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Abstract
Autism Spectrum Disorders (ASD) and Attention-Deficit/Hyperactivity Disorder (ADHD) are
two of the most prevalent neurodevelopmental conditions that also exhibit a high rate of co-
occurrence. This co-occurrence leads to decreased efficacy of interventions and increased levels
of impairments. This suggests that it might be relevant to examine the impact of ADHD
symptoms on ASD research findings. Given that both these disorders have neurodevelopmental
origins that share differences in sensory processing, the study of sensory neurophysiology might
be a relevant avenue to explore. Neurophysiology has focused on pre-attentive auditory
processing in both conditions compared to the neurotypical population by focusing on a
particular ERP component called the Mismatch Negativity. The mismatch negativity is a pre-
attentive ERP component in response to an unexpected event. While both groups exhibit
attenuated amplitudes in the MMN, no research has examined the impact of inattention and
hyperactivity symptoms on the amplitude of the MMN in autistic youth, a step taken here.
Participants in this study consisted of 13 autistic and 13 typically developing children and
adolescents matched by age and 1Q. Participants completed a passive pure tone oddball task to
elicit the MMN. Data analysis assessed MMN amplitude and t-scores for the Attention Problems
and Hyperactivity indices of the BASC-2 across groups. Additionally, separate Spearman’s
ranked correlations were conducted between the BASC-2 indices and MMN amplitude for both
groups and all participants together. Findings indicated moderate negative correlations between
index t-scores and MMN amplitude when participants were not separated into ASD and TD
groups. These findings may shed light on how attentional concerns and hyperactivity
symptomology severity relate to pre-attentive sensory focused auditory processes in children and

adolescents even in the absence of official diagnoses. This is important because it may provide



new avenues for research to examine how co-occurring neurodevelopmental conditions may

affect how one experiences the world and takes in new information.
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Introduction

Autism is a neurodevelopmental condition that affects 1:36 of children in the United
States (Maenner et al., 2021). It is characterized by deficits in social communication (i.e., deficits
in nonverbal communication, lack of social-emotional reciprocity) and the presence of
restrictive, repetitive behaviors and interests (i.e., stereotyped motor movements, specific
interests with abnormal intensity, rigid adherence to a routine, sensory differences; APA, 2013).
Children with autism may have difficulty forming friendships with peers and engaging in the
typical back-and-forth of conversation (APA, 2013). Often children and adolescents with autism
prefer a consistent daily routine and unexpected changes to their schedule may be distressing to
them. Autism commonly includes a sensory component that may present as
hyper/hyposensitivities to different environmental stimuli. These unique sensory processing
features can relate to certain textures, light sensitivity, taste, but are most noted in tactile and
auditory domains, making these sensory modalities important inroads to understanding the
sensory experiences of children and adolescents on the spectrum (Fernandez-Andrés et al.,
2015). In addition to the symptoms that compose a diagnosis of ASD, attentional challenges have
been considered inherent to the disorder. In the most recent iteration of the Diagnostic and
Statistical Manual of Mental Disorders (DSM-5), these attentional challenges can, if they
impede functioning in significant ways and meet the symptom requirements, be diagnosed with
Attention-Deficit/Hyperactivity Disorder (ADHD).

ADHD diagnosis requires symptoms of inattention (i.e., often forgetful, difficulty with
tasks requiring sustained attention) and/or hyperactivity (i.e., fidgeting, impulse control deficits)
(APA, 2013). ADHD affects 9.8% of school-aged children and adolescents, making it the most
common neurodevelopmental condition (Bitsko et al., 2022). In addition, it is also the most

common co-occurring condition with autism. Previous research indicates that 37-87% of autistic



individuals also have an ADHD diagnosis (Goldstein & Schwebach, 2004; Stevens et al., 2016).
A review conducted by Hartman and colleagues (2016) that consisted of individuals 0-84 years
of age found that the strongest co-occurrence of ASD and ADHD is in adolescence
(approximately 12-18 years of age). While there is a large overlap between autism and ADHD at
the diagnostic level, there is likely an even larger overlap at the symptom level (Van Der Meer et
al., 2012). This symptom-level focus may help identify the impact of ADHD symptomatology
with co-occurring autism and will be the focus of this study.

