asperger’s syndrome. Only members of the AG with an official diagnosis 

of ASD were admitted into the study. Participants were required to have a diagnosis 

of ASD made by a clinician, practitioner or a pediatrician before they were admitted 

into the study. All the individuals with ASD met the criteria for ASD on the DSM-IV. 

As a further check, it was determined that all participants met the cut off for autism 

spectrum disorders on the Social Communication Questionnaire (SCQ–Lifetime scale 

≥ 15), a parental questionnaire based on the Autism Diagnostic Interview-Revised, 

with which it has good agreement (Bishop & Norbury, 2002). 

 

Participants in the AG were recruited via adverts posted at Autism NZ, 

Altogether Autism, Autism House, Centre for Brain Research and The University of 

Auckland. Exclusion criteria for the AG included a co-morbid axis 1 disorder and 

relevant axis 3 diagnosis, hearing deficits and pharmacological treatment. For 
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participants in the TG, exclusion criteria included personal or family history of 

neurological or psychiatric disorders, hearing deficits and pharmacological treatment. 

Further inclusion criteria for both the TG and AG were (1) normal auditory acuity – 

hearing thresholds ≤ 25 dB HL, as assessed by an audiometer (Amplitude T-Series, 

Otovation, LLC USA) for the standard range of 250-8000 Hz; and (2) a full-scale 

mental ability score whose lower confidence bound was ≥ 80; and (3) passing a pre-

screening assessment demonstrating an ability to detect tuned and mistuned 

harmonics. 

 

All participants gave their informed consent. All procedures used were 

approved by The University of Auckland Human Participant Ethics Committee 

(Reference, 2009/537). Handedness was determined by the Edinburgh handedness 

inventory (Oldfield, 1971).  

 

Apparatus  

The full-scale WASI was administered to all participants in the current study. The 

WASI is a four-sub test scale that measures verbal and performance intelligence 

abilities in individuals. A detailed description of the WASI and the procedures used 

was provided in Experiment 1(p. 7-8).   

 

The SCQ was administered to all the AG participants. This was an additional measure 

used in conjunction with DSM-IV to identify ASD individuals for the AG. Further 

detail about the administration of the SCQ was provided in Experiment 1(p. 9).  
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Stimuli  

The tuned and mistuned stimuli consisted of nine pure tones of equal intensity 

(150 Hz-1350 Hz). The fundamental frequency (f0) was 150 Hz. The stimulus 

duration was 400 ms; this included a 10 ms rise and fall time. The stimuli were 

digitally created at a sampling rate of 44.1 kHz using LabView software (National 

Instruments, Austin, Texas, USA). Stimuli were either tuned harmonics, where all the 

tones were multiples of f0, or mistuned harmonics where the third tone of nine in the 

harmonic complex (150 Hz, 300 Hz, 450 Hz, 600 Hz, 750 Hz, 900 Hz, 1050 Hz, 1200 

Hz, 1350 Hz) was shifted up in frequency by 1.5% from its original value. The 

location of the third component, whether tuned or mistuned was set to either the 

centre (C), left side (LS), or right side (RS) of space. To achieve the lateralization of 

this component an interaural delay was applied: -500 µs for left, 0 µs for centre and 

+500 µs for right. All of the other components in the complex had no interaural delay 

and so were perceived centrally. The auditory stimuli were generated on two-channels 

of a 16-bit converter (Model NI USB-6259, National Instruments, Austin, TX). 

Programmable attenuators (Model PA4, Tucker-Davis Technologies, Alachua, FL) set 

the binaural stimuli to 70 dB sound pressure level before their delivery via insert 

earphones (ER2, Etymotic Research Inc., Elk Grove Village, Illinois, USA). The 

inter-stimulus interval was varied between 800-1200 ms. 

 

Procedures  

Screening test  

A yes/no procedure was conducted to ensure all participants could 

discriminate between stimuli containing one (TH 0%; tuned harmonic) or two 

auditory objects (MTH 1.5%; mistuned harmonic). Participants completed eight 100 
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trial blocks (4 blocks consisting of 0% and 1.5% mistuning). Participants indicated 

via button press whether they heard one auditory object or two auditory objects. 

Participants were given feedback indicating their performance during the screening. 

Screening was conducted in a sound attenuating chamber (Amplaid, Model E) and 

stimuli were delivered through insert earphones. For participants to participate further 

in the study, they needed to exceed the performance criterion of 69% correct 

(Macmillan & Creelman, 2005, p. 9; Hautus and Johnson, 2005; Clapp et al., 2007; 

Johnson et al., 2007). 

 

Electroencephalography (EEG) 

 

EEG recordings were conducted in an electrically shielded room (Belling Lee-

Model L3000, Enfield, England) using 128-channel Ag/AgCl electrode nets (Tucker, 

1993; Electrical Geodesics Inc., Eugene, Oregon, USA). EEG was recorded 

continuously (250-Hz sample rate; 0.1-100 Hz analogue bandpass) with Electrical 

Geodesics Inc. amplifiers (200-MΩ input impedance). Electrode impedances were 

kept below 40 kΩ, an acceptable level for this system (Ferree, Luu, Russell & Tucker, 

2001). Common vertex (Cz) was used as a reference. During the EEG, subjects were 

asked to fixate on a cross that was presented on a computer screen. 

 

Four blocks of each stimulus type (0% and 1.5% for LS, C and RS) were 

presented in an alternating fashion. Stimulus conditions (Table 3.1) were randomized 

with each block consisting of 270 trials. Each block had an equal frequency of each 

condition. Participants were asked to indicate whether they heard one auditory object 

or two auditory objects by pressing a button. No feedback about performance was 
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provided. The time out on the response box was 1500 ms. If no response was 

registered the next trial was presented. 

 

Table 3.1: Experimental conditions and the associated tuned and mistuned 
harmonics.    

Condition Mistuning Location Objects 

Tuned harmonic center  (THC) 0% center Noise; 1 auditory object 

Tuned harmonic left  (THL) 0% left 
Noise + Pitch; 

 2 auditory objects 

Tuned harmonic right (THR) 0% right 
Noise + Pitch;  

2 auditory objects 

Mis-tuned harmonic center (MHC) 1.5% center 
Noise + Pitch; 

 2 auditory objects 

Mis-tuned harmonic left (MHL) 1.5% left 
Noise + Pitch; 

 2 auditory objects 

Mis-tuned harmonic right (MHR) 1.5% right 
Noise + Pitch; 

 2 auditory objects 
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Data Analysis 

Behavioral and WASI scores 

Age, Handedness, verbal IQ, performance IQ, combined IQ, and yes/no 

proportion correct was analyzed at the end of data collection. A paired-samples t-test 

was used to measure differences in IQ between the two groups.  

 

Behavioral EEG proportion correct  

Behavioral results were recorded during EEG to monitor the performance of 

participants. On completion of data collection, the behavioral EEG proportion correct 

scores were analysed using an ANOVA with Condition [THC, THL, THR, MHC, 

MHL, MHR] as the within subject factor and Group [TG/AG] as the between subjects 

factor.  

 

Event related potential data  

 

EEG files were segmented into 700 ms epochs (including a 100 ms pre 

stimulus baseline) during which all ocular artifacts were corrected (Jervis, et al., 

1985). Trials with channels marked as bad were dropped from the averaging process. 

ERPs were re-referenced to the average reference. ERPs from individual participants 

were combined to produce grand-averaged ERPs for each condition. Grand averages 

were then digitally filtered using a zero-phase shift 3-pole Butterworth filter (0.1-30 

Hz) (Alarcon, et al., 2000) and then re-referenced to the mean.  

 

Electrodes of interest for the ORN, N2 difference and the P400 components 

were selected by combining all participants’ data across TH and MTH conditions. 

 96 



Chapter 3 

These grand averaged waveform topographic maps were used to select the electrodes 

that showed the greatest difference in amplitude between TH and MTH conditions; 

these electrodes were then selected from each participant over the time window that 

captured the amplitude difference for each component. Figures 3.1-3.3 show the 

electrodes of interest for each of the components of interest (P2, N2, P400). Tables 

3.2 and 3.3 show the electrodes selected for the event related waveforms and the 

hemispheric electrodes of interest and the time windows used in the statistical 

analysis (Hautus and Johnson, 2005; Clapp et al., 2007; Johnson et al., 2007). 

 

Table 3.2: Electrodes used in the event related potential waveform graphs. 

ERP (-100-600 ms) Left electrodes Right electrodes 

TH (0%) 7,12,13,29,30,31,37 5,80,87,105,106,111,112 

MTH (1.5%) 7,12,13,29,30,31,37 5,80,87,105,106,111,112 
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Figure 3.1: 128 channel EEG head map showing electrodes selected for the P2 
(ORN). (Left hemisphere: green; right hemisphere: yellow). 
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Figure 3.2: 128 channel EEG head map showing electrodes selected for the N2 (N2 
difference). (Left hemisphere: green; right hemisphere: yellow). 
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Figure 3.3:  128 channel EEG head map showing electrodes selected for the P400. 
(Left hemisphere: green; right hemisphere: yellow). 
Event related potential waveforms 
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Grand-averaged ERP waveforms for tuned (0%) harmonic and mistuned 

(1.5%) harmonic were created by averaging electrodes of interest (refer to Table 3.2). 

Left, center and right tuned conditions were combined to create a grand averaged 

tuned 0% ERP waveform. Left, center and right 1.5% mistuned conditions were 

combined in order to create the grand averaged 1.5% ERP. The difference wave was 

created by subtracting the mistuned harmonic from the tuned harmonic (mistuning-

tuning) over a 700 ms time window.  

 

ERP component analysis  

For the P2 component, electrodes of interest (refer to Table 3.3) were selected 

at a time window of 152-256 ms from each subject from each of the conditions, split 

by hemisphere. These electrodes were then averaged by condition in order to create 

grand averages, which were used in the statistical component analysis.  The same 

procedure was applied to the N2 component for electrodes of interest over a time 

window of 288-335 ms, and the P400 component for electrodes of interest over a time 

window of 400-500 ms. 

 

Table 3.3: Time windows and electrodes used in the statistical analyses of the ERP 
components. 

  

 

ERP (time window)                                                 Electrodes 
 Left hemisphere Right hemisphere 

ORN 
(152-256 ms) 7,12,13,19,20,28,29,30,31,36,37,54 4,5,79,80,87,104,105,106,111,112,118 

N2  
(288-335 ms) 12,13,19,20,28,29,30,36 4,5,104,105,111,112,117,118 

P400  
(400-500 ms) 7,12,13,20,29,30,31,36,37 5,80,87,104,105,106,111,112,118 
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Statistical analyses of each ERP component were performed using a split-plot 

factorial ANOVA with Hemisphere [LH/RH], Tuning [TH 0%/MTH 1.5%], Location 

[LS/C/RS] and Group [TG/AG]. Violations of the assumption of sphericity were 

mediated using the Greenhouse-Geisser correction. A Bonferroni adjustment was 

used. A lack of significance was taken as p >.05.  Effect size was measured by partial 

eta squared (ηρ²).  
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Results 

 For the current study, the aim was to use the mistuned harmonics paradigm to 

measure concurrent segregation abilities in ASDs. As the mistuned harmonics also 

give rise to components of interest ORN, N2 and the P400, our aim was to see if these 

components were different in amplitude for the ASD group compared to matched 

typicals. The current study used tuned (0%) and mistuned (1.5%) harmonics that 

varied in location (left, center, right). A secondary aim of the current study was to see 

if combining time (ITD) cues with the mistuning would have an effect on the ORN, 

specifically if the ORN can be solely elicited by time cues alone (tuned 0% conditions 

with left, center or right locations) and/or in addition with mistuning (conditions with 

1.5% mistuning and left, center or right locations).  

 

Behavioral data  

 

Table 3.4 summarizes the demographic and cognitive characteristics of the 

two groups. The two groups did not differ significantly in age, sex, or handedness. 

The groups did not significantly differ in the measure of verbal IQ, performance IQ or 

combined IQ. In terms of the yes/no task, the groups did not differ in performance as 

measured by the proportion correct, indicating that both groups could reliably identify 

the difference between the tuned (0%) and mistuned (1.5%) harmonic stimuli.  
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Table 3.4: Demographic and cognitive characteristics of the Typical (TG) and 
Autistic groups (AG).  

 

 

EEG behavioral proportion correct scores  

 

A repeated measures ANOVA with Tuning [TH /MTH] and Location 

[LS/C/RS] as the within subjects factors and Group [TG/AG] as the between subjects 

factor were applied to arcsine transformed EEG correct behavioral scores. A main 

effect of Location was obtained (F (1, 28) = 9.99, p < .001, ηρ² = 0.26) and showed that 

participants were able to correctly identify the C (M= 80.15, SE = 2.0) more 

accurately compared to the LS (M = 75.19, SE = 1.7) and RS (M = 75.14, SE = 1.6). 

This suggests that the ITD cue interfered with the task performance. A significant 

difference was not found between LS and RS.  Main effects of Tuning or Group were 

not found (p >.05).  

 

Measure AG  (N = 15) 
M (SD) 

TG (N = 15) 
M (SD) 

T-test 
t         df        p 

Age (years) 24.00 (7.87) 25.80 (6.36) 0.69 28 .49 

Handedness 

(-100%-100%) 
69.33 (59.05) 69.47 (69.60) 0.01 28 .99 

Verbal IQ 119.87 (14.67) 126.53 (10.94) 1.41 28 .17 

Performance IQ 112.40 (11.53) 119.33(9.49) 1.79 28 .08 

Combined IQ 118.53 (13.75) 125.13 (8.67) 1.08 28 .13 

SCQ 21.33 (5.05) - - - - 

Yes/No Proportion 
correct 80.93 (6.60) 84.87 (5.13) 1.66 28 .11 
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A Tuning by Location interaction was found (F (1, 28) = 62.56, p < .001, ηρ² = 

0.69; Figure 3.4 and Table 3.5). Post hoc comparisons found significant Tuning 

differences for the LS, C and the RS. For the LS, participants obtained a greater 

proportion correct score for the MTH compared to the TH. Participants found they 

could more accurately identify the TH in the C compared to the MTH (see Table 3.5). 

For the RS, participants found the MTH easier to detect compared to the TH.  

Location differences were found for the TH between the LS and C, and the RS 

and C. Accuracy for the TH was significantly higher when the TH was in the C 

compared to when it was lateralized to the LS or RS. No Location differences were 

found between LS and RS for the TH. For the MTH, Location differences were found 

between the LS and C; and the C and RS. Accuracy for the MTH was significantly 

higher when the MTH was lateralized to the LS or the RS than when it was presented 

in the C. This indicates that the addition of the ITD cue – leading to sounds that were 

lateralized – to mistuning increased the participant’s ability to hear out the two 

auditory objects. No Location differences were found between LS and RS for the 

MTH.  

 

Table 3.5: Means and SEs for Tuning by Location interaction. 

Tuning                                                       LS                           C                       RS 

TH (0%)                                                66.00 (3.37)         89.14 (2.39)        65.86 (3.69) 

MTH (1.5%)                                          84.39 (3.35)        71.17 (3.09)        84.53 (2.26) 
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Figure 3.4: Mean PC scores for the Tuning by Location interaction. Significant 
differences indicated by *, p < .05. 

 

 

Comparisons of the yes/no proportion correct and the EEG proportion correct  

 

A repeated measures ANOVA with Test [Yes/No, EEG] as the within subjects 

factors and Group [TG/AG] as the between subjects factor was applied to arcsine 

transformed yes/no proportion correct and EEG proportion correct behavioral scores. 

A main effect of Test was not found (p >.05), indicating no difference between the 

two tests. This indicates that the performance of each group was similar for the yes/no 

task and the EEG task. A main effect of Group was not found (p >.05) suggesting no 

overall difference in proportion correct scores between the TG and AG.  

Figure 3.5 and Table 3.6 shows the Test by Group interaction (F (1, 28) = 4.28, 

p = .048, ηρ² = 0.13). Post hoc comparisons found Test difference for the TG. Figure 
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3.5 shows that the TG was more accurate during the yes/no task than they were during 

the EEG task. For the AG, no differences in accuracy were found between the two 

tasks (see Table 3.6).  Group differences were not found for the yes/no task or the 

EEG task.  

 

Table 3.6: Means and SEs for the Test by Group interaction.  

Test                                                                                       TG                            AG  

Yes/No                                                                            84.9 (1.50)              80.9 (1.50) 

EEG                                                                                75.1 (2.60)              78.7 (2.60) 

 

TG AG

P
ro

po
rti

on
 c

or
re

ct
 

0

20

40

60

80

100

Yes/No 
EEG  

*

Group  

 

Figure 3.5: Mean PC scores for the Test by Group interaction. Significant differences 
indicated by *, p < .05. 
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Event related potentials 

 

Figure 3.6 shows the TG and AG grand averaged ERP waveforms for the TH 

and MTH stimuli. A P-N-P-N complex of waves peaking at latencies of about 60 

(P1), 110 (N1), 203 (P2), 318 (N2) ms, respectively was obtained. In addition to the 

P-N-P-N complex of waves, a later component (P400) was present for both groups. 

The P400 complex was manifested as a positive displacement in the difference 

waveform that had maximal amplitude during a time window of 350 ms–550 ms. 

 

 
Figure 3.6: ERP and difference waveforms displaying main components of interest 
for the tuned and mistuned harmonics over a time window of -100–600 ms for the TG 
and AG. 
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Components of interest 

Auditory components of interest are presented in order of time occurrence.  
 
 
P2 component  

For the P2 time window, a split plot ANOVA with Hemisphere [LH/RH], Tuning 

[TH/MTH] and Location [LS/C/RS] as the within subject factors and Group [TG/AG] 

as the between subject factor found a main effect of Tuning (F (1, 28) = 53.11, p < .001, 

ηρ²  = 0.66) with TH obtaining a more positive mean amplitude (M = 0.77, SE = 0.17) 

compared to MTH (M = 0.57; SE = 0.18), indicating the presence of an ORN 

component. Main effects were not obtained for Hemisphere, Location or Group (p > 

.05).   

Figure 3.7 and Table 3.7 show the Group by Tuning by Hemisphere 

interaction (F (1, 28) = 6.61, p = .016, ηρ² = 0.19). Post hoc comparisons found a Group 

difference for the LH for the MTH. The TG obtained a more positive mean amplitude 

compared to the AG (mean amplitude difference = 0.23). Group differences were not 

found for the TH in the LH, and both the tuned and MTH in the RH.  

Tuning differences were found for the TG in the RH with the TH obtaining a 

greater positive mean amplitude compared to the MTH (mean amplitude difference = 

0.225). Tuning difference was not found for the LH in the TG. This indicates an ORN 

was present for the TG, but only for the RH. Tuning differences were found for the 

AG in the LH and the RH. In both hemispheres, the TH obtained a greater positive 

mean amplitude compared to the MTH, indicating the ORN was present in both 

hemispheres for the AG (see Table 3.7).  
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A Hemispheric difference was found for the AG for the TH and the MTH. For 

the TH, the RH obtained a greater mean amplitude compared to the LH (mean 

amplitude difference = 0.28). For the MTH, the RH obtained a greater mean 

amplitude compared to the LH (mean amplitude difference = 0.31). Hemispheric 

differences were not found for the TG.  

Overall, there are three main differences between the TG and the AG for the 

P2 component (as shown in Figure 3.7). First the group difference for the MTH in the 

LH between the AG and TG. Second, the AG elicited ORNs in both hemispheres 

compared to the TG that only elicited an ORN in the right hemisphere. Third, 

Hemispheric differences for the TH and the MTH conditions were only found for the 

AG.  

 

Table 3.7: P2 Means and SEs for the Tuning by Hemisphere by Group interaction.  

Tuning                                                                                         Hemisphere 
TG                                                                                LH                                    RH  

TH (0%)                                                      0.29 (0.09)                     0.34 (0.15)                        
MTH (1.5%)                                               0.22 (0.09)                      0.11 (0.15) 

AG 
TH (0%)                                                     0.07 (0.09)                       0.34 (0.15) 

            MTH (1.5%)                                             -0.11 (0.09)                       0.20 (0.15) 
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Figure 3.7: Mean amplitudes for P2 Tuning by Hemisphere by Group interaction. 
Significant differences indicated by *, p < .05 and Group difference indicated by □, 
p < .05. 

 

Figure 3.8 and Table 3.8 show the Tuning by Location interaction (F (1, 28) = 

4.99, p = .010, ηρ² = 0.15).  Tuning differences were found on the LS and RS (see 

Table 3.8). For both locations, the TH was greater in mean amplitude compared to the 

MTH, which indicates that an ORN was elicited for combined ITD and mistuning 

cues. In contrast a Tuning difference was not found for C locations, indicating that the 

ORN was diminished for the harmonicity (mistuning) cue alone. The 1.5% mistuning 

difference was not salient enough for participants to differentiate between one and 

two auditory objects. 

 Location differences were found for the TH between the C and the RS, with 

the C obtaining a greater mean amplitude compared to the RS, indicating that an ORN 

was elicited for the ITD cue alone. Location differences were not found between the 

C and the LS, or between the LS and the RS for the TH. For the MTH, location 

differences were found between the C and the LS, and the C and the RS; indicating 

the ORN was elicited for mistuning and ITD cues. The C had a greater mean 
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amplitude compared to both LS and RS. A Location difference was not found 

between the LS and RS for the MTH.  

 

Table 3.8: P2 Means and SEs for the Tuning by Location interaction.  

                                                                                          Location  
                                                                        LS                      C                         RS 
TH (0%)                                                   0.28 (0.09)          0.29 (0.07)         0.21 (0.06) 

MTH (1.5%)                                             0.06 (0.08)         0.23(0.08)          0.03 (0.08) 

 

 

Figure 3.8: Mean P2 amplitudes for the Tuning by Location interaction. Significant 
differences indicated by *, p < .05.  

 

Since one of the aims of the current experiment was to see if the addition of 

ITD to Tuning increased the ORN amplitude for the AG and the TG, a planned 
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comparison analysis was conducted with the Group as an additional factor to the 

Tuning by Location interaction. 

 Figure 3.9 and Table 3.9 show the planned comparison of the Group by 

Tuning by Location interaction. No significant Group differences were found (p 

>.05). A Tuning difference was found for the TG for the RS and the LS. This 

indicates that the addition of mistuning and ITD elicited an ORN. A Tuning 

difference was not found for the C location for the TG. This indicates that the 

mistuning amount of 1.5% was not large enough to elicit an ORN for the TG with the 

harmonicity cue alone. A Tuning difference was found for the AG for the LS and the 

RS. This indicates that the addition of the mistuning and the ITD cue elicited an ORN 

for the AG. A Tuning difference was not found for the C locations for the AG. 

A Location difference was found for the TG between the C location and the 

RS for the MTH condition. The amplitude increased for the ORN when the MTH was 

lateralized to the RS. This indicates that the addition of the ITD cue increases the 

ORN amplitude component when no ITD cue is present. Location differences were 

found for the C and the LS, and for the C and the RS for the MTH for the AG. The 

ORN amplitude increased when the MTH was lateralized to the LS or the RS. This 

indicates that the addition of the ITD cue increases the amplitude of the ORN 

compared to when no ITD cues are present.  Location differences were not found for 

the TH for the TG or the AG.  
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Table 3.9: P2 Means and SEs for the Tuning by Location by Group interaction.  

Tuning                                                                                  Location 
TG                                                                  LS                     C                        RS 

TH (0%)                                    -0.48 (0.18)          -0.42 (0.16)         -0.40 (0.17)                       
MTH (1.5%)                             -0.36 (0.17)          -0.51 (0.12)         -0.38 (0.13) 

AG 
TH (0%)                                    -0.13 (0.18)         -0.32 (0.16)         -0.05 (0.12) 

            MTH (1.5%)                             -0.23 (0.12)          -0.15 (0.12)         -0.30 (0.13) 
 

 

Figure 3.9: Mean P2 amplitudes for the Group by Tuning by Location interaction. 
Significant differences indicated by *, p < .05.  

 

A Hemisphere by Location interaction was found (F (1, 28) = 5.65, p = .006, ηρ² 

= 0.17; as seen in Table 3.10 and Figure 3.10). Hemispheric differences were found 

for the C. The C in the RH had greater mean amplitude compared to the C in the LH. 

Hemispheric differences were not found for the LS or RS. Location differences were 

found in the RH between the C and the LS; the C and the RS and the LS and the RS. 

The C had a greater mean amplitude compared to the LS and the RS, and the LS had a 

greater mean amplitude compared to the RS. Location differences were not found for 

the LH.  

 114 



Chapter 3 

No further significant interactions were obtained for the P2 component (p 

>.05).  

 

Table 3.10: P2 Means and SEs for the Hemisphere by Location interaction.  

