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ABSTRACT

Evaluation of Mismatch Negativity as a Biomarker
for Language Impairment in Autism Spectrum Disorders

Heather Green

Finding an early and objective way to identify language impairment in autism
spectrum disorder (ASD) has the potential to lead to earlier speech and language
intervention for affected children. Previous magnetoencephalography studies utilizing the
mismatch field component (MMF) component have shown that increased MMF latency
is a predictor of language impairment in children with ASD. We attempted to replicate
these results using the mismatch negativity (MMN), the electroencephalography (EEG)
equivalent of MMF. EEG was recorded in children ages 5 to 10 with ASD plus language
impairment (ASD +LI), ASD minus language impairment (ASD –LI), and typically
developing controls (TD) during a passive auditory oddball experiment presenting speech
and nonspeech sounds. Contrary to previous MMF findings, individuals with ASD +LI
demonstrated decreased MMN latency in the left hemisphere in response to novel vowel
sounds compared to individuals with ASD –LI and TD controls. A positive correlation
between left hemisphere MMN latency and language scores on the Clinical Evaluation of
Language Fundamentals was found when combining both ASD groups. Our results lend
support to the theory that some children with ASD +LI have increased connectivity in
primary sensory cortices at the expense of computational connectivity between
association areas of the brain. This may account for faster speech sound processing
despite low language scores in these children. Further research needs to be done in order
to determine if grouping children by hyper– versus hyposensitivity to auditory stimuli

could explain conflicting results between studies and elucidate a neurophysiological
biomarker of language impairment in subgroups of children with ASD.

TABLE OF CONTENTS
Page
List of Tables……………………………………………………………………….....iii
List of Figures………………………………………………………………………....iv
Chapter I -- INTRODUCTION ......................................................................................1
1.1 Diagnostic and Statistical Manual - Fourth Edition ............................2
1.2 Diagnostic and Statistical Manual - Fifth Edition...............................2
Chapter II -- BACKGROUND ......................................................................................5
2.1 Foundational Sensory Perception Work in ASD ................................5
2.1.1 Early Sensory Theories of ASD .................................................5
2.1.2 Survey Studies and Behavioral Evidence of Perceptual
Differences in ASD .......................................................................9
2.2 Recent Sensory Perception Work in ASD ........................................14
2.2.1 The Role of Auditory Perception in Language Learning.........14
2.2.2 Current Sensory Theories of ASD ...........................................16
2.2.3 Neuroscientific Evidence of Perceptual Differences in
ASD ............................................................................................17
2.2.3.1 Structural brain differences in ASD ................................18
2.2.3.1.1 Total brain volume: Head circumference ..............18
2.2.3.1.2 Total brain volume MRI ........................................19
2.2.3.1.3 Cortical asymmetry ................................................21
2.2.3.2 Brain processing differences in ASD ..............................23
2.2.3.2.1 Auditory processing in ASD: fMRI and PET ........23
2.2.3.2.2 The event-related potential (ERP) technique .........25
2.2.3.2.3 Introduction to the mismatch negativity
component ........................................................................26
2.2.3.2.4 Auditory change detection in ASD: MMF.............27
2.2.3.2.5 Auditory change detection in ASD: MMN ............29
Chapter III -- RESEARCH QUESTIONS AND HYPOTHESES ...............................36
3.1 Question 1 .........................................................................................37
3.2 Question 2 .........................................................................................37
Chapter IV -- RESEARCH DESIGN AND METHODS ............................................38
4.1 Design ...............................................................................................39
4.2 Materials ...........................................................................................40
4.2.1 Behavioral Evaluations ............................................................40
4.2.1.1 Childhood Autism Rating Scale......................................40
4.2.1.2 Sensory Communication Questionnaire .........................40
4.2.1.3 Sensory Experiences Questionnaire ................................41
4.2.1.4 Clinical Evaluation of Language FundamentalsFifth Edition ..........................................................................41
i

4.2.2 EEG Experiment ......................................................................42
4.2.2.1 Oddball paradigm............................................................42
4.3 Participants........................................................................................44
4.3.1 Sample Size and Power Calculations .......................................47
Chapter V -- DATA RECORDING .............................................................................49
5.1 EEG Nets ..........................................................................................49
5.2 EEG Recording .................................................................................50
5.3 Experimental Procedure Protocol .....................................................50
Chapter VI -- DATA PROCESSING AND ANALYSIS ............................................53
6.1 Data Processing.................................................................................53
6.2 Data Analysis Protocol .....................................................................55
6.3 Results ...............................................................................................55
6.3.1 Assessment Results ..................................................................56
6.3.2 EEG Results .............................................................................58
6.3.2.1 MMN waveforms: Pure tones .........................................60
6.3.2.2 MMN waveforms: Vowel sounds ...................................62
6.3.2.2.1 Vowel sound difference wave analysis ..................64
6.3.2.2.2 Correlations ............................................................67
6.3.2.2.3 Receiver operator characteristic analysis ...............68
6.3.2.3 MMN waveforms: Nonspeech ........................................69
6.3.2.4 Alternative analyses ........................................................72
6.3.2.4.1 Comparison of deviant responses ..........................72
6.3.2.4.2 Latency difference analysis....................................72
6.3.3 Results Summary ..................................................................74
Chapter VII -- DISCUSSION ......................................................................................75
7.1 Discussion .........................................................................................75
7.2 Study Limitations and Delimitations ................................................81
7.3 Conclusions and Future Directions ...................................................83
REFERENCES ............................................................................................................85
APPENDICES ...........................................................................................................102

ii

LIST OF TABLES
Table

Page

1

Planned Comparisons of Peak Amplitude and Peak Latency:
3 X 3 X 2 Mixed Experimental Design. Between (Horizontal)
Group Comparisons .............................................................................39

2

Demographic and Assessment Information for All Experiment
Participants...........................................................................................57

3

Useable Trials out of 300 by Group and Condition Mean
(Standard Deviation) ............................................................................59

4

Pure Tone Condition: Individual Peak Amplitude and Latency for
Standard and Deviant Stimuli in the 150-300 ms Time Window ........61

5

Vowel Sound Condition: Individual Peak Amplitude and Latency
for Standard and Deviant Stimuli in the 150-300 ms Time
Window ................................................................................................63

6

Vowel Sound Condition: Individual MMN Amplitude and
Latency for the Difference Wave in the 150-300 ms Time
Window ................................................................................................65

7

Nonspeech Condition: Individual Peak Amplitude and Latency
for Standard and Deviant Stimuli in the 150-300 ms Time
Window ................................................................................................70

iii

LIST OF FIGURES
Figure

Page

1

Oddball Paradigm ................................................................................43

2

MMN Montages ...................................................................................54

3

Mismatch Negativity ERPs for All Three Groups in the Pure
Tone Condition ....................................................................................62

4

Mismatch Negativity ERPs for All Three Groups in the Vowel
Sound Condition ..................................................................................64

5

Between Group Difference Wave for the Vowel Sound Condition ....66

6

Left Hemisphere Scatterplot for the Two Groups with ASD ..............68

7

ROC Curve for Categorizing No Language Impairment (TD and
ASD –LI) versus ASD +LI Using Left Hemisphere MMN
Latency .................................................................................................69

8

Mismatch Negativity ERPs for All Three Groups in the Nonspeech
Condition .............................................................................................71

9

Line of Best Fit for the Left and Right Hemisphere in the Pure
Tone Condition Collapsed Across Groups ..........................................73

iv

ACKNOWLEDGMENT
I would like to thank Karen Froud for her extraordinary patience and guidance
throughout the past five years. Her ability to simultaneously challenge and encourage me
made me grow not only as a researcher but also as a person. I would like to thank my
committee for their invaluable feedback and generously sharing their time with me. I
would like to thank my fellow doctoral students–those who have moved on and those still
in the fray–for their support, feedback, and friendship. I would like to thank the
administrators in the Department of Biobehavioral Sciences for helping me troubleshoot
complicated scheduling and financial issues. I would like to thank my friends, Katie,
Reggie, and Brooke, my sister Michelle, my brother Jeremy, and my surrogate parents,
Martha and Arden, who supported me throughout this undertaking and were tolerant of
my attention and focus being caught up elsewhere. I would like to thank members of
Christ Resurrection Church for their prayers and understanding throughout the doctoral
process. I would like to thank my professors at La Salle University for encouraging me to
take this step, Reem Khamis-Dakwar for offering me research opportunities that I
otherwise wouldn’t have had, and Peter Molfese and J Christopher Edgar for their
insights and advice. I would like to thank my parents Harry and Susan Penny and parentsin-law Jim and Carol Green for never doubting that I would finish, even when it felt like
my schooling would never end. Finally, I would like to thank my husband Adam for his
patience and quiet support throughout this process. Without you none of this would be
possible.

v

DEDICATION

To my parents, Harry and Susan Penny for believing in me from the very beginning.
Without my father’s not so subtle hints regarding the importance of a terminal degree and
my mother’s encouragement to pursue my dreams I would not have started this endeavor.

To my husband for his undying love and support and his many hours of listening to me
talk about my experiment.

To my son Adriel, whose arrival in the world offered me more motivation to graduate
quickly than anyone else ever could.

Finally, to the children at the Timothy School. You will always have a special place in
my heart.

vi

Chapter I
INTRODUCTION

Recent statistics from the National Centers for Disease Control and Prevention
(2014) have placed the incidence of autism spectrum disorder (ASD) at 1 in 68 children,
with boys being five times more likely to have a diagnosis of ASD than girls. The recent
increase in ASD prevalence has made the disorder of particular interest to both educators
and neuroscientists. Although much research is currently being done in this area, the
causes of ASD are unknown. Twin studies suggest that at least some forms of ASD are
hereditary (e.g., Rosenberg et al., 2009; Taniai, Nishiyama, Miyachi, Imaeda, & Sumi,
2008), and other research has found an increased risk of ASD in siblings of children who
have a spectrum diagnosis (e.g., Constantino, Zhang, Frazier, Abbachi, & Law, 2010).
Despite increased incidence within families, current candidate genes for ASD only
account for a small subset of cases (for a review see Kim & Leventhal, 2015). Since
ASDs are thought to be heterogeneous in nature, finding diagnostic biomarkers has also
proven difficult (Happé, Ronald, & Plomin, 2006). Due to a lack of known etiology or
biological markers, ASD is currently diagnosed through behavioral indicators and
assessments, together with the guidelines in the Diagnostic Statistical Manual (DSM-IV
or V) (American Psychological Association [APA], 1994, 2013). The following two
sections will discuss previous and current diagnostic criteria for autism.
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1.1 Diagnostic and Statistical Manual - Fourth Edition
In the previous edition of the DSM, ASD was an umbrella term that included the
following five disorders: autism, Asperger’s syndrome, pervasive developmental
disorder-not otherwise specified (PDD-NOS), Rett syndrome, and childhood
disintegrative disorder (APA, 1994). All of these disorders were characterized by
impaired social interactions and repetitive and stereotyped behaviors. However, in some
cases, language impairment was also a part of the diagnosis criterion. For example,
autism or Rett syndrome could only be diagnosed if language impairment was evident;
however, the criteria for Asperger’s syndrome specified that an individual must not
demonstrate impaired or delayed language. PDD-NOS was diagnosed when some, but
not all, of the criteria could be met for a diagnosis of autism. Individuals with this
diagnosis may or may not have shown evidence of language impairment (APA, 1994).

1.2 Diagnostic and Statistical Manual - Fifth Edition
In May 2013, the fifth edition of the diagnostic and statistical manual was released.
The advent of the DSM-V resulted in significant changes to the way autism is diagnosed.
Many of the diagnoses listed under the DSM-IV were discarded or redefined (APA,
2013). Autism, Asperger’s syndrome, PDD-NOS, and Rett syndrome are no longer listed
as separate diagnoses. Instead only autism spectrum disorder or ASD is listed as a
diagnosis, and, in order to make the ASD diagnosis individualized for each child, the
DSM-V includes a list of specifications. One of these specifications is the presence or
absence of language impairment (ASD + or –LI). Specifications can also be made
indicating whether an individual has a comorbid intellectual disability or a genetic
component to their diagnosis (APA, 2013).
Currently, many individuals diagnosed before the introduction of the DSM-V
continue to carry diagnoses that are based on the DSM-IV approach and terminology.
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Regardless of the manual used in labeling the diagnosis, ASD identification is based on a
mixture of observation and parental report, making it very subjective in nature. Exploring
objective ways of diagnosing ASD and identifying risk factors for this disorder are
current research needs.
Language impairment has a severe impact on level of functioning in children with
ASD. A longitudinal study by Anderson et al. (2007) estimated that approximately 34%
of young children with ASD are non-verbal. A meta-analysis by Pickett, Pullara,
O’Grady, and Gordon (2009) found that 70% of nonverbal children with ASD will go on
to acquire spoken language but will never get past the level of single words or short
phrases. There is also evidence that level of language impairment in early childhood is
positively correlated with overall function later in life (Gillberg & Steffenburg, 1987;
Kobayashi, Murata, & Yoshinaga, 1992; Mawhood, Howlin, & Rutter, 2000; Venter,
Lord, & Schopler, 1992). Since the DSM-V requires information on language
development in order to differentiate between types of ASDs (e.g., autism or Asperger’s
syndrome; ASD +LI or ASD –LI), it is difficult to identify specific ASD type before an
age when language delays are apparent. As a result, children with ASD go without
intervention until such deficits are identified, on average, at 3 years of age or older (CDC,
2012; Siegel, Pliner, Eschler, & Elliot, 1988). Although early intervention efficacy
studies are scarce due to the inherent difficulties in designing such studies, there is some
evidence that children with ASD who receive early intervention are more functional later
in life than those who do not (Harris & Handler, 2000; for reviews see Goldstein, 2002;
Rogers, 1998; Rogers & Vismara, 2008). Early identification of language impairment in
ASD will lead to more timely and specific treatments targeting language in at-risk
children. The development of one measure that could facilitate identification of language
impairment, even in very young children, those with sensory deficits, and/or those who
are unable to respond reliably to behavioral testing, is the focus of this dissertation study.

3

This dissertation is organized as follows: Chapter II focuses on the history of and
evidence for sensory perception theory in autism spectrum disorders and discusses the
importance of sensory perception in language development. It also reviews relevant
survey, behavioral, and neuroscience work exploring structural and sensory processing
differences in individuals on the autism spectrum. Chapter III outlines experimental
questions and expected outcomes of the study. Chapter IV discusses the event-related
potential (ERP) technique that is implemented in this study, along with the study
methods. Chapter V describes the equipment and electroencephalography (EEG)
recording parameters along with a detailed study protocol. Chapter VI discusses data
processing procedures and data analysis. Chapter VII contains the discussion of the study
findings, limitations, and conclusions and future research directions.
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Chapter II
BACKGROUND

Many theories exist about the possible underlying causes of ASD. One of the oldest
of these theories, Sensory Perception Theory, posits that sensory information is processed
differently in individuals with ASD compared to typically developing individuals. The
presence of sensory perception differences in individuals with ASD is supported by
various kinds of evidence, including observations, reports from individuals with ASD,
and behavioral and neuroscience research studies. Many iterations of sensory perception
theory have been presented since the inception of autism research in the 1940s (Bergman
& Escalona, 1949; Delacato, 1974; DesLauriers & Carlson, 1969; Hutt, Hutt, Lee, &
Ounsted, 1964; Rimland, 1964; Tanguay & Edwards, 1982). These theories have gone in
and out of vogue over the decades, losing their appeal in the mid-'80s (Rogers & Oznoff,
2005) before recently regaining attention (Bogdashina, 2013). In this chapter, I present a
historical overview of the autism sensory perception literature from the past 70 years as
well as a summary of more recent investigations in this area.

2.1 Foundational Sensory Perception Work in ASD
2.1.1 Early Sensory Theories of ASD
Sensory dysfunction has been documented in conjunction with autism since its
discovery in 1943. In his seminal paper introducing autism as a new disorder, Leo Kanner
(1943) was the first to describe the aversion to loud noises that is often associated with
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autism. Subsequent clinical reports documented similar sensitivities in children who
presented with autistic disorder (e.g., Bergman & Escalona, 1949; Eveloff, 1960; Ornitz,
1969). In 1961, a nine-point scale for identifying childhood psychosis was developed, by
Creak and a committee of physicians; the fifth diagnostic marker on the scale was
abnormal sensory perception. The committee defined abnormal sensory perception as
increased or decreased sensitivity to sensory information (Creak, 1961). Even today,
hypo- or hypersensitivity to sensory stimuli is listed in the DSM-V as evidence of
restricted and repetitive interests, a requirement for a diagnosis of autism (APA, 2013).
Bergman and Escalona (1949) were the first to speculate that abnormal sensory
perception could give rise to autistic symptoms. Based on their observations of five
children who were diagnosed with childhood psychosis or autism, the authors theorized
that the disorder could be classified by the specific sensory modalities that appeared to be
processed abnormally. Some children seemed to have sensitivities to auditory stimuli,
others tactile, visual, or gustatory. Bergman and Escalona further identified whether the
children reacted to quantity or quality of stimulus. In the auditory modality, quantity was
defined as intensity, while quality was sound type. The authors argued that some children
had an abnormally low “low threshold” for stimuli so could detect stimuli more easily in
certain modalities. Similarly, some children had a low “high threshold” for sounds and
therefore found sounds that reached or exceeded their particular threshold to be
uncomfortable or aversive. Bergman used Freud’s Protective Barrier Against Stimuli
hypothesis to provide an explanation for sensory abnormalities in autism. For sensitive
children who have a low “low threshold” and a low “high threshold,” a very thin
protective barrier could be an underlying causal mechanism for several observable
symptoms of autism. For insensitive children with a high “low threshold” and a high
“high threshold,” a very thick protective barrier could explain difficulties in responding
to lower levels of stimulation. The authors hypothesized that when a child was overstimulated, due to a thin protective barrier or a mother who was not controlling external
6

stimulation, this could lead to early formation of the ego in order to protect the child from
sensory bombardment. On the other hand, children with thick protective barriers would
receive insufficient stimulation, and therefore their egos would develop late. Abnormal
ego development in either case could be associated with the development of psychotic
symptoms (Bergman & Escalona, 1949).
A number of other researchers followed Bergman and Escalona (1949) in
proposing a sensory basis for the behavioral manifestations of autism and related
disorders. For example, Rimland (1964) attempted to explain autism as a disorder caused
by a dysfunction of the reticular formation, an interconnected network of neurons in the
brain stem that, at the time of publication, was thought to function as the brain’s
“decoder.” Rimland suggested that incoming sensory information takes two routes: a fast
route that transmits the physical stimulus, and a slow route that goes through the reticular
formation and attaches meaning to stimuli. Although it is now understood that the
reticular formation does not decode stimuli (for overview see Jones, 2003), Rimland
(1964) hypothesized that dysfunction of the structure would prevent children from
making sense of the incoming signal and linking the signal to memory. Children with
such dysfunction would not have access to the associations that allow one to make sense
of the world. This proposal was re-explored by Hutt, Hutt, Lee, and Ounsted (1964), who
took it a step further by focusing on over-arousal in children with autism and related
disorders. The authors speculated that sensory bombardment in individuals with autism
may cause their reticular systems to block sensory pathways as a protective mechanism.
This would, in turn, result in decreased sensitivity to sensory information.
Another sensory theory (Ornitz & Ritvo, 1968) expanded on Bergman and
Escalona’s theory by breaking down autistic disorders into subclusters of symptoms. The
authors speculated that the first subcluster, disturbance of perception, is responsible for
all subsequent subclusters of the disorder (p. 81). They also proposed that perceptual
experiences fluctuate in individuals with autism and are therefore unpredictable. These
7