Because of the overlap between ADHD symptoms and ASD, there has been an increased
interest in the commonalities and differences between these two neurodevelopmental conditions,
and the interactions of symptoms of one on the other, in order to ameliorate diagnostic
assessments, treatment, and identify neurophysiological underpinnings that are unique to each
condition. Additional research in this area is warranted since intervening earlier with autistic
children is associated with a better prognosis (Remington et al., 2007), and receiving an ADHD
diagnosis can delay an ASD diagnosis in children (Kentrou et al., 2019; Stevens et al., 2016).
Further, having a co-occurring ADHD diagnosis can negatively impact the efficacy of treatments
for both conditions (Antshel & Russo, 2019). One direction that might aid in our comprehension
of similarities, differences, and phenotypic overlap in ADHD and autism is to examine the
neurophysiological underpinnings of auditory processing, which has been shown to be atypical
in both populations (Chen et al., 2020; Cheng et al., 2016; Schwartz et al., 2018; Yamamuro et
al., 2016) and to assess the role of symptoms of inattention and hyperactivity on
neurophysiology.

There are multiple levels at which sensory processing can be examined. For example, it

can be studied through behavior, via direct observation or parent report, or through studies of



structure and function, with each method having advantages and disadvantages. Although it is
not currently a diagnostic feature of ADHD, several studies have identified atypical sensory
processing in individuals with ADHD. For example, a meta-analysis conducted by Ghanizadeh
(2011) found that children and adolescents with ADHD are more likely to exhibit sensitivities to
auditory and tactile stimuli compared to neurotypical peers. This suggests that sensory
differences may provide an avenue for understanding the intersection of ASD and ADHD. In
addition to behavioral measures, one method that provides important information regarding how
the brain processes information as it unfolds over time is electroencephalography (EEG). While
this approach lacks spatial resolution (i.e., where in the brain information processing occurs)
compared to other brain mapping tools, it has several advantages that are useful to the study of
sensory processes in autistic children and adolescents. This technique is non-invasive, temporally
sensitive, and can demonstrate differences even in the absence of behavioral differences or even
in the absence of behavioral responses at all (Luck, 2014).
EEG

EEG is a common tool used in neuroscientific research. A cap lined with electrodes is
placed on the participant’s head which measures ongoing electrical activity in the brain that
reflects post-synaptic potentials firing perpendicularly to the recording electrode (Luck, 2014).
Event-related potentials (ERPs) are electrical responses that are caused by a definable event
(Luck, 2014). They are an ideal tool for examining information processing as it unfolds as it can
provide detailed temporal information regarding brain activity with millisecond temporal
resolution.

When using Event Related Potentials (ERPS) researchers attempt to isolate the electrical

response to a specific stimulus, hence event-related. To do so, all electrical responses that are not



related to the presented stimulus must be removed. This is crucial as, in general, the brain’s
signals are minuscule relative to the noise from external sources such as electrical noise, eye
movements, blinking, and even sweat. To combat this noise, trials are repeated multiple times
and averaged together such that the random noise fades while the signal gets amplified.

Different experimental tasks reveal different aspects of information processing that
include aspects of bottom-up sensory processes that occur early in the processing stream and are
considered to be pre-attentive (before 250ms or so) to more top-down, later emerging cognitive
aspects of processing that include for example semantic processing or decision making. (post
250ms or so). Once a particular cognitive operation has been linked to an ERP and replicated, it
becomes known as an ERP component. While there are many components that could be the
focus of any experimental study, here we focus on a well-established component that has been
used to study sensory-attentional processing known as Mismatch Negativity, or MMN
MMN

The MMN is an ERP component that is generally elicited in the auditory domain and was
originally discovered by N&atédnen and colleagues (1978). This component is typically elicited
through an oddball paradigm which involves the presentation of a repetitive stimulus, referred to
as the standard (presented around 80% of the time), and a different stimulus that is played less
frequently, (e.g., 20% of the time), and is referred to as the deviant. When the brain’s response to
the standard and deviant are subtracted from one another, they yield a component that is referred
to as the MMN. The unexpected deviant stimulus elicits a unique response relative to the
standard stimulus in the brain between latencies of 160 and 220 milliseconds post-stimulus
reflecting an individual’s auditory discrimination. Two different subcomponents comprise the

auditory MMN, the supratemporal subcomponent, and the frontal MMN component. The



supratemporal subcomponent is correlated with perceptual change detection and requires similar
effort/activity from both hemispheres. In contrast, the frontal component is associated with
involuntary attention switches and almost exclusively occurs in the right hemisphere (Garrido et
al., 2009).

There has been a recent increase in MMN popularity among researchers interested in
early auditory discrimination. Although there are other mismatch-sensitive components, they are
task-oriented which means the individual must be actively engaged in the discrimination task.
The MMN is unique because participants do not need to be actively engaged in the task; they can
engage in other irrelevant tasks like watching a silent movie while passively listening to the
auditory stimuli. This helps conduct auditory discrimination tasks with autistic and ADHD
populations because participants are not required to sustain their attention on the task. In
addition, a passive version of the MMN also reduces the contamination from other attentional
components such as the slightly later P300 response which reflects more post-attentive
processes.