                                                                                               Location               
                                                                         LS                       C                     RS 
LH                                                              0.10 (0.07)        0.16 (0.06)         0.09 (0.07) 

RH                                                             0.24 (0.11)         0.36 (0.10)        0.14 (0.10) 

 

 

Figure 3.10:  Mean P2 amplitude for the Hemisphere by Location interaction. 
Significant differences indicated by *, p < .05. 
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N2 component 

 

For the N2 time window, a mixed ANOVA was conducted, with Hemisphere 

[LH/RH], Tuning [TH/MTH] and Location [LS/C/RS] as within subject factors and 

Group [TG/AG] as between subject factor. Main effects were not obtained for 

Hemisphere, Tuning, Location or Group (p >.05).   

Figure 3.11 and Table 3.11 show the Group by Tuning by Location interaction 

(F (1, 28) = 4.03, p = .023, ηρ² = 0.13). Post hoc comparisons found no Group 

differences. Significant Tuning differences were not found.  Location difference was 

found between C and RS for the TH for the AG. The C had a more negative mean 

amplitude compared to the RS (mean amplitude difference = -0.26).  No other paired 

comparisons related to this interaction were significant. 

 

Table 3.11: N2 Means and SEs for the Tuning by Location by Group interaction.  

Tuning                                                                                  Location 
TG                                                                  LS                     C                        RS 

TH (0%)                                    -0.48 (0.18)          -0.42 (0.16)         -0.40 (0.17)                       
MTH (1.5%)                             -0.36 (0.17)          -0.51 (0.12)         -0.38 (0.13) 

AG 
TH (0%)                                    -0.13 (0.18)         -0.32 (0.16)         -0.05 (0.12) 

            MTH (1.5%)                             -0.23 (0.12)          -0.15 (0.12)         -0.30 (0.13) 
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Figure 3.11: Mean N2 amplitudes for the Tuning by Location by Group interaction. 
Significant differences indicated by *, p < .05. 

 

Table 3.12 show the Tuning by Hemisphere by Location interaction (F (1, 28) = 3.26, p 

= .046, ηρ² = 0.20). Post hoc comparisons found no significant differences related to 

this interaction.  

No further significant interactions were obtained for the N2 difference.  

 

Table 3.12: N2 Means and SEs for the Hemisphere by Tuning by Location 
interaction. 

                                                                                         Location 
LH                                                            LS                         C                           RS 

TH (0%)                               -0.35 (0.14)           -0.38 (0.12)             -0.26(0.13)                       
MTH (1.5%)                        -0.29 (0.12)            -0.36(0.10)             -0.29 (0.11) 

RH 
TH (0%)                               -0.27 (0.13)            -0.36 (0.11)            -0.19 (0.12) 

            MTH (1.5%)                        -0.30 (0.13)            -0.31 (0.09)            -0.39 (0.10) 
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P400 component 

 

For the P400 time window, a mixed ANOVA with Hemisphere [LH/RH], 

Tuning [TH/MTH] and Location [LS/C/RS] as within subjects factors and Group 

[TG/AG] as between subjects factor found a main effect of Tuning (F (1, 28) = 18.60, p 

<.001, ηρ²  = 0.47), with the TH obtaining a more positive mean amplitude (M = -

0.84, SE = 0.01) compared to the MTH (M = -0.56, SE = 0.11), indicating a P400 was 

elicited for the harmonicity cue. A main effect of location (F (1, 28) = 9.43, p < .001, 

ηρ²  = 0.17) was found. The C (M = -0.83, SE = 0.12) obtained a less positive mean 

amplitude compared to the LS (M = -0.64, SE = 0.13) and RS (M = -0.63, SE = 0.12) 

mean amplitudes, indicating the P400 was elicited for the ITD cue. Main effects were 

not obtained for Hemisphere or Group (p > .05).  

Figure 3.12 and Table 3.13 shows the Group by Hemisphere by Location 

interaction (F (1, 28) = 3.81, p = .028, ηρ² = 0.12). Post hoc comparisons found no 

Group differences in either Hemisphere at any Location. No Hemispheric differences 

were found at any Location for either Group.  

Location differences were found in the RH for the TG between the C and the 

LS; and the C and the RS. The C had a greater negative mean amplitude compared to 

the LS and RS. Location differences were not found between the LS and RS in the 

LH. Location differences were not found in the RH between any locations for the TG. 

Location differences were found for the AG, in the LH between the C and RS. The C 

was greater in negative mean amplitude compared to the RS (mean amplitude 

difference = -0.23).  Location differences were not found for the C and the LS, or for 

the LS and the RS in the LH. Location differences were not found in the RH for the 

AG.   
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No further significant interactions were obtained for the P400 component.  

 

Table 3.13: P400 Means and SEs for the Hemisphere by Location by Group 
interaction.  

                                                                                     Location 
TG                                                       LS                           C                              RS 

LH                                   -0.71 (0.19)             -0.89 (0.18)               -0.70 (0.17)                       
RH                                   -0.71 (0.18)             -0.99 (0.18)               -0.68 (0.18) 

AG 
LH                                    -0.56 (0.19)              -0.75 (0.18)             -0.52 (0.17) 

            RH                                    -0.56 (0.13)              -0.70 (0.17)             -0.64 (0.18) 
 

                                                                                                                                                                                                                     

 

Figure 3.12: Mean amplitudes for the P400 for the Hemisphere by Location by 
Group interaction. Significant differences indicated by *, p < .05. 
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Discussion 

 

The mistuned harmonic paradigm was used to assess the concurrent 

segregation abilities of ASD individuals (AG) compared to matched typicals (TG). 

The current study is the first of its kind to explore concurrent segregation in ASD 

using the mistuned harmonic paradigm. One of the aims of the current experiment 

was to see if neurological markers of concurrent segregation, the ORN, N2 difference 

and the P400, would differ in amplitude for the ASDs compared to the typicals. In 

contrast to the results from Experiment 1, the current study found that both groups 

elicited ORN and P400 components. For the ORN component there were three main 

differences found. First, the ASDs elicited ORNs in both hemispheres; in contrast the 

typicals elicited an ORN in the RH. Second, Hemispheric differences were found for 

the TH and the MTH conditions for the ASDs but not the typicals, a group difference 

was found for the MTH condition in the LH, and the typicals had a greater mean 

amplitude for the MTH condition compared to the ASDs. For the later component, the 

current study found both groups elicited P400 components, and the pattern of 

activation for Location differences was bilateral in the right hemisphere for the 

typicals, while the ASDs only had a Location difference in the RH between center and 

right locations.  

 

The secondary aim of the current experiment was to see if the ORN and/or 

P400 amplitude would increase in the presence of two auditory grouping cues 

(harmonicity and ITD). The current study found that the ORN was elicited for Tuning 

(harmonicity) and Location (ITD). More interestingly, it was found that the ORN 

increased in amplitude when both harmonicity and ITD cues were present for the 
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typicals and the ASDs. In contrast, the P400 was elicited for Tuning (harmonicity) 

and Location (ITD), but an interaction of the two cues was not found for the P400 

component.  

 

Behavioral data  

 
 

In terms of behavioral components, the current study found that both groups 

performed well above chance for the yes/no behavioral task and during the EEG test. 

No significant group differences were found for the tasks and the ASDs performed at 

a comparable level to the typicals in terms of overall accuracy in both tasks. 

Surprisingly, the typicals performed lower in terms of proportion correct in the EEG 

behavioral task compared to the yes/no task, while in contrast the ASDs performed 

similarly for both tasks. This suggests that the difficulty seen in segregating dichotic 

pitch stimuli for the ASDs does not apply to all auditory stimuli. It may be, that the 

mistuned harmonic stimuli used were more salient compared to the dichotic pitch 

stimuli used in Experiment 1, as both groups have very similar proportion correct 

scores for both behavioral tasks.  

 

The proportion correct overall for the behavioral EEG was greater for the TH 

condition when it was in the center compared to all other conditions for both groups. 

The proportion correct increased when both harmonicity and ITD cues were presented 

together, compared to ITD cues alone. This suggests that behaviorally, the addition of 

two grouping cues (harmonicity and ITD) increases the likelihood of hearing two 

concurrent sounds compared to either cue alone.  
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Early components ORN and N2 difference 

 

The current study found that both groups elicited ORNs for mistuning and 

ITD cues (Figure 3.7). The ASDs elicited ORNs in both hemispheres compared to the 

typical group. The typical group only elicited a significant ORN in the right 

hemisphere. Also, hemispheric differences were only found for the ASDs and not the 

typicals. A group difference was obtained for the MTH (1.5%) in the LH, the typicals 

had a more positive mean amplitude compared to the ASDs. This may indicate a 

different pattern of processing sound information in the LH between the groups.  

 

In addition it was also found that adding an ITD cue to the harmonicity cue 

increased the amplitude of the ORN. Figure 3.8 shows the Tuning by Location 

interaction. First, it shows that an ORN was elicited between the TH condition in the 

center and the TH lateralized to the right side. This indicates that the ITD cue was 

able to elicit an ORN. Second, it was found that the ORN was diminished for just 

harmonicity cues alone. The 1.5 % mistuning was too ambiguous for participants to 

elicit an ORN for the harmonicity cues alone. However, when the ITD cue was added 

to the mistuning (TH and the MTH lateralized to the left or right side) an ORN was 

elicited. This suggests that the addition of an extra grouping cue increases the 

likelihood of a listener detecting two auditory objects. The outcome of the current 

study aligns with previous research (Alain et al., 2001; McDonald & Alain, 2005). 

More importantly, the planned comparisons revealed that when the ITD cue was 

added to the harmonicity cue the ORN amplitude increased for both groups (see 

Figure 3.9). The key difference was that the typical group only elicited an ORN in the 

RS, while the ASDs elicited an ORN for the RS and the LS. This indicates the ITD 
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cue in addition to the mistuning cue facilitated the ASDs to index an ORN. The 

bilateral activation of ORNs to both hemispheres also indicates that the ASDs may 

process pitch for harmonicity cues differently to the typicals.  

 

Concurrent segregation with two grouping cues  

 

 Alain et al (2001) were the first researchers to use the mistuned harmonics 

paradigm to assess the neurological underpinnings of concurrent segregation. In a 

series of experiments, where they used tuned (0%; one auditory object) and mistuned 

harmonic (4% or 16%; two auditory objects) stimuli, they found a negative deflection 

in the difference waveform that they later coined an ORN. They found that the ORN 

was present for both active and passive conditions and was thought to reflect the 

perceptual judgment of the listener hearing out concurrent sound objects (Alain et al., 

2001). The authors concluded that the ORN reflects low-level processing (bottom-

up).  Work done by Johnson et al. (2003) and Hautus & Johnson (2005) has also 

found that the ORN can be elicited by ITD cues alone. This suggests that the ORN 

component reflects general parsing of concurrent auditory objects, as it can be elicited 

by ITD and harmonicity cues.  

 

The effect of multiple cues on the ORN is relatively unknown. A study by 

McDonald and Alain (2005) found that the ORN was indexed for both mistuning and 

spatial location. Spatial location actually increased the ability to hear out two auditory 

objects when the degree of mistuning was ambiguous (mistuning of 2%); however the 

addition of location cues when the mistuning difference was large (mistuning of 16%) 

did not enhance detection of concurrent objects.  
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Hautus, Johnson and Colling (2009) investigated concurrent segregation using 

stimuli that contained monaural spectral cues to pitch, binaural timing cues to pitch, 

or a combination of both monaural cues and binaural timing cues to pitch. They found 

that binaural timing cues and the combination (monaural and binaural timing) cues 

lead to robust ORNs. The authors found that the combination of both monaural and 

binaural timing cues lead to a greater magnitude of the ORN component compared to 

the binaural timing cues or the monaural cues alone (Hautus, et al., 2009).   

 

A recent study by Weise, Schröger and Bendixen (2012) investigated 

concurrent sounds based on inharmonicity and asynchronous onset cues. An aim of 

the study was to see if the addition of cues would lead to ORN. They found an ORN 

component was elicited for short asynchronies combined with a 3% mistuning, but 

not for the long asynchrony in addition with the slight mistuning (3%) or for slight 

mistuning (3%) alone. For the conditions with the larger mistuning (13%) the addition 

of the asynchronies (short or long) did not increase ORN amplitude. The authors 

concluded that the slight inharmonicity of 3% was too ambiguous on its own to elicit 

an ORN and that the addition with the shorter onset asynchrony aided the listener’s 

ability to successfully hear out two auditory objects. McDonald & Alain (2005) also 

found the addition of two cues lead to an ORN when the mistuning cue was 

ambiguous on its own.  

 

Stellmack and Dye (1993) in a behavioral study found that listeners reported 

that target pitch stimuli were more salient when the pitch stimuli were combined with 

an onset asynchrony than when there was no asynchrony. The authors suggested that 
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the addition of an extra auditory grouping cue made it easier for listeners to detect the 

target from other competing sounds (Stellmack & Dye, 1993).  

 

Overall these studies suggest that two cues can improve a listener’s ability to 

hear out two concurrent sounds and lead to an ORN, particularly when one of the cues 

is ambiguous. However in the presence of stronger grouping cues, such as 13% or 

16% mistuning, the addition of extra cues does not enhance segregation. The results 

of the current study also show that the addition of the 1.5% mistuning with ITD cues 

leads to a significant ORN, but this was not the case when mistuning was presented 

alone for the center location. However, the main effect of Tuning shows that an ORN 

was elicited between the tuned harmonic 0% and the mistuned harmonic 1.5%, 

suggesting that concurrent segregation is possible when the inharmonicity cue is 

ambiguous but is improved in the presence of additional segregation cues such as 

ITD.  

  

In addition, the current study used a different delivery method for the acoustic 

information compared to McDonald and Alain (2005) that might have affected the 

outcome. McDonald and Alain (2005) used speakers that they positioned either side 

of the participant, while the current study used insert earphones. It is possible that the 

angle of the speakers (45° or 60° left/right of center) in McDonald & Alain (2005) 

was not optimum for detection of auditory objects in terms of spatial separation. 

Work by Boeknke and Phillips (1999) suggests that a listener’s auditory space can be 

divided into two broad regions in the left and right hemi-fields. These regions overlap 

about 30° across the midline of auditory space. The speakers in McDonald & Alain 

(2005) both extended beyond the favorable 32° angle, which may have affected 
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listeners’ ability to detect the lower mistuning amount. Additional effects of room 

reverberation from the speakers may have contributed to the lower detectability, as 

spatial separation advantage lessens with reverberation between sound sources 

(Culling, Summerfield & Marshall, 1994; Plomp, 1976). In comparison the use of 

insert earphones eliminated these possible environmental effects.  

 

The only significant group difference that was found was for the MTH (1.5%) 

condition in the left hemisphere. The typicals obtained a greater positive mean 

amplitude compared to the ASD group, which had a more negative mean amplitude 

for the left hemisphere. The results from the current study suggest that the pattern of 

activation for the ASD group for the ORN component is different. This may indicate 

that the ASD individuals process pitch or harmonic style information differently 

compared to typicals.  

 

Enhanced Pitch processing in ASD 

 

Various studies have indicated that ASD individuals may have enhanced 

pitch-processing abilities. Heaton, Hermelin and Pring (1998) presented ASD children 

and their matched control with pure tones and speech stimuli that were matched to 

corresponding pictures of animals. Later the participants had to identify the correct 

pure tone or speech sound for each picture. They found that the ASD children were 

more accurate at recalling pure tones to pictures compared to the matched controls, 

but performance for the speech sounds was similar for both groups. The authors 

concluded that the ASD advantage was due to enhanced detection of simple low-level 

stimuli (Heaton, et al., 1998).  
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Heaton (2003) tested pitch memory, pitch labelling and chord disembedding 

abilities in ASD and their matched controls. Heaton (2003) found that for the pitch 

memory task and pitch labeling ASD children were significantly better than their 

matched controls. In conditions where participants were pre-exposed to labelled 

individual tones from a chord, the ASD children had higher detection scores 

compared to matched controls. However, in conditions where chord disembedding did 

not rely on memory both ASD and matched controls performed alike. The author 

concluded that pitch memory and labelling is enhanced in ASD. Heaton (2003) 

suggests that the enhanced pitch processing abilities in ASD can facilitate 

performance in other tasks such as chord disembedding, but fades if tasks require 

long-term memory processes (Heaton, 2003).  

 

 Bonnel, Mottorn, Peretz, Trudel, Gallun, and Bonnel (2003) also found that 

high functioning ASD individuals had enhanced pitch processing abilities compared 

to matched controls. Listeners had to judge the pitch of pure tones in a same-different 

discrimination task and a high-low categorization task.  They found that the ASD 

group excelled in both tasks compared to matched controls. Matched controls 

performed worse on the high-low categorization task compared to the same-different 

task, while the ASD performance was similar for both tasks. The authors suggest that 

the ASD individuals demonstrated superior pitch sensitivity and that the outcome may 

be related to trace memory being enhanced in ASD. This would allow the ASD 

individuals to more accurately compare the tone presented in the second trial to the 

first if their trace memory decays less rapidly compared to matched controls. Overall, 

the authors concluded that pitch processing is enhanced in high functioning ASDs and 
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that the results support the enhanced perceptual functioning model of autism (Bonnel 

et al., 2003).   

 

O’Riordan and Passetti (2006) measured auditory and tactile abilities in 

autism. They presented ASD children and their matched controls with auditory 

discrimination and tactile discrimination tasks. The aim was to see if enhanced 

discrimination abilities were a general feature of autism, regardless of the type of 

modality. For the auditory task, listeners had to identify when one of the two 

alternating tones became the same in frequency. For the first tactile task, they 

presented the participants with varying grades of wet/dry sandpaper. They had to 

identify which of the two pieces of sandpaper was smoother. In the second tactile 

task, participants had to identify when they felt a pen or string touching them on their 

right arm. They found that for the auditory task, children with autism performed more 

accurately compared to matched controls. In comparison, for either tactile task, no 

difference in performance was found between the ASD children and matched 

controls. The authors concluded that the enhanced ability to discriminate between 

stimuli applied to the auditory domain, but not the tactile domain. 

 

Bonnel, McAdams, Smith, Berthiaume, Bertone, et al. (2010) found enhanced 

pitch perception in ASD adults compared to matched controls and individuals with 

AS. They employed four tasks in which listeners had to discriminate between a pair of 

tones (simple tones or complex tones) that varied either in pitch (task 1), vocal timbre 

(task 2), non-vocal timbre (task 3) and loudness (task 4). They found that individuals 

with ASD were better at detecting the difference between simple pure tones on the 

basis of their pitch compared to matched controls and AS individuals. In addition, 
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ASD individuals performed similarly to matched controls and AS individuals for the 

complex tones that varied in pitch, timbre and loudness. The authors concluded that 

enhanced pitch processing might be restricted to sub-types in ASD, particularly those 

ASDs that have a history of delayed speech onset. It might be that diminished interest 

in speech related stimuli increases an attentional bias for non-speech style stimuli, 

thus resulting in an over specialization for pitch processing mechanisms (Bonnel et 

al., 2010).  

 

Overall, these studies indicate that for simple pitch stimuli ASD individuals 

appear to be better at discrimination and have an enhanced ability to process pitch 

stimuli. The results from the current study suggest that pitch processing abilities in 

relation to segregation of harmonic style stimuli appear to be intact. According to 

DePape, Hall, Tillmann & Trainor (2012) brain development related to the 

recognition and identification of harmonic structures occurs later in life, and that in 

ASD these regions involved in pitch processing are spared. Sensitivity to harmonic 

structures starts to develop from four years of age (Trainor & Trehub, 1994; Corrigall 

& Trainor, 2010; Schellenberg, Bigand, Poulin-Charronnat, Garnier, & Stevens, 

2005), with explicit judgment about harmonic stimulus information developing 

between 6 years and 12 years of age (Costa-Giomi, 2003). In ASD, abnormal brain 

development is thought to occur from birth to 24 months of age (Courchesne et al., 

2004; Volker & Lopata, 2008). According to Alyward et al (2002) the abnormal brain 

growth spurt seen in ASD slows down after 24 months of age and individuals with 

ASD then tend to have a similar growth pattern to typically developing individuals. 

Overall, this is in line with many studies that suggest that musical pitch processing is 

spared or intact in ASD, while speech processing is affected in those with ASD 
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(Heaton, 2009; Heaton, Hudry, Ludlow, & Hill, 2008; Jarvinen-Pasley & Heaton, 

2007).  

 

The second component of interest was the N2 difference. Originally reported 

by Johnson et al (2007) the N2 difference is thought to be sensitive to the spatial 

features of lateralized dichotic pitch stimuli. Johnson et al (2007) suggest that the N2 

difference may actually reflect general location specific processes. If the N2 

difference does reflect general location specific processes then it should be elicited for 

other types of stimuli that utilize spatial location or ITD. However, for the current 

study the main effect of Pitch and interactions involving Pitch differences for the N2 

difference were not significant. This suggests that neither group significantly elicited 

the N2 difference for the harmonic stimuli. It may be possible that the N2 difference 

seen in Experiment 1 is specific to dichotic pitch stimuli.  

 

Late component - the P400 

 

Unlike the ORN, the P400 component is only elicited when participants make 

active judgments about the auditory stimuli (Alain et al., 2001). The P400 component 

is thought to reflect the decision making process related to the parsing of complex 

auditory objects into concurrent perceptual objects (top-down) (Hautus & Johnson, 

2005; Alain et al., 2001). In the current study, both groups elicited a P400 component. 

The P400 was elicited for Tuning and Location in terms of the main effects, 

suggesting that both harmonicity and ITD cues lead participants to segregate sound 

objects. The outcome of the P400 in the current study mirrors the result found in 

Experiment 1, where both groups elicited the P400 component for the dichotic pitch 
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stimulus, which contained ITD differences. As in Experiment 1, all the participants 

were asked to focus on the train of incoming sounds and make active judgments about 

the perceived auditory objects. The presence of the P400 for the ASDs may solely be 

attributed to high-level influences.  

 

Summary of results  

Overall, the current study found that the ASDs were able to elicit an ORN for 

harmonicity cues. The ASDs elicited ORNs in both hemispheres; in contrast the 

typicals only elicited an ORN in the right hemisphere for harmonicity cues. A group 

difference for the MTH condition in the left hemisphere also indicated that the two 

groups process harmonicity stimuli differently in the left hemisphere. Additionally, 

hemispheric differences were found for the ASDs for both tuned and mistuned 

harmonic conditions, which were not present for the typicals. The results from the 

current study contrast with what was found for Experiment 1 with the ITD cue 

utilized in the dichotic pitch stimulus. The ASDs elicited a diminished ORN for 

Experiment 1 with ITD cues. The results from this experiment suggest that the low-

level deficit seen in ASD for ITD cues are not applicable to harmonicity cues and that 

the addition of the ITD cue to the harmonicity cue facilitated the ASDs’ ability to 

index an ORN component.  

 

The studies discussed above suggest that pitch processing in ASD appears to 

be intact and even enhanced in some cases and this might be attributed to later 

development of harmonic information processing in the brain compared to processing 

for ITD cues. It is important to note that the current experiment recruited high-

functioning ASDs. Some studies have linked high-functioning ASDs and ASDs with 
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late language development, to have enhanced pitch processing abilities. Many of the 

ASD participants in the current study were diagnosed with Asperger’s syndrome 

rather than high-functioning autism, which may explain why enhanced processing 

was not observed in the current experiment, and why both groups obtained an ORN 

for the harmonicity cue.   

 

 More importantly, the presence of the ORN for the ASD group for MTH 

stimuli suggests that the diminished ORN seen in Experiment 1 was not due to short 

stimuli duration. The duration of the MTH stimuli were 400 ms compared to the 500 

ms for the dichotic pitch stimuli used. Lepisto et al (2005, 2006) found that MMN 

amplitudes were diminished for MMN in children with AS and ASD. These 

amplitude differences were attributed to poor temporal processing and dysfunctional 

neural networks. A study by Kujala, Aho, Jansson-Verkasalo, Nieminen-von Wendt, 

von Wendt, and Naatanen (2007) found that duration differences were not found for 

adults with AS compared to matched controls; while in contrast the MMN was 

enhanced for ASDs. These results suggest that there is a developmental change in 

trajectory of auditory processing abilities from childhood to adulthood (Kujala, et al., 

2007).  

 

The second aim was to see if the addition of the ITD cue would improve 

detection for the ASDs. A Tuning by Location interaction revealed that the mistuning 

of 1.5% on its own was too ambiguous and the addition of ITD to harmonicity cues 

increased the ability of participants to hear out two auditory objects compared to 

harmonicity or ITD cues alone. In addition, it was revealed an ITD ORN was elicited 

for the RS. Further planned comparisons revealed that the addition of the ITD cue to 
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the harmonicity cue increased the ORN amplitude for both groups. The key difference 

showed that the ORN elicited for the two grouping cues was only elicited for the 

typicals on the RS, while the ASDs elicited the ORN for ITD and harmonicity on both 

the LS and the RS. This may indicate a pitch processing advantage for the ASDs 

compared to the typicals.  