disturbances may involve some or all sensory modalities and were described as follows:
“1) heightened awareness of stimuli in the environment, 2) heightened sensitivity to
stimulation, and 3) nonresponsiveness” (p. 81–82). The authors proposed that these
abnormal responses could vary due to the fluctuating perceptual systems of children with
autism and could give rise to the social impairments and restricted and repetitive interests
associated with the disorder. For example, when a child is experiencing heightened
sensitivity, she/he may become overly excited and demonstrate repetitive behaviors such
as flapping or rocking. On the other hand, when a child is experiencing low levels of
sensory sensitivity, she/he may be unresponsive to social advances.
DesLauriers and Carlson (1969) also built upon Rimland’s (1965) observations.
Like Rimland and Hutt et al., DesLauriers and Carlson suggested that the reticular system
could be at fault for sensory disturbances in ASD; but they specified that disturbances of
the reticular activating system could inhibit the limbic system, causing a “stimulus
barrier.” Such a barrier would keep out sensory information important for learning,
leading to autistic-like symptoms.
Delacato (1974) also discussed autism in terms of sensory processing deficits.
Delacato described three types of children with autism: those who are hypersensitive,
those who are hyposensitive, and those referred to as “white noise.” He suggested that
children with autism are brain-injured, with some of them being overly sensitive to
sounds or other sensory stimuli (hyper), some having reduced ability to perceive sensory
information (hypo), and some who constantly have a background of sensory information
occurring in their heads (white noise). Delacato also proposed that the behavioral
manifestations seen in autism are each child’s attempt to compensate for their sensory
deficits and survive in an uncomfortable world.
Similarly, Tanguay and Edwards (1982) proposed a theory of autism that involves
brainstem dysfunction, which in turn impacts forebrain development. Tanguay and
Edwards suggested that distorted sensory information entering into the system during
8

specific ‘critical’ times during neurodevelopment may cause the learning and other
higher order deficits that are commonly seen in autism.
2.1.2 Survey Studies and Behavioral Evidence of Perceptual Differences in ASD
Perhaps some of the most powerful evidence of abnormal sensory processing in
ASD comes from those high-functioning individuals who have articulated their personal
experiences. Temple Grandin is a Professor of Animal Science at Colorado State
University and an individual with high-functioning autism. Grandin (1992) describes her
auditory experiences as “having a hearing aid with the volume stuck at super loud”
(p. 107). She describes dealing with the bombardment of sound by “turning off the mic”
and reports that her mother said she sometimes acted as though she were deaf when she
was a child (Grandin, 1992, p. 107). Grandin also reports problems hearing in
environments with large amounts of background noise (Grandin, 1992). Diagnostic
interviews with individuals on the autism spectrum (Crane, Goddard, & Pring, 2009;
Jones, 2009; Minshew & Hobson, 2008), as well as parent surveys and interviews, have
corroborated these experiences, documenting that sensory abnormalities are typically
reported by both individuals with ASD and their parents (Baranek, David, Poe, Stone, &
Watson, 2006; Dahlgren & Gillberg, 1989; Kern et al., 2006; Kientz & Dunn, 1997;
Lane, Dennis, & Geraghty, 2011; Lord, 1995; Lord, Rutter, & LeCouteur, 1994; Lord,
Storoschuk, Rutter, & Pickles, 1993; Miller, Resiman, McIntosh, & Simon, 2001;
Minshew & Hobson, 2008; Orntiz, Guthrie, & Farley, 1977; Rogers, Hepburn, &
Wehner, 2003; Volkmar, Cohen, & Paul, 1986; Watling, Dietz, & White, 2001; Wiggins,
Robins, Bakeman & Adamson, 2009; Wing, 1969).
One such study (Wing, 1969) is the only survey study that attempts to explain
language impairment in ASD by the presence of sensory processing abnormalities. This
study looked at sensory perception in children with autism plus language impairment,
autism minus language impairment, Down’s syndrome, aphasia, and partial blindness and
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deafness. Data were collected via questionnaires and assessments completed by parents
of participating children. The author concluded that abnormal reactions to auditory and
visual sensory input were correlated with decreased language skills in individuals with
autism.
Despite reports of sensory differences in ASD by both diagnosed individuals and
family members, behavioral research into this subject has not found a typical pattern of
abnormal perception across studies but instead reports general processing differences
(e.g., Baranek, 1999a; Condon, 1975; Gillberg et al., 1990, Jones et al., 2009; for reviews
see Bogdashina, 2013; Iarocci & McDonald, 2006; O’Neil & Jones, 1997). The
experimental designs of these studies vary widely (and are discussed further below), with
one study looking at sound level preference (Metz, 1967), one using microkinesic
analysis (Condon, 1975), one study rating autistic-like symptoms via home video
(Baranek, 1999a), and four studies assessing auditory discrimination behaviorally in the
ASD population (Heaton, 2003, 2005; Heaton, Williams, Cummins, & Happé, 2008;
Jones et al., 2009). Despite the different approaches used in assessing sensory perception
in ASD, all of these authors suggest that their study results point to perceptual
abnormalities in this population.
Metz (1967) looked at volume (sound level) preferences when hearing auditory
stimuli in 10 children with autism, 10 children with schizophrenia, and 10 gifted children
(aged 6–10 years). Participating children were presented with sounds and allowed to
adjust the volume of those sounds to intensities of their preference. Sound stimuli
included folk songs, instrumental march music, random percussion sounds, poems from a
popular children’s book, and the sound of a heartbeat. On average, children with autism
chose to listen to all types of stimuli louder than the children in the other two groups
(Metz, 1967).
Condon (1975) used linguistic and microkinetic approaches to analyze sound and
movements in video recordings of 25 children with autism or reading impairment
10

between the ages of 2 and 25. Microkinetic analysis involves the analysis of slow-motion
films to perceive small movements that are otherwise undetectable, made during speaking
and listening. Condon’s analyses were based on the hypothesis of interaction synchrony,
which identifies subtle patterns of body movement that occur when an individual is
speaking. Listeners were found to “entrain” or mimic the same movements of the speaker
as they listened. Condon found that children in the autism group and children in the
reading impairment group showed entrainment at the time of hearing speech but repeated
the same movement patterns again ½ to 1 second after initially hearing speech sounds.
Condon argued that this second period of entrainment motion could be evidence that
children with autism and children with reading impairment motorically respond to sounds
twice. Condon discussed how overlaps between the speech sounds and the motor
sequences caused abnormal and “jerky” reactions. Condon also showed that latencies
between the first and second entrainment reactions were shorter in the reading impaired
group than in the autistic group, which he interpreted as possible evidence that children
with autism and reading impairment are hearing sounds differently than typically
developing (TD) populations. Condon proposed that perceptual differences may make up
a continuum, with autism on one end and TD on the other, with reading impairment
falling somewhere in between.
Baranek (1999a) examined autistic characteristics through retrospective video
analysis of behaviors in children. Baranek used home videos of 11 children with autism,
10 with developmental disabilities (DD), and 10 TD comparison children between 9 and
12 months of age to rate their performance in 12 different areas. Significant differences in
ratings between the individuals with DD and TD and those diagnosed with ASD were
found in nine different areas, including orientation and responsiveness to auditory and
visual stimuli. Baranek suggested that future assessments of infants and young children
with autism should include evaluation of sensory perception and responses, since these
differences could be observed in home videos very early in development.
11

Heaton (2003, 2005) performed several studies looking at pitch discrimination in
individuals with high-functioning autism. The first study looked at performance during
multiple perception tasks with 14 children with autism, 14 age-matched comparison
children, and 14 comparison children matched for verbal IQ (aged 7–14 years), none of
whom had any prior musical experience. Children were trained to associate each of four
musical notes with an animal picture. During the first portion of the experiment, children
were required to point to the animal associated with a given note whenever they heard
that note being played. The autism group was significantly more accurate at correctly
‘labeling’ each note using the animal name, compared to the two comparison groups.
During the second portion of the experiment, the children heard chords consisting of
three notes each and were required to point to the animal whose note was not played.
Again, the autism group was more accurate at identifying the component parts of the
chord than the comparison groups (Heaton, 2003). In another study of pitch
discrimination in autism, Heaton (2005) again looked at high functioning individuals with
ASD. Fifteen children with ASD, 15 children matched on age and vocabulary, and 15
children matched on age and IQ were included in this study (aged 7–14 years). Children
were trained to match raised versus lowered pitches with pictures of people and objects
going up or down stairs. During the test phase, they were required to listen to a series of
ascending or descending sounds in order to judge if they went up or down. Children with
autism were better at discriminating up versus down when the pitch intervals were small,
but all groups performed the same when the intervals were medium or large (Heaton,
2005).
The first behavioral auditory discrimination study to include both low and high
functioning individuals with autism was carried out by Heaton, Williams, Cummins, and
Happé (2008). Twelve low-functioning individuals with ASD and 21 high-functioning
individuals with ASD were included in this study (aged 11–19 years); inclusion in the
low-functioning group required an IQ of <70, while the high-functioning group members
12

had IQs of >70. Individuals were trained on a computer program that paired sounds with
an image of a boy ascending or descending a staircase to the appropriate step for that
sound. Following training, participants listened to a sound and then pointed to the step
they felt corresponded with the pitch of that sound. The authors found that only a small
subset of individuals with autism were better at frequency discrimination than the other
participants in the study. IQ did not act as a predictor of enhanced speech perception in
these individuals; however, low vocabulary scores were seen in all participants in this
subset.
Jones et al. (2009) performed the first behavioral study on auditory discrimination
of multiple acoustic properties in ASD. They looked at 39 children with autism, 33
children with other ASDs, and 57 TD comparison children matched for age (mean age
15.6) and IQ. Children were required to discriminate between sounds that varied with
respect to frequency, duration, and intensity. The task was presented as a game with two
dinosaurs on a computer presenting sounds, and children were asked to determine which
dinosaur sounds were higher, louder, or longer. Children were given immediate feedback
as to whether or not they answered correctly. No group differences were found in relation
to correct discrimination of any of three variables tested; however, a subset of 20% of the
children with ASD were better able to discriminate frequency than the typically
developing children. This subset of individuals with increased pitch discrimination also
presented with language impairment per parental report.
Taken together, these studies indicate that behavioral evidence points to sensory
perception differences in children with ASD. However, the behavioral studies listed here
differ drastically with respect to methodologies and measurement techniques. Many of
these studies rely on subjective reports from parents or individuals with autism, and the
older experimental studies are hampered by limited sample sizes and older technology.
Another major limitation is that ASDs often co-occur with other impairments, especially
language impairments, and it can be difficult to ensure that children with receptive
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language deficits can understand and carry out the experimental task. These
methodological limitations may explain why results have been contradictory, for example
with some studies finding greater pitch discrimination in autism and others not. Using
preattentional brain-imaging techniques to study sensory perception in autism could offer
a more objective way to assess these populations. Below we will explore the brainimaging research in this area.