MMN and Autism

The MMN is frequently studied in autism because it can be elicited passively, and many
trials can be collected quickly. In addition, previous iterations of the diagnostic criteria for
autism included criteria related to language and because the MMN can be elicited using speech
sounds, several studies focused on whether the MMN could predict autism symptoms or the
language outcomes of autistic children. Contradictory findings have plagued the field; however,
more recent meta-analyses suggest that participant characteristics, stimulus selection, and

choices related to comparison groups can shed light on some of these discrepancies.



Schwartz and colleagues (2018) conducted a meta-analysis of the MMN in autistic
individuals. Their analysis included 22 different studies that utilized a mixture of speech and
nonspeech (pure tone and complex tone) experiments with a total of 857 ASD and 831 typically
developing participants ranging from childhood to adulthood. Results indicated no overall
significant difference between MMN amplitude and latency between ASD and TD groups, but
there was a trend of attenuated amplitudes in autistic participants compared to their neurotypical
peers. After categorizing studies by speech and nonspeech stimuli, however, there were
significant differences. Analysis of nonspeech studies revealed significantly attenuated
amplitudes in autistic individuals compared to neurotypical peers. They also found that autistic
children tended to have attenuated MMN amplitudes compared to typically developing peers, but
autistic adults tended to display larger amplitudes than typically developing adults.

A more recent meta-analysis conducted by Chen et al (2020) investigated MMN
amplitude and latency for speech and non-speech sounds in ASD. Analysis of speech studies
indicated that phoneme deviants resulted in reduced MMN amplitude and latency in ASD
compared to TD controls. In nonspeech studies, ASD participants had reduced MMN amplitude
to duration deviants. After dividing the ASD group by diagnosis (ASD; Asperger’s), ASD
children and adolescents had shorter latencies in response to deviations in frequency compared to
controls while their peers with Asperger’s exhibited the opposite. Children and adolescents with
Asperger’s had significantly longer latencies than neurotypical peers. Other researchers have also
noted differences in early sensory processing in ASD and Asperger’s populations (Bonnel et al.,
2010; Madsen et al., 2015).

Some studies focusing on pure tone pitch discrimination in ASD have found evidence

that a percentage of the ASD population has elevated discrimination abilities. In a study



conducted by Mottron and colleagues (2000), an ASD and control group were tasked with
discriminating different tonal melodies. Groups were matched on age, 1Q, and literacy, and no
participants had five or more years of experience with musical instruments. They found that a
subgroup of the ASD participants had remarkable pitch discrimination. Higher 1Q and a later
onset of verbal language were all positively correlated with better pitch discrimination abilities.
Jones et al (2009) also identified an ASD subgroup with significantly better pitch discrimination.
Seventy-two ASD and 48 TD adolescents were instructed to listen to a pair of pure tones that
could differ in pitch, duration, or intensity. Their objective was to select the tone that they
perceived as higher, louder, or longer than the other. There were no significant differences
between the ASD and TD groups, but a subgroup comprised of 20% of ASD participants
demonstrated elevated pitch discrimination abilities. Average 1Q and later onset of verbal
language were both associated with superior pitch discrimination. Together, these findings
suggest differences in pre-attentive auditory processing for pure tones in autistic individuals
compared to neurotypical peers. Accordingly, this study will focus on a pure tone MMN task that
examines the mean amplitude of the MMN response between children with and without
autism.
MMN and ADHD

Although the MMN in autism has been extensively explored, there is considerably less
research examining the MMN in populations with ADHD and only one study has examined the
relationship of ADHD symptom severity and the MMN within a sample of children and
adolescents with ADHD and typically developing peers. As such, | review the ADHD and MMN
literature here as a starting point for developing relevant hypotheses. Similar to the literature on