 

For the P400 component it was found that both groups elicited a P400 for harmonicity 

and ITD cues alone. Again the presence of the P400 for the ASDs may be attributed 

to high-level influences. No significant interactions between harmonicity and ITD 

cues were revealed, suggesting that the addition of cues does not affect the P400 

component.  

 

Limitations 

It is unclear if the results found in the current study could be replicated for 

other ASD profiles such as low functioning ASDs and young children with ASD. 

Other ASD profiles may have different experiences with harmonicity cues than those 

of high functioning ASDs.  

 

 It might be worthwhile comparing ASD with a diagnosis of high-functioning 

ASD, and individuals with AS, to see if differences in amplitude for early components 

are present. The current study had an uneven balance of high-functioning ASDs (3) 

and ASs (12), which prevented further exploration into differences within the ASD 

group.  
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In addition, the third harmonic was the only harmonic within the complex to 

be mistuned. It is possible that the mistuning was too easy to detect and participants 

focused on a particular frequency region. Future experiments should vary the 

harmonic being mistuned to make it harder for participants to focus on a frequency 

region (McDonald & Alain, 2005).  

 

Conclusion  

The current study was the first of its kind to utilize the mistuned harmonic 

paradigm with the ASD population. The current study found that both groups elicited 

ORN and P400 components, but not the N2 difference in the auditory ERP for the 

harmonicity cue, indicating that the ASD population is able to segregate concurrent 

sounds using harmonicity cues. The low-level deficit seen in Experiment 1 might be 

restricted to the Gaussian noise used in the dichotic pitch stimuli. In addition, it was 

found that adding the ITD cue to the harmonicity cue increased detection of two 

auditory objects and resulted in ORN being elicited for both groups. This suggests 

that the use of two cues increases the ability to parse out concurrent sound objects. 

More importantly this result indicates that the ITD cue added to the mistuning 

facilitated the ASDs’ ability to elicit an ORN. In line with Experiment 1, both groups 

elicited a P400 component, suggesting that high-level processing associated with the 

auditory perception of the mistuned harmonic stimuli are intact in ASD.   
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Chapter 4: Experiment 3 
 
 
Introduction  
 
 

In Experiment 2 the mistuned harmonics paradigm was used to measure 

concurrent segregation abilities in ASD compared to matched typicals, and to 

determine whether ASDs elicit the ORN, N2 difference and the P400 components. 

The first aim was to see whether these components (ORN, N2 difference and the 

P400) are different in amplitude compared to matched typicals. The second aim of 

Experiment 2 was to assess whether the ORN can be elicited by ITD cues alone 

(conditions with 0% mistuning with left, center or right locations) and/or in 

combination with mistuning (conditions with 1.5% mistuning and left, center or right 

locations). 

 Experiment 2 found that the ASD group do elicit an ORN and P400 

component for mistuned harmonic stimuli. It was found that the ASD group elicit an 

ORN in the left and the right hemispheres while matched typicals only elicited the 

ORN for the right hemisphere. Secondly, the ASD group showed a significant 

difference in processing tuned and mistuned auditory objects between the left and 

right hemispheres, which was not shown for the typical group. A group difference 

was found for the left hemisphere for the mistuning condition, suggesting that the two 

groups process mistuning information differently in the left hemisphere.  

 

In addition, it was found that the ORN can be elicited by ITD cues alone but 

not for the mistuning alone, which was due to the mistuning difference being too 

ambiguous as a cue for concurrent sound segregation. When the mistuning and ITD 

cues were combined, the ITD cues had an additive effect to the mistuning and ORNs 
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were elicited for left and right locations with mistuning. However, it was unclear if 

the ASD group was able to elicit the ORN for the ITD cues alone and/or the ITD cues 

combined with mistuning. Overall the results from Experiment 2 suggest that the 

ASD group can segregate concurrent sounds using mistuning but have difficulty with 

processing the ITD cue. Experiment 1 used time-shifted dichotic pitch to assess 

concurrent segregation in ASD and found that the ASD group had diminished ORN 

and N2 difference compared to matched typicals. Overall the results from the last two 

experiments suggest that there is an overall deficit for the ASD group with processing 

ITD cues in relation to segregation. 

 

Keeping within Bregman’s auditory scene analysis framework, the current 

study revisits the dichotic pitch stimuli and utilizes separately two auditory binaural 

cues, ITD and IAD to investigate concurrent segregation abilities in ASD. Binaural 

hearing, like stereo vision is thought to enrich our perceptual experience of the world. 

In the visual domain, stereo vision works by computing small spatial differences 

between the two images that reach each eye. These differences are then used to form a 

single three-dimensional representation of visual space (Wagner, 2004).  

 

In audition, binaural hearing works in a similar way; differences between the 

two ears are computed to extract the relevant auditory information to identify and 

locate sound objects in an auditory scene, which is known as auditory scene analysis 

(Bregman, 1990). In the horizontal plane, ITD and IAD cues are used to localize 

sound objects. ITD is the difference in the arrival time of a sound between the two 

ears, while IAD is the difference in the sound pressure level reaching the two ears 

(Wang, 1996; Wagner, 2004; Johnson & Hautus, 2010). Both of these binaural cues 
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provide the listener with vital information for source localization. ITDs are more 

prominent for sounds below 1500 Hz (i.e. low frequency sounds), while IADs are 

more useful for higher frequency sounds.  

 

IAD cues have been used in research to investigate concurrent stream 

segregation. A study by Johnson and Hautus (2010) investigated binaural processes 

involved in spatial localization. They used MEG to measure brain responses to ITD 

and IAD dichotic pitches. The first aim of their study was to see if binaural cues are 

processed in the hemisphere contralateral to the perceived location of the sound. The 

second aim was to see if the two binaural cues, ITD and IAD, are processed in 

separate auditory channels in the auditory cortex. They found that the ITD M100 

increased in amplitude for both left and right hemispheres, while the IAD M100 

increased in amplitude only for the right hemisphere. This suggests that ITD and IAD 

information must be processed by separate neurons within the auditory cortex at a 

pre-attentive stage. In addition, both ITD and IAD cues generated mORNs, which 

also add to the current literature about the function of the ORN; that the ORN is a 

generalised marker related to the pre-attentive stage of auditory scene segregation 

rather than parsing of harmonic tones (Hautus & Johnson, 2005; Johnson & Hautus 

2010).  

 In contrast to the M100, the mORN did not increase in amplitude for location 

and the lateralization of the mORN was not affected by location cues. The authors 

concluded that the results support the notion that ITD and IAD are processed by 

separate neural populations up till the M100, and that ITD and IAD cue information is 

extracted in order for auditory stream segregation to occur.  
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The current study extends upon research done by Johnson and Hautus (2010) 

and utilizes two binaural cues separately to explore low-level (bottom-up) and high-

level (top-down) processing abilities in ASD compared to matched typicals. The first 

aim of the current study is to see if the results from Experiment 1 can be replicated 

(i.e. diminished ORN and N2 difference for the AG), which would suggest that the 

low-level deficit seen for ASD in Experiment 1 is actually attributed to the ITD cue 

and not the Gaussian noise.  

The second aim is to see if amplitude differences are present for ORN, N2 

difference and P400 components for another binaural cue IAD. The current study will 

use IAD dichotic pitch to measure amplitude differences between the ASD group and 

matched typicals for the components of interest. The current study will use lateralized 

ITD and lateralized IAD dichotic pitch, as the finding from Experiment 1 showed that 

participants were more sensitive to lateralized dichotic pitch. The lateralized dichotic 

pitch engaged binaural processes compared to centralized dichotic pitch (i.e. ORN 

was larger in amplitude for the lateralized dichotic pitch).  

We hypothesize that the low-level deficit seen for the ASDs in Experiment 1 

is attributed to the ITD cue and not the Gaussian noise. We would therefore expect to 

see normal ORN and P400 components for the IAD cue. 
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Method 
 
Participants  
 

A total of thirty participants (4 females, 6 left handed) with ages ranging from 

19 – 45 years (M= 26.47, SD = 6.26) participated in this study. Participants were 

equally split into two groups: Typical group (TG) and Autistic group (AG). The TG 

consisted of fifteen participants (2 females, 3 left handed) ages ranging from 22-45 

years (M = 27.20, SD = 5.75), who were matched (age [± 2 years], gender and 

handedness) to individuals in the AG. Matching was to ensure that participants had 

similar profiles, particularly in age, as the perception of concurrent sound detection 

declines with age (Alain & McDonald, 2007).  

 

The AG consisted of fifteen participants (2 females, 3 left handed) with ages 

ranging from 19-44 years (M = 25.73, SD = 6.86). Of those in the AG only three 

participants were identified as having high functioning autism, the rest were identified 

as having AS. Only members of the AG with an official diagnosis of AS/ASD were 

admitted into the study. Participants were required to have a diagnosis of ASD made 

by a clinician, practitioner or a pediatrician before they were admitted into the study. 

All the individuals with ASD met the criteria for ASD on the DSM-IV. As a further 

check, it was determined that all participants met the cut off for autism spectrum 

disorders on the Social Communication Questionnaire (SCQ – Lifetime scale ≥ 15), a 

parental questionnaire based on the Autism Diagnostic Interview-Revised, with which 

it has good agreement (Bishop & Norbury, 2002). 

 

Participants in the AG were recruited via adverts posted at Autism NZ, 

Altogether Autism, Autism House, Centre for Brain Research and The University of 
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Auckland. Exclusion criteria for the AG included a co-morbid axis 1 disorder and 

relevant axis 3 diagnosis, hearing deficits and pharmacological treatment. For 

participants in the TG, the exclusion criteria included personal or family history of 

neurological or psychiatric disorders, hearing deficits and pharmacological treatment. 

Further inclusion criteria for both the TG and AG were: (1) normal auditory acuity – 

hearing thresholds ≤ 25 dB HL, as assessed by an audiometer (Amplitude T-Series, 

Otovation, LLC USA) for the standard range of 250-8000 Hz; (2) a full-scale mental 

ability score whose lower confidence bound was ≥ 80; and (3) passing a pre-screening 

assessment demonstrating an ability to detect dichotic pitch. 

 

All participants gave their informed consent. All procedures used were 

approved by The University of Auckland Human Participant’s Ethics Committee 

(Reference, 2009/537). Handedness was determined by the Edinburgh handedness 

inventory (Oldfield, 1971).  

 
Apparatus  
 
 
The full-scale WASI was administered to all participants in the current study. The 

WASI is a four-sub test scale that measures verbal and performance intelligence 

abilities in individuals. A detailed description of the WASI and the procedures used 

was provided in Experiment 1 (p. 7-8).   

 

The SCQ was administered to all the AG participants. This was an additional measure 

used in conjunction with DSM-IV to identify ASD individuals for the AG. Further 

details about the administration of the SCQ were provided in Experiment 1(p. 9).  
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Stimuli  
 
ITD and IAD dichotic pitch  
 

Two independent broadband Gaussian noise bursts, each 500 ms in duration, 

were constructed at a sampling rate of 44.1 kHz, using LabView software (National 

Instruments, Austin, Texas, USA). One noise burst was bandpass filtered with a 

centre frequency of 600 Hz and a bandwidth of 20 Hz using a fourth-order 

Butterworth filter. The other noise burst was notch filtered using the same filter 

characteristics. A copy was made of both noises (bandpass and notch), one copy of 

each type for each ear. For the target stimulus (noise plus pitch; two auditory objects) 

opposing interaural delays (±500 μs) were applied to the bandpass- and notch-filtered 

noises so that the resulting combination would create a noise lateralized to one side of 

auditory space and a pitch to the other side of auditory space. For control stimuli 

(noise alone; one auditory object) both the bandpass-and the notch-filtered noise were 

interaurally delayed (500 μs) to the same ear (Figure 1.3, p. 31). The notch-and 

bandpass-filtered noise processes within each auditory channel were recombined, 

producing two spectrally flat noise processes, which were again bandpass filtered 

(fourth-order Butterworth filter) with a center frequency of 600 Hz and bandwidth of 

400 Hz.  

 

The stimuli were windowed with a cos² function with 4 ms rise and fall times. 

The auditory stimuli were generated on two-channels of a 16-bit converter (Model 

NIUSB-6259, National Instruments, Austin, TX). Programmable attenuators (Model 

PA4, Tucker-Davis Technologies, Alachua, FL) set the binaural stimuli to yield 70 dB 

SPL from insert earphones at the ear (ER2, Etymotic Research Inc., Elk Grove 
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Village, Illinois, USA). For sequences of stimuli, the inter-stimulus intervals were 

drawn from a rectangular distribution between 2000 ms and 3400 ms. 

 

The IAD dichotic pitch was created using the same basic method as above. 

However instead of inserting a time delay, the intensity in each aural channel of the 

bandpass-filtered noise and the notch-filtered noise was either increased or decreased 

in order to create a lateralized percept. The tone and noise were perceived lateralized 

to the side with the highest amplitude for that component of the noise band (bandpass 

and notch-filtered respectively). The IAD was quantified as a percentage, 100% on 

the left side of space through to 50-50% to 100% on the right side of space. The 

amount to which the interaural level differed for each component of the noise 

depended on the results from the matching task completed by each participant (see 

below). The sum of the amplitude of the left and right channels for each component 

(notch and bandpass filtered) was the same for every participant.  

 
 
Procedure  
 
Screening test  
 

A yes/no procedure was conducted to ensure all participants could 

discriminate between stimuli containing one or two auditory objects. ITD dichotic 

pitch was used rather than IAD. Subjects report that the ITD dichotic pitch is more 

difficult to detect than IAD dichotic pitch. This supported the choice of the ITD 

dichotic pitch for the screening test. The more difficult stimulus type set the criterion 

for acceptance at a higher level. Additionally, the same screening procedure was used 

in Experiment 1. Participants completed four 100 trial blocks and indicated via button 

press whether they heard one auditory object or two auditory objects. Participants 
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were given feedback indicating their performance during the screening. Screening 

was conducted in a sound attenuating chamber (Amplaid, Model E) and stimuli were 

delivered through insert earphones. For participants to participate further in the study, 

they needed to exceed the performance criterion of 69% correct (Macmillan & 

Creelman, 2005, p. 9; Hautus and Johnson, 2005; Clapp et al., 2007; Johnson et al., 

2007). 

 

Matching task-location matching 

 

Prior to sitting the EEG portion of the current experiment, all participants took 

part in a matching task. This was to ensure that the two types of dichotic pitch were 

perceptually as “similar” as possible. “Similarity” was focused on obtaining 

equivalent perceived lateralization for the noise and the pitch components of each 

type of dichotic pitch. The matching process consisted of four blocks. The first two 

blocks contained control (white noise only) stimuli only, lateralized to the left or the 

right side of space. Each block contained 16 trials; the participant was presented 

sequentially with two noise stimuli separated by 400 ms, in each trial.  The first noise, 

termed the “target noise”, was lateralized to one side using an ITD of 0.5 ms and 

remained perceptually stationary during a trial.  The participant could adjust the 

second noise, produced with IADs, in location until the second noise was aligned 

(matched) with the target noise. Participants responded by pressing 1 on the keyboard 

to move the second noise to the left and pressing 2 on the keyboard to move the 

second noise to the right. The participant was able to move the IAD noise back-and-

fourth in 10% increments through the lateral range from 100% on the left side of 

space sound (sound played only through the left earphone at full amplitude) through 
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to 50-50% (sound played at ½ amplitude through both earphones), to 100% on the 

right of space (sound played only through right earphone at full amplitude; see Figure 

4.1). Once the participant was satisfied with their matching, they were able to end the 

trial by pressing 3 on the keyboard. The ITD target noise was kept constant 

throughout the blocks, but the start location of each IAD was randomized to prevent 

participants from counting step increments. At the end of each trial a matched 

location was recorded. 

 

 

 
 
Figure 4.1: Schematic representation of the matching task procedure for blocks 2 and 
4. Participants had to match the second stimulus to the location of the first stimulus by 
using the 1 and 2 buttons to move the second stimulus to the left or right side in space 
in step increments. Blocks 1 and 3 were similarly organized except the fixed noise 
(####) was lateralized to the left.  
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Matching task-confidence rating 

 

To ensure that all participants were performing the matching task in a manner 

that gave confidence in the outcome of the location measurement, a rating judgement 

was employed. The primary goal was to identify any participants who could not do 

the matching task and had therefore simply terminated the matching task at an 

arbitrary point. Such behaviour would likely not produce much confidence in the 

outcome for the participant.  

 

 Participants were asked to give a confidence rating of their perception of their 

matching from a rating of 1 = not well (participant felt that they did not match the 

second sound to the location of the first sound at all) to a rating of 6 = well 

(participant felt that their matching of the second sound to the location of the first 

sound was pretty good) (see Figure 4.2).  Both location and confidence information 

were recorded and averaged across the 16 trials for each block. The location average 

represented the participant’s subjective perception of the location for the ITD and 

IAD Gaussian white noise band.  

 

 
The scores from the control blocks (1 and 2) were then used to determine the 

noise location for the pitch blocks (3 and 4); here participants had to match the pitch 

component of the IAD dichotic pitch to the location of the pitch component of the 

ITD dichotic pitch. For blocks 3 and 4, participants were presented sequentially with 

two lateralized dichotic pitch stimuli: ITD dichotic pitch and IAD dichotic pitch, 

separated by 400 ms. 
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The average noise locations taken from blocks 1 and 2 were used to set the 

noise location for the IAD stimulus for blocks 3 and 4. In block 3, the ITD and IAD 

noise sounds were lateralized to the left side of space (IAD noise matched to the ITD 

noise, average taken from block 1) at a fixed position and the ITD pitch was 

lateralized to the right side of space, at a fixed position. Participants had to match the 

perceived location of IAD pitch to the location of the ITD pitch. Participants could 

move the IAD pitch to the left and right side of space in order to make the match to 

the target ITD pitch location.  

 

For block 4, the ITD and IAD noise sounds were lateralized to the right side of 

space (IAD noise matched to the ITD noise average taken from block 2) at a fixed 

position and the ITD pitch was lateralized to the left side of space at a fixed position. 

Again, participants had to match the perceived location of IAD pitch to the location of 

the ITD pitch. As in blocks 1 and 2, the start position of the IAD pitch was varied to 

prevent participants from counting step increments. At the end of each trial the 

matched location of the IAD pitch was recorded.  

 

After each trial, participants gave a confidence rating (Figure 4.2) of how well 

they thought they matched the IAD pitch to the location of the ITD pitch. Both the 

end location values and the confidence ratings were recorded. At the end of the 

matching task, all four averages from blocks 1-4 were used in the EEG portion of the 

test to create individualized IAD dichotic pitch stimuli that were comparable to the 

ITD dichotic pitch stimuli. Participants completed the task in the sound-attenuated 

chamber and listened to the auditory stimuli though ear inserts. 
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Figure 4.2: Confidence rating scale used in the matching task. Participants rated how 
well they thought they matched the second stimulus to the location of the first 
stimulus. 
 
 
 
Electroencephalography  
 
 

The electroencephalography (EEG) recordings were conducted in an 

electrically shielded room (Belling Lee-Model L3000, Enfield, England) using 128-

channel Ag/AgCl electrode nets (Tucker, 1993) from Electrical Geodesics Inc., 

(Eugene, Oregon, USA). EEG was recorded continuously (250-Hz sample rate; 0.1-

100 Hz analogue bandpass) with Electrical Geodesics Inc. amplifiers (200-MΩ input 

impedance). Electrode impedances were kept below 40 kΩ, an acceptable level for 

this system (Ferree, et al., 2001). Common vertex (Cz) was used as a reference. 

During EEG, subjects were asked to fixate on a cross presented on a computer screen. 
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Table 4.1: Experimental conditions associated with ITD and IAD dichotic pitch.  

Interaural time difference (ITD) 

Condition Pitch Background 
Noise Objects 

 Left control (LLC) Left Left Noise; 1 auditory object 

 Right control (LRC) Right Right Noise: 1 auditory object 

 Left pitch (LLP) Left Right Noise + Pitch; 2 auditory objects 

 Right pitch (LRP) Right Left Noise + Pitch; 2 auditory objects 

Interaural amplitude difference (IAD) 

Condition Pitch Background 
Noise Objects 

Amplitude left control (ALC) Left Left Noise; 1 auditory object 

Amplitude right control (ARC) Right Right Noise; 1 auditory object 

Amplitude left pitch (ALP) Left Right Noise + Pitch; 2 auditory objects 

Amplitude right pitch  (ARP) Right Left Noise + Pitch; 2 auditory objects 

 

 

Table 4.1 shows the stimulus conditions (LLC, LRC, LLP, LRP, ALC, ARC, 

ALP, ARP) and Figure 1.3 (p.31) illustrates those for the ITD and IAD lateralized 

dichotic pitch. Four blocks of each stimulus type (ITD and IAD) were presented in an 

alternating fashion. The four stimulus conditions were randomized with each block 

consisting of 256 trials. Each block had an equal frequency of each condition. 

Participants were asked to indicate whether they heard one auditory object or two 

auditory objects by pressing a button. No feedback about performance was provided. 

The time out on the response box was 1500 ms. If no response was registered the next 

stimulus was presented.  
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Data Analysis 
 
Behavioral and WASI scores 

 

Age, Handedness, verbal IQ, performance IQ, combined IQ and, yes/no 

proportion correct were analysed at the end of data collection. A paired-samples t-test 

was used to measure differences between the two groups.  

 

Matching task  

Location matching  

Average matched locations were taken from each block from each participant. 

These values were used in a split plot ANOVA with Pitch [NP/P] and Location 

[LS/RS] as within subjects factors and Group [TG/AG] as a between subjects factor.  

 

Confidence ratings  

Average confidence ratings from each block were taken from each participant. 

These values were used in a split plot ANOVA with Pitch [NP/P] and Location 

[LS/RS] as within subjects factors and Group [TG/AG] as a between subjects factor. 

 

Behavioral EEG proportion correct  

 

Behavioral data were recorded during EEG to monitor the performance of 

participants. On completion of data collection, the behavioral EEG proportion correct 

were analysed using an ANOVA with Condition [LLC, LRC, LLP, LRP,  ALC, ARC, 

ALP, ARP] as within subjects factors and Group [TG/AG] as a between subjects 

factor.   

Event related potential data  
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EEG files were segmented into 850 ms epochs (including a 100 ms pre 

stimulus baseline) during which all ocular artifacts were corrected (Jervis, et al., 

1985). Trials with channels marked as bad were dropped from the averaging process. 

ERPs were re-referenced to the average reference. ERPs from individual participants 

were combined to produce grand-averaged ERPs for each condition. Grand averages 

were then digitally filtered with a zero-phase shift 3-pole Butterworth filter (0.1-30 

Hz) (Alarcon, et al., 2000) and then re-referenced to the mean.  

 

Electrodes of interest for the ORN, N2 difference and the P400 components 

were selected by combining all participants’ data separately for the NP and P 

conditions. These grand averaged waveform topographic maps were used to select a 

cluster of electrodes that showed the greatest difference in amplitude between the NP 

and P conditions for each component of interest. Time windows that best captured the 

amplitude difference for each component were selected to coincide closely with time 

windows published in literature (Hautus and Johnson, 2005; Clapp et al., 2007; 

Johnson et al., 2007).  

 

Table 4.2: Electrodes used in the event related potential waveform graphs. 
ERP (-100-750 ms)                      LH                              RH 

ITD dichotic pitch  7,12,13,20,29,30,31,36,37,41 5,80,87,103,104,105,106,111,112,118 

IAD dichotic pitch  7,12,13,20,29,30,31,36,37,41 5,80,87,103,104,105,106,111,112,118 
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Figures 4.3-4.5 show the electrodes of interest for each of the components of 

interest (P2 (ORN), N2, P400). Tables 4.2 and 4.3 show the electrodes selected for the 

event related waveforms and the hemispheric electrodes of interest and the time 

windows used in the statistical analysis.  

 

Table 4.3: Time windows and electrodes used in the statistical analyses of ERP 
components. 

 
 
 
 
 
 
 

ERP (time window)                          LH                                                     RH 

  P2 (172-252 ms) 7,12,13,20,29,30,31,36,37,41 5,80,87,103,104,105,106,111,112,118 

N2 (272-332 ms) 7,12,13,20,29,30,31,36,37 5,80,87,104,105,106,111,112,118 

P400 (400-500 ms) 7,29,30,31,36,37,41,54, 79,80,87,103,104,105,106,111 
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Figure 4.3: 128 channel EEG head map showing electrodes selected for the P2 
(ORN). (Left hemisphere: green; right hemisphere: yellow). 
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Figure 4.4: 128 channel EEG head map showing electrodes selected for the N2 (N2 
difference). (Left hemisphere: green; right hemisphere: yellow). 
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Figure 4.5: 128 channel EEG head map showing electrodes selected for the P400. 
(Left hemisphere: green; right hemisphere: yellow). 
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Event related potential waveforms 
 
 

Grand averaged event related potential waveforms for the ITD dichotic pitch 

stimuli were created by averaging electrodes of interest over a time window of -100–

750 ms (see Table 4.2 for full list of electrodes used). The No Pitch waveform was 

created by combining conditions LLC and LRC. The Pitch waveform was created by 

combining Pitch conditions, LLP and LRP. Grand averaged waveforms for IAD DP 

stimuli were created by combining the ALC and ARC conditions to form the grand 

No Pitch condition; and ALP and ARP were combined to form the grand Pitch 

condition.  