2.2 Recent Sensory Perception Work in ASD
Current research utilizes modern neuroscientific techniques to study interactions
between perception and behavior in various populations, including individuals with ASD.
Explaining how low-level sensory processes (e.g., sensory detection and sensory
discrimination) can impact higher-level functions (e.g., language and cognition) and
manifest as autistic symptoms is of specific research interest, and the impact of abnormal
sensory perception on language development in individuals with ASD is especially
relevant to this study. In order to understand why, the role of auditory perception in
typical language development must first be discussed.
2.2.1 The Role of Auditory Perception in Language Learning
Typically developing newborn babies have the ability to discriminate speech
sounds from every language, even before they have mapped specific meanings onto the
sounds they hear. As babies develop, they lose the ability to discriminate speech sounds
that are not relevant for carrying meaning in their native language (Best & McRoberts,
2003; Cheour et al., 1998; Eimas, Siqueland, Jusczyk, & Vigorito, 1971; Kuhl et al.,
2006; Rivera-Gaxiola, Silva-Pereyra, & Kuhl, 2005; Streeter, 1976; Trehub, 1976;
Werker & Tees, 1984). This specialization occurs following sufficient environmental
exposure to speech and language (e.g., Benasich, Choudhury, Realpe-Bonilla, & Roesler,
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2014; Kuhl et al., 2008; Saffran, Aslin, & Newport, 1996; Zimmerman et al., 2009).
When an incoming auditory signal is inconsistent, distorted or incorrectly segmented,
decoding may prove difficult (Benasich, Thomas, Choudhury, & Leppänen, 2002).
Difficulties in the area of auditory perception and decoding can in turn lead to difficulty
learning how to understand and produce sounds (Berko-Gleason, 1985; Friel-Patti, 1990).
Moreover, effective auditory processing of both speech and nonspeech information in
infants has been associated with better language skills in later childhood (Benasich et al.,
2002, 2014; Benasich & Tallal, 2002; Choudhury & Benasich, 2011; Kuhl, Conboy,
Padden, Nelson, & Pruitt, 2005; Oram Cardy, Flagg, Roberts, Brian, & Roberts, 2005b;
Tsao, Liu, & Kuhl, 2004).
Tallal, Miller, and Fitch (1993) suggest that auditory processing deficits,
specifically temporal delays, may result in abnormal phonological representations that
could impact receptive and expressive language. Support for this relationship between
auditory processing and language abilities exists in the otitis media literature. Otitis
media, or inflammation of the eardrum, often results in hearing loss or sound distortion.
Research shows that chronic ear infections in infancy and toddlerhood can negatively
impact receptive and expressive language development (Abraham, Wallace, & Gravel,
1996, Friel-Patti, 1990; Friel-Patti, Finitzo-Heiber, Conti, & Brown, 1982; Holme &
Kunze, 1969; Menyuk, 1990; Teele, Klein, Rosner, & the Greater Boston Collaborative,
1984); however, with medical remediation, these language delays do not persist into later
childhood (e.g., Harsten, Nettlebladt, Schalen, Kalm, & Prellner, 1993). This
demonstrates that sensory input plays a role in efficient language development. Boucher
(2003) proposes that individuals with autism have temporal processing deficits that could
lead to difficulty parsing sounds, words, and sentences and that such auditory processing
deficits may play a role in language impairment associated with ASD.
This developmental specialization for language is accompanied by major structural
and functional changes in the brain. The first year of life marks a sharp increase in
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synaptogenesis, or the building of neuronal connections, as well as a rapid period of
myelination. During this time and through adolescence, formation of myelin sheaths as
axonal insulators helps synapses travel faster and more efficiently to their destinations
(Paus et al., 1999). At about one year, rapid neural pruning, or disposing of irrelevant
connections, occurs, making the brain more efficient by strengthening frequently used
connections at the expense of those unnecessary for a child’s survival. Synaptogenesis,
myelination, and neural pruning work together to make brain processing more efficient
(Huttenlocher, & Dabholker, 1997; Huttenlocher, De Courten, Garey, & Van der Loos,
1982). This processing efficiency is associated with better cognitive and language
functioning later in life (Conboy, Rivera-Gaxiola, Klarman, Aksolylu, & Kuhl, 2005;
Kuhl et al., 2005b; Kuhl, Coffey-Corina, Padden, & Dawson, 2005a; Molfese, 2000;
Molfese & Molfese, 1997; Rivera-Gaxiola et al., 2005; Tsao et al., 2004).
2.2.2 Current Sensory Theories of ASD
Current sensory models of ASD bear some similarities to older models while
integrating findings from current neuroimaging research. However, the causal
mechanisms of sensory perception difficulties and neuroanatomical differences in ASD
are still not well understood. It is possible that genes and/or environmental triggers result
in disturbances of neuronal migration in the brains of individuals with ASD (Li, Zou, &
Brown, 2012; Peñagarikano et al., 2011; Peñagarikano & Geschwind, 2012; Thomas &
Karmiloff-Smith, 2002). Abnormal processes in brain development can lead to increased
synaptogenesis and/or decreased neural pruning, and hence could result in changes to
processing of sensory information (Cohen, 2007; Gerrard & Rugg, 2009; Mimura,
Kimoti, & Okada, 2003). Abnormal sensory processing, in turn, could impact learning
and lead to the cognitive and linguistic differences that are common in ASD (Boucher,
2003; Markram, Rinaldi, & Markram, 2007; Roberts et al., 2008). Gerrard and Rugg
(2009) suggested that sensory processing is fundamentally different in ASD and that
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these differences lead to brain anomalies that then manifest as behavioral or perceptual
issues in other domains. Yet another sensory perception perspective holds that individuals
with ASD have difficulty blocking out irrelevant sensory information and therefore are
inundated with information that “builds up” in the system, affecting the capacity
available for other kinds of processing (e.g., Belmonte et al., 2004). Regardless of
whether deviant sensory processing is the result or the cause of brain anomalies in ASD,
these sensory perception differences could potentially be early indicators of ASD in
at-risk children.
Sensory perception differences in individuals with ASD may have implications for
language development in this population. Since exposure to auditory information and
speech sounds is known to be important for early language development in TD children,
it is possible that, in ASD, auditory information entering developing perceptual systems
in a distorted manner could lead to both receptive and expressive language deficits
(Boucher, 2003; Mueller, Friederici, & Männel, 2012; Roberts et al., 2008). Even if the
auditory signal is intact as it enters the sensory perception system, transmission and
processing delays could cause auditory signal backup, which in turn could make auditory
information difficult to discriminate and understand (Roberts et al., 2008). Although
temporal processing deficits alone may not account for the persistent and long-term
language deficits associated with autism, perception differences, coupled with the
comorbid social and cognitive deficits often seen in this population, could result in longterm language impairment.
2.2.3 Neuroscientific Evidence of Perceptual Differences in ASD
A great deal of research over the past ten years has explored neurological
differences in individuals with ASD, and much of this work lends support to the sensory
perception perspective of ASD. Differences in brain structure, connectivity, and
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neurophysiological responses to stimuli have been identified in this population, but
findings are often contradictory or cannot be replicated.
2.2.3.1 Structural brain differences in ASD. Structural brain research in the area
of autism spectrum disorders has shown that, on average, children with ASD have
significantly larger brain volumes than those with TD, at least in early childhood. These
volumetric differences are observed in studies of total brain volume (Aylward, Minshew,
Fields, Sparks, & Singh, 2002; Courchesne et al., 2001, 2007; Courchesne, Carper, &
Akshoomoff, 2003; Dawson et al., 2007; Dementieva et al., 2005, Hazlett et al., 2005;
Redcay & Courchesne, 2005; Sparks et al., 2002) as well as studies looking at
hemispheric volume (Preis, Jancke, Schmitz–Hillebrecht, & Steinmetz, 1999; for review
see Shapleske, Rossell, Woodruff, & David, 1999; Wada, Clarke, & Hamm, 1975). These
differences in brain volume associated with ASD indicate disturbances of synaptogenesis
and neural pruning (Belmonte et al., 2004). Research suggests that larger cortical
volumes result in inefficient processing of incoming stimuli, which could be the cause or
the result of sensory perception abnormalities in individuals on the autism spectrum
(Gerrard & Rugg, 2009). Volumetric studies either look at total brain volume using head
circumference (Courchesne et al., 2003; Dawson et al., 2007; Dementieva et al., 2005;
Hazlett et al., 2005), MRI (Aylward et al., 2002; Courchesne et al., 2001; Hazlett et al.,
2005; Redcay & Courchesne, 2005; Sparks et al., 2002), or cortical volumetric
asymmetries between individuals with ASD and TD comparison children (Preis et al.,
1999; for review see Shapleske et al., 1998; Wada et al., 1975). Each of these areas will
be outlined in detail below.
2.2.3.1.1 Total brain volume: Head circumference. Head circumference in
children under the age of 7 has been found to be an accurate index of brain volume, and
therefore it is often used as an index of brain volume in infants who cannot undergo more
invasive brain-imaging measures (Bartholomeusz, Courchesne, & Karns, 2002). A head
circumference less than two standard deviations below the mean is associated with
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microcephaly or decreased brain volume (Stevenson, Schroer, Skinner, Fender, &
Simensen, 1997), while a head circumference of greater than two standard deviations
above the mean is considered macrocephaly or increased brain volume (Stevenson et al.,
1997). Most studies looking at birth head circumference have revealed no significant
differences between head circumference in TD children and those who are later
diagnosed with an ASD (Dawson et al., 2007; Dementieva et al., 2005; Hazlett et al.,
2005; Lainhart et al., 1997; Stevenson et al., 1997; see Courchesne et al., 2007 for a
review), although one has reported microcephaly in this population (Courchesne et al.,
2003). Increased head circumference in children with autism during the first two years of
life has been consistently reported in the literature (Courchesne et al., 2003; Dawson
et al., 2007; Dementieva et al., 2005; Hazlett et al., 2005); however, it remains unclear
whether this growth acceleration continues through childhood. Hazlett et al. (2005) found
that head circumference acceleration in infants with ASD begins at the age of 1 and
continues through the age of 36 months. This growth trajectory differs from that of TD
children, who experience accelerated brain growth through 1 year of age before neuronal
elimination, and consequently specialization, begins (Huttenlocher, 1984). In contrast,
Dawson et al. (2007) found that head circumference acceleration occurs early in life, but
by 12 months the rate of growth has slowed to match that of TD children.
2.2.3.1.2 Total brain volume MRI. Many studies have used MRI in an attempt to
establish patterns of structural differences in the brains of individuals with autism.
However, these studies have remained largely inconclusive. Most researchers agree that
cortical volume is increased in young children with ASD (Aylward et al., 2002;
Courchesne et al., 2001; Hazlett et al., 2005; Redcay & Courchesne, 2005; Sparks et al.,
2002); however, there are discrepancies in the literature as to whether these volumetric
differences remain through adolescence and adulthood (Aylward et al., 2002; Courchesne
et al., 2001; Freitag et al., 2009; Hazlett, Poe, Gerig, Smith, & Piven, 2006; Redcay &
Courchesne, 2005). Courchesne et al. (2001) used MRI to examine cortical volumetric
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changes in 60 young children with autism and 52 age-matched comparison children.
Children with autism aged 2 to 3 years were found to have more white and gray matter
compared to TD children (Courchesne et al., 2001). A similar study by Sparks et al.
(2002), examining 45 children with ASD, 26 TD children, and 14 developmentally
delayed (DD) children aged 3 to 5 years, also found increased cerebral volume in the
ASD group compared to both the TD and DD comparison groups (Sparks et al., 2002).
Similar results were recorded by Hazlett et al. (2005) in an MRI study exploring brain
volume in 51 children with autism and 25 comparison children 18–35 months of age.
Fourteen of the comparison children were TD, while 11 were diagnosed with DD
unrelated to ASD. Children were scanned during sleep; those with autism and
developmental disabilities were sedated during the scan. The authors found increased
white and gray volume distributed across the cerebral cortex in the children with autism
(Hazlett et al., 2005). In a follow-up study by Hazlett et al. (2006), left-hemisphere gray
matter volume was increased in 13- to 29-year-old adults with autism compared to TD
adults. A study of adolescents and young adults by Freitag et al. (2009) also used fMRI
and found that total brain volume was larger in participants with ASD (mean age 17.5)
compared to comparison participants (mean age 18.6). Fifteen TD individuals and 15
individuals with autism were used for the study, most with recorded IQs of <70.
Although some of the studies mentioned above indicate that total brain volumetric
differences associated with ASD are observed in children, adolescents, and adults, the
results of some studies have challenged this notion (Aylward et al., 2002; Courchesne
et al., 2001; Redcay & Courchesne, 2005). In Courchesne et al.’s 2001 study,
significantly greater brain volume was not observed in the adolescents with autism
compared to TD adolescents. Aylward et al. (2002) studied children and adults aged 8 to
46 years. Sixty-seven participants had a diagnosis of autism (minus intellectual
disability), and 83 were TD. The authors were in agreement with previous researchers
that total brain volume was increased in children under the age of 12; however, they
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found no significant differences in brain volume in older children or adults (Aylward
et al., 2002). A meta-analysis by Redcay and Courchesne (2005) included data from 12
MRI studies. Standardized mean differences were used in order to compare volumes
across studies. Analyses revealed that brain volume in infants who would later be
diagnosed with ASD were smaller than those of the TD group, but also showed that
children with ASD went through a period of rapid cerebral growth between the ages of 2
and 4, during which the ASD group had much larger brain volumes than age-matched
peers. This increase in growth was followed by a period of little or slower growth, and
adolescents and adults with ASD were shown to have similar brain volumes to TD
comparison participants.
Consistent with the literature on head circumferences, these MRI studies also lend
support to the idea that infants with autism go through a period of increased
synaptogenesis or decreased neuronal pruning that results in greater cortical volumes than
their typically developing peers. These brain abnormalities could be the result of, or give
rise to, inefficient processing of incoming signals.
2.2.3.1.3 Cortical asymmetry. Asymmetry of the brain regions involved with
auditory processing has been well documented in studies of neurotypical populations.
Both Heschl’s gyrus, a brain structure implicated in the processing of a large variety of
auditory stimuli (e.g., Flechsig, 1908; Zatorre & Binder, 2000), and the planum
temporale, a brain region that is widely accepted to be involved in the processing of
speech, have been found to be larger in the left hemisphere than the right in most righthanded individuals (Preis et al., 1999; for review see Shapleske et al., 1998; Wada et al.,
1975). This left hemisphere volume difference in the planum temporale has not been
found in adults or children with ASD (Herbert et al., 2002; Rojas, Bawn, Benkers, Reite,
& Rogers, 2002; Rojas, Camou, Reite, & Rogers, 2005). Since the literature suggests that
larger volume in the left planum temporale is associated with efficient language
processing (Karbe, Herholz, Weber–Luxenburger, Ghaemi, & Heiss, 1998; Tzourio,
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Nkanga–Ngila, & Mazoyer, 1998; Wise et al., 2001), atypical symmetry in the plana
temporali could be associated with the language processing discrepancies found in ASD
(Herbert et al., 2002) and other developmental disorders (Rojas et al., 2002); however,
these structural differences could also be the result of the impact of impaired language on
the brain (Rojas et al., 2005).
Rojas et al. (2002) examined gray matter volume in adults with ASD using fMRI.
Fifteen participants with autism (aged 19–47 years) and 15 TD participants (aged 17–47
years) were used in the study. The authors looked at gray matter volume in both left and
right hemisphere Heschl’s gyri and plana temporali. The expected hemispheric
asymmetry in Heschl’s gyrus was found in both groups, but greater volume in the left
hemisphere planum temporale was not observed in the autism group. These findings
suggest that abnormalities in the auditory system associated with ASD are specific to the
areas that encode language and do not apply to the auditory system in general (Rojas
et al., 2002). Studies of plana temporali volume in children yielded similar results.
Herbert et al. (2002) used fMRI to assess plana temporali volume in 16 children with
autism and 15 age-matched TD children (aged 7–11 years). The authors found increased
volume of the left planum temporale in the comparison group and right planum temporale
in children with autism. A similar study in 2005 also looked at plana temporali volume in
12 children with autism and 12 age-matched children aged 5–16 years (Rojas et al., 2005)
and found the same results in children as Rojas et al. (2002) found in adults.
These studies outlining the volumetric differences in the structures associated with
auditory signal processing may give us some understanding of why auditory perception
appears to be disturbed in individuals with ASD. Studies of auditory processing seem to
corroborate the evidence of abnormal cortical symmetry in children with ASD by
showing that preferential left hemisphere auditory processing is not observed in these
children. These findings are outlined below.
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2.2.3.2 Brain processing differences in ASD.
2.2.3.2.1 Auditory processing in ASD: fMRI and PET. Several brain studies of
both adults and children have found abnormal cortical processing of simple and complex
nonspeech sounds as well as speech sounds and words in ASD.
Müller et al. (1999) used PET to explore auditory perception in adults (aged 18–31)
with autism spectrum disorders. Five individuals with autism and five age-matched adults
participated in the study. Stimuli consisted of pure tones (500, 800, and 1200
milliseconds [ms] in duration) and sentences. Significant activation of the bilateral
auditory cortex in response to tones was found in the comparison group, but auditory
activation in the group with ASD did not reach significance. In the sentence condition,
greater temporal cortex activation was observed in the left hemisphere for comparison
participants; in the autism group, temporal cortex activations were bilateral with no left
asymmetry observed.
In a positron emission topography (PET) study, Boddaert et al. (2003) used
complex nonspeech stimuli to determine areas of activation during auditory processing in
five adult individuals with autism (mean age 19.1) compared to eight typically developed
adults (mean age 21.9). Both the autism group and the typically developed comparison
group showed activation in the left superior temporal cortex; however, activation for the
comparison group was stronger in the left hemisphere, whereas right hemisphere
activation was stronger for those with autism. The group of adults with autism also
demonstrated increased activation of the posterior left middle temporal gyrus, left inferior
temporal gyrus, and right middle frontal gyrus.
Boddaert et al. (2004) used PET and the same complex nonspeech stimuli to
explore auditory processing in children with autism. Eleven children with autism (aged
4–10 years) and six children with intellectual disability (aged 3–9 years) participated.
Both groups were sedated with sodium pentobarbital during the experiment. Both groups
exhibited bilateral superior temporal gyrus activation in response to speech sounds;
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however, only the comparison group showed increased activation in the left hemisphere.
Since the stimuli in these studies were nonspeech sounds, Boddaert et al. suggest that
auditory processing difficulties in ASD are not confined to speech sounds but instead
result from a more general impairment in the ability to integrate complex auditory
information. They suggest that abnormalities in the auditory association areas may be to
blame for language impairment in autism. It is important to note, however, that this study
did not include a pure tone condition, so it was not possible to conclude whether the
observed processing difficulties were limited to complex sounds.
Redcay and Courchesne (2008) used functional magnetic resonance imaging
(fMRI) to study speech perception in 2 to 3 year-old children. Twelve children with ASD
were included in the fMRI analysis. Children with ASD were compared to a group
matched for receptive language level and a group matched for chronological age.
Children were scanned during sleep, while speech stimuli were presented. Compared to
the receptive language-matched comparison group, children with ASD showed decreased
activation in the frontal, temporal, and occipital lobes, as well as the cerebellum and right
caudate. Analyses comparing the ASD group to the chronologically age-matched children
revealed asymmetries in speech processing for both groups, with more activation in right
frontal and temporal regions for the ASD group and more activation in the left frontal
region in the chronological age-matched comparison groups (frontal and temporal lobes).
The extent to which the right hemisphere was differentially activated in the group with
autism was inversely correlated with autism severity when regressed with the Mullen
Scales of Early Learning score. The authors suggest that right hemisphere recruitment
may be a compensatory strategy for children with ASD that can improve their language
function.
Nagae et al. (2012) hypothesized that differences in brain activation during
auditory tasks were the result of white matter abnormalities in the brains of children with
ASD plus language impairment (ASD +LI). Diffusion tensor imaging (DTI) and
24

tractography were used to determine the white matter integrity of the superior
longitudinal fasciculus, a large connection bundle in the brain that has been implicated in
language processing. Mean diffusivity of the superior longitudinal fasciculus was
significantly greater in the group of children with ASD +LI and ASD minus language
impairment (ASD –LI) as compared to age-matched comparison children, especially in
the left hemisphere. It was also significantly greater in ASD +LI compared to ASD –LI,
reflecting an inverse correlation with scores on the Clinical Evaluation of Language
Fundamentals – Fourth Edition (CELF-4). In other words, as mean diffusivity increased,
CELF-4 scores decreased. The authors hypothesize that abnormal mean diffusivity in the
superior longitudinal fasciculus may be indicative of immature white matter
development, resulting in reduced functional brain connectivity in individuals with
ASD +LI.
In addition to auditory processing, auditory change detection in ASD has also been
studied using functional imaging techniques. For example, an fMRI study by Gomot et al.
(2006) explored change detection to deviant complex stimuli using an oddball paradigm.
Results of this study showed decreased activation in the left anterior cingulate and the left
inferior frontal cortex in children with autism as compared to typically developing
comparison children. The authors argue that since the left anterior cingulate is thought to
contribute to stimulus evaluation (Bush, Luu, & Posner, 2000), then children with autism
may have difficulty with change detection as a result of this activation attenuation
(Gomot et al., 2006). More change detection research utilizing the event-related potential
technique is described below.
2.2.3.2.2 The event-related potential technique. Electroencephalography (EEG) is
a non-invasive technique for recording electrical activity related to intracellular
communication in the brain. The signal is a collection of synaptic activity from large
groups of cells, propagating through the scalp (Öllinger, 2009). EEG detects voltage
variations through electrodes that are placed on the surface of the scalp in a standardized
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configuration and provides high temporal resolution, but limited spatial resolution due to
smearing and distortion (Handy, 2005). Electrical variations are expressed as positive and
negative deflections relative to a reference electrode. By segmenting and averaging the
recorded voltage, time-locked to a specific stimulus or event, it is possible to derive
event-related potentials (ERPs) from the EEG recordings (Rugg & Coles, 1995). ERPs
are electrophysiological responses that are associated with internal or external stimuli. By
presenting multiple fixed events to the participant, relating the fixed events to the EEG
recordings and averaging together the recorded signal that is time-locked to events of the
same type, it is assumed that the resulting ERP represents cognitive activity in response
to the stimulus manipulation. Most ERPs are named after their polarity and the time
period in which they appear. For example, a negative voltage deflection that peaks
around 400 ms after stimulus onset is called an N400. The ERP of interest for this study
is the mismatch negativity (MMN), which is a negativity occurring between 170 and
250 ms following auditory change detection.
2.2.3.2.3 Introduction to the mismatch negativity component. The auditory
mismatch negativity (MMN in EEG and MMF in magnetoencephalography or MEG)
component is widely recognized to be an index of auditory change detection. During a
train of standard sounds, the MMN occurs in response to an unexpected deviant stimulus
(e.g., /ɑ/, /ɑ/, /ɑ/, /u/) that violates sensory expectation (Näätänen, 1990, 1992; Näätänen,
Gaillard, Mäntysalo, 1978, 1980; Näätänen & Michie, 1979; Näätänen, Simpson, &
Loveless, 1982). Therefore, it has been proposed as an index of auditory memory (Alho,
1995; Näätänen, 1992; Näätänen, Paavilainen, Alho, Reinikainen, & Sams, 1989;
Näätänen & Winkler, 1999; Neisser, 1967). In adults, the MMN automatically occurs
between 170 and 250 ms post stimulus onset, even in the absence of overt attention to the
stimulus (Handy, 2005; Luck, 2005). MMN can be elicited by a change in pitch, duration,
or intensity (for a review see Näätänen, 1992) and can even occur as a function of
interstimulus interval (ISI) change (Ford & Hillyard, 1981). In experiments involving
26