 

 
ERP component analysis  
 
 

For ITD P2 component electrodes of interest (refer to Table 4.3) were selected 

at a time window of 172-252 ms from each subject for each No Pitch (LLC and LRC) 

and Pitch (LLP and LRP) condition from the left and right hemisphere. These 

electrodes were collapsed to obtain grand-averages used in the statistical analyses. 

The same procedure was applied to the N2 component for electrodes (refer to Table 

4.3) over a time window of 272-332 ms, and the P400 component for electrodes (refer 

to Table 4.3) over a time window of 400-500 ms.  

 

For IAD P2 component electrodes (refer to Table 4.3) were selected at a time 

window of 172-252 ms from each subject for each No Pitch (ALC and ARC) and 

Pitch (ALP and ARP) condition from the left and right hemisphere. These electrodes 

were collapsed to obtain grand-averages used in the statistical analyses. The same 

procedure was applied to the centralized N2 component for electrodes (refer to Table 
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4.3) over a time window of 272-332 ms, and P400 component electrodes (refer to 

Table 4.3), over a time window of 400-500 ms. 

 

It is important to note that the ORN amplitude between the two types of 

dichotic pitch did not yield a significant difference (p >.05) suggesting that the ORN 

amplitude was similar for both groups and across stimulus types. The ITD and IAD 

ERP components were analysed separately in order to explore the cue differences. A 

split plot ANOVA with Type [ITD/IAD], Pitch [NP/P] and Location [LS/RS] as 

within subjects factors and Group [TG/AG] as a between subjects factor was applied 

to matching confidence ratings. 

 

 Statistical analyses of each ERP component were performed using a split plot 

factorial ANOVA with Hemisphere [LH, RH], Pitch [NP, P], Location [LS/RS] and 

Group [TG, AG]. Any violations of sphericity were mediated with the Greenhouse-

Geisser correction (ε). A Bonferroni correction adjustment was used. A lack of 

significance was taken as p >.05.  Effect size was measured by partial eta squared 

(ηρ²).  
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Results 
 
 

The aim of the current experiment was to revisit dichotic pitch stimuli and 

utilize separately two different types of auditory cue, ITD and IAD. The aim was to 

explore if the Gaussian noise or the ITD cue was the cause of the diminished ORN 

and N2 difference seen in Experiment 1 for the ASD group. IAD dichotic pitch also 

gives rise to ORN, N2 difference, and P400 components in the auditory ERP. The 

current experiment used both ITD dichotic pitch and IAD dichotic pitch to see if the 

components of interest would differ in amplitude for the ASD group compared to 

matched typicals. The first aim was to see if the outcome from Experiment 1 could be 

replicated for the ITD cue in the ASD group (i.e. diminished early ORN and N2 

difference for the ASD group). The second aim of the current experiment was to see if 

amplitude differences are present for ORN, N2 difference and the P400 components 

for the IAD dichotic pitch between the ASD group and the matched typicals. 

 
Behavioral data  
 
 

Table 4.4 summarizes the demographic and cognitive characteristics of the 

two groups. The two groups did not differ significantly in age, sex, or handedness. 

Groups did not significantly differ in the measure of verbal IQ, performance IQ, or 

the combined IQ. However, the groups differed in performance on the yes/no task. 

The TG obtained a greater proportion correct score compared to the AG. However, 

the AG performed above the 69% criterion level for the task, indicating that the AG 

was able to detect the difference between No Pitch and Pitch for the ITD dichotic 

pitch. 
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Table 4.4: Demographic and cognitive characteristics of the Typical (TG) and 
Autistic groups (AG). 

 
 

Matching task  

Location matching  

 

A split plot ANOVA with Pitch [NP/P] and Location [LS/RS] as within 

subjects factors and Group [TG/AG] as a between subjects factor was applied to the 

location matching data. A main effect was not found for Pitch, Location or Group (p 

>.05). No significant interactions were found (p >.05). This indicates that both groups 

showed a similar pattern of matching of the lateralization of the IAD stimulus to that 

of the ITD stimulus, and that the matching was balanced for NP and P conditions.  

 

 

 

 

Measure AG (N = 15) 

M (SD) 

TG (N = 15) 

M (SD) 

T-test 

t         df        p 

Age (years) 25.80 (6.81) 27.07 (5.80) 0.55 28 .59 

Handedness 
(-100%-100%) 61.53 (67.81) 60.00 (82.81) -0.06 28 .96 

Verbal IQ 123.40 (13.44) 130.53 (9.09) 1.70 28 .10 

Performance IQ 116.93 (13.95) 119.40 (16.79) 0.44 28 .67 

Combined IQ 122.93 (12.83) 129.07 (7.40) 1.60 28 .12 

SCQ 19.67 (4.65) - - - - 

Yes/No Proportion 
correct 77.80 (7.68) 88.85 (5.90) 4.42 28 < .001 
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Confidence rating  

 

A split plot ANOVA with Pitch [NP/P] and Location [LS/RS] as within 

subjects factors and Group [TG/AG] as a between subjects factor was applied to 

matching confidence ratings. A main effect of Pitch was obtained (F (1, 28) = 38.49, p < 

.001, ηρ² = 0.58) and showed that participants were more confident with their 

matching of the second object to the lateralized location of the first object for the NP 

trials, (M = 4.50, SE = 0.14) compared to P trials, (M = 3.7, SE = 0.13). Main effects 

were not found for Location or Group (p >.05). No significant interactions were found 

(p >.05).  

 

ITD EEG behavioral proportion correct 

 

A repeated measures ANOVA with Pitch [NP/P] and Location [LS/RS] as 

within subjects factors and Group [TG/AG] as between subjects factor was applied to 

arcsine transformed ITD EEG behavioral proportions correct. A main effect of Group 

was obtained (F (1, 28) = 4.83, p = .036, ηρ² = 0.15) and shows that the TG (M = 83.93, 

SE = 3.07) was more accurate during the EEG than the AG, (M = 74.47, SE = 3.07).  

A main effect of Location was obtained (F (1, 28) = 13.31, p = .002, ηρ² = 0.31). 

Overall participants were more accurate on RS trials (M= 81.00, SE = 2.23) than LS 

trials (M = 77.40, SE = 2.21).  A main effect of Pitch was not found (p >.05).  

 

Figure 4.6 and Table 4.5 shows the Pitch by Location interaction (F (1, 28) = 

7.11, p = .013, ηρ² = 0.20). Post hoc analysis found a significant Location difference 

for NP (one object). Participants were more accurate for trials on the RS compared to 
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the LS when selecting one object. However, there was no Location difference for P 

(two objects). No significant difference was found for the LS or RS for the P. 

 

No further significant interactions were obtained for the ITD EEG behavioral 

proportion correct (p >.05).  

 

Table 4.5: Means and SEs for ITD EEG behavioral proportion correct scores for the 
Pitch by Location interaction.  
  
                                                                                                      Location  
                                                                                            LS                         RS 
NP                                                                               76.20 (2.91)              81.85 (3.09)  
P                                                                                  78.59 (3.22)              80.16 (2.79)  
 
 

 
 

 
 

 
 

 
 
 

 
 

 
 
 

 
 
 
 
Figure 4.6: Mean ITD EEG behavioral proportions correct for the Pitch by Location 
interaction. Significant differences indicated by *, p <.05. 
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IAD EEG behavioral proportion correct  
 
 

A repeated measures ANOVA with Pitch [NP/P] and Location [LS/RS] as 

within subjects factors and Group [TG/AG] as the between subjects factor was 

applied to arcsine transformed IAD EEG behavioral proportions correct. No 

significant main effects or interactions were found (p > .05).  

 

Comparison of the yes/no proportions correct and EEG behavioral proportions correct 

 

A repeated measures ANOVA with Test [Yes-No/EEG] as the within subjects 

factor and Group [TG/AG] as the between subjects factor was applied to arcsine 

transformed yes/no and arcsine transformed EEG behavioral proportions correct. A 

main effect of Group was found (F (1, 28) = 13.28, p = .001, ηρ² = 0.32). On average 

the TG (M = 88.87, SE = 2.21) scored more accurately compared to the AG (M = 

77.50, SE = 2.21). A main effect of Test was not found (p >.05), indicating no 

difference between the two tests, suggesting that participants performed similarly in 

terms of accuracy for the Yes/No task and the EEG task. A Group by Test interaction 

was not found (p >.05).  
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Event related potentials 

 
ITD – ERPs  
 

Figure 4.7 shows the TG and AG grand averaged ERP waveforms for the ITD 

dichotic pitch. A P-N-P-N complex of waves peaking at latencies of about 60 (P1), 

110 (N1), 204 (P2), 318 (N2) ms, respectively was obtained. In addition to the P-N-P-

N complex of waves, a later component (P400) was present for both groups. The 

P400 complex was manifested as a positive displacement in the difference waveform 

that had maximal amplitude during a time window of 350 ms–550 ms.  

 

 
 
 
Figure 4.7: ERP and difference waveforms displaying the main components of 
interest for the ITD dichotic pitch over a time window of -100–750 ms for the TG and 
AG.  
IAD – ERPs 
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Figure 4.8 shows the TG and AG grand averaged ERPs waveforms for the 

IAD dichotic pitch. A P-N-P-N complex of waves peaking at latencies of about 63 

(P1), 117 (N1), 207 (P2), 314 (N2) ms, respectively was obtained. In addition to the 

P-N-P-N complex of waves, a later component (P400) was present for both groups.  

 

 

 
 
 
Figure 4.8: ERP and difference waveforms displaying the main components of 
interest for the IAD dichotic pitch over a time window of -100–750 ms for the TG and 
AG.  
 
 
Components of interest 
 

Auditory components of interest are presented in order of time occurrence and 

stimulus type (ITD dichotic pitch first, followed by IAD dichotic pitch).  
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P2 component  

ITD – P2 component  

A mixed ANOVA with Pitch [NP/P], Hemisphere [LH/RH] and Location [LS/ 

RS] as within subject factors and Group [TG/AG] as a between subjects factor was 

applied to the P2 time window for the ITD dichotic pitch. A main effect of Pitch was 

found (F (1, 28) = 7.75, p = .010, ηρ² = 0.22), with NP (M = 1.28, SE = 0.12) obtaining 

a more positive mean amplitude compared to P (M = 1.15, SE = 0.11). This indicates 

that the ORN was elicited during the P2 time window for the ITD dichotic pitch 

stimuli. Main effects were not found for Hemisphere, Location or Group (p >. 05).   

 

A Group by Hemisphere interaction was obtained (F (1, 28) = 5.26, p = .029, ηρ² 

= 0.16) and will be explained via the 3-way interaction of Group by Pitch by 

Hemisphere (F (1, 28) = 4.39, p = .045, ηρ² = 0.14). 

 

Figure 4.9 and Table 4.6 shows the Group by Pitch by Hemisphere interaction. Post 

hoc comparison found no significant differences for the Group for the LH or the RH 

for the NP or P conditions. A Pitch difference was found for the TG for both LH and 

RH, indicating the presence of an ORN in both hemispheres for the TG. For the LH, 

NP was more positive in mean amplitude compared to the P (mean difference = 0.17). 

A similar pattern was observed for the RH, with NP obtaining a more positive mean 

amplitude compared to P (mean difference = 0.24). In comparison, the AG did not 

obtain a significant Pitch difference for the LH or the RH, indicating a diminished 

ORN for the AG for the ITD dichotic pitch stimuli. Hemispheric differences were 

found for the TG for the P condition. The mean amplitude for the LH was greater than 
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the RH. Hemispheric differences were not found for the NP for TG. The AG showed 

no hemispheric differences for the NP or P conditions.  

 

No further significant interactions were obtained for the P2 component for the 

ITD dichotic pitch (p >.05).  

 

Table 4.6: ITD P2 means and SEs for the Hemisphere by Pitch by Group interaction. 

TG                                                                          LH                                      RH 
NP                                                         1.35 (0.18)                          1.17 (0.18) 
P                                                            1.18 (0.17)                          0.92 (0.18) 

AG 
NP                                                         1.26 (0.18)                        1.34 (0.17) 

            P                                                            1.17 (0.17)                        1.33 (0.18) 
 

 
Figure 4.9: Mean ITD P2 amplitudes for the Pitch by Hemisphere by Group 
interaction. Significant differences indicated by *, p <.05. 
 
 
 
IAD – P2 component 
 

A mixed ANOVA with Pitch [NP/P], Hemisphere [LH/ RH], and Location 

[LS/ RS] as within subjects factors and Group [TG/ AG] as a between subjects factor 

was applied to the P2 time window for the IAD dichotic pitch. A main effect of Pitch 
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was found (F (1, 28) = 22.90, p < .001, ηρ² = 0.45), with NP (M = 1.05, SE = 0.11) 

obtaining a more positive mean amplitude than P (M = 0.79, SE = 0.11) indicating 

that the ORN was elicited during the P2 time window for the IAD dichotic pitch 

stimulus. Main effects were not obtained for Hemisphere, Location or Group (p >.05).  

 

No significant interactions were obtained for the P2 component for the IAD 

dichotic pitch (p >.05).  

 

N2 component 
 
 
ITD – N2 component 
 
 

A mixed ANOVA with Pitch [NP/ P], Hemisphere [LH/ RH], and Location 

[LS/ RS] as within subjects factors and Group [TG/ AG] as a between subjects factor 

was applied to the N2 time window for the ITD dichotic pitch. No main effects were 

found (p >.05).  

 

No significant interactions were obtained for the N2 component for the ITD 

dichotic pitch (p >.05).  

 
 
 
 
 
 
 
IAD – N2 component 
 

A mixed ANOVA with Pitch [NP/P], Hemisphere [LH/RH], and Location 

[LS/RS] as within subjects factors and Group [TG/AG] as a between subjects factor 

was applied to the N2 time window for the IAD dichotic pitch. No main effects were 

 166 



Chapter 4  
 

found (p >.05).  However a significant Pitch difference was found for the TG in the 

interaction.  

 

Figure 4.10 and Table 4.7 shows the Group by Pitch by Location interaction, 

(F (1, 28) = 7.04, p = .013, ηρ² = 0.20).  Post hoc comparisons revealed no Group 

differences for Pitch or Location.  A significant Pitch difference was found for the LS 

for the TG. P was more negative in mean amplitude compared to NP. This indicates 

that the N2 difference was elicited for the TG.  A Pitch difference was not found for 

the TG for the RS. Pitch differences were not found for LS or RS for the AG. A 

Location difference was found for the TG for P. The LS was more negative in mean 

amplitude compared to the RS. Location differences were not found for NP for the 

TG. Location differences were not found for the AG.  

 

No further significant interactions were obtained for the N2 component for the 

IAD dichotic pitch (p >.05).  

 
Table 4.7: IAD N2 Means and SEs for the Pitch by Location by Group interaction.  
 
TG                                                                                       LS                          RS  

NP                                                                     -0.17 (0.12)            -0.29 (0.12) 
P                                                                        -0.43 (0.14)            -0.23 (0.14) 

AG 
NP                                                                    -0.20 (0.12)             -0.20 (0.12) 

            P                                                                       -0.23 (0.14)             -0.33 (0.14) 
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Figure 4.10: Mean IAD N2 amplitudes for the Pitch by Location by Group 
interaction. Significant differences indicated by *, p <.05. 
 
 
 
P400 component 
 
 
ITD – P400  
 

A mixed ANOVA with Pitch [NP/P], Hemisphere [LH/RH] and Location 

[LS/RS] as within subjects factors and Group [TG/AG] as a between subjects factor 

was applied to the P400 time window for the ITD dichotic pitch. Main effect of Pitch 

(F (1, 28) = 36.62 p < .001, ηρ² = 0.57) was found. NP (M= -0.43, SE = 0.08) was 

greater in negative mean amplitude compared to P (M= -0.22, SE = 0.09). This 

indicates that the P400 was elicited for the ITD dichotic pitch. A main effect of 

Location was found (F (1, 28) = 4.22, p = .049, ηρ² = 0.13). The LS (M = -0.37, SE = 

0.09) was greater in negative mean amplitude for the P400 component compared to 

the RS (M = -0.28, SE = 0.09). Main effects were not found for Hemisphere, or 

Group (p >.05).  

 

Figure 4.11 and Table 4.8 show the Group by Pitch interaction (F (1, 28) = 

10.64, p = .003, ηρ² = 0.28). Post hoc comparisons showed that Group differences 
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were not obtained for NP or P.  A Pitch difference was obtained for the TG, indicating 

the presence of a P400 component. NP obtained a more negative mean amplitude 

compared to P (mean amplitude difference = -0.32), as shown in Figure 4.11. The AG 

did not obtain a Pitch difference, indicating a diminished P400 for the AG compared 

to the TG for the ITD stimuli.  

 

Table 4.8: ITD P400 Means and SEs for the Pitch by Group interaction.  

                                                                                                  TG                      AG 
NP                                                                                    -0.52 (0.12)          -0.34 (0.11)  
P                                                                                       -0.19 (0.12)          -0.24 (0.12)  

 
 

 
 
 

 
Figure 4.11: Mean ITD P400 amplitudes for the Pitch by Group interaction. 
Significant differences indicated by *, p <.05.  
 

Figure 4.12 and Table 4.9 show the Group by Hemisphere by Location 

interaction (F (1, 28) = 5.06, p = .032, ηρ² = 0.15). Post hoc comparisons found no 
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Group differences in the LH or the RH for the LS or the RS. Hemispheric differences 

were not found on the LS or the RS for the TG or AG. A Location difference was 

found for the AG for the LH. The LS was greater in negative mean amplitude 

compared to the RS. Location differences were not found for the RH for the AG. 

Location differences were not found for the LH or RH for the TG. 

 

No further significant interactions were obtained for the P400 component for the ITD 

dichotic pitch (p >.05).  

 
Table 4.9: ITD P400 Means and SEs for the Hemisphere by Location by Group 
interaction.  
 
TG                                                                                          LH                         RH 

LS                                                                       -0.32 (0.12)          -0.44 (0.14) 
RS                                                                       -0.30 (0.12)          -0.39 (0.14) 

AG 
LS                                                                        -0.38 (0.12)         -0.34 (0.14) 

            RS                                                                        -0.18 (0.12)         -0.26 (0.14) 
 

 
Figure 4.12: Mean ITD P400 amplitudes for the Hemisphere by Location by Group 
interaction. Significant differences indicated by *, p <.05. 
 
IAD – P400  

 
A mixed ANOVA with Pitch [NP/ P], Hemisphere [LH/ RH] and Location 

[LS/ RS] as within subject factors and Group [TG/ AG] as a between subject factor 
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was applied to the P400 time window for the IAD dichotic pitch. A Main effect of 

Pitch was found (F (1, 28) = 5.83, p = .023, ηρ² = 0.17). NP (M = -0.41, SE = 0.09) had 

a greater negative mean amplitude compared to P (M = -0.27, SE = 0.01), indicating 

that the P400 was elicited during the P400 time window for the IAD dichotic pitch 

stimuli. Main effects were not found for Hemisphere, Location or Group (p >.05).  

 

Figure 4.13 and Table 4.10 show the Pitch by Group interaction (F (1, 28) = 

6.09, p = .020, ηρ² = 0.18). Post hoc comparisons showed no Group differences for 

NP or P.  A Pitch difference was obtained for the TG, indicating the presence of a 

P400 component. NP obtained a more negative mean amplitude compared to P (mean 

difference = -0.27). The AG did not obtain a Pitch difference, indicating a diminished 

P400 for the AG.  

 

Table 4.10: IAD P400 amplitude means and SEs for the Pitch by Group interaction. 

                                                                                           TG                      AG  
NP                                                                            -0.51 (0.13)              -0.30 (0.12)  
 P                                                                              -0.24 (0.15)              -0.30 (0.15)  
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Figure 4.13: Mean IAD P400 amplitudes for the Pitch by Group interaction. 
Significant differences indicated by *, p <.05. 

 

Figure 4.14 and Table 4.11 show the Hemisphere by Location by Group 

interaction (F (1, 28) = 7.29, p = .012, ηρ² = 0.21). Post hoc comparisons found no 

Group differences across the LH or the RH for the LS or the RS. Hemispheric 

differences were not found for the LS or RS for the TG or the AG. A Location 

difference was found for the AG for the RH; the RS was greater in negative mean 

amplitude compared to the LS. The AG did not obtain Location differences for the 

LH. Location differences were not found for the LH or RH for the TG.  

 

No further significant interactions were obtained for the P400 component for 

the IAD dichotic pitch (p >.05).  
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Table 4.11: IAD P400 Means and SEs for the Hemisphere by Location by Group 
interaction.  
 
TG                                                                                               LH                      RH 

LS                                                                         -0.34 (0.12)         -0.40 (0.15) 
RS                                                                         -0.40 (0.15)         -0.39 (0.16) 

AG 
LS                                                                         -0.32 (0.12)         -0.21 (0.14) 

            RS                                                                         -0.31 (0.15)         -0.36 (0.16) 
 

 
Figure 4.14: Mean IAD P400 amplitudes for the Hemisphere by Location by Group 
interaction. Significant differences indicated by *, p <.05.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 173 



Chapter 4 

Discussion 
 

Dichotic pitch stimuli that utilized either ITD or IAD were used to assess 

concurrent segregation abilities of ASD individuals compared to matched typicals. 

One of the aims of the current experiment was to see if the Gaussian noise or the ITD 

cue was the reason that the ORN component and N2 difference were diminished for 

the ASDs in Experiment 1. If the Gaussian noise leads to diminished early 

components, then it would be expected that the IAD cue would generate similar 

results (i.e. diminished ORN for the ASDs). However, if the ITD cue leads to 

diminished early components, then the current study should have a similar outcome to 

Experiment 1 for the ITD dichotic pitch stimuli. A secondary aim was to see if 

amplitude differences were apparent in components of interest (ORN, N2 difference 

and P400) between the ASDs compared to the typicals for the IAD dichotic pitch 

stimuli.  

 

For the ITD dichotic pitch, the current study replicated the results from 

Experiment 1; the ASDs elicited a diminished ORN component compared to the 

typicals. This may indicate that the ASDs may have a low-level deficit for ITD in 

auditory scene analysis. Surprisingly, neither group elicited a significant N2 

difference for the ITD dichotic pitch. In contrast to Experiment 1, the P400 was 

diminished in amplitude for the ASDs compared to the typicals for the ITD dichotic 

pitch.   

 

For the IAD dichotic pitch, it was found that both groups elicited an ORN in 

the auditory ERP; no group differences were obtained suggesting that both groups 

elicited an ORN of similar amplitude. This indicates that the Gaussian noise does not 
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lead to diminished early components, otherwise the IAD cue would have diminished 

for the ASDs, as the dichotic pitch stimuli were identical in all aspects except for the 

type of cue used. For the N2 difference, only the typicals elicited a significant Pitch 

difference for the left side only. In contrast, the ASDs did not elicit an N2 difference 

for the left or right sides. For the P400 component, the typicals elicited a robust P400 

in the auditory ERP. The P400 was reduced in the ASDs in comparison for the IAD 

dichotic pitch.  

 

Behavioral data  

 

For the location matching, no significant differences were found for Pitch or 

Location or Group. This indicates that both groups were able to localize the variable 

IAD noise and variable IAD pitch to the fixed locations of the ITD stimuli. This also 

indicates that the perceptual effect of the IAD cue was matched to those of the ITD 

cue with regards to the degree of lateralization for the two stimulus types (Johnson & 

Hautus, 2010). The overall matching of the IAD stimulus to the ITD stimulus was 

similar in terms of lateralization for the two groups.   

 

For the confidence rating for the location matching, it was found that 

participants overall felt more confident matching the IAD stimulus to the lateralized 

ITD No pitch (one auditory object) targets than ITD Pitch (two auditory objects) 

targets. This indicates the one auditory object was easier to match compared to two 

auditory objects.  
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In terms of the EEG proportion correct for the ITD dichotic pitch the current 

study found that the typicals were more accurate overall at detecting ITD dichotic 

pitch stimuli compared to the ASDs. This is consistent with the results found in 

Experiment 1, suggesting that the ASDs had difficulty in segregating concurrently 

presented sounds. The main effect of Location indicates that participants overall were 

more accurate in identifying auditory objects presented on the right side of auditory 

space than the left side. More accurately, the interaction of Pitch by Location suggests 

that participants were able to identify No pitch condition (one auditory object) more 

accurately when it was on the right side of space compared to when it was on the left 

side. However, this was not found in the case of the Pitch conditions (two auditory 

objects), suggesting both groups had similar accuracy for concurrent sound objects 

regardless of which side the Pitch was lateralized. 

 

 In contrast, the IAD dichotic pitch proportion correct scores showed no 

significant differences for main effect or interactions, indicating that accuracy was 

similar for both groups for the IAD dichotic pitch stimulus for the left and right sides 

of space.  

Overall, the behavioral data suggests that the ASDs have difficulty detecting 

and processing ITD cue information compared to IAD cue information. The results 

indicate that the ASDs are able to detect the pitch-like quality produced by the ITD 

difference in the dichotic pitch stimuli but their auditory systems do not fully 

segregate out the two sound qualities (noise and pitch) into separate auditory objects. 

For the IAD cue, the ASDs have no trouble segregating out the pitch-like quality for 

the IAD difference and their auditory system is fully segregating out the two sound 

 176 



Chapter 4  
 

qualities of noise and pitch, which would explain why the ASDs perform on par with 

the typicals.   

 

Early components – the ORN and N2 difference 

 

The current study replicated the results found for Experiment 1. The current 

study found that the ORN component was diminished for the ASDs compared to the 

typicals for the ITD dichotic pitch stimuli. In contrast, no group differences were 

found for the ORN between the ASDs and the typicals for the IAD dichotic pitch 

stimuli. The ORN component is thought to be a pre-attentive neurological marker 

related to the perception of two auditory objects and can be elicited by mistuning ITD 

and IAD cues; suggesting it is a generalized physiological marker related to the pre-

attentive stage of auditory scene segregation (Alain et al., 2001; Johnson et al., 2003; 

Hautus & Johnson, 2005; Johnson & Hautus, 2010). The ORN can be elicited with or 

without participants attending to the auditory stimuli and can increase in amplitude 

relative to the amount of mistuning or ITD difference (Alain et al., 2001; Clapp et al., 

2007).  

 

The results from the current experiment strengthen the notion that the ASDs 

may have a deficit in low-level perceptual processes related to concurrent stream 

segregation for ITD cue information, and that the diminished ORN observed for the 

ASDs in Experiment 1 is not associated with the Gaussian noise used in the dichotic 

pitch stimulus. This suggests that the ITD difference is detectable by the ASDs but 

their auditory system is not fully segregating out the two sound qualities (noise and 

pitch) into separate auditory objects. 
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Infant studies have shown that newborns can respond to changes in the 

auditory environment (Alho, et al., 1990; McAdams & Bertoncini, 1997), and some 

studies have even suggested that the ability to detect ITD cue information develops 

very early in infant development (Litovsky & Ashmead, 1997; Bundy, 1980).  The 

ITD deficit seen in the ASD group here may be related to abnormal neuronal growth 

patterns in early development that occur in the ASD population (Courchesne et al., 

2004; Coskun et al., 2009). 

 

 Differences in brain structures involved in auditory segregation have also 

been identified to be the reason behind hearing difficulties (Kulesza & Manunay, 

2008; Kulesza et al., 2010). Studies have shown that temporal processing abilities in 

ASD are deficient (Alcantara et al., 2004; Groen et al., 2009; Alcantara et al., 2012; 

Bhartara et al, 2013). Combined, these factors may have attributed to the diminished 

ORN seen for the ASDs for ITD dichotic pitch.  

 

The current study also found no differences between the ASDs and the 

typicals for the ORN amplitude for the IAD dichotic pitch stimuli. Experiment 2 

found that the ASDs and the typicals both elicited an ORN component for the 

mistuned harmonic stimuli. However, the pattern of activation was different for the 

ASDs compared to the typicals for the mistuning. It was found that the ORN was 

elicited for mistuning for the ASDs in the left and the right hemisphere, while the 

typicals only elicited an ORN for mistuning in the right hemisphere. Secondly, the 

ASDs showed a significant difference in processing tuned and mistuned auditory 

objects between the left and right hemispheres, which was not shown for the typical 

group. A group difference was found for the left hemisphere for the mistuning 
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condition, suggesting that the two groups process mistuning information differently in 

the left hemisphere. 

 

 Studies have indicated that ASDs may have enhanced pitch-processing 

abilities (Heaton et al., 1998; Heaton, 2003; Bonnel et al., 2003; Bonnel et al., 2010). 

It is thought that the ability to process harmonic structure and pitch information 

develops later in life (DePape, et al., 2012; Trainor & Trehub, 1994; Schellenberg et 

al., 2005) and this could explain why in ASD pitch processing is less affected 

compared to speech processing, which depends on fast temporal changes. The results 

from the current study suggest that IAD processing may be spared in ASD, which 

indicates that the low-level deficit seen in the ASDs may be restricted to ITD cues.  

 

It has been postulated that ITD and IAD information may have separate neural 

processing channels. The duplex theory suggests that ITD cues are more dominant for 

low frequency sounds, while IAD are more dominant for high frequency sounds 

(Rayleigh, 1907). Researchers have long suggested that if separate location cues are 

involved in high and low frequency processing then neural processes associated with 

solving sound localization must use separate neural populations. Animal studies 

measuring brainstem activations suggest that ITDs and IADs are processed separately 

(Smith, Joris, & Yin, 1993; Yin & Kuwada, 1984). Human brainstem studies also 

found differential processing of latencies for monaural and binaural click stimuli that 

varied in ITDs or IADs (Pratt, Polyakov, & Kontorovick, 1997). These authors 

suggest that ITD and IAD cues must be processed in separate systems at the level of 

the brainstem and then sent to higher cortical regions once the ITD and IAD 

differences have been determined.  
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A similar result was found by Johnson and Hautus (2010). They presented 

listeners with ITD and IAD dichotic pitch and found that the ITD M100 had a strong 

modulation for left and right hemispheres, while the IAD M100 was only elicited for 

the right hemisphere. They suggested that ITD and IAD information may be 

processed by separate neuronal populations in the auditory cortex at a pre-attentive 

stage, which is then later pooled for auditory scene segregation (Johnson & Hautus, 

2010). 

 Brainstem studies have found significant malformations and structural 

differences in ASD brains (Kulesza et al., 2010; Kulesza & Mangunay, 2008; Rodier, 

et al., 1996). It is possible that the ASDs have deficits at the brainstem level 

specifically for ITD information but not for IAD information. This may help to 

explain why information can be pooled for the auditory cortex to solve concurrent 

segregation for IAD information but not for ITD information. Overall, there is good 

evidence to suggest that the ASDs may have a general ITD processing deficit.  

 

For the N2 difference the current experiment found that both the typicals and the 

ASDs did not elicit the N2 difference for the ITD dichotic pitch. The diminished N2 

difference for the typicals for ITD dichotic pitch is unusual as lateralized time-shifted 

dichotic pitch was used for the current experiment. Johnson et al. (2007) found that 

their N2 difference was sensitive to the spatial features of the lateralized dichotic 

pitch. It may be possible that the time window selected for the current study was too 

small compared to the one presented in Johnson et al. (2007). In contrast, for the IAD 

dichotic pitch, only the typicals elicited the N2 difference on the LS. The N2 

difference for the IAD dichotic pitch was diminished for the ASDs for the LS and RS. 
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The current experiment results are similar to those in Experiment 1. The ASDs 

elicited a diminished N2 difference; it is very likely that the ASDs are less efficient at 

processing the spatial information within the dichotic pitch stimuli, regardless of the 

cue type used.  

 

Late component – P400 component  

 

The P400 component is elicited during active conditions. The P400 

component is thought to reflect the decision making process related to the parsing of 

complex auditory objects into concurrent perceptual objects and is considered to be 

involved in high-level processing (Alain et al., 2001; Hautus & Johnson, 2005). 

Surprisingly, the ASDs elicited a diminished P400 component for the ITD and the 

IAD dichotic pitch compared to the typicals. In contrast, no significant group 

differences were found for the P400 component in Experiment 1. It is possible the 

diminished ORN for the AG was a result of task complexity. Experiment 3 utilized 

lateralized dichotic pitch for all conditions but Experiment 1 did not. Experiment 1 

had a centralized NP condition that could have made it easier for the AG to focus 

their attention on and count the number of perceptual objects. The full lateralization in 

Experiment 3 might have been too difficult to track over time and therefore resulted 

in diminished P400 components for ITD and IAD dichotic pitch types. More 

interestingly, the ASDs elicited location differences for the P400 component that the 

typicals did not. For the ITD dichotic pitch, the ASDs showed a significant difference 

in amplitude for location, the LS had a greater amplitude compared to the RS in the 

left hemisphere; for the IAD dichotic pitch, the RS was greater in amplitude 

compared to the LS in the right hemisphere. This opposing pattern of activation could 
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indicate that the ASDs process ITD and IAD cue information differently for 

controlled (high-level) processing.  

 

Overall, the current study found that the ASDs elicited a robust ORN for the 

IAD dichotic pitch but a diminished ORN for the ITD dichotic pitch suggesting that 

low-level processing difficulties in ASD may be restricted to ITD cue information for 

concurrent segregation.  The replication of results from the current study aligns with 

the results found in Experiment 1, in which the ASDs elicited a diminished ORN for 

both centralized and lateralized time-shifted dichotic pitch compared to matched 

typicals. In contrast, the ASDs had comparable amplitudes to the typicals for the ORN 

elicited by the IAD dichotic pitch. The studies above indicate that there may be a 

general deficit for processing ITD cue information in ASD and this may be linked to 

disrupted neuronal growth patterns seen early in development. Additionally, separate 

neural processing of ITD and IAD information may occur at the brainstem level 

(Pratt, et al., 1997; Johnson & Hautus, 2010). Studies have found malformations in 

the auditory brainstem in ASDs (Kulesza et al., 2010; Kulesza & Mangunay, 2008; 

Rodier, et al., 1996) and these malformations have been linked with poor temporal 

and auditory scene segregation abilities in ASD.  

 
 
Conclusion 
 
 

The current experiment is the first one to utilize IAD dichotic pitch with the 

ASD population. The current experiment found that both groups elicited an ORN for 

the IAD dichotic pitch. However this was not the case for ITD dichotic pitch, where 

the ASDs elicited a diminished ORN. This is in line with results obtained for 

Experiment 1, where the ASD group also elicited a diminished ORN for centralized 
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and lateralized time-shifted dichotic pitch. The replication of the diminished ORN for 

the ITD cues suggests that the ASDs may have a low-level deficit for ITD processing 

in auditory scene analysis. In contrast to Experiments 1 and 2, the ASDs elicited a 

diminished P400 compared to matched typicals for both ITD and IAD cues. Overall, 

the results from the current experiment support the results from Experiments 1 and 2, 

and add further support towards ASDs having an ITD processing deficit for 

concurrent segregation.  
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 Chapter 5: Experiment 4 
 

Introduction 

 

For Experiment 3, lateralized ITD and IAD cues were utilized separately for the 

dichotic pitch paradigm. The aim of Experiment 3 was to explore low-level and high-level 

processing abilities in ASDs compared to matched controls with the two separate binaural 

cues (ITD and IAD). One of the aims of Experiment 3 was to replicate the diminished ORN 

seen for the ASD group in Experiment 1. The second aim was to see if amplitude differences 

are present for ORN, N2 difference and P400 components between the ASD and matched 

typicals for the IAD dichotic pitch. It was found that the ASD group elicited a diminished 

ORN for the lateralized ITD cue in Experiment 3, supporting and replicating the results found 

in Experiment 1. This finding suggests that the ASD group may have a low-level deficit in 

relation to processing ITD cues in auditory scene analysis. 

 In contrast in Experiment 3, no group differences were found for the ORN for the 

IAD cue. This indicates that the diminished ORN seen in Experiment 1 was due to the ITD 

cue and not the Gaussian noise, as the IAD dichotic pitch did not lead to a diminished ORN 

for the ASDs. Both groups elicited robust ORNs for the IAD dichotic pitch, suggesting that 

the ASD group can process concurrent sound information using cues other than ITD that lead 

to segregation.  

 This outcome supports the results in Experiment 2, which found the ASD group was 

able to elicit an ORN with mistuned harmonic stimuli. It was found that the ASD group 

elicited ORNs in both hemispheres; in contrast the matched typicals only elicited an ORN in 

the right hemisphere for harmonicity cues. In addition, a group difference revealed that the 
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ASD group had a more negative mean amplitude for the mistuned harmonics in the left 

hemisphere compared to the matched typicals for the ORN component. Lastly, significant 

hemisphere differences were found for both tuned and mistuning conditions for the ASD 

group but not for the matched typicals for harmonicity cues for the ORN component. In 

contrast to Experiment 1 and Experiment 2, the ASDs elicited diminished P400s for ITD and 

IAD cues compared to matched typicals in Experiment 3. It is possible the difference seen for 

the P400 component for Experiment 3 may be related to differences in neural connectivity in 

ASD. Brock et al. (2007) suggest that long range neural connections in autism may be 

deficient. This may have occurred for the late component, where the ASD participants were 

able to process the IAD information, which is processed at the level of the brainstem (Pratt et 

al., 1997) and then sent to higher regions such as the planum temporal. It is possible that the 

neural connections between the planum temporal and higher cortical regions are deficient in 

ASD. 

Experiment 2 showed that the addition of the ITD cue to the harmonicity cue 

enhanced the ASDs ability to detect concurrent sounds and resulted in an increase in 

amplitude for the ORN. In addition, the result also found that an ORN can be elicited with 

ITD cues alone. However, the mistuning cue alone was too ambiguous for participants to 

detect and resulted in a diminished ORN. McDonald and Alain (2005) had similar findings. 

They found that when the mistuning level was ambiguous (2% mistuning) the addition of 

location cues enhanced the listener’s ability to report hearing two auditory objects and 

resulted in the presence of an ORN. They also found that location cues led to sound 

segregation and an ORN but the 2% mistuning cue was not strong enough for listeners to 

report hearing two auditory sounds. However, when the mistuning level was increased to 

16%, listeners did not utilize the location cues in addition to the harmonicity cue, as the 
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degree of mistuning was large enough for listeners to detect two auditory objects and elicit an 

ORN.  

Hautus et al (2009) investigated concurrent segregation using stimuli that contained 

multiple cues to pitch, such as monaural spectral cues, binaural timing cues and the addition 

of both monaural and binaural cues to pitch. It was found that the binaural timing cues and 

the addition of monaural and binaural cues elicited robust ORNs. The addition of two cues 

enhanced the listener’s ability to hear out two auditory objects and led to a greater amplitude 

of the ORN component compared to the binaural cues or monaural cues alone (Hautus et al., 

2009).  

Weise et al (2012) investigated concurrent segregation using mistuning and 

asynchronous onset cues. They found the addition of the short asynchrony in addition to 

slight mistuning (3% mistuning) increased the listener’s ability to detect two auditory objects 

and led to an ORN. An ORN was also found for the short asynchrony onset alone but not for 

the mistuning level of 3% on its own. The authors concluded that the addition of two cues is 

useful in situations to hear out multiple auditory objects where one cue is ambiguous on its 

own.  

Stellmack and Dye (1993) found that listeners reported the target pitch stimuli were 

easier to detect when the pitch stimuli were combined with an onset asynchrony than when 

the pitch was presented without the asynchrony. The addition of the extra auditory cue helped 

listeners to detect the target stimuli in the presence of competing sounds (Stellmack & Dye, 

1993).  

Few studies have looked at the addition of ITD and IAD cues for the parsing of 

sounds. Schröger (1996) found that the addition of ITD and IAD deviants elicited a larger 

MMN in terms of amplitude compared to ITD or IAD cues alone. The author suggested that 
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the addition of the ITD and IAD cues increased detection and that the addition of the extra 

binaural cue had an additive effect.  Similar results were found by Palomäki, Tiitinen, 

Mäkinen, May and Alku (2005). They found that the addition of ITD and IAD cues increased 

the magnitude of the mN1 (magnetic counter-part of N1) compared to ITD and IAD cues 

alone (Palomäki et al., 2005). 

In contrast, Sach and Bailey (2004) found that ITD cues or IAD cues alone 

contributed to the separation of interleaved rhythms, but when an IAD cue was presented on 

the opposite side to the ITD cue, the listener’s ability to segregate out the two rhythms was 

reduced. This suggests that the ITD and IAD cues are directly conflicting and neither in 

conflict aids the listener’s ability to segregate out two rhythms into separate streams.  

Various psychophysic studies have demonstrated that ITD and IAD cues “trade-off” 

from one another, when each of the cues is presented in direct conflict with each other. It is 

thought that the auditory system counter balances each of the cues, so that both cues offer a 

common representation of the conflicting sounds (Harris, 1960; Hafter & Jeffress, 1968; 

Whitworth & Jeffress, 1961). However, the “trade-off” effect can vary and listeners may in 

some instances report sound lateralizations for each of the two types of cues (Hafter & 

Carrier, 1972). This would help to explain why listeners were not able to separate out the two 

interleaved rhythms when the ITD and IAD cues were conflicting.  

The current study will expand upon the results found in Experiment 2, as to whether 

the addition of multiple cues will enhance the ORN amplitude compared to ITD and IAD 

cues alone. The first aim of the current experiment is to explore the perceptual effect of 

combining ITD and IAD cues into a single dichotic pitch stimulus in order to determine 

whether combining the ITD and IAD cues will elicit the ORN component for the ASDs and 

matched typicals. If the addition of the ITD and IAD cues increase the ORN 
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amplitude/magnitude in the ASD group and if so, does the addition of the two cues give rise 

to improved detection. The second aim of the current experiment is to see if the results from 

Experiment 3 can be replicated (i.e. a diminished ORN for the ASD group for the ITD 

dichotic pitch and a normal ORN for the ASD group for the IAD dichotic pitch). The current 

experiment focuses solely on the ORN component, excluding consideration of the N2 

difference and the P400 in the perceptual effect of concurrent segregation.  The current 

experiment’s primary focus is the ORN component.  

We hypothesize that the ASDs may have (or more likely have) difficulties in the 

segregation of auditory stimuli into distinct auditory objects in the presence of the ITD cue 

information and that the addition of the ITD cue will not benefit the ASD individuals.  
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Method 

Participants 

A total of thirty participants (4 females, 6 left handed) with ages ranging from 20-47 

years (M = 26.87, SD = 7.50) participated in this study. Participants were equally split into 

two groups: Typical group (TG) and Autistic group (AG). The TG consisted of fifteen 

participants (2 females, 3 left handed) ages ranging from 21-46 years (M = 27.2, SD = 6.71), 

who were matched (age [± 2 years], gender and handedness) to individuals in the AG. 

Matching was to ensure that participants had similar profiles, particularly in age, as sound 

quality declines with age (Alain & McDonald, 2007).  

 

The AG consisted of fifteen participants (2 females, 3 left handed) with ages ranging 

from 20-47 years (M = 26.47, SD = 8.43). Of those in the AG only three participants were 

identified as having high functioning autism, the rest were identified as having AS. Only 

members of the AG with an official diagnosis of AS/ASD were admitted into the study. 

Participants were required to have a diagnosis of ASD made by a clinician, practitioner or a 

pediatrician before they were admitted into the study. All the individuals with ASD met the 

criteria for ASD on the DSM-IV. As a further check, it was determined that all participants 

met the cut off for autism spectrum disorders on the Social Communication Questionnaire 

(SCQ–Lifetime scale ≥ 15), a parental questionnaire based on the Autism Diagnostic 

Interview-Revised, with which it has good agreement (Bishop & Norbury, 2002). 

Participants in the AG were recruited via adverts posted at Autism NZ, Altogether 

Autism, Autism House, Centre for Brain Research and The University of Auckland. 

Exclusion criteria for the AG included a co-morbid axis 1 disorder and relevant axis 3 

diagnosis, hearing deficits and pharmacological treatment. For participants in the TG, the 
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exclusion criteria included personal or family history of neurological or psychiatric disorders, 

hearing deficits and pharmacological treatment. Further inclusion criteria for both the TG and 

AG were: (1) normal auditory acuity – hearing thresholds ≤ 25 dB HL, as assessed by an 

audiometer (Amplitude T-Series, Otovation, LLC USA) for the standard range of 250-8000 

Hz; (2) a full-scale mental ability score whose lower confidence bound was ≥ 80; and (3) 

passing a pre-screening assessment demonstrating an ability to detect dichotic pitch. 

 

All participants gave their informed consent. All procedures used were approved by 

The University of Auckland Human Participant’s Ethics Committee (Reference, 2009/537). 

Handedness was determined by the Edinburgh handedness inventory (Oldfield, 1971).  

 

Apparatus  

 

The full-scale WASI was administered to all participants in the current study. The 

WASI is a four-sub test scale that measures verbal and performance intelligence abilities in 

individuals. A detailed description of the WASI and the procedures used was provided in 

Experiment 1 (p.7-8).   

The SCQ was administered to all the AG participants. This was an additional measure 

used in conjunction with DSM-IV to identify ASD individuals for the AG. Further details 

about the administration of the SCQ were provided in Experiment 1(p. 9).  

 

Stimuli  

ITD and IAD dichotic pitch  
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Two independent broadband Gaussian noise bursts, each 500 ms in duration, were 

constructed at a sampling rate of 44.1 kHz, using LabView software (National Instruments, 

Austin, Texas, USA). One noise burst was bandpass filtered with a centre frequency of 600 

Hz and a bandwidth of 20 Hz using a fourth-order Butterworth filter. The other noise burst 

was notch filtered using the same filter characteristics. A copy was made of both noises 

(bandpass and notch), one copy of each type for each ear. For the target stimulus (noise plus 

pitch; two auditory objects) opposing interaural delays (±500 μs) were applied to the 

bandpass- and notch-filtered noises so that the resulting combination would create a noise 

lateralized to one side of auditory space and a pitch to the other side of auditory space. For 

control stimuli (noise alone; one auditory object) both the bandpass-and the notch-filtered 

noise were interaurally delayed (500 μs) to the same ear (Figure 1.3, p. 31). The notch-and 

bandpass-filtered noise processes within each auditory channel were recombined, producing 

two spectrally flat noise processes, which were again bandpass filtered (fourth-order 

Butterworth filter) with a center frequency of 600 Hz and bandwidth of 400 Hz. The stimuli 

were windowed with a cos² function with 4 ms rise and fall times. The auditory stimuli were 

generated on two-channels of a 16-bit converter (Model NIUSB-6259, National Instruments, 

Austin, TX). Programmable attenuators (Model PA4, Tucker-Davis Technologies, Alachua, 

FL) set the binaural stimuli to yield 70 dB SPL from insert earphones at the ear (ER2, 

Etymotic Research Inc., Elk Grove Village, Illinois, USA). 

The IAD dichotic pitch was created using the same basic method as above. However 

instead of inserting a time delay, the intensity in each aural channel of the bandpass-filtered 

noise and the notch-filtered noise was either increased or decreased in order to create a 

lateralized perception. The tone and noise were perceived lateralized to the side with the 

highest amplitude for that component of the noise band (bandpass and notch-filtered 

respectively). The IAD was quantified as a percentage, 100% on the left side of space 
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through to 50-50% to 100% on the right side of space. The amount to which the interaural 

level differed for each component of the noise depended on the results from the 2AFC task 

completed by each participant (see below). The sum of the amplitude of the left and right 

channels for each component (notch and bandpass filtered) was the same for every 

participant. 

The IADRTR and the IADRTL dichotic pitches were also created using the same 

method, except a time delay was applied as well as the intensity differnce. For IADRTR the 

time delay was applied to the left aural channel leading to an earlier arrival time of the 

bandpass filtered tone at the right eardrum as well as the higher level at the right eardrum. For 

the IADRTL the opposite time delay was applied, leading to a conflict between the IAD and 

ITD cues. The amount to which the interaural level differed depended on the results from the 

2AFC task from each participant. 

 

Procedure  

 

2AFC pre-training task 

 

A 2AFC procedure was conducted to ensure all participants could discriminate 

between stimuli containing one or two auditory objects. Participants completed four 100 trial 

blocks. Participants indicated via button press whether they heard the two auditory objects in 

the first or second presentation. Participants were given feedback indicating their 

performance during the screening. Screening was conducted in a sound attenuating chamber 

(Amplaid, Model E) and stimuli were delivered through insert earphones. For participants to 

participate further in the study, they needed to exceed the performance criterion of 76% 

correct (Macmillan & Creelman, 2005, p. 9: Hautus and Johnson, 2005; Clapp et al., 2007; 

Johnson et al., 2007). 
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Electroencephalography  

 

The electroencephalography (EEG) recordings were conducted in an electrically 

shielded room (Belling Lee-Model L3000, Enfield, England) using 128-channel Ag/AgCl 

electrode nets (Tucker, 1993) from Electrical Geodesics Inc., (Eugene, Oregon, USA). EEG 

was recorded continuously (250-Hz sample rate; 0.1-100 Hz analogue bandpass) with 

Electrical Geodesics Inc. amplifiers (200-MΩ input impedance). Electrode impedances were 

kept below 40 kΩ, an acceptable level for this system (Ferree, et al., 2001). Common vertex 

(Cz) was used as a reference. During the EEG, subjects were asked to fixate on a cross, 

presented on a computer screen. 