newborns, MMN latency in response to auditory stimuli is slightly longer (Cheour et al.,
1997, 1998; Cheour-Luhtanen et al., 1996; Kurtzberg et al., 1995) and MMN amplitude is
smaller (Aaltonen, Niemi, Nyrke, & Tuhkanen, 1987; Cheour et al., 1997) than in older
children and adults. MMN latency appears to correspond to an adult-like presentation by
the time children are of school age (Csépe, 1995; Kraus et al., 1992). Developmental
changes in MMN amplitude and latency have been associated with neural pruning and
specialization as well as maturation of myelinated pathways (Eggermont, 1988; Picton &
Taylor, 2007). As more myelination occurs in the brain, signals are able to travel faster,
making them more efficient. It is suspected that this efficiency is reflected in decreased
ERP component latency in response to relevant stimuli (Eggermont, 1988). Research has
shown that auditory MMN signals originate from the temporoparietal cortex and
dorsolateral prefrontal cortex (Alho, 1995; Handy, 2005). The difference wave, which
typically permits the most robust identification of the MMN component, is identified by
subtracting mean responses to deviant stimuli from mean responses to standard stimuli
(Luck, 2005).
2.2.3.2.4 Auditory change detection in ASD: MMF. Studies utilizing
magnetoencephalography (MEG) have shown that brain responses to auditory change are
slower in individuals with ASD than TD individuals. Rapid temporal processing is
necessary for interpreting speech sounds, since formant transitions occur on a 20-40 ms
time scale (e.g., Poeppel, 2003). We hypothesize that if individuals with autism are
delayed in their auditory processing, this could cause a sensory processing ‘backlog,’
possibly leading to language comprehension difficulties or impairment.
MEG studies utilizing the mismatch field as an outcome measure have explored
auditory perception of speech sounds in children on the autism spectrum. The mismatch
field, or MMF, is a preattentional response to a deviant sound following a series of
standard sounds and has been extensively used to investigate the integrity of auditory
perception in clinical populations (e.g., Roberts et al., 2008). Studies of school-age
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populations with ASD have shown MMF differences in response to pure tone and vowel
changes in these children as compared to age-matched comparison children (Oram Cardy,
Flagg, Roberts, & Roberts, 2005b; Roberts et al., 2008, 2011).
Oram Cardy et al. (2005b) examined the MMF in children 8–17 years of age. The
study recruited 7 children with ASD and 9 TD comparison children. During the MEG
experiment, children were presented with pure tones (300 ms, 300 and 700 Hz,
ISI 400 ms) and synthesized vowels /ɑ/ and /u/ (300 ms, F1 = 310 and 710 Hz,
respectively, ISI 400 ms) in an oddball paradigm in which trains of standard stimuli were
followed by intermittent deviant stimuli (standard = 85%, deviant =15%). Children
watched a silent movie during the experiment. MMF amplitudes were not significantly
different between groups; however, increased MMF latency was found in the ASD group
in response to all stimuli. The authors speculated that slower auditory change detection
may be associated with language impairment in children with ASD (Oram Cardy et al.,
2005b). One limitation of this study was that the authors did not have a group of children
with ASD without language impairment included in their study (Oram Cardy et al.,
2005b). Therefore, these differences could have been indicative of ASD generally and not
specific to language deficits in ASD.
A similar study by Roberts et al. in 2011 looked at MMF responses to pure tones
and vowels in 18 children with ASD +LI, 33 children with ASD –LI, and 27 age-matched
comparison children (aged 8–11 years). Tones and vowels were the same as those used
by Oram Cardy (2005b), and the interstimulus interval was 400 ms. In both conditions,
the authors found significantly increased MMF latency in all children with ASD
compared to typically developing peers and significantly longer MMF latency in children
with ASD +LI as compared to children with ASD –LI. These findings coincide with
those of Oram Cardy and colleagues (2005b) and offer further evidence that auditory
perceptual differences in ASD +LI are not specific to speech sounds but apply to simple
tones as well. Using receiver operator characteristic analysis, the authors tested the
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sensitivity and specificity of MMF latency as a diagnostic indicator of language
impairment in ASD. Sensitivity, or the percentage of individuals with ASD correctly
identified as language impaired, was found to be 82.4%. Specificity, or the percentage of
individuals with ASD correctly identified as not being language impaired, was 71.2%
(Roberts et al., 2011). Although the authors argue that the sensitivity and specificity of
MMF is not precise enough to diagnose language impairment in autism, in this
dissertation I will argue that its EEG equivalent, given the relative accessibility of the
related technology, may be sufficient to act as a biomarker indicating whether an at-risk
child is eligible for early language intervention.
2.2.3.2.5 Auditory change detection in ASD: MMN. The mismatch negativity
(MMN) component is a negative going deflection occurring about 150–250 ms poststimulus (Luck, 2005). MMN is the electroencephalography (EEG) equivalent of MMF
and is similar to its MEG counterpart; it is a measure of auditory change detection
occurring when a deviant stimulus follows a series of standard stimuli (Näätänen, 1990;
Näätänen et al., 1978, 1989). Despite promising results in MEG studies utilizing MMF,
MMN research in populations with ASD has proven less consistent. MMN studies of
typically developing children and children with ASD have shown group differences in
amplitude (Ferri et al., 2003; Kuhl, Coffey-Carina, Padden, & Dawson, 2005a; Lepisto
et al., 2007), latency (Gomot, Giard, Adrien, Barthélémy, & Bruneau, 2002; JanssonVerasalo et al., 2003), both amplitude and latency (Lepisto et al., 2005), and neither
amplitude nor latency (Ceponiene, 2003; Kemner, Verbaten, Cuperus, Camfferman, &
van Engeland, 1995) in response to both tone and speech stimuli.
Ferri et al. (2003) explored auditory change detection in 10 individuals with autism
and intellectual disability (ID) and 10 typically developing individuals (aged 6–19 years).
Individuals were presented with standard pure tones (100 ms, 70 dB nHL, 1000 Hz),
deviant pure tones (100 ms, 70 dB nHL, 1300 Hz), and complex novel sounds in an
oddball paradigm (standard = 80%, deviant = 10%, novel deviant = 10%, ISI 800 ms).
29

The children and adolescents with autism demonstrated larger MMN amplitudes in
response to the deviant pure tones compared to age-matched comparison children. These
amplitude differences were not seen between groups in response to the novel stimuli,
which the authors suggest may be due to overt attention switching during the novel task.
Kuhl et al. (2005a) explored auditory change detection in young children (aged 32–
52 months) using MMN. Twenty-nine children with ASD took part in an auditory
preference task to determine how attuned they were to speech sounds versus other
environmental sounds. Auditory preference scores were compared with a comparison
group that was matched for mental age. Following the auditory preference task, the
children with ASD and a comparison group of 15 chronologically-age-matched children
participated in an EEG oddball experiment (standard = 85%, deviant = 15%) consisting
of auditory presentations of the consonant-vowel combinations /ba/ and /wa/ (80 ms,
67 dBA, consonant F1 = 234 Hz to 769, vowel F1 = 1232 Hz, ISI 920 ms). Children
watched a silent movie and were instructed to ignore the sounds as they were presented.
Results of the auditory preference task revealed that most children with ASD preferred
listening to nonspeech sounds rather than speech sounds. However, the mental agematched comparison group and a subset of children with autism preferred listening to
speech sounds. ERP analysis revealed that, unlike their chronologically age-matched
peers, children with ASD did not demonstrate MMN enhancement to the deviant sounds.
Interestingly, when children with ASD were grouped by sound preference (i.e.,
preference for nonspeech versus speech), the subset of children with ASD who
demonstrated a preference for speech sounds also had MMN responses that resembled
those of the TD comparison group. The authors proposed that MMN differences in
response to sensory stimuli in children with ASD may be caused by a lack of preference
for speech early in development, which limits the exposure necessary to develop
proficient (automatic) speech discrimination. It is also possible that individuals with ASD

30

who have sensory perception difficulties may not prefer listening to confusing signals
(speech or otherwise) that carry little to no meaning.
Contrasting results were found by Gomot et al. (2002), who studied the MMN
component in 15 children with autism and 15 comparison children aged 5 to 9 years.
Gomot et al. presented standard tones (50 ms, 70 dB SPL, 1000 Hz) and deviant tones
(50 ms, 70 dB SPL, 1100 Hz) in an oddball paradigm (standard = 85%, deviant = 15%,
ISI 700 ms) while recording EEG. Children with autism demonstrated shorter MMN
latencies than age-matched comparison children. The authors suggest that this may be
because children with autism can more rapidly detect changes in auditory stimuli.
Jansson-Verasalo et al. (2003) examined auditory change detection in children with
Asperger’s syndrome as indexed by the MMN. Ten Finnish children with Asperger’s
syndrome and 11 TD comparison children (aged 7–12 years) were recruited, and EEG
was recorded during the presentation of pure tones (100 ms, 65 dB HL, 1000 and
1100 Hz, ISI 500 ms) and Finnish consonant-vowel combinations /taa/ and /kaa/ (190 ms,
75 dB HL, ISI 460 ms). Children watched a silent movie during the task and ignored the
stimuli as they were presented. The authors found that peak MMN latency was delayed in
both conditions for the Asperger’s group compared to the TD comparison children.
However, MMN latency was even more delayed in the pure tone condition than the
speech condition. Latency delays for both conditions were greater in the right hemisphere
than the left hemisphere. During the speech condition, TD children showed larger
amplitude MMNs in the left hemisphere, while the Asperger’s group demonstrated larger
MMN amplitudes over the right hemisphere. These differences were trending toward
significance.
Lepisto et al. (2005, 2007) found MMN amplitude and latency differences in
children with autism. Lepisto et al. (2005) recruited 15 children with autism and 15 TD
comparison children ranging in age from 7 to 11 years old. The duration and frequency
characteristics of vowels /a/ and /o/, as well as their nonspeech equivalents (combinations
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of four sinusoidal tones matched to the formant frequencies of each vowel), were
manipulated to assess the impact of these psychoacoustic variables on change detection in
the participants with ASD. Both vowels and nonspeech stimuli were presented in the
following conditions: long and low (190 ms, 56 dB SPL, F0 = 113 Hz, ISI 510 ms); short
and low (104 ms, 56 dB SPL, F0 = 113 Hz, ISI 596 ms); long and high (190 ms, 56 dB
SPL, F0 = 125 Hz, ISI 510 ms); and short and high (104 ms, 56 dB SPL, F0 = 125 Hz, ISI
596 ms). Children watched a silent movie during stimulus presentation. Standards were
presented 76% of the time, and deviants were presented 24% of the time (8% duration
change, 8% frequency change, and 8% vowel (F0) change). Results showed significantly
larger MMN amplitudes (over the parietal electrodes only) and shorter MMN latencies
for the ASD group in response to pitch changes (Lepisto et al., 2005). These results were
consistent with those found by Gomot et al. (2002) but contradicted previous MMN and
MMF findings that children with ASD had longer MMN latency in response to pitch
changes (Jansson-Verkasalo et al., 2003; Oram Cardy et al., 2005b).
In 2007, Lepisto et al. performed a follow-up study in which they assessed pitch
and phoneme change detection in children with ASD as evidenced by the MMN. Ten
children with autism (aged 7–11 years) and 16 TD children (aged 6–11 years) underwent
EEG recording. Six vowels (/a/, /e/, /i/, /o/, /u/, and /y/) presented at six frequencies (100,
112, 123, 135, 149, 166 Hz) were used as stimuli (190 ms, 45 dB SPL, ISI 512 ms).
Stimuli were embedded in an oddball paradigm that was either constant or varied. During
the two constant conditions, one stimulus was presented as a standard and the other a
deviant varying in either pitch or vowel (85% and 15%). During the varied blocks,
6 stimuli were presented as standards and 30 as deviants varying in either frequency or
vowel (standard = 85%, deviant = 15%). Statistical analyses revealed increased MMN
amplitudes in response to both pitch and vowel changes in children with ASD compared
to TD children. However, when comparing MMNs within groups, TD children had larger
MMN enhancement in response to vowel changes, while the ASD group demonstrated
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larger MMN enhancement to pitch changes. MMN peak latency did not differ between
groups. The authors suggest that children with ASD have enhanced perceptual
processing, especially to pitch, and that typically developing children are more efficient
at change detection when speech sounds are presented, rather than nonlinguistic tones.
Some studies found no significant differences between MMNs recorded from TD
children versus experimental participants with ASD (Ceponiene et al., 2003; Kemner
et al., 1995). Twenty children with autism, 20 children with attention deficit hyperactivity
disorder (ADHD), and 20 TD comparison children (aged 7–11) participated in the study.
Stimuli were presented in a double oddball design (standard=80%, deviant=10%, novel
deviant =10%) with a standard “oy” (300 ms, 67 dB), a familiar deviant “ay” (300 ms,
67 dB), and a novel deviant complex nonspeech sound (360 ms, 67 dB). Interstimulus
interval was randomized between four and six seconds. Children were assigned to a
passive or active group. Children in both groups were told to attend to the stimuli, but
those in the active group were told to count the deviant presentations. Neither MMN
amplitude nor latency significantly differed between groups (Kemner et al., 1995).
Ceponiene et al. (2003) used a similar double oddball design for their experiment
(standard = 80%, deviant = 10%, novel deviant = 10%) studying children with high
functioning autism (HFA). Nine children with HFA and 10 typically developing children
ranging in age from 6 to 12 years were included in this study. Standard stimuli consisted
of pure tones (260 ms, 55 dB SPL, 458 Hz), complex tones (260 ms, 55 dB SPL, F0 =
458 Hz), and vowels (260 ms, 55 dB SPL, F0 = 450 Hz). Deviant stimuli were derived
from the standards by increasing the frequency by 10%; ISI was 440 ms. Children
watched a silent movie during the experiment and were instructed not to attend to the
sounds. MMN amplitude and latency were not significantly different between groups.
Several factors could account for such contradictory results in the MMN literature
with respect to autism. Across studies, differences in defining ASD groups, research
design, auditory stimuli, and interstimulus interval could help to explain the variability in
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study outcomes. The ASD population is heterogeneous in nature, and individuals with
ASD may differ in language skill levels and cognitive abilities; so study results can be
expected to vary when language level and IQ are not controlled. The 2007 study by
Lepisto and colleagues is the only MMN study of an ASD population to control for
language impairment in autism. Differences in study design, stimuli, and data analysis
make it hard to compare the results of this study with others. Other studies included
participants with varying levels of language skills, which could be one confounding
factor (e.g., Ceponiene et al., 2003; Kuhl et al., 2005a; Lepisto et al., 2005). Considering
Roberts et al.’s (2011) findings, that differences in MMF responses to tones and vowel
sounds seem to be associated with language impairment in ASD, it is likely that MMN
differences to auditory change detection may be associated with language impairment in
this population. Therefore, controlling for the presence or absence of language
impairment in participants with ASD would likely result in more consistent findings.
Many MMN studies of the ASD population also differ in study design. The study
with the most similar research design to the MEG studies discussed above was by
Jansson-Verkasalo et al. (2003). Similar to the MEG studies by Oram-Cardy et al.
(2005b) and Roberts et al. (2011), Jansson-Verkasalo et al. (2003) found increased MMN
latency in the experimental group in response to both tone and vowel stimuli. However,
this study looked at individuals with Asperger syndrome, which is associated with only
mild language impairment specific to pragmatic language nuances (APA, 1994). Since a
group of individuals with autism and language impairment was not included in this study,
these results cannot be compared directly to the MEG findings. Given that decreased
auditory MMN latency has been linked to efficient processing and increasing maturity of
the white matter pathways associated with auditory perception (Eggermont, 1988), it is
possible that children with more significant impairments may show longer MMN
latencies (Roberts et al., 2011).
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It is important to note that the above neurophysiological studies also differ with
respect to stimulus characteristics. Some experiments used syllables as the speech sound
stimuli (Jansson-Verkasalo et al., 2003; Kuhl et al., 2005a), while others used vowels
(Ceponiene et al., 2003; Kemner et al., 1995; Lepisto et al., 2005, 2007), some studies
used complex nonspeech sounds (Kemner et al., 1995; Lepisto et al., 2005, 2007), and
others simple pure tones (Ferri et al., 2003; Gomot et al., 2002; Jansson-Verasalo et al.,
2003). Stimulus duration and interstimulus intervals were also different across studies for
both tones and speech sounds. This dissertation study attempts to address the variations
found in previous EEG experiments in order to determine whether, like MMF, MMN
differences are associated with language impairment in ASD.
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Chapter III
RESEARCH QUESTIONS AND HYPOTHESES

The purpose of this research is twofold. The first is to use the event-related
potential (ERP) component MMN to corroborate the findings of Roberts et al. (2011) that
indicate MMF latency in response to tone and vowel sounds is significantly longer in
children with ASD and language impairment (ASD +LI) compared to children who have
ASD without language impairment (ASD –LI) and a typically developing comparison
group (TD). Different MMN responses to auditory stimuli in the ASD +LI group as
compared to ASD –LI and TD groups will lend support to the hypothesis that auditory
perception abnormalities are associated with language impairment in autism.
The second purpose of this study is to determine the accuracy of MMN as a
diagnostic tool for language impairment in autism. My hypothesis, based on the findings
of Robert et al. (2011), is that delayed MMN latency in children will be indicative of
language impairment in autism, but will not prove to be a general biomarker of ASD. If
MMN correlates with severity of language impairment and proves to be a relatively
specific and sensitive predictor of language impairment in autism, it can potentially be
used as an early diagnostic tool. Such an indicator is needed in order to ensure earlier
diagnosis of language impairment and earlier therapeutic intervention for children at risk
for ASDs.
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3.1 Question 1
Are differences in auditory change detection as evidenced by the Mismatch
Negativity (MMN) event-related potential (ERP) associated with language impairment in
autism spectrum disorders?
Hypothesis: Delayed MMN latency reflects sensory processing difficulties that
correlate with language impairment in autism specifically and not ASD generally. We
predict significantly longer MMN latencies in the ASD +LI group than the ASD –LI
group and TD comparison children. We also predict less left lateralization of speech
stimuli in the ASD +LI group compared to TD and ASD –LI comparison children.

3.2 Question 2
Is MMN an accurate diagnostic indicator of language impairment in autism?
Hypothesis: Since MMN reflects auditory change detection, which is altered in
ASD and has downstream effects on speech processing, changes to the MMN should
provide a relatively specific and sensitive (>70%) predictor of language impairment in
autism. If this is the case, MMN could be used as an early diagnostic tool for identifying
children with ASD who are at risk for developing language impairment.
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Chapter IV
RESEARCH DESIGN AND METHODS

EEG is a non-invasive technique for recording electrical activity related to
intracellular communication in the brain. The signal is an amalgam of synaptic activity
from large groups of cells, particularly pyramidal cells, since they have a parallel and
orthogonal orientation to the cortex (Öllinger, 2009). The synaptic potentials come
primarily from thalamo-cortical pathways. EEG detects voltage variations through
electrodes that are placed on the surface of the scalp at specified locations, an
arrangement that can provide high temporal resolution, but typically offers only a rough
estimate of electrical source localization due to distortion associated with differing
impedances between brain, meninges, skull, scalp, and electrodes (Handy, 2005). The
variations in recorded voltages are expressed as positive and negative deflections relative
to a reference electrode. By segmenting and averaging the recorded voltage, time-locked
to a specific stimulus or event, it is possible to derive event-related potentials (ERPs)
from the EEG recordings (Rugg & Coles, 1995). ERPs, then, provide an index of
electrophysiological responses that are associated with internal or external stimuli. These
are used to provide insight into the neurophysiological underpinnings of processes and
representations that have been proposed by cognitive psychology (Öllinger, 2009) and are
assumed to result from brain activity occurring during stimulus presentation.
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4.1 Design
This study followed a 3 X 3 X 2 mixed experimental design with factors group
(TD vs. ASD +LI vs. ASD –LI), condition (pure tones vs. vowels vs. nonspeech), and
electrode location (left hemisphere vs. right hemisphere). The dependent variables of
interest were peak amplitude (peak amplitude across electrodes of interest within a 150300 ms time window measured in microvolts [µV]) and peak latency (the time at which
peak amplitude occurs measured in milliseconds [ms]) of the MMN component. Analyses
were carried out on MMN difference waves (standard minus deviant responses). Data
were analyzed across conditions in order to evaluate whether there were significant
differences in MMN mean amplitude and/or latency between groups. Within-subject
factors were condition (pure tones, vowels, nonspeech) and location (left and right
hemisphere), and the between-subject factor was group (TD, ASD +LI, ASD –LI).
The study design is summarized in Table 1 below.
Table 1
Planned Comparisons of Peak Amplitude and Peak Latency: 3 X 3 X 2 Mixed
Experimental Design. Between (Horizontal) Group Comparisons
Typically Developing