 

Table 5.1 shows the stimulus conditions. The stimulus conditions were randomized 

within each block consisting of 256 trials. There were four blocks; each block had 32 trials 

for conditions 1- 4 and 128 trials of condition 5. The increased frequency for condition 5 

compared to conditions 1- 4 was to ensure that targets (2 auditory objects) and controls (1 

auditory object) were equal in frequency. This was to minimize the likelihood of triggering a 

MMN. For sequences of stimuli, the inter-stimulus intervals were drawn from a rectangular 

distribution between 2000 ms and 3400 ms. Participants were asked to indicate whether they 

heard one auditory object or two auditory objects by pressing a button. No feedback about 

performance was provided. The time out on the response box was 1500 ms if no response 

was registered.  
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Table 5.1: Experimental conditions and the associated noise and pitch lateralizations. 
 

Condition ITD IAD Objects 

 Pitch Noise Pitch Noise  

ITDR Right Left - - Noise + Pitch; 2 auditory objects 

IADR - - Right Left Noise + Pitch; 2 auditory objects 

IADRTR Right Left Right Left Noise + Pitch; 2 auditory objects 

IADRTL Left Right Right Left Noise + Pitch; 2 auditory objects 

LLC Left Left Left Left Noise; 1 auditory object 

 
 

 

Data Analysis 

 

Behavioral and WASI scores 

 

Age, Handedness, verbal IQ, performance IQ, combined IQ, and the 2AFC proportion 

correct were analysed at the end of data collection. A paired-samples t-test was used to 

measure differences between the two groups. 

 

Behavioral EEG proportion correct  

 

Behavioral results were recorded during EEG to monitor the performance of 

participants. On completion of data collection, the behavioral EEG proportions correct were 

analysed using an ANOVA with Condition  [ITDR, IADR, IADRTR, IADRTL, LLC] as 

within subjects factors and Group [TG/AG] as a between subjects factor.  
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Event related potential data  

 

EEG files were segmented into 850 ms epochs (including a 100 ms pre stimulus 

baseline) during which all ocular artifacts were corrected (Jervis et al., 1985). Trials with 

channels marked as bad were dropped from the averaging process. ERPs were re-referenced 

to the average reference. ERPs from individual participants were combined to produce grand-

averaged ERPs for each condition. Grand averages were then digitally filtered with a zero-

phase shift 3-pole Butterworth filter (0.1-30 Hz) (Alarcon, et al., 2000) and then re-

referenced to the mean.  

Electrodes of interest for the P2 (ORN) component were selected by combining data 

from all participants separately for the NP and P conditions. These grand averaged waveform 

topographic maps were used to select a cluster of electrodes that showed the greatest 

difference in amplitude between the NP and P conditions. Time windows that best captured 

the amplitude difference for the P2 component were selected to coincide closely with time 

windows published in literature. Figure 5.1 shows the electrodes of interest for the P2 (ORN) 

component. Table 5.2 shows the electrodes selected for the ERP waveforms and Table 5.3 

shows electrodes and time window used in the statistical analysis (Hautus and Johnson, 2005; 

Clapp et al., 2007; Johnson et al., 2007). 

Table 5.2: Electrodes used in the event related potential waveform graphs. 

ERP (-100 -750 ms) Left electrodes Right electrodes 

ITDR  7,12,13,20,29,30,31,37,54 5,79,80,87,105,106,111,112,118 

IADR  7,12,13,20,29,30,31,37,54 5,79,80,87,105,106,111,112,118 

IADRTR 7,12,13,20,29,30,31,37,54 5,79,80,87,105,106,111,112,118 

IADRTL 7,12,13,20,29,30,31,37,54 5,79,80,87,105,106,111,112,118 
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Figure 5.1: 128 channel EEG head map showing electrodes selected for the P2 (ORN). (Left 
hemisphere: green; right hemisphere: yellow). 
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Table 5.3: Time window and electrodes used in the statistical analyses of the P2.  

 

 
Event related potential waveforms 

 

Grand averaged event related potential waveforms for the ITDR stimuli were created 

by averaging electrodes of interest over a time window of -100–750 ms (See Table 5.2 for a 

full list of electrodes used). A No pitch waveform was created by combining all trials from 

the LLC condition. A Pitch waveform was created by combining all trials from the ITDR 

condition. The same procedure was used to create grand-averaged waveforms for IADR, 

IADRTR and IADRTL stimuli. The difference wave was created by subtracting (P-NP) for 

each condition.  

 

ORN magnitude analysis 

 

The difference (P-NP) was used in order to measure the overall magnitude differences 

between the cues, rather than the amplitude differences of the NP and P conditions for each 

of the cues for the ORN. In order to explore the effect of the ITD cue being added to the IAD 

cue, the Cue comparison analysis used a split plot factorial ANOVA with Cue [ITDR, IADR, 

IADRTR, IADRTL], Hemisphere [LH/RH] and Group [TG, AG] to the difference (Pitch – 

No pitch) value over the P2 time window.  Any violations of sphericity were mediated with 

the Greenhouse-Geisser correction (ε). A Bonferroni correction adjustment was used. A lack 

of significance was taken as p >.05.  Effect size was measured by partial eta squared (ηρ²).  

 

 

ERP (time window)                                                 Electrodes 

ORN (172-252 ms) 7,12,13,19,20,29,30,31,37,54 4,5,79,80,87,105,106,111,112,118 

 197 



Chapter 5 
 

Pitch condition analysis (component)  

 

Separate P2 component analysis was used to establish the presence of the ORN 

component for each Cue. For the ITDR dichotic pitch, P2 component electrodes of interest 

(refer to Table 5.3) were selected at a time window of 172-252 ms from each subject for each 

No pitch (LLC) and Pitch (ITDR) for the left and the right hemispheres. These electrodes 

were collapsed to obtain grand-averages used in the statistical analyses. This process was 

repeated for the remaining Pitch conditions IADR, IADRTR, IADRTL for the P2.  

 

Each of the dichotic pitch conditions was analyzed separately in order to explore the 

cue differences for the ORN amplitude between groups. A statistical analysis of type of 

dichotic pitch was performed using a split plot factorial ANOVA with Hemisphere [LH, RH] 

and Pitch [NP, P] and Group [TG, AG]. Any violations of sphericity were mediated with the 

Greenhouse-Geisser correction (ε). A Bonferroni correction adjustment was used. A lack of 

significance was taken as p >.05.  Effect size was measured by partial eta squared (ηρ²).  
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Results  

The aim of the current experiment was to explore the perceptual effect of combining 

ITD and IAD cues into a single dichotic pitch stimulus and to determine whether the 

combining of the ITD and IAD cues will elicit an ORN component for the ASD and matched 

typicals. The first aim of the current experiment is to see if the combining of ITD and IAD 

cues will increase the ORN magnitude in the ASD group and if so, does the addition of the 

two binaural cues give rise to improved detection of two auditory objects. A secondary aim of 

the current experiment is to replicate the results from Experiment 3 for the ITD and IAD cues 

alone (i.e. if the ASD group elicits a diminished ORN for the ITD cue alone and if the ASD 

group can elicit a robust ORN for the IAD cue alone as shown in Experiment 3).  

 

Behavioral data  

 

Table 5.4 summarizes the demographic and cognitive characteristics of the two 

groups. The two groups did not differ significantly in age, sex, or handedness. Groups did not 

significantly differ in the measure of verbal IQ or performance IQ. However, the groups did 

differ on a measure of combined IQ; the AG on average performed close to the average level 

for their age, while the TG, on average, performed above average for their age. In addition, 

the groups did not differ on the 2AFC detection task, suggesting both groups could reliably 

detect the difference between No pitch and Pitch. 
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Table 5.4: Demographic and cognitive characteristics of the typical group (TG) and autistic 
group (AG). 

  

EEG proportions correct  

 

A repeated measures ANOVA with Condition [ITD/IAD/IADRTR/IADRTL/LLC] as 

a within subjects factor and Group [TG/AG] as a between subjects factor was applied to 

arcsined transformed EEG proportions correct. A main effect of Group was found (F (1, 30) = 

5.71, p = .028, ε = 0.17). The TG obtained a greater proportion correct score (M= 90.00, SE = 

3.81) compared to the AG (M = 77.51, SE = 3.81). This suggests that the AG had difficulty 

with the detection of the two concurrent sounds. However, the AG performed above the 

criterion of 71%.  A significant main effect was found for Condition (F (1, 30) = 5.27, p = .001, 

ε = 0.16). EEG proportion correct was greater for the IADRTR (M = 87.71, SE = 3.04) and 

for IADRTL (M = 86.90, SE = 3.02) cues, and these cues were significantly different to the 

ITD (M = 84.35, SE = 3.05) cue proportion correct. This suggests that the addition of ITD to 

IAD cues increased the detection of two concurrent sounds compared to the ITD or IAD cues 

alone. A Condition by Group interaction was not obtained (p >.05), indicating that both 

groups obtained similar proportions correct for each of the conditions. 

Measure AG (N = 15) 
M (SD) 

TG (N = 15) 
M (SD) 

T-test 
t         df        p 

Age (years) 26.47 (8.43) 27..27 (6.71) .29 28 .78 

Handedness 
(-100%-100%) 

66.60 (68.19) 56.07 (81.35) -.38 28 .70 

Verbal IQ 125.27 (7.92) 131.20 (9.85) .82 28 .08 

Performance IQ 114.67 (14.13) 118.40 (16.53) .51 28 .51 

Combined IQ 122.93 (10.38) 129.80 (7.69) 2.72 28 .04 

SCQ 21.53 (5.01) - - - - 

2AFC  85.00 (2.31) 77.10 (2.85) 3.07 28 .41 
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Electrophysiological data 

ITD ERP  

Figure 5.2 shows grand averaged ERP waveforms for the TG and the AG in which the 

pitch stimulus was from the ITD cues alone.  A P-N-P-N complex of waves peaking at 

latencies of about 60 (P1), 110 (N1), 204 (P2), 318 (N2) ms, respectively was obtained. In 

addition to the P-N-P-N complex of waves, a later component (P400) was present for both 

groups. The P400 complex was manifested as a positive displacement in the difference 

waveform that had maximal amplitude during a time window of 350 ms–550 ms. 

 

Figure 5.2: ERP and difference waveforms displaying the main components of interest for 
the ITD dichotic pitch over a time window of -100–750 ms for the TG and AG. 
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IAD ERP  

Figure 5.3 shows grand averaged ERP waveforms for the TG and AG in which the 

pitch stimulus was from the IAD cues alone. A P-N-P-N complex of waves peaking at 

latencies of about 63 (P1), 117 (N1), 207 (P2), 314 (N2) ms, respectively was obtained. In 

addition to the P-N-P-N complex of waves, a later component (P400) was present for both 

groups.  

 

 

Figure 5.3: ERP and difference waveforms displaying the main components of interest for 
the IAD dichotic pitch over a time window of -100–750 ms for the TG and AG.  
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IADRTR ERP  

 

Figure 5.4 shows grand averaged ERP waveforms for the TG and AG for the ITD cue 

lateralized to the same direction as the IAD cue (IADRTR). A P-N-P-N complex of waves 

peaking at latencies of about 63 (P1), 117 (N1), 207 (P2), 314 (N2) ms, respectively was 

obtained. In addition to the P-N-P-N complex of waves, a later component (P400) was 

present for both groups.  

 

 

Figure 5.4: ERP and difference waveforms displaying the main components of interest for 
the IADRTR dichotic pitch over a time window of -100–750 ms for the TG and AG.  
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IADRTL ERP  

 

Figure 5.5 shows grand averaged ERP waveforms for the TG and AG for the ITD 

cues lateralized to the opposite direction as the IAD cues (IADRTL). A P-N-P-N complex of 

waves peaking at latencies of about 63 (P1), 117 (N1), 207 (P2), 314 (N2) ms, respectively 

was obtained. In addition to the P-N-P-N complex of waves, a later component (P400) was 

present for both groups.  

 

 

Figure 5.5: ERP and difference waveforms displaying the main components of interest for 
the IADRTL dichotic pitch over a time window of -100–750 ms for the TG and AG.  
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For the following section, the ORN magnitude analysis is presented first and then the 

P2 component analysis.  

Magnitude comparison of the ORN 

A mixed ANOVA with Cue [IAD/IADRTR/IADRTL] and Hemisphere [LH/RH] as 

within subjects factors and Group [TG/AG] as the between subjects factor was applied to the 

P2 time window for the difference values for IAD, IADRTR and IADRTL dichotic pitch 

stimuli to measure the amplitude of the ORN. A main effect of Group was found (F (1, 28) = 

5.67, p = .024, ηρ² = 0.17), with the TG (M = -0.28, SE = 0.06) obtaining a larger magnitude 

for the ORN compared to the AG (M = -0.06, SE = 0.06).  Main effects were not found for 

Cue or Hemisphere (p >. 05).   

 

Figure 5.6 and Table 5.5 show the Hemisphere by Group interaction (F (1, 28) = 4.35, p 

= .046, ηρ² = 0.14). Post hoc comparisons found a significant Group difference for the RH. 

The TG obtained a greater negative magnitude difference (ORN) compared to the AG. This 

may suggest that the AG and the TG process binaural information differently in the RH. No 

significant difference was found between Groups for the LH. Hemispheric differences were 

not found for the TG or the AG.  

No further significant interactions were obtained for the P2 difference (p >.05).  

 

Table 5.5: P2 difference (ORN) amplitude Means and SEs for the Hemisphere by Group 
interaction. 

                                                                                                       LH                     RH 
TG                                                                                        -0.19 (0.06)          -0.36 (0.09)  
AG                                                                                        -0.11 (0.05)          -0.02 (0.09)  
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Figure 5.6: Mean ORN amplitudes for the Hemisphere by Group interaction. Group 
difference indicated by *, p <.05.   

 

 

Figure 5.7 shows that the AG shows little difference in the ORN magnitude across 

conditions compared to the TG. Consequently the AG data reduces the main effect of Cue 

overall in the ANOVA above, which may be why the main effect of cue did not reach 

significance. The first aim of the current experiment was to determine whether the addition of 

the ITD cue to the IAD cue influenced the ORN amplitude. In order to explore the Cue 

effects in typicals, the ANOVA above was conducted with the TG alone.  
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Figure 5.7: Mean ORN magnitudes for the Cue by Group interaction.   

 

A repeated measures ANOVA with Cue [IAD/IADRTR/IADRTL] and Hemisphere 

[LH/RH] as within subject factors was applied to the P2 time window for the ORN 

magnitude for IAD, IADRTR and IADRTL dichotic pitch stimuli for the TG. A main effect 

of Cue was found (F (2, 28) = 3.47, p = .045, ηρ² = 0.20). Figure 5.8 and Table 5.6 show that 

IADRTR had a greater ORN magnitude for the P2 compared to the IAD cue or the IADRTL. 

This suggests that the combined effect of the ITD and the IAD on the same side increased the 

ORN for two concurrent sounds compared to IAD or IADRTL. In addition, the difference 

was only found between IADRTR and IADRTL suggesting the timing cue location either 

enhanced or interfered with the IAD cue, and the detection of concurrent sounds.  A main 

effect of hemisphere was not found (p >.05).  
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No significant interactions were obtained for the P2 component for the cue 

comparison analysis (p >.05) based on the TG alone.  

Table 5.6: Mean P2 difference amplitudes for main effect of Cue based on TG alone.  

                                                                                  IAD                  IADRTL           IADRTR            
Cue                                                                     -0.22 (0.07)          -0.22 (0.05)        -0.40 (0.07)         
 

 

Figure 5.8: Mean ORN magnitudes for the main effect of Cue based on TG alone. 
Significant differences indicated by *, p <.05. 

 

 

 

 

 

 

 

P2 component  
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IADRTR P2 component 

A mixed ANOVA with Pitch [NP/ P] and Hemisphere [LH/RH] as within subjects 

factors and Group [TG/AG] as a between subjects factor was applied to the P2 time window 

for the IADRTR dichotic pitch.  A main effect of Pitch was found (F (1, 28) = 15.62, p < .001, 

ηρ² = 0.36), with NP (M = 0.78, SE = 0.09) obtaining a more positive mean amplitude 

compared to P (M = 0.56, SE = 0.09). This indicates that an ORN was elicited during the P2 

time window for the IADRTR dichotic pitch stimuli. Main effects were not found for 

Hemisphere or Group (p >. 05).   

Figure 5.9 and Table 5.7 show the Group by Pitch interaction (F (1, 28) = 9.24, p < 

.005, ηρ² = 0.25). Post hoc comparison found no significant differences for Group for NP or 

P. A Pitch difference was obtained for the TG, indicating the presence of the ORN 

component. NP obtained a more negative mean amplitude (mean amplitude difference = 

0.06) compared to the P. The AG did not obtain a Pitch difference, indicating a diminished 

ORN for the AG compared to the TG for the IADRTR stimuli. This also suggests that the 

addition of the ITD cue to the IAD cue interfered with the segregation of two concurrent 

objects for the AG.  

No further significant interactions were obtained for the IADRTR P2 component (p >.05).  

 

Table 5.7: IADRTR dichotic pitch P2 Means and SEs for the Pitch by Group interaction.  

                                                                                                  TG                      AG 
NP                                                                                     0.81 (0.13)           0.75 (0.13)  
P                                                                                        0.42 (0.13)           0.70 (0.13)  
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Figure 5.9: Mean IADRTR dichotic pitch P2 amplitudes for the Pitch by Group interaction. 
Significant differences indicated by *, p <.05.  

 

IADRTL P2 component  

 

A mixed ANOVA with Pitch [NP/P] and Hemisphere [LH/RH] as within subjects 

factors and Group [TG/AG] as a between subjects factor was applied to the P2 time window 

for the IADRTL dichotic pitch.  A main effect of Pitch was found (F (1, 28) = 8.43, p = .007, 

ηρ² = 0.23) with NP (M = 0.78, SE = 0.09) obtaining a more positive mean amplitude 

compared to P (M = 0.62, SE = 0.10). This indicates that an ORN was elicited during the P2 

time window for the IADRTR dichotic pitch stimuli. Main effects were not found for 

Hemisphere or Group (p >. 05).   
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Figure 5.10 and Table 5.8 show the Group by Pitch by Hemisphere interaction (F (1, 28) 

= 5.15, p = .031, ηρ² = 0.16). Post hoc comparisons found no significant Group differences 

for NP or P in the LH or the RH. A Pitch difference was found for the TG in the RH. NP had 

a more positive mean amplitude compared to P, indicating the presence of an ORN for the 

TG. A Pitch difference was not found for the TG in the LH. A Pitch difference was found for 

the AG in the LH. NP had a more positive mean amplitude compared to P, indicating the 

presence of an ORN for the AG in the LH. However a Pitch difference was not found for the 

AG in the RH. This suggests that the AG processes the cue information differently compared 

to the TG in order to elicit the ORN. Hemispheric differences were not found for either group 

for NP or P.  

No further significant interactions were obtained for the IADRTL P2 component (p >.05).  

 

Table 5.8: IADRTL dichotic pitch P2 Means and SEs for the Group by Pitch by Hemisphere 
interaction. 

 Hemisphere 
TG LH RH 
     NP  0.81 (0.13)                                0.81 (0.13)                        
     P  0.69 (0.15)                                0.50 (0.15) 
AG  LH RH 
     NP  0.75 (0.13)                               0.75 (0.13) 
     P  0.59 (0.15)                               0.70 (0.15) 
 

 211 



Chapter 5 
 

 

Figure 5.10: Mean IADRTL dichotic pitch P2 amplitudes for the Group by Pitch by 
Hemisphere interaction. Significant differences indicated by *, p <.05.   

 

 

P2 ITD  

A mixed ANOVA with Pitch [NP/P] and Hemisphere [LH/RH] as within subjects 

factors and Group [TG/AG] as a between subjects factor was applied to the P2 time window 

for the ITD dichotic pitch.  A main effect of Pitch was found (F (1, 28) = 4.36, p = .046, ηρ² = 

0.13), with NP (M = 0.78, SE = 0.09) obtaining a more positive mean amplitude compared to 

P (M = 0.65, SE = 0.10). This indicates that an ORN was elicited during the P2 time window 

for the ITD dichotic pitch stimuli. Main effects were not found for Hemisphere or Group (p 

>. 05).   

 

Figure 5.11 and Table 5.9 show the Group by Pitch interaction (F (1, 28) = 9.24, p = 

.017, ηρ² = 0.19). Post hoc comparison found no significant differences for Group for NP or 

P. A Pitch difference was obtained for the TG, indicating the presence of the ORN 

component for the ITD dichotic pitch. NP obtained a more negative mean amplitude 

compared to P (mean amplitude difference = 0.29). The AG did not obtain a Pitch difference, 
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indicating a diminished ORN for the AG compared to the TG for the ITD stimuli. This 

indicates that the AG had difficulty in segregating two auditory objects (as shown in Figure 

5.11).  

No further significant interactions were obtained for the ITD P2 component (p >.05).  

 

Table 5.9: ITD P2 Means and SEs for the Pitch by Group interaction.  

                                                                                               TG                      AG 
NP                                                                                     0.81 (0.13)           0.75 (0.13)  
P                                                                                        0.52 (0.13)           0.77 (0.13)  
 

 

Figure 5.11: Mean ITD dichotic pitch P2 amplitudes for the Pitch by Group interaction. 
Significant differences indicated by *, p <.05. 
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P2  IAD  

A mixed ANOVA with Pitch [NP/P] and Hemisphere [LH/RH] as within subjects 

factors and Group [TG/AG] as a between subjects factor was applied to the P2 time window 

for the IAD dichotic pitch.  A main effect of Pitch was found (F (1, 28) = 6.22, p = .019, ηρ² = 

0.18), with NP (M = 0.78, SE = 0.09) obtaining a more positive mean amplitude compared to 

P (M = 0.65, SE = 0.10). This indicates that the ORN was elicited during the P2 time window 

for the IAD dichotic pitch stimuli. Main effects were not found for Hemisphere or Group (p 

>. 05).   

No significant interactions were obtained for the IAD P2 component (p >.05). This 

also indicates that the IAD ORN is similar for both groups. 
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Discussion  

The current experiment used separate ITD and IAD cues and ITD added to IAD 

within a single dichotic pitch stimulus to measure the neural response of the ITD and IAD 

cues to pitch. The first aim of the study was to see if the addition of ITD and IAD cues 

elicited an ORN for the ASD and the typicals and if so, whether the addition of ITD and IAD 

cues would increase the ORN amplitude for the ASDs. It was found that the addition of the 

ITD cue to the IAD cue did increase detection of two auditory objects for the behavioral data. 

The P2 comparison showed that the addition of the ITD cue increased the magnitude of the 

ORN when the ITD cue was lateralized to the same side as the IAD cue. In contrast, the ITD 

interfered with the IAD cue when it was lateralized to the opposite side of the IAD cue. The 

two cues in opposition worked in a subtractive manner for the typicals and did not increase 

the ORN magnitude; in fact the ORN amplitude for the IADRTL dichotic pitch stimuli was 

similar to that of IAD dichotic pitch for the typicals. The P2 component analysis for the 

IADRTR dichotic pitch found that the ASDs elicited a diminished ORN compared to the 

typicals. This indicates that the ASDs did not use the ITD cue in the same way that the 

typicals did. The ITD cue did not have an additive effect for the ASDs. In contrast, the ASDs 

elicited an ORN for the LH for the IADRTL dichotic pitch, and in contrast the typicals 

elicited an ORN in the RH. This indicates that the ASDs may have different binaural 

processing mechanisms compared to the typicals for combined cues.  

A secondary aim of the current experiment is to see if the results from Experiment 3 

can be replicated for the ITD and IAD cues alone (i.e. if the ASD group elicit a diminished 

ORN) and if the ASD group can elicit a robust ORN for the IAD cue as shown in Experiment 

3. For the ITD dichotic pitch the ASDs elicited a diminished ORN compared to the typicals. 

This indicates that the ASDs may have a low-level deficit for ITD cues in auditory scene 
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analysis. In contrast, the ASDs elicited an ORN similar amplitude to the typicals for the IAD 

dichotic pitch.  

Behavioral data  

For behavioral EEG proportions correct it was found that the ASDs performed less 

accurately compared to the typicals. However, results from Experiment 1 showed that the 

ASDs performed less accurately in the ITD dichotic pitch task. It is possible the difference in 

overall accuracy between the groups for the current experiment may result from the ASDs not 

being able to fully segregate out the concurrently presented sounds, but still being able to 

detect the pitch-like quality of the two auditory objects produced by the ITD dichotic pitch. 

This would allow the ASDs to complete the tasks successfully but obtain lower accuracy 

scores in comparison to the typicals.  

The main effect of condition showed that both the ASDs and the typicals were able to 

detect the conditions that contained both IAD and ITD cues. This suggests that the addition of 

the ITD cue to the IAD cue increased participants’ ability to parse multiple auditory objects 

compared to IAD and ITD cues alone. A Condition by Group interaction was not found, 

suggesting that both groups performed similarly in terms of proportion correct for each of the 

conditions (cues). 

 Similar behavioral findings have been found in studies where more than one cue was 

presented to listeners. Listeners were able to detect the target noise and/or detect two auditory 

objects more accurately when two cues were used together than when only one cue was used 

for segregation of auditory sounds (Stellmack & Dye, 1993; McDonald & Alain, 2005; Hill 

& Darwin, 1996; Weise et al., 2012).  

 216 



Chapter 5 
 

McDonald and Alain (2005) found that participants were more likely to report hearing 

two concurrent sounds when the third harmonic was mistuned and presented from a different 

location than the remaining harmonics. This suggests that the addition of the location 

difference had an additive effect for participants. They also found that participants were faster 

at detecting two concurrent sounds when the third harmonic was presented at a different 

location from the remaining harmonics than when the harmonic was only mistuned.  

ORN magnitude comparison 

The current experiment found for the ORN magnitude comparison an overall group 

difference.  The ORN magnitude for the typicals was greater than that of the ASDs. However, 

a main effect of Cue was not significant suggesting that the overall magnitude of the ORN 

was similar across the IAD cue and the combined IAD/ITD cues. However, the Group 

difference and the behavioral scores indicated that addition of the ASDs scores to the analysis 

may have been diminishing the overall cue effect. The ORN magnitude comparison was re-

analyzed without the ASDs data and a main effect of Cue was obtained.  

The cue main effect revealed that the ORN magnitude was the greatest when the IAD 

cue and the ITD cue (IADRTR) were both lateralized to the right side and this was 

significantly different to the IADRTL cue, when the IAD cue was lateralized to the right and 

the ITD cue was lateralized to the left side. This indicates that the ITD cue had an additive 

effect to the IAD cue when both cues were lateralized to the same side for the typicals. In 

contrast, the ITD interfered with the IAD cue when it was lateralized to the opposite side as 

the IAD cue. The two cues in opposition worked subtractively for the typicals and did not 

increase the ORN magnitude. This suggests that the addition of the ITD cue can either 

enhance or diminish the ORN magnitude. Significant differences were not found between 

IAD dichotic pitch and IADRTR dichotic pitch or IADRTL dichotic pitch. 
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P2 combined ITD and IAD cues 

The focus for the current experiment was to explore the perceptual effect of the IAD 

and ITD cues within a dichotic pitch stimulus. For the IADRTR P2 component a main effect 

was found, indicating that the ORN was elicited for the combined IAD and ITD cues that 

were lateralized to the right side of space. Main effects were not found for Hemisphere or 

Group indicating that the ORN amplitudes for these factors were similar.  

However, it was found that the IADRTR ORN was diminished for the ASDs 

compared to the typicals, indicating that the addition of the ITD cue to the same side as the 

IAD cue interfered with the ASDs’ ability to detect the two auditory objects. It is possible 

they were able to detect the pitch-like qualities produced by the IAD and ITD cues but their 

auditory systems were unable to segregate the pitch and the noise into two separate objects. 

Experiment 3 revealed that the ASDs are able to detect the IAD dichotic pitch and separate 

out the pitch-quality from the noise in order to elicit a robust ORN, so the ITD cue might be 

interfering with the segregation for IADRTR dichotic pitch for the ASDs. This indicates that 

their binaural systems have difficulty processing the ITD cue for concurrent sound 

segregation and is interfering with their ability to segregate out the two auditory objects for 

the combined IAD and ITD condition.  

In contrast, for the ITDRTL condition it was found that the ASDs and the typicals 

both elicited ORNs but in opposite hemispheres. The ASDs elicited an ORN in the left 

hemisphere; in contrast the typicals elicited an ORN in the right hemisphere. This suggests 

that the ASDs may have used the IAD cue to segregate the auditory objects, as the ITD cue 

was lateralized to the left side and did not interfere with the ability of the ASDs to segregate 

out the two auditory objects. It is possible that the ASDs focused on the leading side of the 

IAD cue rather than the ITD in order to segregate out the two auditory objects. The ASDs 
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may have exploited best-ear listening and this may have attributed to the ORN for the 

ITDRTL dichotic pitch for the ASDs (Culling, Hawley & Litovsky, 2004). In contrast, the 

typicals may have used both IAD and ITD cues to segregate concurrent sound objects. This 

may explain why the groups elicited ORNs in opposite hemispheres.  

A few studies have looked at the role of ITD and IAD cues together. Culling et al 

(2004) investigated the role of ITD and IAD cues in spatial unmasking of multi-source 

environments. They measured speech reception thresholds in virtual-acoustic simulation of 

anechoic environments with three interfering sound sources (speech or noise). They found 

that the combined ITD and IAD cues increased the detection (lower speech reception 

thresholds) of the target noise compared to when only ITD or IAD cues were present. In 

addition, if the ITD and IAD cues were presented on the same side, the speech reception 

thresholds decreased.  This indicates that the listener used both the ITD and IAD information 

to detect the target. The results from the current experiment suggest that the typicals utilized 

both ITD and IAD information, which led to the increased amplitude of the ORN for the 

ITDRTR dichotic pitch.  

Harding, Barker, and Brown (2006), using computational auditory scene analysis, 

explored the relationship between ITD and IAD cues for missing speech signals. They found 

that they could analyze whether target speech signals were recognized in the presence of 

spatially separated markers in a reverberant environment by using statistical models to 

measure binaural cues to estimate missing data. They found that binaural source separation 

was solved most effectively with the combined use of ITD and IAD cues rather than ITD or 

IAD cues alone.  

 Edmonds and Culling (2005) investigated the effects of conflicting ITDs and IADs 

on the masked thresholds of speech. Listeners had to detect target sentences in competing 
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speech or brown noise conditions. They found listeners had lower speech reception 

thresholds when ITD and IAD cues (lateralized to the same side) were introduced than ITD 

or IAD cues alone for both speech and brown noise conditions. The addition of the ITD and 

IAD cues increased detection of the target sentence compared to the background. In the 

second experiment, ITD and IAD cues were lateralized to the opposite sides of space. They 

found no significant differences for speech thresholds between opposing ITD and IAD cues 

compared to ITD and IAD cues lateralized to the same side for the brown noise condition or 

the speech conditions. The authors concluded that the addition of ITD and IAD cues 

decreased speech thresholds (i.e. target detection increased) and that the gain of ITD and IAD 

cues combined is not constrained by attention to a particular direction.  

The results from the current experiment found that the addition of ITD cues did 

increase detection and the ORN amplitude, which aligns with the results from Edmonds and 

Culling (2005), and Culling et al. (2004). However, it was found that the ITD interfered with 

the IAD when they were lateralized to opposing sides for the current experiment, which 

resulted in a lower ORN amplitude. Wightman and Kistler (1992) found that when ITD and 

IAD are lateralized to opposite sides, the detection of the stimulus is dominated by the side of 

the ITD cue rather than the combined effect of both cues. A similar outcome may have 

occurred in this experiment for the IADRTL dichotic pitch for the typicals. 

The second aim of the current study was to replicate the separate ITD and IAD 

dichotic pitch results seen in Experiment 3. For the ITD dichotic pitch the current study found 

that the ASDs had a diminished ORN for the ITD cue compared to the typicals. This result is 

similar to the result found for the ITD dichotic pitch in Experiment 3 and the lateralized 

dichotic pitch in Experiment 1. This indicates that the ASD group has difficulty processing 

the ITD cue and this results in a diminished ORN. This might suggest that the ASDs have 

difficulty processing ITD cues in auditory scene analysis. In contrast, for the IAD cue, no 
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significant group differences or interactions were found, suggesting that the ASDs elicited an 

ORN of similar amplitude to the typicals. A similar result was found for Experiment 3 for the 

IAD dichotic pitch, where the ASDs and the typicals elicited ORNs of similar amplitude. 

This indicates that the ASDs process IAD cues for concurrent segregation in a similar way to 

that of the typicals.  

Studies have found that infants are less sensitive to IAD cues and more sensitive to 

ITD cues (Litovsky & Ashmead, 1997; Bundy, 1980; Ashmead, Davis, Whalen, & Odom, 

1991; Ashmead, Grantham, Murphy, Tharpe, Davis, et al., 1996). Bundy (1980) measured 

infants’ head turns towards binaural cues (ITD and IAD) presentations. Infants were 

presented with sounds that contained ITD or IAD cues that switched from the left direction to 

the right and vice versa that corresponded with visual displays on the left or right of the 

infant. If the infant was able to detect the change in ITD or IAD, they spent longer looking at 

a visual display from which the sounds originated. Older infants were able to detect changes 

for ITD and IAD cues, but only the ITD cue was significant for the 8-week-old infants.  This 

suggests that young infants are able to use ITD cues to localize the direction of sounds but 

not use IAD cues as effectively.  

Ashmead, et al. (1996) investigated the sensitivity to IAD of 6-month-old infants. 

They used a discrimination paradigm, where the IAD of a stimulus went from zero to an IAD 

level favouring one ear. It was found that the infant thresholds measured up to 7 dB, which 

was relatively high for IAD. The authors concluded that IAD cues played a minimal role in 

the ability of infants to localize information and that the development of IAD cues was less 

important for infants in terms of precise localization. This suggests that ITD processing 

develops much earlier than processing based on IAD cues. 
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 In ASD early development is disrupted by abnormal neuronal and head growth, 

which may disrupt the development of ITD cue processing. It is possible that IAD processing 

might be spared as it develops later. This could explain why ITD processing in relation to 

concurrent segregation is poor for the ASDs (diminished ORN) compared to IAD processing 

(robust ORN).  

Conclusion  

The current experiment utilized separate and combined ITD and IAD cues within a 

dichotic pitch stimulus to measure the neural response of ITD and IAD cues to pitch. This 

was to see if the addition of the ITD and IAD cues elicited an ORN for the ASDs and typicals 

and if the addition of the two cues would improve detection and increase the ORN amplitude 

for the ASDs. The P2 comparison showed that the addition of the ITD cue did increase the 

ORN amplitude when the ITD was lateralized to the same side as the IAD cue, but only for 

the typicals. When the ITD and IAD cues were lateralized to opposite sides, the ORN 

amplitude did not increase for the typicals. This suggests that the addition of the ITD cue did 

not increase the ORN amplitude when the ITD cue was in conflict with the IAD cue for the 

typicals. An overall group difference revealed that the ASDs had lower ORN amplitude 

compared to the typicals. The addition of the ITD cue did not aid the ASDs to elicit a greater 

ORN amplitude. It was revealed in the component analysis for the combined ITD and IAD 

cues that the ASDs elicited a diminished ORN compared to the typicals for the IADRTR 

dichotic pitch. This suggests that the ITD cue interfered with the ability of the ASDs to 

segregate out the two auditory objects. The above result aligns with the ORN amplitude 

comparison results, which show the ITD cue did not have an added benefit for the ASDs. In 

contrast the ASDs elicited an ORN for the IADRTL dichotic pitch and it was elicited in the 

opposite hemisphere to that of the typicals. This indicates that the ASDs might have utilized 

different neural mechanisms compared to the typicals. Alternatively the ASDs may have 
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focused on the side that the IAD was presented, which is why the ITD cue did not interfere 

with concurrent sound segregation.  

The second aim of the current experiment was to see if the results from Experiment 3 

could be reproduced. It was found that the ASDs elicit a diminished ORN compared to 

typicals for the ITD dichotic pitch. This suggests that the ASDs may have deficits in the low-

level stage of auditory processing, which may prevent the complete segregation of sound 

sources for ITD. In contrast, the ASDs elicited an ORN of similar amplitude to that of the 

typicals for the IAD dichotic pitch. This suggests that the ASD group is able to segregate out 

the pitch-like quality and noise into separate auditory objects for IAD dichotic pitch. 
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Chapter 6: General discussion 

Atypical auditory processing in ASD is well documented and an area of interest for 

auditory and ASD researchers. Many ASDs experience distress in noisy situations and may 

experience hyper-reactivity to noise (Grandin & Scariano, 1986; Rosenhall et al., 1999). 

Several studies have found that ASDs have difficulty extracting relevant auditory 

information, such as speech, in the presence of competing background noise (Alcantara et al., 

2004; Alcantara et al., 2006; Teder-Salejarvi et al., 2005; Lepisto et al., 2009; Boatman et al., 

2001; Groen et al., 2009). It is thought that the atypical sensory experiences in ASD can 

impact on development processes associated with social and cognitive maturation, all of 

which can lead to learning difficulties for some ASDs (Lord, et al., 1997; Alcantara, 

Weisblatt, Moore & Bolton, 2004; Teder-Salejarvi, Pierce, Courchesne & Hillyard, 2005). 

An important goal of ASD researchers is to improve learning outcomes and build upon 

programs that can facilitate support services (such as speech and auditory therapies). So, it is 

important to understand the mechanisms behind dysfunction in order to improve outcomes 

for the ASD population, particularly in the auditory domain.  

A substantial body of literature exists on sequential sound segregation abilities in 

ASD. These studies mainly investigate low-level (bottom-up) and high-level (top-down) 

processes in relation to sequential grouping of sounds or to the detection of target noises 

(such as pitch) embedded in competing background noise. Studies investigating low-level and 

high level processes in the visual domain have found enhancements to pitch or harmonic 

processing in ASD. Weak central coherence (Firth, 1989) and enhanced perceptual 

functioning (Mottron & Burack, 2001; Mottron et al., 2006) theories suggest that in ASD 

low-level (bottom-up) processes to pitch detection and identification are enhanced. Even 

though parallels have been found between the auditory and visual domains, much is still 
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unknown about the auditory system. Unlike the visual system, elements of sound cannot be 

grouped as local or global noise. The definition of what constitutes a global noise or local 

noise is highly subjective in studies and this may be why different studies generate different 

outcomes in terms of abilities in ASD for auditory processing.  

Auditory scene analysis in ASD  

Bregman’s two-stage auditory scene analysis framework is an excellent way to 

measure low-level (bottom-up) and high-level (top-down) processing. Auditory scene 

analysis refers to the process by which incoming acoustical information is integrated across 

time, space, and frequency, into distinct auditory objects. Bregman (1990) defines low-level 

(bottom-up) processes as “primitive processes”, which occur automatically and are 

independent of attention (concurrent or sequential grouping of sounds). High-level (top-

down) or “schema based processing” uses prior knowledge to extract meaning from incoming 

auditory information (Bregman, 1990).  

Much of the current ASD research incorporating Bregman’s auditory scene analysis 

framework has been done using sequential sound segregation, and the findings from these 

studies have been mixed. Some studies find low-level (bottom-up) processing enhancements 

and high-level deficits (Teder-Salejarvi et al., 2005; Lepisto et al., 2005), while others have 

found low-level (bottom-up) deficits and high-level enhancements (Tecchio et al., 2003; 

Lepisto et al., 2009). The current literature surrounding auditory segregation abilities in ASD 

does not include concurrent sound segregation studies. The purpose of this thesis is to bridge 

that gap and provide a starting point for concurrent segregation research in ASD.  

Previous work utilizing dichotic pitch and mistuned harmonic paradigms has found 

neurophysiological markers for concurrent sound segregation (the ORN, N2 difference and 

P400 components) using the auditory scene analysis framework (Alain et al., 2001; Johnson 
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et al., 2003; Hautus & Johnson, 2005). The ORN and the N2 difference are thought to reflect 

low-level processing of concurrent auditory information, while the P400 component is 

thought to be associated with the high-level stage of processing of concurrent auditory 

objects.  

This thesis investigated concurrent sound segregation abilities in ASD; specifically to 

determine whether the ORN, N2 difference and P400 components are elicited by the ASD 

group and if these components differ in amplitude for the ASD group compared to matched 

typicals. In addition, this thesis explored the general understanding of how low-level (bottom-

up) and high-level (top-down) processes are utilized in the auditory system, specifically when 

multiple auditory cues are combined to facilitate concurrent sound segregation and how the 

combining of two auditory cues affect low-level and high-level processes. These issues were 

addressed in the experiments in this thesis. The dichotic pitch and mistuned harmonic 

paradigms were used to assess low-level and high-level processing abilities in ASDs and 

matched typicals.   

The aim of Experiment 1 (Chapter 2) was to measure concurrent segregation in ASD 

compared to typicals using dichotic pitch stimuli (centralized and lateralized dichotic pitch). 

The first aim was to determine whether the ASDs can elicit the ORN, N2 difference and P400 

components in the auditory ERP and whether these components are different in amplitude 

compared to the typical group. The second aim of Experiment 1 was to assess the sensitivity 

of the participants to the two types of dichotic pitch. A mixture of centralized and lateralized 

dichotic pitch was administered to 16 ASDs and 16 matched typicals. During an EEG, 

participants had to indicate whether they heard one or two auditory sounds per trial. It was 

found that the participants were more sensitive to lateralized dichotic pitch, as it produced a 

larger ORN amplitude compared to the centralized dichotic pitch. This suggests that the 

contralateral presentation of pitch and noise condition engaged the central auditory system 
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more compared to the centralized dichotic pitch, which only lateralized the pitch condition.  

Experiment 1 also revealed that the ASD group elicited a diminished ORN (see Figure 2.7, 

p.68) and N2 difference (Figure 2.9, p.71) in the auditory ERP compared to matched typicals. 

This indicates that the ASD group may have deficits at the low-level stage of auditory 

processing for concurrent sound segregation. This finding aligns with studies in the current 

literature that have found that ASDs have difficulty separating out two auditory streams or 

detecting target sounds in the presence of competing background noise (Alcantara et al., 

2004; Lepisto et al., 2009; Alcantara et al., 2012; Groen et al., 2009).  

The behavioral results showed that the ASD group overall obtained lower accuracy 

compared to the typicals, indicating that they had difficulty distinguishing between one 

auditory object (noise) and two auditory objects (noise plus pitch), however the ASD group 

were still able to meet the criterion level of performance. This indicates that the ASDs are 

able to detect the pitch-like quality from the background noise but are not able to segregate 

out the two auditory objects into separate objects. This would allow the ASDs to complete the 

task but obtain a lower score in comparison to the typicals. Or it may suggest that the P400, 

which is involved in auditory scene analysis, does not rely on the output of the ORN 

component, as the auditory system is not linear. In comparison, both groups elicited P400 

components of similar amplitude. This indicates that the ASD group was still able to attend to 

the change from one auditory object to two auditory objects (or in the ASDs’ case, partially 

segregated auditory object percept) and make active judgments about the incoming sounds. 

Whitehouse and Bishop (2008) found that ASD children had diminished response to speech 

sound during passive conditions compared to control children. This difference disappeared 

when ASD children actively attended to speech sounds. These authors suggest that the top-

down change influenced the auditory components when the ASD children were actively 
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engaged in the task. A similar phenomenon may have occurred for the ASDs in Experiment 

1.  

Although it was found that low-level processes were diminished for the ASDs, it does 

not fully answer whether the diminished concurrent segregation abilities are specific to the 

ITD cue utilized in the dichotic pitch or if the ASD group has a general problem with 

concurrent sound segregation. This was addressed in Experiment 2.  

The aim of Experiment 2 was to see if another type of stimulus (mistuned harmonic) 

which also gives rise to an ORN, N2 difference and P400 components can be elicited by the 

ASD group, and if the components differ in amplitude compared to the typicals. A second 

aim was to incorporate ITD cues with the mistuning to see if the addition of the ITD had an 

effect on the ORN. Specifically, if the addition of the ITD cue to mistuning (1.5% mistuning 

with left, center or right locations) increases the ORN amplitude and/or if the ORN could be 

elicited with the ITD cue alone (0% mistuning with left, center or right locations).  

Three main differences were found between the ASDs and the typicals for the ORN 

component (see Figure 3.7, p. 111). The ASDs elicited an ORN in both hemispheres and the 

typicals only elicited an ORN in the right hemisphere. Hemispheric differences were found 

for the tuning and mistuning conditions for the ASDs only. A significant group difference 

was found for the MTH condition in the LH. The findings indicate that the ASDs are able to 

segregate concurrent sound information for other stimuli that index the ORN. This might 

suggest that the diminished ORN seen in Experiment 1 is restricted to the ITD cue or the 

Gaussian noise used in dichotic pitch. The outcome of Experiment 2 highlights that ASDs 

may process sound information differently to that of the typicals. Various auditory studies 

have found that some ASDs have enhanced pitch detection and/or identification abilities 
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(Heaton et al., 1998; Heaton, 2003; Bonnel et al., 2003; O’Riordan & Passetti, 2006) 

compared to matched controls.  

While the results do not show that the ASDs out-perform the typicals, no group 

differences were found for the yes/no behavioral proportion correct or for the EEG proportion 

correct. This indicates that the ASDs were performing on par with the typicals. The N2 

difference was not elicited by either group for the mistuned harmonic stimuli. The N2 

difference seen in Experiment 1 was originally reported by Johnson et al. (2007) when they 

presented listeners with lateralized dichotic pitch stimuli. It is thought that the N2 difference 

elicited by dichotic pitch stimuli reflects location specific processing. However, the N2 

difference was not elicited for mistuned harmonic stimuli. This may indicate that the N2 

difference does not reflect general location processing and is linked to the lateralization of the 

dichotic pitch. In contrast, the P400 component was elicited by both groups. Again, 

participants were making active judgments about the perceived auditory objects and the 

presence of the P400 for the ASD group may solely be attributed to controlled processes.  

In addition to the component results for Experiment 2, it was also found that the 

addition of the ITD cue to mistuning cues increased the participant’s ability to detect two 

auditory objects. The EEG behavioral results show that the proportion correct increased when 

the ITD cue was combined with the harmonicity (mistuning) cue. Participants were able to 

hear out two auditory objects better when two cues were present than one cue alone. This is 

consistent with earlier behavioral research that has found detection and accuracy increases 

with the addition of another grouping cue rather than one grouping cue alone (McDonald & 

Alain, 2005; Stellmack & Dye, 1993; Hill & Darwin, 1996; Weise et al., 2012). Figure 3.8 

(p.112) shows the Tuning by Location interaction for the ORN component. The results 

revealed that the addition of the ITD to the harmonicity cues elicited a significant ORN for 

both groups. The 1.5% mistuning alone was too ambiguous and a diminished ORN was 
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found. It was also found that the ITD cue elicited an ORN but it was only present for the right 

side. The planned comparisons revealed that the ORN increased in amplitude when the ITD 

cue was added to the harmonicity cue. Figure 3.9 (p. 114) shows the Group by Tuning by 

Location interaction. The addition of the ITD cue with the harmonicity cue increases the 

ORN amplitude for both groups. For the typicals, this only occurred for the right side and for 

the ASDs the ORN was elicited for both the left and right sides. These results also reflect the 

Tuning by Location interaction which also found that the 1.5% mistuning difference was too 

ambiguous. Both groups elicited a diminished ORN between the TH and MTH conditions.  

These findings are consistent with earlier research. McDonald and Alain (2005) also 

found that the ORN increased in amplitude when ITD was combined with harmonicity cues. 

These authors also found that a mistuning level of 2% was too ambiguous and resulted in a 

diminished ORN. Similar findings have also been found with other cues in addition with 

harmonicity. Weise et al. (2012) found that a 3% mistuning level was too ambiguous to elicit 

an ORN and when they combined the 3% mistuning with a short onset asynchrony a 

significant ORN was indexed. Overall, the findings suggest that the addition of an extra 

grouping cue increases the ORN amplitude, particularly when one grouping cue is 

ambiguous. The addition of the second cue has an additive effect and increased the amplitude 

of the ORN for the ASD group.  

In addition, the presence of the ORN for the ASD group also suggests that the 

diminished ORN seen in Experiment 1 for ASDs was not attributed to short duration of the 

dichotic pitch stimuli (500 ms). The mistuned harmonic stimuli used in Experiment 2 had 

durations of 400 ms. If the low-level deficit was due to ASDs having difficulty detecting 

short duration sounds (Lepisto et al., 2005, 2006), then it would have been expected that the 

ASDs would not be able to index the ORN for mistuned harmonic stimuli. In contrast, the 

P400 was elicited for harmonicity and ITD cues alone. But the addition of the ITD cue did 
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not increase the amplitude of the P400.  This indicates that the addition of cues do not have 

an additive effect on the P400 component.  