Autism + Language
Impairment

Autism – Language
Impairment

Pure Tones
left, right

Pure Tones
left, right

Pure Tones
left, right

Vowels
left, right

Vowels
left, right

Vowels
left, right

Nonspeech
left, right

Nonspeech
left, right

Nonspeech
left, right
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4.2 Materials
4.2.1 Behavioral Evaluations
4.2.1.1 Childhood Autism Rating Scale. The Childhood Autism Rating Scale
(CARS-2: Schopler, Van Bourgondien, Wellman, & Love, 2010) evaluates social
interaction, communication and language, and restrictive and repetitive behaviors through
parent interview and direct observation. The CARS-2 is used both clinically and in
research and has been shown by the authors to be a valid and reliable instrument for
identifying ASD (reliability .96). Several independent research studies have explored the
balance between specificity and sensitivity of the CARS-2 (Eaves & Milner, 1993; Lord,
1995; Ventola et al., 2006) using different cutoff scores. Using a cutoff score of 30,
Eaves and Milner (1993) found a sensitivity of .98, and Ventola et al. (2006) found a
sensitivity of .89 for diagnosing ASD. Lord et al. (1995) found that a cutoff score of 32
provided the best balance of sensitivity and specificity (sensitivity = 93.7; specificity =
84.6). In a study by Perry, Condillac, Freeman, Dunn-Geier, and Belair (2005), the
authors reported 88% agreement between the CARS-2 and DSM-IV-based diagnosis of
ASD, making it a comparable diagnostic tool. For the purposes of this study, the CARS-2
was used in conjunction with previous DSM-IV/V diagnosis, and as recommended by the
CARS-2 manual, a score of 30+ was used to confirm autism diagnosis (Schopler et al.,
2010).
4.2.1.2 Sensory Communication Questionnaire. The Sensory Communication
Questionnaire (SCQ: Rutter, Bailey, & Lord, 2003) is a parent questionnaire that
provides developmental history information on children with ASD. The SCQ has
comparative validity to the Autism Diagnostic Interview-Revised (ADI-R: Lord, Rutter,
& Le Couteur, 1994) when assessing children over the age of 4. Unlike the ADI-R, which
takes an hour and a half to administer, the SCQ is designed to be completed by a child’s
primary caregiver in about 10 minutes. Studies have found that the SCQ is a relatively
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sensitive and specific measure for identifying children with ASD (Berument, Rutter,
Lord, Pickles, & Bailey, 1999; Bölte, Holtmann, & Poustka, 2008; Chandler et al., 2007;
Corsello et al., 2007). For this study, the SCQ was used a supplementary autism
assessment to the CARS-2 in order to provide further confirmation of DSM IV/V
diagnosis in children with autism and typical development in comparison children. As
recommended by the SCQ manual, a score of 15 or above indicated ASD diagnosis
(Rutter et al., 2003).
4.2.1.3 Sensory Experiences Questionnaire. The Sensory Experiences
Questionnaire-Version 2.0. (SEQ: Baranek, 1999b; Baranek et al., 2006) is a parent
questionnaire that evaluates sensory responsiveness in children with ASD. The SEQ was
designed to measure the hyper- or hypo-responsiveness to sensory stimuli that is common
in children with autism. Although it is not standardized, the SEQ has been found to be
reliable for identifying hyper-responsiveness (.73) and hypo-responsiveness (.75) in
young children with autism. Only the auditory sensitivity section of this questionnaire
was used for this study. The auditory sensitivity section is designed to determine whether
participating individuals demonstrate either hyper- or hypo-sensitivity to sound (Baranek
et al., 2006).
4.2.1.4 Clinical Evaluation of Language Fundamentals-Fifth Edition. The
Clinical Evaluation of Language Fundamentals-Fifth Edition (CELF-5: Semel, Wiig, &
Secord, 2013) was used to evaluate the presence and severity of language impairment in
participants with ASD +LI and to confirm typical language levels in participants with
ASD –LI and TD comparison children. Past studies have used the CELF-5 core language
score to determine the presence or absence of language impairment in the ASD
population (Oram Cardy et al., 2005a, 2005b; Oram Cardy, Flagg, Roberts, & Roberts,
2008; Roberts et al., 2011). Scores of four subtests are included in the CELF-5 core
language score. For 5- to 8-year-old children, these subtests are: sentence comprehension,
word structure, formulated sentences, and repeated sentences. For children aged 9 and up,
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the core language score consists of a compilation of scores from the following subtests:
word classes, formulated sentences, recalling sentences, and semantic relationships. The
CELF-5 core language assessment has been found to be both valid and reliable
(reliability ≥ 95; -1.33 SD sensitivity =.97; -1.33 SD specificity = .97) and has been
standardized on children with autism, language impairment, and/or intellectual disability
(Semel et al., 2013). For the purposes of this study and as per the CELF-5 manual, a
standard core language score below 86 was considered to be consistent with language
impairment.
4.2.2 EEG Experiment
4.2.2.1 Oddball paradigm. This experiment consisted of three auditory conditions,
counterbalanced for order of presentation across participants: 300 presentations of
sinusoidal tones (standard 300 Hz and deviant 700 Hz); 300 auditory presentations of
vowels (standard /ɑ/ and deviant /u/); and 300 presentations of complex nonspeech
stimuli (standard lemur call and deviant lemur call). Pure tones were chosen because they
are widely used in ERP research in order to assess simple auditory processing (for review
see Näätenän et al., 2007). Vowel sounds were chosen to represent speech due to the fact
that they are defined as “the simplest instantiation of speech” (Repp & Crowder, 1990, p.
111) and are commonly used in both behavioral and neuroimaging experiments of
auditory processing (e.g., Repp & Crowder, 1990; Rinne et al., 1999; Roberts et al.,
2011). Lemur sounds were used to represent the complex nonspeech condition and were
chosen because they have similar formant structure to speech but carry no linguistic
meaning. All stimuli were presented in an oddball paradigm, with one stimulus acting as
the standard (85% of trials) and one stimulus acting as the deviant (15% of trials: Luck,
2005). Stimuli were presented in pseudorandom order to ensure that at least two
standards came before every deviant and that deviants were not played consecutively. See
Figure 1 below for a schematic representation of the sequence of events in a segment of
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the experimental task for the vowel sound condition. The interstimulus interval (ISI) for
all three blocks was 700 ms. Auditory stimuli were presented using Eprime v 2.0.8.90
(Psychology Software Tools Incorporated, Pittsburgh, Pennsylvania).

Figure 1. Oddball Paradigm. This task is designed
to assess change detection to auditory stimuli.

All stimuli were matched for frequency (300 Hz and 700 Hz), duration (300 ms),
and intensity (70 dB SPL) using Praat v5.3.2 (Boersma & Weenink, 2005; Wood, 2005)
and Audacity (Mazzoni, 2008). Sounds were digitized at 44.1 kHz with 50 ms rise time in
order to avoid “click” artifacts at stimulus onset. Vowel stimuli were based on
pre-existing recordings of a male American-English speaker that were available from the
Phonetics UCLA webpage, downloaded and manipulated to match experimental
parameters. Pure tone and nonspeech frequencies were determined based on the first
formant of each of the vowel sounds (300 Hz and 700 Hz, respectively), and vowel
stimuli and nonspeech sounds were matched for formant contour using the Praat plugin
Vocal Toolkit (Corretgé, 2012). The intensities of all the stimuli were set to 70 dB SPL
using Audacity and verified to be 70 dB SPL when presented through the stimulus
presentation computer using a sound pressure level meter. Since there was a large
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difference in frequency between the standard and deviant sounds (300 and 700 Hz,
respectively), perceived loudness level was adjusted by using the logarithmic equal
loudness contour (International Organization for Standardization [ISO] 226, 2003).
Sounds were presented in free field using a Tannoy OCV 6 full-bandwidth speaker
centered 193 cm above the participant’s chair.
Children were provided with an EEG social story and written/picture schedule
prior to the session in order to familiarize them with the experimental protocol and ensure
their comfort and cooperation (see Appendix A). Continuous EEG was recorded using
NetStation v4.5.6 (Electrical Geodesics Inc., Eugene, OR) while the children watched a
silent movie of their choice, having been requested to ignore the sounds playing in the
background. Parents were allowed to stay with their children at all times, and breaks were
built into the protocol. All procedures were approved by the Teachers College
Institutional Review Board (see Appendix B).

4.3 Participants
Volunteers were recruited from the tri-state area through advertising at Teachers
College, Columbia University and nearby institutions with programs for children with
ASD, support groups for parents of children on the autism spectrum, word of mouth,
social media postings (e.g., Facebook, online Teachers College, Columbia University
message board), and outreach at autism awareness events throughout New York City.
Informed consent was obtained from a parent or guardian of all participating
children, and verbal assent was acquired from the children before study participation.
Participants were assured that they could withdraw assent at any time during the duration
of the study without penalty. Parents were compensated for up to $50 in travel expenses,
and children were given a $25 gift card as a thank you for participating. Compensation
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was paid for by a Teachers College, Columbia University Dean’s Grant that was awarded
to this study in 2013.
Overall, 45 individuals were recruited for the study. Of the 45 individuals who
were recruited, only 34 children gave verbal assent to participate in the study. Eight of
those children withdrew assent once EEG data collection proceedings began. All families
who came to the Neurocognition of Language Lab (NCLLab) received compensation
regardless of whether a child agreed to participate in the experiment. Those children who
refused consent upon arrival at the lab or who withdrew consent during the experiment
were sent home with the same compensation as those who participated throughout the
entirety of the experiment.
The following individuals participated throughout the study and were included in
data analysis: 25 children, 5 to 10 years of age, 7 with a diagnosis of autism spectrum
disorder and language impairment (ASD +LI), 8 with a diagnosis of autism spectrum
disorder and no language impairment (ASD –LI), and 10 typically developing (TD)
comparison children. All participants were native English speakers in order to ensure
adequate exposure to the speech sounds being used in the experiment. Groups were
matched for average chronological age (TD: M = 8.50, SD = 1.72; ASD –LI: M = 7.38,
SD = 1.19; ASD +LI: M = 7.29, SD = 1.70; F (2, 22) = 3.44, p = .210). In order to
account for higher overall prevalence of ASD in males, all three groups contained more
males than females (TD: 3 females, 7 males; ASD –LI: 1 female, 7 males; ASD +LI:
2 females, 5 males).
Prior to coming to the NCLLab to participate in the study, parents were required to
fill out a questionnaire asking about their child’s handedness, past exposure to English
and other languages, and current forms of communication. The questionnaire was also
used to ascertain whether their child had a DSM IV/V diagnosis of ASD, an immediate
family member diagnosed with ASD, and/or any other diagnoses (e.g., developmental
delays, attention deficit hyperactivity disorder, traumatic brain injury, dyslexia, etc.). This
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information was used to ensure that participating children met initial inclusion criteria for
this study (Appendix C).
The day of the experiment, all participants were given a hearing screening on
arrival at the NCLLab (250 Hz, 500 Hz, 1000 Hz, 2000 Hz, 4000 Hz at 20 dB). All
individuals with TD and ASD –LI as well as 4 individuals with ASD +LI passed a formal
hearing screening. Three children with ASD +LI were evaluated informally as they could
not follow the instructions required to participate in formal testing. During their visit,
ASD volunteers were evaluated for inclusion in the study based on past DSM-IV or V
diagnosis by a medical professional as well as appropriate scores on the Childhood
Autism Rating Scale (CARS-2: Schopler et al., 2010), the Social Communication
Questionnaire (SCQ: Rutter et al., 2003), and the Clinical Evaluation of Language
Fundamentals-Fifth Edition (CELF-5: Semel et al., 2013). Both the SCQ and Sensory
Experiences Questionnaire (SEQ: Baranek, 1999b; Baranek et al., 2006) were filled out
by parents on the day of the experiment, while the two behavioral assessments were
carried out by the primary investigator. As recommended by the test developers, children
in the ASD group scored above a 30 on the CARS-2 (Schopler et al., 2010) in order to be
included in the study. A SCQ score of 15 or over was used to indicate the presence of
ASD (Rutter et al., 2003). In cases where the CARS-2 and SCQ provided contradictory
diagnoses, the CARS-2 along with clinical judgment took precedence over SCQ score as
the SCQ results were based solely on parent report. Children with ASD who had a
standard core language score below 86 on CELF-5 (Semel et al., 2013) were included in
the language impairment group, while those with core language scores of 86 or above
were included in the no language impairment group. Exclusion criteria for TD
comparison children were past ASD diagnosis, immediate family members on the
spectrum, and any history of learning or language disabilities. Typically developing
comparison children also participated in the behavioral assessments, and were eliminated
from participation if they scored in the range of ASD on the CARS-2 (over 30), the SCQ
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(15 or over), or as language impaired on the CELF-5 (under 86). The auditory section of
the SEQ was used to determine if children were hyper- or hypo-sensitive to auditory
stimulation.
4.3.1 Sample Size and Power Calculations
Estimations of power and appropriate sample size for ERP are notoriously difficult
(see, e.g., Picton, Alain, Otten, Ritter, & Achim, 2000 for an overview of some of the
issues involved in statistical approaches to analyzing data from neuroimaging
experiments). Power estimation requires knowledge of the expected percent signal
change between two conditions (effect size), as well as estimates of the variability in
signal change, and these are usually unknown in brain-imaging studies. Signal-to-noise is
typically low, due to repeated presentations of stimuli within each condition while
subjects’ brain activity is recorded over a period of time. The experiments took
approximately 5 minutes each for a total of 15 minutes of EEG recording time. The raw
data consisted of continuous digital recordings (sampling 250 times per second) of
voltage deflections at 128 different points on the participant’s scalp. This means that, for
this ERP experiment, a time series of approximately 75,000 (i.e., 250 samples per second
x 60 seconds per minute x 5 minutes per experiment) data points for each of the 128
sensors for each experiment for each participant was captured. Within the time series
data, there were two sources of variability of interest: within-subject time course
variability (fluctuations from one time point to another) and within-subject experimental
variability (variation in the effectiveness of the experimental conditions at producing a
percentage signal change). As a result, analyses of power and sample size for brainimaging data are complex, and little work has been done on generation of power curves
for ERP. Sample sizes and numbers of trials per condition have therefore been
established with reference to available guidelines (e.g., Handy, 2005; Luck, 2005, Picton
et al., 2000) and the previous experimental experiences of the sponsor. Additionally,
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experimental design parameters to reduce variability were used where possible (e.g.,
within-subject variability can be minimized by ensuring trial-by-trial consistency: Handy,
2005; Luck, 2005).
The described ERP study addressed the MMN component. This component has
been shown to index preattentional auditory change detection (for a review see Näätänen,
& Winkler, 1999). Most studies of auditory perception that use MMN indices have
included approximately 10 to 15 participants in the experimental group (Ceponiene,
2003; Ferri et al., 2003; Gomot et al., 2002; Jansson-Verasalo et al., 2003; Lepistö et al.,
2005, 2007). At least 400 trials per condition are typically recommended when targeting
this component (Handy, 2005; Luck, 2005); however, due to the nature of the
experimental population, it was determined that 300 trials was the maximum that children
with autism could tolerate. Increasing the trials to 400 would have increased the
experimental time. Hence, this design created an acceptable balance between number of
trials presented and the length of the experiment for this vulnerable population. A review
of the literature showed that, for some of the most comparable ERP studies on auditory
perception in ASD (Ceponiene, 2003; Ferri et al., 2003; Gomot et al., 2002; JanssonVerasalo et al., 2003; Lepistö et al., 2005, 2007), a mean sample size of 12.4 (SD = 2.61)
participants per group was used. Including 25 participants in this study came close to the
ideal parameters utilized in the extant literature in this field.
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Chapter V
DATA RECORDING

5.1 EEG Nets
All EEG recordings took place in the Neurocognition of Language Lab, in the
Department of Biobehavioral Studies at Teachers College, Columbia University. The lab
used a 128 electrode, high density HydroCel EEG recording system manufactured by
Electrical Geodesics, Inc. (EGI). HydroCel electrodes are held together in sensor “nets”
by fine elastomer, which keeps each electrode in a predictable geodesic position relative
to all other electrodes in the array. The electrodes themselves are made of carbon fiber
silver chloride embedded in small sponges that before use are soaked in an electrolyte
solution to ensure optimal conductivity. This is referred to as “hydrocel” technology
(Tucker, 1993). This system permits the rapid and accurate application of large numbers
of electrodes in high-density arrays with minimal time while maximizing participant
comfort and safety. The high density HydroCel nets and associated high impedance
amplifiers have been designed to accept impedance values ranging as high as 100kΩ,
which permits the sensor nets to be used without scalp abrasion, recording paste, or gel
(e.g., Ferree, Luu, Russell, & Tucker, 2001; Pizzagalli, 2007). The circumference of each
participant’s head was measured to ensure the correct size sensor net was selected, and
the vertex (center of the head) was marked to ensure accurate placement of the net. The
participant was then fitted with the appropriate net.
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5.2 EEG Recording
Continuous EEG data were recorded using EGI’s Netstation (v4.5.6; Electrical
Geodesics Inc., Eugene, OR) data acquisition software with a sampling rate of 250 Hz, or
a sample taken every 4 ms. Prior to digitization to prevent aliasing of the signal, raw EEG
data were filtered using an analog low-pass filter determined based on the Nyquist
frequency of the sampling rate. Once the sensor net was situated properly on the head, the
participant was seated in a chair in a sound attenuated room inside the laboratory
containing the computer monitors that deliver the task instructions and stimuli. Then the
sensor net was connected to an amplifier (EGI Net Amps 300 system) that was previously
checked and calibrated. Impedances (loss of signal between scalp and sensor) were
measured by feeding a minute (400 µV) electrical field through each electrode, which
was then ‘read back’ by the acquisition system so that the amount of signal loss could be
calculated. The electrodes of the sensor net were adjusted as required so that impedances
did not exceed 40kΩ. Electrode impedance was reassessed, and electrodes were
rehydrated with potassium chloride as needed between conditions. The data recording
was monitored in real time, and bad channels and artifacts were noted and marked so they
could be addressed using offline processing techniques.

5.3 Experimental Procedure Protocol
This section details, step-by-step, the procedures that were experienced by each
participant.
1. The researcher read a social story with each child in order to familiarize him/her
with the lab and the tasks that she/he was to carry out during the visit. The child and
parent were shown around the lab and familiarized with the equipment and experimental
tasks. Questions were encouraged and answered throughout the laboratory introduction.
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A written or picture schedule was provided for each child based on his/her developmental
ability in order to alleviate anxiety in this unfamiliar situation.
2. The child’s parent was presented with a consent form and asked to read it
carefully. Risks were explained fully, and questions were answered before the
participant’s parent signed the form. The child and parent were reminded that they could
withdraw participation at any time.
3. A hearing screening was administered, followed by the CARS-2 probes and the
CELF-5. Parents filled out the SCQ and the SEQ-2.0 while their child was undergoing
the CARS-2 and CELF-5 assessments. The assessments were video recorded for later
scoring of the CARS-2.
4. The head circumference of each child was measured and the net size
corresponding with that measurement determined. The researcher then measured the
vertex of the head according to lab protocol in order to ensure proper placement of net
electrodes. During this time the child was allowed to measure the lab teddy bear’s head
and put a net on it in order to decrease his/her anxiety about the net.
5. Using the written or picture schedule as a guide, the child was introduced to the
experimental tasks and equipment. The child’s parent was present during this time.
Parents were advised ahead of time to bring a few of their child’s favorite movies. Before
the experiment began, the child was asked to choose which movie she/he would like to
watch during the experiment.
6. The child was fitted with an appropriate 128-channel HydroCel Geodesic Sensor
Net (HCGSN) (Net Amps 300, Electric Geodesics Inc., Eugene, OR). Electrodes were
referred to the vertex marking made previously on the child’s scalp.
7. The child was seated in a chair in a sound-attenuated chamber within the
Neurocognition of Language Lab. A video camera gave the researcher visual information
about the child during the experiment. The child was reminded to signal at any time
during the experiment if he or she did not wish to continue. The amplifier was checked
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and calibrated, the net was connected, and impedances (loss of signal between scalp and
sensor) were measured. In order to improve impedances, the electrodes were adjusted as
necessary to ensure best contact with the participant’s scalp. A silent movie was
presented on a screen in the chamber during the experiment. The child was directed to be
as still as possible while watching the movie. As the child watched the movie, three
blocks of stimuli (pure tones, speech sounds, and complex nonspeech sounds) were
played through free field speakers. The child was instructed to ignore the sounds and
watch the movie.
8. Following the experiment, the net was removed and the experiment was over.
Parents were debriefed on the purpose of the experiment.
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Chapter VI
DATA PROCESSING AND ANALYSIS

6.1 Data Processing
A standard ERP analysis protocol was followed for the analysis of the EEG data
(following principles described in detail in Handy, 2005; Luck, 2005; Picton et al., 2000).
The recorded raw EEG data were digitally filtered offline using a 0.3-30 Hz band-pass
filter, and then subject to automatic artifact rejection protocols for removal of movement
and physiological artifacts (electrocardiogram, electromyography, electrooculography).
Noisy channels were marked as bad and interpolated using spherical spline interpolation
based on recorded data from surrounding sensors. Data were re-referenced to an average
reference to eliminate the influence of an arbitrary recording reference channel (and also
to permit inclusion of the vertex electrode in data analysis). Average referencing instead
uses the average of all of the channels most effectively in a high-density array consisting
of more than 64 channels across the scalp (Handy, 2005) to better approximate the ideal
zero reference values. To examine the EEG waveform for ERP components following
stimulus onset, the continuous recording was segmented into 700 ms epochs, including
100 ms pre-stimulus (the “baseline period”) and 600 ms post-stimulus.
Segments were then averaged together to reduce variance in the data due to random
noise and to permit the identification of time-locked event-related responses associated
with the onset of the auditory stimulus presentation. EEG epochs were averaged
separately for standard trials and deviant trials for each condition, for each individual
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participant. Next, the average waveforms were baseline-corrected to control for drift.
Baseline correction procedures involved subtracting the average electrical potential
during the 100 ms baseline period from the epoch of interest in order to bring the
recording closer to zero. Since no stimulus was being presented during the baseline,
subtracting this value from the post-stimulus recording increased the signal-to-noise ratio
by taking out “baseline” noise. Finally, a montage was applied to the data in order to
examine the responses recorded by electrodes in a specific area of the scalp. Research
suggests that auditory MMN signals originate from the temporoparietal cortex and
dorsolateral prefrontal cortex (Alho, 1995; Handy, 2005) and are maximally recorded in
the frontocentral electrodes (Handy, 2005; Luck, 2005; Näätänen & Kreegipuu, 2012).
The frontocentral montage was subdivided into left and right montages in order to
explore lateralization effects. Figure 2 shows the regional montages as blocks of
differently colored electrodes.

Figure 2. MMN Montages
Frontocentral left hemisphere montage in green
Frontocentral right hemisphere montage in yellow
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6.2 Data Analysis Protocol
Following processing of data from individual participants as described, montaged
data were exported in a format permitting further analyses using R Studio v0.99.473
(R Core Team, Vienna, Austria), StatPlus: Mac v5 (AnalystSoft Inc., Walnut, California)
and SPSS v23.0.0.0 (IBM Corp., Armonk, New York). Individual averages were grandaveraged together (Luck, 2005; Picton et al., 2000) to enable identification of the
predicted MMN components for each condition (pure tones, vowel sounds, nonspeech)
by comparing difference waveforms obtained by subtracting responses from the standard
and deviant stimuli. In cases where MMN was found for all three groups (vowel
condition only), this enabled comparison of MMN peak amplitude and peak latency for
each condition in the TD group to those in the ASD –LI and ASD +LI groups, within the
montages of interest. Separate one-way analyses of variance (ANOVAs) were carried out
using left and right hemisphere peak difference wave amplitude or latency as the
dependent variable and group (TD, ASD –LI, ASD +LI) as the independent variable.
Post-hoc analyses of peak amplitude and peak latency between hemispheres (left, right)
and groups (TD, ASD –LI, ASD +LI) were explored using a series of one-tailed t-tests.
Following basic ERP analyses, Pearson correlation coefficients were used to explore
correlations between significant ERP measures and CELF-5 scores. Finally receiver
operator characteristic analysis was used to determine whether MMN latency was a
specific and sensitive predictor of ASD +LI.

6.3 Results
Data were collected from 10 typically TD children, 8 children with ASD –LI, and
7 children with ASD +LI, aged 5–10 years (TD: M=8.50, SD=1.72; ASD –LI: M=7.38,
SD=1.19; ASD +LI: M=7.29, SD=1.70). A one-way analysis of variance (ANOVA)
revealed no significant differences in age between groups (F (2, 22) = 3.44, p = .210). All
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children who participated in the study were native English speakers and had no history of
brain injury according to parental report. Demographic information and assessment
scores for each participating child are provided in Table 2.
6.3.1 Assessment Results
All of the TD participants scored as neurotypical on the Childhood Autism Rating
Scale- 2nd Edition (CARS-2) and Social Communication Questionnaire (SCQ). CARS-2
scores for the ASD group confirmed that all participants were on the autism spectrum.
SCQ scores confirmed ASD diagnoses for all but one child (participant 1277) with ASD.
In that case, the child’s CARS-2 score and the principal investigator’s clinical judgment
took precedence over the SCQ parent report and the child was included in data analysis.
The CELF-5 indicated typical language development in all children included in the TD
group and in eight children with confirmed ASD, who were therefore categorized as
ASD –LI. CELF-5 scores indicated language impairment in seven of the children with
ASD, therefore they were categorized as ASD +LI for this experiment. Overall, the TD
group had higher CELF-5 core language scores (M = 111.40, SD = 11.61) than the
ASD -LI group (M = 98, SD = 7.58) and the ASD +LI group (M = 61.57, SD = 15.74).
Two-tailed, two-sample t-tests of equal variance (TD – ASD–LI: t (16) = 2.12, p = 0.013;
TD – ASD +LI: t (15) = 2.13, p < .0001) and two-tailed, two sample t-tests of unequal
variance (ASD –LI – ASD +LI: t (8) = 2.31, p = 0.0006) revealed that these differences
were significant between all three groups.
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Table 2
Demographic and Assessment Information for All Experiment Participants
Participant	
  

Age	
  

Gender	
  

Group	
  

DSM	
  Diagnosis	
  

1068

10

F

TD

None

15

0

No

120

1075

9

M

TD

None

15

1

No

129

1078

7

M

TD

None

15

0

No

109

1079

10

F

TD

None

17.5

2

No

100

1082

8

F

TD

None

15

1

No

98

1085

7

M

TD

None

15

0

No

111

1086

10

M

TD

None

16

0

No

108

1090

9

F

TD

None

15.5

8

No

116

1261

10

M

TD

None

15

6

No

96

1323

5

M

TD

None

15

3

No

127

1181

9

M

ASD –LI

PDD-NOS

34

23

Hyper

98

1182

7

M

ASD –LI

Asperger Syndrome

36.5

28

Hyper

107

1183

9

M

ASD –LI

Asperger Syndrome

30.5

12

Hyper

108

1244

8

M

ASD –LI

PDD-NOS

35.5

30

Hyper

92

1255

7

M

ASD –LI

Asperger Syndrome

33

15

Hyper

105

1258

6

F

ASD –LI

PDD-NOS

33.5

25

Hyper

92

1277

6

M

ASD –LI

PDD-NOS

31

9

Hyper

92

1282

7

M

ASD –LI

PDD-NOS

34

16

Hyper

90

1242

5

F

ASD +LI

PDD-NOS

33.5

23

Hyper

80

1253

10

M

ASD +LI

autism

31.5

29

Hyper

70

1256

6

M

ASD +LI

autism

48

23

Hyper

43

1268

7

M

ASD +LI

autism

56

28

Hyper

50

1276

9

M

ASD +LI

PDD-NOS

47

22

Hyper

43

1281

7

M

ASD +LI

autism

33

16

Hyper

70

1283

7

F

ASD +LI

PDD-NOS

40.5

32

Hyper

75

57

CARS-‐2	
  	
  

SCQ	
  	
  

Hypo/Hyper	
  

CELF-‐5	
  	
  

6.3.2 EEG Results
Following data pre and post processing, numbers of useable trials were
documented for each participant and mean useable trials were calculated between groups.
As expected, the TD group had the most useable trials per condition, followed by the
ASD –LI group and the ASD +LI group respectively. Number of useable trials by group
and condition are summarized in Table 3 below.
Separate one-way ANOVAs were carried out for each condition (pure tones, vowel
sounds, nonspeech) with group (TD, ASD –LI, ASD +LI) as the independent variable. In
the pure tone condition, significant differences in number of useable trials were observed
between groups (TD: M = 205.30, SD = 43.71; ASD –LI: M = 125.38, SD = 29.037; ASD
+LI: M = 109.29, SD = 38.69; F (2, 22) = 2.56, p < 0.001). Follow-up t-tests revealed that
these differences were statistically significant between the TD group and the two ASD
groups (TD vs. ASD –LI: t (16) = 2.12, p <0.001; TD vs. ASD +LI: t (15) = 2.13, p <
0.001), however number of useable trials was not statistically significant between the
ASD –LI and ASD +LI groups (t (13) = 2.16, p = 0.375). In the vowel sound condition,
number of useable trials was not significant between groups (TD: M = 187.30, SD =
59.91; ASD –LI: M = 142.25, SD = 50.16; ASD +LI: M = 133.86, SD = 77.32; F (2, 22)
= 2.56, p = 0.177). No nonspeech trials were recorded for one TD child and one child
with ASD +LI, due to equipment malfunction. Therefore, analyses for the nonspeech
condition include 9 TD children, 8 ASD –LI children and 6 ASD +LI children. A oneway ANOVA revealed significant differences in useable trials between groups in this
condition (TD: M = 194.56, SD = 53.045; ASD -LI: M = 122.25, SD = 18.16; ASD +LI:
M = 116.83, SD = 50.76; F (2, 20) = 2.59, p = 0.003). T-tests revealed statistically
significant differences between the TD group and the two ASD groups (TD vs. ASD –LI:
t (15) = 2.13, p = 0.002; TD vs. ASD +LI: t (13) = 2.16, p = 0.014) but not between the
two ASD groups (t (12) = 2.18, p = 0.783).
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Table 3
Useable Trials out of 300 by Group and Condition Mean (Standard Deviation)
Puretones

Vowels

Nonspeech

Mean (SD)

Mean (SD)

Mean (SD)

TD

205.30 (43.71)

187.30 (59.91)

194.56 (53.045)

ASD –LI

125.38 (29.037)

142.25 (50.16)

122.25 (18.16)

ASD +LI

109.29 (38.69)

133.86 (77.32)

116.83 (50.76)

Prior to analysis, data were split into separate data sets for responses to standard
and responses to deviant stimuli, and segmented with respect to stimulus onset. Each
standard and deviant data set consisted of values recorded from 128 electrodes sampled
every 4 ms, for epochs starting 100 ms prior to stimulus onset and ending 600 ms poststimulus, for every participant. Data were then reduced to include only the electrodes of
interest (i.e., six left hemisphere electrodes and six right hemisphere electrodes).
Individual averages were computed by averaging each individual’s responses to all
standard stimuli and all deviant stimuli, across all electrodes within the epoch of interest,
and individual average ERP waveforms were generated (Luck, 2005; Picton et al., 2000).
Peak amplitudes within the 150 ms – 300 ms time window were examined for the
standard and deviant responses of each individual (e.g., Näätänen & Picton, 1987). The
MMN response was considered to be present if the averaged minimum peak amplitude in
response to the deviant stimuli was more negative than the averaged minimum peak
amplitude in response to the standard stimuli, within the 150 – 300 ms post-stimulusonset time window.
Individuals’ averaged data were then grand-averaged by standard and deviant
responses within groups in order to enhance statistical power, and to reduce variance due
to random noise.
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6.3.2.1 MMN waveforms: pure tones. In the pure tone condition, nine out of 10
TD children demonstrated MMN responses in both the left and right hemisphere. Five out
of eight children in the ASD –LI group showed an MMN in the left hemisphere while
four out of eight children in this group had a right hemisphere MMN in this condition.
Five out of seven individuals with ASD +LI showed a left hemisphere MMN. This
number increased to six out of seven in the right hemisphere. When the data were grandaveraged by group, both the TD group and the ASD +LI group showed an MMN
response in the left and right hemisphere, although the left hemisphere response in the
ASD +LI group may reflect random noise in the data and not cognitive response. No
MMN response appeared in the grand-averaged data for the ASD –LI group in either
montage. Pure tone individual peak amplitudes and latencies are summarized in Table 4
below. Grand-averaged waveforms appear in Figure 3. Due to the lack of MMNs present
in the data recordings from the two ASD groups, MMN analyses could not be performed
in the pure tone condition. This absence of MMN waveforms in the two experimental
groups is likely due to the children with ASD finding the pure tone stimuli aversive. As
outlined in the table listing the number for useable trials per group, there were
significantly fewer useable trials for the ASD groups in this condition. It should be noted
that many children with ASD, both with and without language impairment, put their
fingers in their ears while the pure tones were playing. Evidence for sensory sensitivity to
auditory stimulation will be discussed in more detail later on.
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Table 4
Pure Tone Condition: Individual Peak Amplitude and Latency for Standard and Deviant Stimuli
in the 150–300 ms Time Window
Pure Tones
Left Hemisphere
1068
1075
1078
1079
1082
1085
1086
1090
1261
1323
1181
1182
1183
1244
1255
1258
1277
1282
1242
1253
1256
1268
1276
1281
1283
Pure Tones
Right
Hemisphere
1068
1075
1078
1079
1082
1085
1086
1090
1261
1323
1181
1182
1183
1244
1255
1258
1277
1282
1242
1253
1256
1268
1276
1281

Group
TD
TD
TD
TD
TD
TD
TD
TD
TD
TD
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI
Group

TD
TD
TD
TD
TD
TD
TD
TD
TD
TD
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI

Standard Peak
Amplitude (µV)
-1.019
-2.15
-1.14
-1.86
-1.78
-1.85
-1.56
-0.91
-7.27
-8.98
-11.37
-2.26
-2.64
-3.87
-5.47
-2.24
-6.42
-5.21
0.29
-3.17
-3.65
-3.096
-0.10
-3.79
-1.72
Standard Peak
Amplitude

Deviant Peak
Amplitude (µV)
-2.33
-3.68
-3.059
-3.34
-2.53
-3.057
-2.89
-4.27
-5.19
-9.27
-6.97
-2.99
-2.61
-2.52
-5.30
-0.76
-6.74
0.86
-2.55
-4.77
-10.44
-0.13
0.54
-1.59
-0.79
Deviant Peak
Amplitude

Standard Peak
Latency (ms)
156
200
224
196
228
248
236
280
256
232
224
232
220
240
248
204
252
228
220
232
212
248
288
236
244
Standard Peak
Latency (ms)

Deviant Peak
Latency (ms)
152
212
176
188
156
180
192
152
280
176
252
208
152
160
208
168
168
160
296
212
280
180
168
208
296
Deviant Peak
Latency (ms)

-2.42
-4.17
-3.89
-4.39
-2.31
-2.82
-3.59
-4.88
-4.72
-8.29
-7.96
-3.35
-3.089
-2.96
-4.44
-1.33
-5.85
0.25
-2.019
-4.27
-10.62
1.072
0.19
-5.81

160
200
196
200
208
256
232
184
248
232
240
224
220
244
248
228
260
232
284
260
260
256
288
228

152
212
176
188
152
176
188
152
188
152
180
208
152
160
212
168
168
208
296
208
272
180
164
168

-1.22
-2.035
-1.061
-2.086
-1.52
-1.96
-1.58
-1.096
-7.23
-9.77
-12.32
-2.26
-2.025
-3.63
-5.70
-2.16
-5.84
-4.75
0.35
-3.45
-3.033
-2.91
0.23
-6.46
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1283

ASD +LI

-2.51

-0.43

252

288

Figure 3. Mismatch Negativity ERPs for All Three Groups in the Pure Tone Condition.
The blue line represents the standard condition and the red
line represents the deviant.
6.3.2.2 MMN waveforms: vowel sounds. In the vowel sound condition, nine out
of 10 TD children demonstrated MMN responses in both the left and right hemisphere.
Eight out of eight children in the ASD –LI group showed an MMN in the left hemisphere
while seven out of eight children in this group had a right hemisphere MMN in this
condition. Seven out of seven individuals with ASD +LI showed both a left and right
hemisphere MMN. When the data were grand averaged by group, all three groups
showed an MMN in both the left and right hemisphere. Individual MMN peak amplitudes
and latencies in response to the vowel sound condition are summarized in Table 5 below.
See Figure 4 for grand-averaged MMN waveforms.
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Table 5
Vowel Sound Condition: Individual Peak Amplitude and Latency for Standard and Deviant
Stimuli in the 150–300 ms Time Window
Vowel Sounds
Left Hemisphere
1068
1075
1078
1079
1082
1085
1086
1090
1261
1323
1181
1182
1183
1244
1255
1258
1277
1282
1242
1253
1256
1268
1276
1281
1283
Vowel Sounds
Right Hemisphere
1068
1075
1078
1079
1082
1085
1086
1090
1261
1323
1181
1182
1183
1244
1255
1258
1277
1282
1242
1253
1256
1268
1276
1281
1283

Group
TD
TD
TD
TD
TD
TD
TD
TD
TD
TD
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI
Group
TD
TD
TD
TD
TD
TD
TD
TD
TD
TD
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI

Standard Peak
Amplitude (µV)
-0.45
-2.099
-0.25
0.61
-1.21
-1.67
-0.93
-2.11
-4.45
-4.82
-1.77
-1.43
-1.76
-3.52
-2.12
-3.61
-6.81
-3.61
0.781
-4.58
-2.48
-1.83
-2.58
-3.10
-2.24
Standard Peak
Amplitude (µV)
-0.59
-2.59
-0.55
-0.81
-0.99
-1.83
-1.086
-1.90
-4.16
-4.58
-2.21
-1.57
-1.95
-3.13
-2.00
-2.67
-10.20
-2.69
0.14
-3.76
-3.48
-2.098
-2.94
-3.11
-1.95

Deviant Peak
Amplitude (µV)
-0.63
-2.84
-1.78
-0.36
0.26
-2.022
-2.91
-3.53
-5.41
-8.16
-2.18
-1.79
-5.65
-6.42
-5.034
-4.24
-9.57
-7.64
-5.71
-2.72
-2.15
-3.33
-4.21
-1.49
-3.39
Deviant Peak
Amplitude (µV)
-1.077
-4.32
-2.40
-1.12
-1.86
-1.88
-2.82
-4.68
-5.32
-7.45
-2.58
-3.43
-4.73
-5.63
-2.83
-2.89
-8.091
-5.065
-8.55
-3.72
-1.69
-4.68
-6.68
-8.26
-2.45
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Standard Peak
Latency (ms)
248
192
196
200
208
256
208
196
220
296
160
212
224
264
296
200
244
288
284
220
236
216
296
272
240
Standard Peak
Latency (ms)
188
184
212
196
212
260
216
200
216
296
156
212
200
264
232
216
252
288
280
212
236
264
276
264
216

Deviant Peak
Latency (ms)
216
152
208
164
236
192
180
196
296
216
200
260
216
156
160
168
172
216
160
224
252
296
172
192
192
Deviant Peak
Latency (ms)
152
152
204
200
204
192
296
216
204
272
204
272
204
164
160
212
160
220
164
264
264
276
184
236
216

Figure

4. Mismatch Negativity ERPs for All Three Groups in the Vowel Sound
Condition. The blue line represents the standard
condition and the red line represents the deviant.