The results from Experiment 2 bought into question whether the diminished ORN 

seen in Experiment 1 was attributed to the ITD cue in the dichotic pitch or the Gaussian 

noise. Experiment 3 addressed these issues. One of the aims of Experiment 3 was to replicate 

the ITD dichotic pitch results from Experiment 1. A second aim was to see if amplitude 

differences were present for the ORN, N2 difference and P400 components between the 

ASDs and the typicals for IAD dichotic pitch. It was found that the ASDs elicited an ORN for 

the IAD dichotic pitch and again a diminished ORN for the ITD dichotic pitch. This indicates 

that the ASDs may have a low-level processing deficit in processing the ITD cues for 

concurrent segregation. The replication of the diminished ORN seen in Experiment 3 (See 

Figure 4.9, p.165) aligns with the results seen in Experiment 1.  

The results from Experiment 3 also confirm that the Gaussian noise was not the 

source of the diminished ORN seen in Experiment 1 as the ASDs were able to elicit an ORN 

for the IAD dichotic pitch (no significant group differences were found).  If the Gaussian 

noise was the source, then the IAD ORN would have been diminished for the ASDs as well. 

The behavioral results from the ITD dichotic pitch suggest that the ASDs do have difficulty 

segregating out the pitch-like quality from the noise, as the ASDs were less accurate than the 

typicals at detecting the difference between one and two auditory objects. This indicates that 

the ASDs are able to detect pitch-like quality produced by the ITD difference but their 

auditory systems do not fully segregate out the two sound qualities (noise and pitch) into 

separate auditory objects. 

 In contrast, the ASDs are able to segregate out the IAD difference from the IAD 

dichotic pitch; their (ASDs) auditory systems are able to fully segregate out the noise and the 
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pitch sound qualities for the IAD cue, which explains why the ASDs were behaviorally on 

par with the typicals. The behavioral and the ORN outcomes may indicate that IAD and ITD 

cues could have different neuronal populations (Rayleigh, 1907; Smith et al, 1993; Yin & 

Kuwada, 1984; Pratt et al., 1997) and processes, which is why the ASDs are able to process 

the IAD cue better than the ITD cue. ITD and IAD information is first processed at the level 

of the brainstem and studies have found that in ASD there are significant structural and 

morphological malformations compared to typicals (Kulesza et al., 2010; Kulesza & 

Mangunay, 2008; Rodier, et al., 1996).  

Developmental evidence also suggests that temporal processing develops earlier in 

life (Folland et al., 2012; Dermany, 1982; McAdams & Bertoncini, 1997; Litovsky & 

Ashmead, 1997; Ashmead et al., 1991) compared to harmonic or pitch detection abilities, 

which develop later in life (DePape, et al., 2012; Trainor & Trehub, 1994; Schellenberg et al., 

2005). Maturation differences of these abilities may be greatly affected in ASD, as studies 

have found that ASDs go through a period of accelerated growth from birth to 24 months 

(Volker & Lopata, 2008; Courchesne et al., 2004) and then through a period of unusually 

slow neuronal growth from 24 months onwards (Alyward et al., 2002; Courchesne et al., 

2004). The reduced ability to filter out and process the ITD cue for concurrent segregation 

may be attributed to atypical brain development and growth in ASD.  

Experiment 3 found that the ASDs also elicited a diminished N2 difference for the 

ITD and IAD dichotic pitch. The typical group elicited a diminished N2 difference for the 

ITD dichotic pitch but in contrast elicited an N2 difference for the IAD dichotic pitch. These 

results show that the ASDs are less efficient at processing the location characteristics of the 

dichotic pitch stimuli, as all the stimulus conditions were lateralized to the left or right side of 

space.  
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In addition it was found that the ASDs elicited a diminished P400 for the ITD and 

IAD dichotic pitch, which is in contrast to the findings from Experiment 1 and Experiment 2, 

where both groups elicited robust P400 components. In contrast to Experiment 1, which used 

lateralized and centralized dichotic pitch, Experiment 3 applied lateralization to all the 

stimulus conditions (both NP and P were lateralized for ITD and IAD dichotic pitch types).  

The lateralization of all conditions may have overwhelmed the ASDs’ binaural system which 

may have led to diminished P400 in Experiment 3 compared to Experiment 1.  

The centralized NP conditions may have contributed to P400 for ASDs in Experiment 

1, making it easy for ASDs to judge the center condition as one auditory object. 

Alternatively, the diminished P400 for the IAD dichotic pitch may indicate a controlled 

processing deficit for processing IAD cue information for concurrent segregation in ASD. An 

implication of this result is that the ASDs had trouble focusing on the incoming auditory 

information. The P400 component is thought to reflect the decision-making process related to 

the parsing of the incoming sound into concurrent perceptual objects and requires attention to 

make judgements about the incoming sounds (Alain et al., 2001; Hautus & Johnson, 2005). In 

complex auditory environments, such as a noisy classroom, many ASDs find it difficult to 

focus their attention on one speaker in the presence of multiple speakers (Alcantra et al., 

2004). Directing one’s attention also plays an important role in sound segregation (Bregman, 

1990).  

 Some studies have found that ASDs have enhancements for stimulus processing at 

the low-level but diminished processing for the controlled processes of these stimuli (Teder-

Salejarvi et al., 2005; Lepisto et al., 2007). It has been suggested that this dichotomy between 

bottom-up and top-down arises from over-connectivity within a neural network but then 

under-connectivity between neural networks (Brock et al., 2002; Rippon et al., 2007). This 

would explain why enhanced-to-normal processing can be seen for bottom-up processes in 
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ASD for some tasks, and the lack of connectivity between networks leads to diminished top-

down processing. This may have occurred for the ASDs for the P400 for the IAD dichotic 

pitch. 

Experiment 4 was designed to explore the perceptual effect of adding ITD and IAD 

cues into a single dichotic pitch stimulus. This was to determine whether the addition of the 

ITD and IAD cues would elicit an ORN component for the ASDs and the typicals. 

Specifically, if the addition of the ITD and IAD cues increases the ORN amplitude for the 

ASDs, like in Experiment 2. The second aim was to see if the results from Experiment 3 

could be replicated for the ORN to confirm the low-level deficit for ITD cue processing for 

the ASDs in concurrent segregation and a typical ORN for the ASDs for the IAD dichotic 

pitch. Figure 5.7 (p.207) shows that the addition of the ITD cue to the IAD cue did not 

increase the ORN for the IADRTR or the IADRTL conditions for the ASDs. It was found 

that the overall ORN amplitude was lower for the ASDs compared to the typicals. This 

suggests that the addition of the ITD cue did not increase the ASDs’ ability to parse 

concurrent auditory objects. When the ASDs’ data was removed from the analysis a 

significant main effect of condition was obtained  (Figure 5.8, p.208) and showed the 

addition of the ITD cue to IAD did increase the ORN amplitude but only when the ITD was 

lateralized to the same side as the IAD cue. This indicates that the addition of the ITD cue 

aided the listener’s ability to segregate out concurrent sound information, and that the 

addition of the two cues had an additive effect. This was also reflected in the EEG behavioral 

proportion correct.  

Similar findings have been found in studies that have looked at different combinations 

of cues (Schröger, 1995; Takegata & Morotomi, 1999; Paavilainen, Valppu, & Naatanen, 

2001; Levanen, Hari, McEvoy, & Sams, 1993; Wolff & Schröger, 2001). However, when the 

IAD and ITD cues were lateralized to opposite sides, the ORN amplitude did not increase. 
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Again the EEG behavioral proportion correct revealed that the IADRTL had a slightly lower 

mean compared to the IADRTR mean. This indicates that the ITD cue interfered with the 

IAD cue and worked in a subtractive manner for concurrent segregation rather than in an 

additive manner for the typical group. Wightman and Kistler (1992) found similar results. 

They found that when ITD and IAD cues were lateralized to opposite sides the listener’s 

ability to detect the stimulus was dominated by the presence of the ITD cue. Overall these 

results indicate that the addition of the ITD cue to the IAD cue increased the ORN amplitude 

but only for the typicals. These results align with the few studies that have found that the 

added effect of IAD and ITD cues increases detection of target noise from background noise 

(Edmonds & Culling, 2005; Harding et al., 2006; Culling et al., 2004). 

In contrast, the P2 component analysis revealed that the ASDs elicited a diminished 

ORN compared to the typicals for the IADRTR dichotic pitch. This suggests that the ITD cue 

interfered with the ASDs’ ability to segregate out two auditory objects. This outcome aligns 

with the finding from the P2 comparison, which showed that the ITD cue did not increase the 

ORN amplitude across the IAD, IADRTR and IADRTL conditions. The amplitudes were 

similar across all three conditions. For the IADRTL dichotic pitch the ASDs elicited an ORN 

to the opposite hemisphere of that for the typicals. This finding suggests that the ASDs may 

be using different neural processes to process the IAD and ITD cues. It is possible that the 

ASDs used the IAD cue as the dominant cue for segregation, as they have difficultly 

processing the ITD cue for concurrent segregation. Mordkoff and Yantis (1991) propose that 

the brain selects the faster process for multiple inputs of information. In the horse-race model, 

it is possible the ASDs divided their attention to the IAD cue over the ITD cue. If the ASDs 

were focusing their attention to the side of the IAD presentation, this may explain why the 

ITD cue did not interfere with segregation (Mordkoff & Yantis, 1991). As the study asked 

participants to indicate how many auditory objects were presented, and not which side the 
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auditory object was on, it remains unclear if the ASDs focused on the side that the IAD cue 

was presented on.  

Again it was found that the ASDs elicited a diminished ORN for the ITD dichotic 

pitch. This outcome supports the findings from Experiment 1 and Experiment 3 and indicates 

that the ASDs have difficulty segregating out the pitch-like quality from the noise and this 

resulted in a diminished ORN. It was found that the ASDs again elicited an ORN that was of 

similar amplitude to that of the typicals. This aligns with the finding from Experiment 3 

where the ASDs elicited an ORN for the IAD dichotic pitch. This might suggest that the 

ASDs have difficulty processing ITD cues. ITD cues have been found to be processed at the 

level of the medial superior olive in the brainstem. Morphological differences of the medial 

superior olive have been found in ASD (Kulesza & Mangunay, 2008; Rodier et al., 1996; 

Kulesza et al., 2010) and it may be possible that these morphological differences between 

ASDs and typicals may attribute to difficulty processing ITD cues, as the ITD and IAD 

dichotic pitch stimuli were identical in every aspect expect for the type of cue used. 

 

Summary of main findings 

Overall, the findings from this thesis suggest that the ASD group has a low-level deficit for 

processing ITD cues for concurrent segregation, as demonstrated by the diminished ORN and 

N2 difference components. In contrast, the ASDs are able to process other cues such as IADs 

and harmonicity cues for concurrent segregation. It was also demonstrated that the addition of 

the ITD cue to the harmonicity cue increased the ORN amplitude for the ASDs. However, 

when two binaural cues (ITD and IAD) were added together, the addition of the ITD cue to 

the IAD cue did not increase the ORN amplitude for the ASDs. In contrast, high-level 
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processes associated with the perceptual judgment of concurrent auditory information appears 

to be intact in ASD. 

 

Neurological links  

First described by Alain et al. (2001) in the context of the mistuned harmonic paradigm, the 

ORN is thought to be a neurophysiological marker related to the perception of two auditory 

objects and occurs approximately 150 ms after stimulus onset. The ORN is thought to reflect 

low-level (bottom-up) processing as the component can be indexed during passive or active 

conditions (Alain et al., 2001). Studies have found that the ORN is not affected by visual 

attention load (Dyson et al., 2005) or for sound duration (Alain et al., 2002) and the 

amplitude can increase with the degree of mistuning (Alain et al., 2001). Recent work with 

dichotic pitch has revealed that the ORN can also be elicited by ITD and IAD cues alone 

(Johnson et al., 2003; Hautus & Johnson, 2005; Johnson & Hautus, 2010). This indicates the 

ORN component is a generalized physiological marker related to the pre-attentive stage of 

auditory scene segregation (Hautus & Johnson, 2005; Hautus & Johnson, 2010). Recent 

source modelling studies have found that the neural generators of the ORN for dichotic pitch 

and the ORN for mistuned harmonics are located in the posterior supratemporal plane 

(Hautus & Johnson, 2005; Alain et al., 2001). Recent accounts have suggested that the 

planum temporal neural network plays an important role in concurrent segregation (Alain et 

al., 2001; Griffiths & Warren, 2002). Alain et al. (2005) found that Heschl’s gyrus, the 

temporal gyrus, and the planum temporale increased in blood oxygen level-dependent 

(BOLD) signal when participants correctly identified two concurrent vowels during an fMRI 

(Alain et al., 2005).  
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It is unclear if the ORN generators are separate from the N1 generators; dipole source 

localization studies select the ORN region of interest from the P1-N1-P2 responses. These 

responses are thought to be proximal to where the ORN is thought to be generated from in the 

Sylvian fissure (Arnott, Bardouille, Ross & Alain, 2011; Alain et al., 2001). It may be 

possible that the ORN response is a delayed N1 response to the detection of two sounds. 

Some studies have indicated that the N1 component is diminished in amplitude for ASDs 

(Bruneau, Roux, Guerin, Barthelemy, Lelord, 1997; Seri, Cerquiglini, Pisani, Curatolo, 1999; 

Teder-Salejarvi et al, 2005; Orekhova, Stroganova, Prokofiev, Nygren, Gillberg et al., 2009). 

Teder-Salejarvi et al. (2005) found the N1 response to be diminished in ASD for target noise 

bursts that were presented concurrently with a distractor background noise. The authors 

suggested that the reduced N1 impacted on the ASDs’ ability to focus attention on the 

auditory targets. Orekhova, et al. (2009) also found that the N1 amplitude was diminished in 

children with ASD compared to matched controls for the first click in a paired click 

paradigm. They found the right hemisphere was predominant for the N1c in response to the 

temporally novel clicks for controls but this was not found for ASD children. The authors 

suggest that this may reflect a deficit of typical right hemisphere dominance for stimulus 

orientation. In contrast, other studies have found the N1 amplitude to be normal or even 

increased in ASD (Bomba and Pang, 2004). The variance in results across these studies may 

be due to the diversity of experimental paradigms, attention of subjects and within group 

differences in the ASD spectrum. However, there is evidence suggesting that early neural 

generators are atypical in ASD compared to typicals.                                  

Atypical auditory function in ASD is thought to arise from atypical patterns of brain growth 

and size (Volker & Lopata, 2008; Coskun et al., 2009; Alyward et al., 2002; Courchesne et 

al., 2004). Neuroanatomical differences have been found between ASDs and matched 

controls in brain regions that are involved with the segregation of sounds. For example, 
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studies have found differences between controls and ASDs for the planum temporale. Rojas 

et al (2002; 2005) found that the planum temporale is smaller in ASDs compared to typicals. 

Herbert, Ziegler, Deutsch, O’Brien, Kennedy, et al. (2005) found increased leftward 

asymmetry of the planum temporale in ASDs compared to controls. The anatomical 

differences in these regions for ASDs compared to controls may contribute to atypical 

sensory experiences in ASD, specifically if these regions are involved in concurrent 

segregation. It is possible that these differences in brain structural anatomy may have 

contributed to the diminished ORN seen in this thesis for the ASDs for the ITD cue.  

Electrophysiological recording studies have found that ITDs are processed at the level of the 

medial superior olive in the brainstem (Goldberg & Brown, 1969; Yin & Chan, 1990). 

Studies have found the atypical morphology of the medial superior olive in ASD (Kemper & 

Bauman, 1993; Rodier et al., 1996; Bailey, Luthert, Dean, Harding, Janto et al., 1998). At the 

cellular level, the cell body shape and the orientation of cells in the medial superior olive are 

different compared to controls during autopsy (Kulesza & Mangunay, 2008). Other studies 

have found similar malformations with cell shape, size and even in cell number (Kulesza et 

al. 2010). Rodier et al. (1996) reported the complete absence of the superior oliviary complex 

system from an ASD individual at autopsy. These studies indicate that the development of the 

brainstem and superior oliviary system in ASD is disrupted. This suggests that the 

malformations at the level of the brainstem seen in ASD may contribute to the abnormal 

processing of the ITD cues for concurrent segregation. However no studies have yet 

investigated the relationship between brainstem findings and atypical ITD processing in 

ASD. 

We hypothesize abnormal connectivity and morphology in the planum temporal 

neural network and the brainstem (medial superior olivary network) to be the underlying 
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neural mechanism involved with the diminished ORN component related to ITD cue and 

reduced concurrent segregation ability demonstrated by our ASD group. 

 

Temporal processing deficit in ASD 

The construction of time-shifted dichotic pitch exploits time differences that rely on the 

ability of the auditory system to process the temporal change, allowing researchers to 

measure the abilities of the binaural auditory system. This thesis revealed that ASDs may 

have a low-level deficit for processing ITD cue information. However, this thesis also 

revealed that ASDs are able to use other cues to successfully segregate concurrent sound 

information. This suggests that auditory scene analysis is functional in ASD but the ASDs 

have difficulties processing the ITD cue for concurrent sound segregation. 

 There is good evidence in the ASD literature of general temporal processing difficulties in 

ASD. Alcantara et al. (2004) found ASDs obtained higher speech reception thresholds 

compared to controls for speech sounds that contained temporal modulation differences. 

Groen et al. (2009) found similar results for ASDs for a word detection task (high speech 

reception thresholds compared to controls). They found ASDs were less able to detect the 

target word if the background noise contained temporal dips. This indicates that ASDs have 

difficulty processing and filtering timing-related information. Alcantara et al. (2012) found 

ASD children had high temporal modulation scores for a modulation task. The authors 

concluded that this was due to reduced processing efficiency of temporal information from 

low-level auditory generators (Alcantara et al., 2012). More recently, Bhartara et al. (2013) 

found ASDs were worse than controls at detecting a silent gap within sound stimuli. A gap 

detection task is similar to time-shifted dichotic pitch as it also measures the ability of the 

auditory system to resolve time differences. Clear detection of speech relies on fast temporal 
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changes (ITDs). These studies demonstrate that in ASD temporal processing is disrupted. The 

results from this thesis also show similar low-level deficits for temporal mechanisms in ASD 

and intact low-level processes for non-temporal cues. Recent studies have found that the 

double vowel task also elicits an ORN component (Alain, et al., 2005; Snyder & Alain, 

2005). It would be interesting to see if amplitude differences are present for the ORN for 

ASDs compared to typicals during a double vowel task that uses ITD cues only to create the 

perception of two auditory objects. This would extend the findings from this thesis.  

 

Limitations 

As with any experiment, this thesis is not without limitations. Firstly, the thesis 

focused on high-functioning ASDs or individuals with AS. Some studies have suggested that 

perceptual experiences may vary greatly within the autistic spectrum (Bhartara et al., 2013; 

Marco, et al., 2011). The perceptual experiences of low-functioning ASDs and savant ASDs 

may differ from that of high functioning ASDs and individuals with AS. Lane et al. (2011) 

found five different sub-group profiles within the ASD spectrum associated with distinct 

sensory perceptual profiles. They used a short sensory profile questionnaire on 30 children 

with ASD and found unique sub-types associated with different perceptual and sensory 

experiences when they applied Pearson’s correlation and cluster analysis to the questions and 

the associated answers from the questionnaire (Lane, Dennis, & Geraghty, 2011). The study 

by Lane et al. (2011) provides good evidence that perceptual experiences vary within the 

autistic spectrum. It would be beneficial to collect DNA samples along with the sensory 

measures (such as short sensory profile or adult sensory profile) from ASD participants to see 

if sub-groups within the autistic spectrum differ in genetic markers. This thesis did not collect 
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any genetic matter in order to explore marker genes that could be linked to poor concurrent 

segregation.  

For Experiment 1, six high functioning ASDs and seven individuals with Asperger 

syndrome participated and in the remaining experiments three high-functioning ASDs and 

twelve individuals with Asperger syndrome participated. The variation within the sub-groups 

of the ASDs may have affected the outcomes of this thesis. Various studies have found 

differences in grey matter between high functioning ASDs and AS (McAlonan, Suckling, 

Wong, Cheung, Lienenkaemper, Cheung, & Chua, 2008; McAlonan, Cheung, Cheung, 

Wong, Suckling, & Chua 2009), language abilities (Ghaziuddin, & Mountain-Kimchi, 2004; 

Howlin, 2003; Koyama, Tachimori, Osada, Takeda, & Kurita, 2007) and on 

neurophysiological measures such as EEG (Duffy, Shankardass, McAnulty & Als, 2013). 

Future experiments should employ an equal ratio of high-functioning ASDs to individuals 

with AS to look at within subject’s differences.  

 

This thesis did not use source localization techniques to further investigate the source 

of the ORN component. This thesis used a cluster of electrodes to investigate the ORN, N2 

difference and P400 components. Selection of electrodes was based on a posteriori decision 

based on visual inspection of the data. This can introduce potential bias and does not take into 

account all the information provided from the whole montage (McDonald & Alain, 2005). 

The use of source localization waveforms could have reduced these potential problems. 

However, one of the aims of this thesis was to investigate high-level processes in ASD. If 

source localization was utilized then this thesis would be limited to components which 

reflected low-level processes only. The P400 component is difficult to measure using source 

techniques (Alain et al., 2001; Johnson & Hautus, 2010).  
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As the focus of the thesis was to investigate components related to concurrent sound 

segregation, earlier components such as the P50 and the N1 were not analyzed. These 

components have been investigated in the ASD literature (See O’Conner, 2012 for a review) 

and are associated with early identification and detection of sounds, not with the parsing of 

concurrent sounds.  

 

Future directions  

The findings from this thesis help to bridge the gap in the current literature with 

regards to auditory scene analysis for auditory processing abilities of ASDs. The main finding 

of the ITD cue processing deficit for concurrent segregation for ASDs provides a starting 

point for research into maturation differences between infant ASDs and matched typicals. 

Secondly, the findings from this thesis also show that auditory scene analysis is functional in 

ASDs for other cues for low-level processing. This thesis also demonstrated that controlled 

processes are intact in ASD.  

The benefit of the ORN component is that it is elicited with or without attention to the 

auditory stimuli, which is a benefit if this research was to be extended to infants with ASD. A 

longitudinal study using dichotic pitch and mistuned harmonic paradigms to assess amplitude 

and latency differences of the ORN and N2 difference may provide useful insight into 

concurrent segregation in very young children with ASD. A study by Brock, Bzishvill, Reid, 

Hautus and Johnson (2013) demonstrated that 10 high functioning ASD children also elicited 

a diminish mORN compared to 10 matched controls using the dichotic pitch paradigm and 

MEG. These results indicate that the ITD cue processing deficit must occur at a very early 

point in development. Research into when differences occur could potentially benefit future 

learning outcomes in ASD. 
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Atypical auditory processing is also evident in other developmental disorders. 

Individuals with William’s syndrome also experience hyper-reactivity to sound (Klein, 

Armstrong, Greer and Brown, 1990) and many experience difficulty extracting speech from 

background noise (Brock, 2007). It would be interesting to see the developmental differences 

between William’s syndrome and ASD to see if they share a common ITD cue processing 

deficit in relation to concurrent segregation.  

As mentioned earlier, this thesis only focused on high functioning ASDs and 

individuals with Asperger’s syndrome. It would be interesting to see if the ORN is 

diminished for low-functioning ASDs. It may be possible that the degree of severity may 

increase the likelihood of sound segregation deficits, or it may be that the ITD cue processing 

deficit could be a general processing deficit across the autistic spectrum. Genetic profiling in 

addition to measuring concurrent segregation using these components may even reveal a sub-

group of ASDs with a specific endophenotype that codes for poor concurrent segregation. 

Overall there are many research avenues that could expand upon concurrent segregation 

research in ASD. These ideas just highlight the potential direction of concurrent segregation 

research in ASD.  
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Conclusion 

The main objective of this thesis was to investigate concurrent sound segregation 

abilities in ASD using the dichotic pitch and mistuned harmonic paradigms. Overall, the 

results from this thesis demonstrate that the ASD group has a low-level processing deficit for 

processing ITD cues for concurrent sound segregation. The ASDs elicited a diminished ORN 

and N2 difference for ITD cues. In contrast, the ASDs are able to process other cues such as 

IADs and harmonicity cues for concurrent segregation, which lead to ORNs of similar 

amplitude to that of matched typicals. These findings also showed that the addition of the 

ITD cue to the harmonicity cues increased the ORN amplitude for the ASDs. However, when 

two binaural cues (ITD and IAD) were added together, the addition of the ITD cue to the IAD 

cue did not increase the ORN amplitude for the ASDs. ITD cue processing abilities are 

formed from an early development standpoint and may be disrupted due to atypical brain 

growth and maturation. IAD and harmonicity cue processing develops later in life and 

appears to be majorly intact or enhanced in ASDs for auditory scene analysis. In contrast, 

high-level processes associated with the perceptual judgment of concurrent auditory 

information appear to be intact in ASD. These novel findings add insight into our 

understanding of sound segregation abilities in ASD, as well as expanding our knowledge in 

auditory scene analysis and its processes. 
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