6.3.2.2.1 Vowel sound difference wave analyses. Difference waves were
calculated by subtracting averaged deviant responses from averaged standard responses
for each time point and each participant for the electrodes of interest (e.g., Luck, 2005;
Näätänen & Picton, 1987). These individual difference waves were then grand-averaged
to obtain group difference wave values for each time point. Between group statistics were
performed on the difference waves. MMN difference wave peak amplitude and latency
are summarized for each participant in Table 6 below. Figure 5 shows the MMN
difference waves for all three groups in the vowel sound condition.
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Table 6
Vowel Sound Condition: Individual MMN Amplitude and Latency for the Difference Wave in the
150–300 ms Time Window
Vowel Sounds
Left Hemisphere
1068
1075
1078
1079
1082
1085
1086
1090
1261
1323
1181
1182
1183
1244
1255
1258
1277
1282
1242
1253
1256
1268
1276
1281
1283
Vowel Sounds
Right Hemisphere
1068
1075
1078
1079
1082
1085
1086
1090
1261
1323
1181
1182
1183
1244
1255
1258
1277
1282
1242
1253
1256
1268
1276
1281
1283

Group

Difference Wave Peak Amplitude (µV)

Difference Wave Latency (ms)

TD
TD
TD
TD
TD
TD
TD
TD
TD
TD
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI
Group

-0.32
-2.37
-1.96
-2.23
-0.037
-2.069
-3.12
-3.20
-3.62
-6.093
-1.54
-3.025
-3.92
-6.84
-5.22
-2.26
-9.58
-5.41
-9.11
0.67
-1.23
-5.27
-3.79
-1.29
-2.61
Difference Wave Peak Amplitude (µV)

TD
TD
TD
TD
TD
TD
TD
TD
TD
TD
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI

-1.00
-3.21
-1.88
-0.71
-0.94
-2.62
-2.26
-4.63
-3.96
-6.32
-1.94
-4.55
-3.034
-5.81
-4.29
-0.24
-7.87
-3.68
-11.70
-1.084
-2.20
-7.84
-5.72
-7.28
-0.83

216
152
168
160
236
168
180
152
296
196
204
268
216
152
160
168
152
212
160
152
176
152
168
152
188
Difference Wave Peak Latency
(ms)
152
152
252
256
204
164
196
152
296
188
212
272
284
152
160
212
152
188
164
264
160
152
184
232
192
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Figure 5. Between Group Difference Wave for the Vowel Sound Condition.
The red line represents the TD group, the blue line
represents the ASD –LI group, and the green line represents the
ASD +LI group.
Separate one-way ANOVAs were carried out using left and right hemisphere peak
difference wave amplitude or latency as the dependent variable and group (TD, ASD –LI,
ASD +LI) as the independent variable. Analysis of the vowel sound difference waves
revealed no significant differences in peak amplitude between the TD group (Left
Hemisphere: M = -2.50 µV, SD = 1.72; Right Hemisphere: M = -2.75 µV, SD = 1.81), the
ASD –LI group (Left Hemisphere: M = -4.72 µV, SD = 2.63; Right Hemisphere: M = 3.93 µV, SD = 2.33) and the ASD +LI group (Left Hemisphere: M = -3.23 µV, SD =
3.23; Right Hemisphere: M = -5.24 µV, SD = 4.060) in the left (F (2, 22) = 2.56, p =
0.192) or right hemisphere (F (2, 22) = 2.56, p = 0.208).
No significant peak latency differences were found between groups in the left
(F (2, 22) = 1.37, p = 0.275) or right (F (2, 22) = 0.11, p = 0.896) hemisphere. Despite
non-significant ANOVA results for latency, inspection of the data revealed differences in
peak MMN latency between groups in the left hemisphere (TD: M = 192.40 ms, SD =
45.78; ASD –LI: M = 191.50 ms, SD = 40.87; ASD +LI: M = 164 ms, SD = 14.048). In
order to determine whether peak latency was significantly shorter in the ASD +LI group
than the two non-language-impaired groups, post-hoc comparisons were carried out using
one-tailed t-tests. Heteroscedastic t-tests revealed a significant difference in peak latency
between the TD group and the ASD +LI group (t (11) = 1.79, p = 0.046) and a marginally
significant difference in peak latency between the ASD –LI group and the ASD +LI
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group (t (9) = 1.83, p = 0.054) in the left hemisphere. A homoscedastic t-test showed no
significant differences between the TD and ASD –LI groups (t (16) = 1.75, p = 0.483).
Since no difference in latency was found between the two non-language impaired groups,
these two groups were collapsed to see if peak latency was significantly shorter in the
ASD +LI group compared to all children without language impairment, in the left
hemisphere (TD and ASD –LI Combined: M = 192 ms; SD = 42.39). A one-tailed t-test
for unequal variances revealed a significant difference in peak latency between the
children without language impairment and the children with ASD +LI (t (23) = 1.71, p =
0.011).
Within group, one-tailed t-tests were used to determine whether left hemisphere
peak latency (TD: M = 192.40 ms, SD = 45.78; ASD –LI: M = 191.50 ms, SD = 40.87;
ASD +LI: M = 164 ms, SD = 14.048) was significantly shorter than right hemisphere
peak latency (TD: M = 201.20 ms, SD = 51.018; ASD –LI: M = 204 ms, SD = 51.76;
ASD +LI: M = 192.57 ms, SD = 41.34). Non-significant differences were found within
all three groups, although in the ASD +LI group the results were trending towards
significance (TD: t (18) = 1.73, p = 0.345; ASD –LI: t (14) = 1.76, p = 0.300; ASD +LI: t
(7) = 1.89, p = 0.066).
6.3.2.2.2 Correlations. Since latency differences to vowel sound change detection
between groups were observed over the left hemisphere, Pearson correlations were
calculated in order to evaluate the relationship between left hemisphere peak latency and
CELF-5 language score. When all participants were entered into the data pool, a low,
non-significant correlation resulted (r (23) = 0.23, p = 0.279). When only the children
with ASD were included in the analysis, a moderate-high correlation was found (r (13) =
0.46, p = 0.083) although this correlation did not reach significance, likely due to low
power. A scatterplot of vowel sound correlations (left hemisphere peak latency in
response to vowel sounds, against CELF-5 language scores) between the two ASD
groups is shown in Figure 6 below.
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Figure 6. Left Hemisphere Correlation Scatterplot for the Two Groups with ASD.
CELF-5 scores are on the y-axis and left hemisphere peak latency is on the xaxis.

No correlations were found between participant age and left-hemisphere latency (r
(23) = 0.19, p = 0.346).
6.3.2.2.3 Receiver operator characteristic analysis. Receiver operator
characteristic analysis (ROC) was used to determine the accuracy of left hemisphere
latency in categorizing individuals as having typical language development (TD and ASD
–LI) versus ASD +LI. The criteria for evaluating the precision of a test using a ROC
curve are as follows: Perfect = 1.0, Excellent = 0.90 – 0.99, Good = 0.80 – 0.89, Fair =
0.70 – 0.79, Poor = 0.60 – 0.69, and Chance = 0.50 – 0.59. The area under the curve
(AUC = 0.71) showed that left hemisphere MMN latency is a fair predictor of ASD +LI.
See ROC curve in Figure 7 below.
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Figure 7.

ROC Curve for Categorizing No Language Impairment (TD and ASD –LI)
versus ASD +LI Using Left Hemisphere MMN Latency.

6.3.2.3 MMN waveforms: nonspeech. EEG recordings for the nonspeech
condition were not collected for one child in the TD group and one child in the ASD +LI
group due to equipment malfunction. Therefore, those children were not included in the
nonspeech grand-averages. In the nonspeech condition, five out of nine TD children
demonstrated MMN responses in the left hemisphere and three out of nine TD children
demonstrated MMN responses in the right hemisphere. Four out of eight children in the
ASD –LI group showed an MMN in the left hemisphere while five out of eight children
in this group had a right hemisphere MMN in this condition. Five out of six individuals
with ASD +LI showed both a left and right hemisphere MMN. It should be noted that
these data were very noisy in the ASD groups, so the appearance of MMNs in the
waveforms may be due to random noise, residual movement artifacts, and other sources
of error. When the data were grand averaged by group, the TD group showed a subtle
MMN over both the left and right hemisphere sensors, and the ASD +LI group had a
small MMN over right hemisphere sensors. Due to the size of these negativities, it is
likely that they result from movement and other artifacts rather than from change
detection. No MMN was observed in the ASD –LI in either condition. Since true MMNs
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were likely not observed in this condition, MMN difference wave analyses were not
completed on the nonspeech data. Nonspeech individual peak amplitudes and latencies
are summarized in Table 7 below and grand-averaged MMN waveforms are shown in
Figure 8.
Table 7
Nonspeech Condition: Individual Peak Amplitude and Latency for Standard and Deviant Stimuli
in the 150–300 ms Time Window
Nonspeech
Left
Hemisphere
1068
1075
1078
1079
1082
1085
1086
1090
1261
1323
1181
1182
1183
1244
1255
`1258
1277
1282
1242
1253
1256
1268
1276
1281
1283

Group

Standard Peak
Amplitude (µV)

TD
TD
TD
TD
TD
TD
TD
TD
TD
TD
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI

-0.009
-2.72
-1.32
-0.20
NA
-0.77
-2.44
-0.81
-3.54
-1.45
-2.57
-2.33
-1.87
1.14
-3.68
-0.51
-0.95
1.22
NA
-1.79
1.39
1.13
-0.45
-1.79
-0.46

Deviant
Peak
Amplitude
(µV)
-1.049
-2.39
-1.009
-1.89
NA
-0.79
-3.25
-1.58
-1.58
-7.84
-2.80
-2.93
-3.18
-0.81
1.92
-2.63
3.18
-0.51
NA
-0.33
-2.061
-1.65
-0.059
-3.39
1.022
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Standard Peak
Latency (ms)

Deviant Peak
Latency (ms)

272
224
228
204
NA
284
232
272
260
296
208
224
236
276
296
296
296
296
NA
244
288
204
292
268
296

260
228
248
236
NA
272
228
188
284
296
152
244
232
296
192
220
196
292
NA
296
288
224
276
204
240

Table 7 (continued)
Nonspeech
Right
Hemisphere
1068
1075
1078
1079
1082
1085
1086
1090
1261
1323
1181
1182
1183
1244
1255
1258
1277
1282
1242
1253
1256
1268
1276
1281
1283

Group

Standard Peak
Amplitude

TD
TD
TD
TD
TD
TD
TD
TD
TD
TD
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD –LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI
ASD +LI

-0.55
-2.59
-1.67
-1.28
NA
-1.045
-2.23
-0.95
-2.84
-1.86
-2.48
-2.19
-1.26
1.52
-3.79
-1.51
-0.82
1.45
NA
-1.61
1.89
1.37
0.49
-3.19
-0.40

Deviant
Peak
Amplitude
-0.95
-2.02
-1.27
-1.025
NA
-0.54
-2.002
-1.59
-4.083
-7.052
-1.70
-4.22
-3.64
0.30
2.049
-1.39
4.51
1.38
NA
-2.29
-3.16
-0.67
-1.28
-4.18
0.99

Standard Peak
Latency (ms)

Deviant Peak
Latency (ms)

256
216
232
236
NA
268
228
216
260
296
205
228
240
272
296
296
296
296
NA
288
248
208
288
268
272

272
228
256
240
NA
296
232
196
248
296
152
276
220
296
296
252
296
296
NA
272
284
228
296
236
240

Figure 8. Mismatch Negativity ERPs for All Three Groups in the Nonspeech Condition.
The blue line represents the standard condition and the red line
represents the deviant.
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6.3.2.4 Alternative analyses. Since carrying out MMN analyses in the pure tone
and nonspeech conditions was not possible, alternative analyses were used to see whether
differences between groups existed in these conditions as well as in the vowel sound
condition.
6.3.2.4.1 Comparison of deviant response. Peak latency values of the response
waves to deviant sounds in all conditions were calculated for each individual and then
averaged by group. Analyses revealed no significant differences between groups in the
pure tone condition (Left Hemisphere –TD: M = 188.40; ASD –LI: M = 204.50, ASD
+LI: M = 225.71; F (2, 22) = 2.56, p = 0.347; Right Hemisphere – TD: M = 173.60; ASD
–LI: M = 182, ASD +LI: M = 225.14; F (2, 22) = 2.56, p = 0.022) vowel sound condition
(Left Hemisphere – TD: M = 205.60; ASD –LI: M = 193.50, ASD +LI: M = 212.57; F (2,
22) = 2.56, p = 0.412; Right Hemisphere – TD: M = 173.60; ASD –LI: M = 182, ASD
+LI: M = 225.14; F (2, 22) = 2.56, p = 0.302) or the nonspeech sound condition (Left
Hemisphere – TD: M = 248.89; ASD –LI: M = 228, ASD +LI: M = 254.67; F (2, 20) =
2.59, p = 0.427; Right Hemisphere – TD: M = 251.56; ASD –LI: M = 260.50, ASD +LI:
M = 259.33; F (2, 20) = 2.59, p = 0.882 ).
6.3.2.4.2 Latency difference analysis. Peak standard latency and peak deviant
latency values were calculated for each individual and subtracted in order obtain the
difference in sound detection times between the standard and deviant stimuli for each
individual. Absolute values of those subtractions were averaged and compared between
groups. There were no differences in absolute difference peak latency between groups in
any of the three conditions in the left (Pure Tones – TD: M = 33.60; ASD –LI: M = 47,
ASD +LI: M = 63.43; F (2, 22) = 2.56, p = 0.119; Vowel Sounds –TD: M = 39.60;
ASD –LI: M = 64.50, ASD +LI: M = 68; F (2, 22) = 2.56, p = 0.254; Nonspeech Sounds
– TD: M = 21.33; ASD –LI: M = 48, ASD +LI: M = 34.67; F (2, 22) = 2.59, p = 0.258) or
the right (Pure Tones –TD: M = 40.40; ASD –LI: M = 55, ASD +LI: M = 53.14; F (2, 22)
= 2.56, p = 0.565; Vowel Sounds – TD: M = 34.20; ASD –LI: M =56, ASD +LI: M =
72

56.57; F (2, 22) = 2.56, p = 0.332; Nonspeech Sounds – TD: M = 13.33; ASD –LI: M
=23.50, ASD +LI: M = 21.33; F (2, 22) = 2.59, p = 0.316) hemispheres.
Pearson correlations were also calculated to see if absolute difference latency was
correlated with CELF-5 scores. A significant moderate to high negative correlation was
found between CELF-5 score and timing difference in detecting the high versus the low
pure tone stimuli in the left hemisphere (r (23) = -0.47, p = 0.017). A small-moderate
negative correlation was found in the right hemisphere but was not significant (r (23) = 0.28, p = 0.176). See Figure 9 for lines of best fit in the pure tone condition.
Left Hemisphere

Figure 9:

Right Hemisphere

Line of Best Fit for the Left and Right Hemisphere in the Pure Tone Condition
Collapsed Across Groups. CELF-5 scores are on the Y-axis and the absolute
value of the latency difference for the high and low sounds are along the X-axis.
A significant moderate-high correlation can be observed in the left hemisphere.

In the vowel sound condition a small but non-significant negative correlation was
found in the left hemisphere (r (23) = -0.25, p = 0.237) but not the right (r (23) = -0.076,
p = 0.717). Correlations between peak latency and CELF-5 language scores were not
found to be significant, in the left (r (23) = -0.17, p = 0.841) or right (r (23) = -0.044, p =
0.43) hemisphere, in response to the nonspeech stimuli.
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6.3.3 Results Summary. MMN analyses could not be carried out in the pure tone or
complex nonspeech conditions since the two ASD groups did not demonstrate MMN
responses to these stimuli. In the pure tone condition, latency difference analysis of all
participants revealed that as language score increased, latency difference between high
and low stimuli decreased in the left hemisphere (r (23) = -0.47, p = 0.017).
In the vowel condition, MMN latency was comparable between the TD group and
the ASD –LI group. Contrary to our predictions, the ASD +LI group detected auditory
change faster than the two groups with language impairment, an effect that was apparent
over left hemisphere sensors (t (23) = 2.069, p = 0.021). T-tests revealed that individuals
with ASD +LI detected vowel change significantly faster than those with typical
development (t (11) = 1.79, p = 0.046). When comparing the two ASD groups these
results approached significance (t (9) = 1.833, p = 0.0539). A moderate-high negative
correlation was found between left hemisphere MMN latency and language score in
individuals with ASD (r (13) = 0.46, p = 0.083) but not in TD participants (r (23) = 0.23,
p = 0.279). Receiver operator characteristic analysis revealed that left hemisphere MMN
latency is a fair predictor of language impairment (AUC = 0.71) with the best balance of
sensitivity and specificity being found at 156 ms (Sensitivity = 0.79; Specificity = 0.57).
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Chapter VII
DISCUSSION

7.1 Discussion
Overall, 9 out of 10 TD participants but only 10 out of 15 ASD participants
demonstrated left hemisphere MMNs in the pure tone condition. In the right hemisphere, 9
out of 10 TD children and 11 out of 15 ASD children showed MMN responses to pure tone
stimuli. Although the grand-averaged data resulted in MMNs at the group level for the TD
and ASD +LI groups in both hemispheres, the ASD +LI MMN in the left hemisphere was
treated with caution as it may have included a contribution from random noise and/or
residual artifact. In the vowel sound condition, 24 out of 25 children demonstrated left
hemisphere MMNs and 23 out of 25 children had MMNs in the right hemisphere. Grandaveraged data revealed MMNs at the group level for all three groups in both the left and right
hemispheres. These numbers are consistent with, or exceed, the percentages of individual
mismatch responses found in other studies of children with ASD (Oram Cardy et al., 2005;
Roberts et al., 2011). Results of the nonspeech condition, however, were not as promising. In
the left hemisphere, only 14 out of 23 children (2 children were excluded from nonspeech
analysis due to equipment malfunction) demonstrated individual MMN responses. This
number decreased to 13 out of 23 in the right hemisphere. Grand-averaged data showed
MMN-like responses in the TD group in the left hemisphere and in the TD and ASD +LI
groups in the right hemisphere; however, these waveforms were noisy and therefore should
be interpreted with caution. The use of lemur sounds as complex nonspeech stimuli in an
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MMN experiment was a novel approach and this study has shown that MMN responses are
not robust to this type of stimuli, perhaps due to the unusual nature of the sounds, or perhaps
due to the sensory sensitivities of the participants.
MMN responses to the pure tone stimuli were consistent in the TD group but proved
less so in the individuals with ASD. According to parent report, all children with ASD who
participated in this study were hypersensitive to sounds. Investigators made note that many
participating children on the autism spectrum put their fingers in their ears during the pure
tone condition, indicating that these children found these sounds to be uncomfortable or
aversive. Consistent with this idea, fewer useable trials were available for analysis from the
two ASD groups in the pure tone condition compared to the vowel sound condition (see
Table 3). Thus, statistical power in the two autism spectrum groups was compromised in this
condition. The finding that some individuals on the autism spectrum find pure tones painful
or aversive is consistent with one of the restricted and repetitive interest criteria in the DSMV (APA, 2013) as well as years of published clinical observations (e.g., Bergman &
Escalona, 1949; Eveloff, 1960; Kanner, 1943; Ornitz, 1969).
MMN responses were far more reliable in the vowel sound condition for all three
groups. Analyses of the grand-averaged difference waveforms indicated that individuals with
ASD +LI detected change faster than their non-language-impaired counterparts and the TD
comparison children. A moderate-high positive correlation between MMN latency and
language score was also found in individuals with ASD (r (13) = 0.46). Although this finding
is contradictory to our initial hypothesis, it is consistent with behavioral literature (Heaton et
al., 2008; Jones et al., 2009), neuroimaging literature (Gomot, Giard, Adrien, Barthelemy, &
Bruneau, 2002; Herbert et al., 2002; Just, Cherkassky, Keller, & Minshew, 2004; Karbe,
Herholz, Weber–Luxenburger, Ghaemi, & Heiss, 1998; Kumar et al., 2010; Rojas, Bawn,
Benkers, Reite, & Rogers, 2002; Rojas, Camou, Reite, & Rogers, 2005; Tzourio, Nkanga–
Ngila, & Mazoyer, 1998; Wise et al., 2001) and the disordered connectivity theories of ASD
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that are currently popular in the ASD field (Belmonte et al., 2004; Courchesne & Pierce,
2005; Rubenstein & Merzenich, 2003).
Two behavioral studies support our findings of faster auditory change detection to
speech sounds in children with ASD +LI. Heaton et al. (2008) found that a subset of
individuals with autism demonstrated superior auditory discrimination to speech stimuli. All
of these individuals scored significantly below the autism group average on the vocabulary
subset of the Weschler Intelligence Scale for Children. Similarly, a study by Jones et al.
(2009) revealed that 20% of individuals with ASD had better pitch discrimination than their
TD counterparts. All of these children were identified as language impaired according to
parental report.
With respect to previous neuroimaging literature, this study found group differences in
processing speech sounds exclusively in the left hemisphere. This finding is consistent with
studies of structural (Herbert et al., 2002; Karbe et al., 1998; Kumar et al, 2010; Rojas et al.,
2002, 2005; Tzourio et al., 1998; Wise et al., 2001) and functional (Gomot et al., 2002; Just
et al., 2004) brain differences in ASD, that lend support to such a lateralization effect.
Studies have shown that larger left hemisphere volume in the left planum temporale
contributes to efficient language processing in typically developing individuals (Karbe et al.,
1998; Tzourio et al., 1998; Wise et al., 2001). However, this asymmetry is not found in
individuals with ASD (Herbert et al., 2002; Rojas et al., 2002, 2005) and is thought to be
related to deficient language processing in these individuals (Herbert et al., 2002; Rojas et al.,
2005).
The finding of faster left hemisphere detection of auditory change in response to vowel
sounds in ASD +LI also lends support to the popular “disordered connectivity” theories of
ASD (e.g., Belmonte et al., 2004). Such accounts posit that some individuals with ASD have
extraneous local cortical connections but that these come at the expense of efficient longrange computational connectivity (Belmonte et al., 2004; Courchesne & Pierce, 2005;
Rubenstein & Merzenich, 2003). Although only a few studies have explored local
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connectivity, there are some neuroimaging studies using a variety of techniques that have
found increased local connectivity within brain regions (Barttfeld et al., 2010; Keown, et al.,
2013; Léveillé et al., 2010; Murias, Webb, Greenson, & Dawson, 2007). To date only one
study has been published exploring local connectivity specifically in response to auditory
sensory stimuli. Green et al. (2015) found increased blood oxygen level dependent signal in
the primary auditory cortex in response to auditory stimuli, thus supporting the hypothesis of
local overconnectivity in ASD. Several studies using various brain-imaging techniques have
also shown decreased efficiency of long-range connections between brain areas in
individuals with ASD (Barttfeld et al., 2010; Perez Velazquez et al., 2009; Murias et al.,
2007), including between areas of the brain involved in language processing (Just, et al.,
2004; Kana, Keller, Cherkassky, Minshew, & Just, 2006; Kumar et al., 2010). An fMRI
study by Just, Cherkassky, Keller, and Minshew (2004) found that although connectivity
within Wernicke’s and Broca’s areas (left hemisphere brain areas) appeared to be typical in
individuals with ASD in response to speech sounds, connectivity between these two areas
was reduced. Similarly, Kana et al. (2006) showed lower cortical synchrony between brain
regions in individuals with ASD compared to TD controls during a language comprehension
task. Moreover, Kumar et al (2010) found decreased volume and density in the left arcuate
fasciculus, the bundle of axons connecting Wernicke’s area to Broca’s area. These results are
consistent with our findings that the children with ASD +LI who participated in this study
detected changes in vowel sounds faster than their non-language impaired peers, despite
having language skills <1.5 standard deviations below the mean. This finding therefore
reinforces the idea of enhanced auditory detection but decreased ability to derive meaning
from the incoming signal in individuals with ASD +LI.
Although grouping by language proficiency seems to elucidate timing differences
between groups that have not been seen in past MMN studies looking generally at children
with ASD (Ceponiene, 2003; Ferri et al., 2003; Kemner et al., 1995; Kuhl, Coffey-Carina et
al., 2005a; Lepistö et al., 2007), it is likely that groups need to be made even more
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homogeneous in the future in order to yield more consistent EEG results. Findings from this
study contradict MEG studies by Roberts et al. (2011), which found increased MMF latency
in response to auditory stimuli in individuals with ASD +LI compared to TD children and
those with ASD –LI. The most likely reason for contradictory findings between studies is
that differences in language level alone may not adequately explain neurophysiological
differences in auditory processing. Unlike the present study, which obtained information on
children’s reported sensitivity to auditory stimuli, Roberts et al. did not report information on
hyper– or hyposensitivity in their study but it is likely this information is valuable when
interpreting study results. It is well documented that some children with ASD are
hypersensitive to sensory information while others are hyposensitive (APA, 2013; Bergman
& Escalona, 1949; Creak, 1961; Delacato, 1974, Ornitz & Ritvo, 1968). It is possible that in
individuals with ASD +LI, decreased MMN latency is associated with hypersensitivity to
sound while increased latency is associated with hyposensitivity. It is clear however, that
hyper– and hyposensitivity alone do not explain MMN latency or language level in autism
since children with ASD –LI were reported to also be hypersensitive to sounds but
demonstrated typical MMN latency responses. Since an interaction between sound
sensitivity and MMN latency may exist in children with ASD +LI, future studies should
include children with both types of sensory differences.
Other MEG studies have considered both language impairment and specific types of
genetic abnormality to further homogenize groups. Jenkins et al. (2015) used MEG to look at
M100 differences to auditory stimuli in children with ASD +LI and either deletion or
duplication of 16p11.2. The authors found opposing neurophysiological results for the two
different patterns of genetic abnormalities, with children who had 16p11.2 deletion showing
delayed M100 responses to auditory stimuli, and those with a 16p11.2 reduplication showing
faster M100 responses (Jenkins et al., 2015). Although Jenkins et al. did not utilize the
mismatch component, their findings indicate the possibility of an interaction between
language impairment in ASD, type of genetic abnormality, and pattern of neurophysiological
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response to auditory stimuli that should be explored in future MMF or MMN studies. It is
important to keep in mind that both faster AND slower detection of speech sounds could
cause (or result from) language impairment in children with ASD.
One post-hoc, alternative analysis of the pure tone condition also yielded interesting
results. When looking at the latency gap between the high and low sounds for each
individual, results showed that as CELF-5 core language scores increased, the latency gap (or
sound detection timing) between the two sounds decreased. This was especially apparent in
the left hemisphere (r (23) = -0.47, p = 0.017) but to some degree in the right hemisphere as
well (r (23) = -0.28, p = 0.176). These findings are not specific to autism, but they do offer
some information about the relationship between basic sound detection and language
abilities. Although the dynamic range gap between high and low change detection using
MMN has not been explored, our results are consistent with existing literature showing that
adults with typical hearing demonstrate faster N100 latencies to high frequency sounds (~20
ms) than low frequency sounds (e.g., Verkindt, Bertrand, Perrin, Echallier, & Pernier, 1995;
Woods, Alain, Covarrubias, & Zaidel, 1993). Reports of similar latency gaps in response to
high- and low-frequency stimuli can be found in the M100 literature (e.g., Roberts, Ferrari, &
Poeppel, 1998). Although no published studies could be found linking language proficiency
and neurophysiological timing of high versus low stimuli detection, it stands to reason that
deviations from the “typical” cortical pattern of sound detection would impact language level
as seen in our results (see Figure 9). It seems especially intuitive that a correlation between
language score and the time taken to detect a high versus low frequency sound would be
more pronounced in the left hemisphere.
This dissertation study sought to establish whether increased MMN latency is
associated with the language impairment that sometimes accompanies ASD. Hypothesis 1
stated that delayed MMN latency reflects sensory processing difficulties that correlate with
language impairment in autism specifically and not ASD generally. Although contradictory
to our initial hypothesis, results of this study indicated left hemisphere differences in
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detecting speech stimuli in individuals with ASD +LI compared to children without language
impairment in the vowel sound condition. In other words, faster peak MMN latency was
negativity correlated with language impairment in the vowel sound condition. Also
unexpectedly, no differences were found between groups in the pure tone and complex
nonspeech conditions. Therefore, no correlation between auditory change detection and
language level was found in the two nonspeech conditions. Hypothesis 2 stated that since
MMN reflects auditory change detection, which is altered in ASD and has downstream
effects on speech processing, changes to the MMN should provide a relatively specific and
sensitive (>70%) predictor of language impairment in autism. Results of this study indicated
that MMN latency is a fair predictor of ASD +LI in children who are hypersensitive to
auditory stimuli (AUC = 0.71). Ways to potentially improve the accuracy of MMN as a
biomarker for ASD +LI are discussed in section 7.3, following an outline of study limitations
and delimitations.

7.2 Study limitations and delimitations
This study is limited by several factors. First, autism spectrum disorders occur along a
continuum and are very heterogeneous in nature. Multiple children with the same diagnosis
can present in very different ways (APA, 1994, 2013). Although subgrouping children by the
presence or absence of language impairment resulted in more homogeneous groups,
subgrouping even further by sensory profile would likely yield even better results. Another
limitation to this study is the lack of a specific language impairment control group. Without
looking at MMN responses in children with idiopathic language impairment, it will be
impossible to determine whether study findings are indicative of language impairment (SLI)
associated with ASD specifically, or of childhood language impairment in general. Similarly,
not including a group matched for intelligence quotient prevents us from exploring whether
delayed change detection is the result of the cognitive impairments that are often comorbid
with severe ASD.
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The amount of movement artifact during EEG recordings also represents a
shortcoming of this study. Both typically developing children and children with
developmental delays found it difficult to sit quietly and still for fifteen minutes while the
experiment was being run. Artifact detection during data post-processing helped mitigate the
effects of some movements, but there were still movement artifacts in the data recording that
could not be wholly remediated during data processing. As a result, many trials were
discarded from data analysis due to movement contamination. This decreased power,
especially in the most profoundly affected experimental group, where the fewest trials were
included in the final analyses. Data loss could be eliminated either through the use of
sedation during the EEG experiment or by studying infants since such MMN studies are
typically carried out while babies are asleep.
Perhaps the largest limitation to this study was the difficulty in recruiting and obtaining
assent from children with ASD. Recruitment was exceptionally challenging, and although we
were able to schedule 45 children to come into the lab to participate, in the end only 25
children were able to participate throughout the experiment. Having so few participants,
combined with losing so many trials to movement artifact, dramatically reduced statistical
power in this experiment (Luck, 2005).
Since some children in the ASD +LI group were non-verbal, we were also limited
because we were unable to perform an articulation assessment on participants. The motor
theory of speech perception posits that speech articulation impacts speech perception (e.g.,
Liberman, Cooper, Shankweiler, & Studdert-Kennedy, 1967; Liberman & Mattingly, 1985;
Liberman & Whalen, 2000). Therefore it is possible that brain responses are affected by
articulatory proficiency and including children who are nonverbal in our analysis may be
confounding. This potential confound would be eliminated in a study of at-risk infants.
Finally, the stimuli for all three conditions posed some limitations to the study. Due to
the auditory sensitivity of the experimental groups, the pure tone stimuli proved aversive and
therefore gave us little insight into the processing of pure tone stimuli in individuals with
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ASD. The vowel condition was designed to gain more information regarding speech
processing in ASD. However, even though isolated vowel sounds are frequently used to
represent speech input in psychoacoustic experiments (Repp & Crowder, 1990), they are not
a naturalistic representation of continuous speech. Despite this limitation, ERP experiments
have found that MMN amplitudes in response to vowels are larger in the left hemisphere
indicating that they are processed as speech (for review see Näätenäen et al., 2007). This is in
contrast to pure tones, which result in larger MMN amplitudes in the right hemisphere (for
review see Näätenäen et al., 2007). Nonspeech lemur sounds did not elicit MMN responses
in any of the three groups. This may be due to the fact that lemur sounds do not carry
meaning to humans and therefore are relegated to being processed as “background noise”.
Without information regarding complex nonspeech processing it cannot be determined
whether observed ERP differences are unique to the speech stimuli or if they would occur
when processing other complex auditory information as well.

7.3 Conclusions and Future Directions
Results of this experimental study have led to some interesting questions, which need
to be explored in future studies. Although it was important to carry out a preliminary study
on older, already diagnosed children in order to assess the viability of MMN as a biomarker
for language impairment in ASD in a time sensitive and practical way, future studies should
focus on using this information to flag concern in those children who are too young to engage
in behavioral testing. Since results of this study have indicated that MMN holds potential as
an objective biomarker of language impairment in this population, it is necessary to carry out
a longitudinal study of change detection in infants and young children at risk for ASD to
determine whether MMN responses in children who will later be diagnosed with ASD +LI
are similar to those seen in our study. Carrying out such a study on infants would potentially
mitigate some of the limitations of the current study. Since most infant MMN studies are
done during sleep, it is likely that more useable trials could be obtained from babies than
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from school-age children thus increasing experimental power and reliability of the response
as a biomarker. Infants would also be less likely to withdraw from the study due to
behavioral and attention issues and/or anxiety. In toddlers and older children with ASD, the
use of sedation could improve the usefulness of ERP as a diagnostic tool.
Based on experimental findings, it will be vitally important for future studies to further
explore the impact of hyper– versus hyposensitivity on MMN latency for individuals with
ASD. Including children in the study with both patterns of sensory differences as well as
further quantifying hyper– versus hyposensitivity will hopefully elucidate any interactions
between these characteristics, language impairment, and MMN latency in children with ASD.
Future studies should also include individuals with specific language impairment (SLI)
and intellectual disability (ID) in order to determine whether MMN latency differences are
associated with ASD +LI specifically, or with SLI or ID more generally. Since idiopathic SLI
and ID are very rare, it may prove difficult to find a large number of infant participants at
risk for these conditions who do not also have comorbid diagnoses. Furthermore, focusing
future research on children who have not yet undergone years of therapy or whose brains
have not spent years compensating for various deficits will likely yield a more accurate
picture of true ASD +LI brain responses. By studying school-age individuals, it is impossible
to determine whether observed brain differences are the result of ASD +LI or of the years of
compensation and rewiring that are likely to be taking place in order for affected children to
function despite disability. It is possible that brain differences will be magnified in younger
children in comparison to older children of the same ASD profile. Hopefully, such research
will lead to an objective biomarker that can be used to facilitate earlier diagnosis and
subsequent earlier intervention for children with ASD +LI.
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APPENDIX A

Cover

EEG Social Story
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Page 1

We will be going to get tests to see
how your brain hears.

Page 2

First, we will go to Teachers College,
Columbia University in New York City.
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Page 3

Heather will meet us at the
front desk when we get there.
Heather will be helping us.

Page 4

We will walk through
hallways and go up an
elevator to the
laboratory.
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Page 5

Heather will take us
to a special room.
She will talk to us
about the schedule.
She will ask if you
will help her.

Page 6

Heather will play sounds in your
ears to test your hearing.
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Page 7

She will show you pictures and ask
you questions about them.
Page 8

Next, Heather will show
you the special hat you
will wear for the test.
You will get to touch the
hat before you put it on.
You can put the hat on
the teddy bear if you
want to.
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Page 9

You can choose a movie to watch
during your test.
Page 10

Heather will put
a cape on you.
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Page 11

You can start
watching the
movie
while Heather
measures your
head.

Page 12

When you are ready,
Heather will put the hat
on you. The hat may feel
a little wet at first but
that’s okay.
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Page 13

Page 14

After the hat is on,
Heather will be
moving the hat to
make sure that it
fits.
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Page 15

Heather will leave the experiment room.
Don’t worry, mom or dad will be in the
room
Page 16

You will hear some
sounds but you can ignore
them and watch the
movie. It is important to
be very quiet and still
during testing. You must
keep your hands and feet
still and your mouth
quiet.
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Page 17

If you do not want to do the test anymore
you can tell your mom or dad.
Heather will stop the movie and the

Page 18

When the sounds are
finished, Heather will
come back into the
room and take the
hat off.
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