MMN in ASD, there are conflicting findings for MMN in ADHD. Some studies have reported no



significant difference between ADHD and control groups (Kemner et al., 1996; Winsberg et al.,
1997; Yang et al., 2015) while others have identified significant differences in amplitude and/or
latency (Cheng et al., 2016; Yamamuro et al., 2016). For example, Yamamuro and colleagues
(2016) examined the relationship between the MMN and symptom severity for children with
ADHD. Participants included 51 treatment-naive, that is children who are not on any
medications, children with ADHD, and 15 neurotypical peers. These two groups did not differ
significantly by age, sex, or full-scale 1Q. Researchers implemented a passive non-speech
oddball paradigm with a standard stimulus of 1,000Hz and a deviant of 1,100Hz. Stimuli were
presented for 50ms with 500ms intervals at 80dB. Results indicated that the ADHD group
produced significantly smaller amplitudes and longer latencies compared to the control group.
Additionally, MMN amplitude was negatively correlated with symptom severity for all subscales
of the ADHD Rating Scale, Fourth Edition — Japanese Version (ADHD-RS-1V-J) while latency
was positively correlated with hyperactivity/impulsivity subscales. In other words, greater
severity of ADHD symptomology predicted attenuated MMN amplitudes which indicates
differences in pre-attentive sensory perception. This was the first study to focus on the
relationship between MMN performance and symptom severity in ADHD.

A meta-analysis conducted by Cheng et al (2016) compiled the current literature on MMN in
ADHD. Six studies met the criteria for this analysis, consisting of 10 experiments. In total, there
were 75 children and adolescents with ADHD, and 73 neurotypical controls, ranging from 8-11
years of age. Speech and nonspeech conditions were included and seven experiments used
frequency deviants, two used duration deviants, and one used phoneme deviants. Overall, there
was a significantly reduced amplitude in the MMN of participants with ADHD compared to

neurotypical controls.



MMN in Autism and ADHD
Research examining the MMN across individuals with ASD or ADHD is complicated by

differences across studies in how the amplitude of a participant’s response is measured. The two
most common methods of measurement are peak amplitude and mean amplitude. Peak amplitude
is recorded as the largest voltage of the wave form in a particular timeframe whereas mean
amplitude is identified by calculating the average voltage in a specific timeframe (Luck,

2014). Historically, peak amplitude was utilized, although advancements in measurement
techniques led to a shift towards using mean amplitude. As stated by Luck (2014), the highest
voltage point on a waveform carries no meaning or significance because peaks are distinct from
components. Another concern to note with peak amplitude is that it is highly prone to distortion
from high frequency noise. In contrast, mean amplitude is less affected by high frequency noise
and it is generally unaffected by higher levels of variance in waveforms.

Literature examining the MMN in autistic populations is split between using peak amplitude
and mean amplitude. Interestingly, results vary within studies utilizing the same amplitude
measurement. For example, studies utilizing mean amplitude and frequency deviants have found
that autistic children and adolescents have significantly attenuated, larger, or no significant
difference in MMN amplitude compared to typically developing peers (Huang et al., 2018;
Weismdller et al., 2015; Yu et al., 2015).

Although there is literature focused on MMN in ASD and ADHD, these literature bases are
still separate, and during preparation for this study, only one article was identified to have
examined the overlap of Pervasive Developmental Disorder, Not Otherwise Specified (PDD-
NOS) and ADHD symptomology (Sawada et al., 2008). It is important to note that this previous
study provides minimal details regarding the methods, procedures, and analyses conducted.

Additionally, another study conducted by Sawada and colleagues in 2010 has figures depicting
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positive waveforms for the MMN and it is unclear why that is the case. Due to this confusion and
its implications for understanding the correlations presented, the study conducted by Sawada and
colleagues in 2008 does not adequately examine how the co-occurrence of ADHD-related
symptomology in autism affects the MMN, which is a missed opportunity given the high rates of
ADHD in this population. Given previous literature demonstrating ASD and ADHD both exhibit
attenuated amplitudes and longer latencies relative to neurotypical populations on non-speech
oddball tasks, in addition to the presence of sensory differences in both conditions and the high
degree of co-occurrence of ASD and ADHD, it is unclear to what degree the MMN response in
ASD is due to symptoms related to inattention and or hyperactivity/impulsivity. To begin to
disentangle the relationship between pre-attentive auditory discrimination, ASD and ADHD, the
main purpose of the present study is to examine the relationship between symptoms of
hyperactivity/impulsivity and inattention as measured by the BASC-2, and the mean amplitude
of the MMN component in a sample of autistic and typically developing children and
adolescents.

In this study, participants were matched across groups (i.e., ASD and TD) on chronological
age and IQ to limit potential confounding variables (Mottron et al., 2000; Weismiiller et al.,
2015). It is important to note that instead of using the Full-Scale IQ (FSIQ-4) of the Wechsler
Abbreviated Scale of Intelligence, Second Edition (WASI-1I; Wechsler & Hsiao-pin, 2011), the
Perceptual Reasoning Index (PRI) was used as the matching variable. Previous research has
demonstrated that cognitive measures with verbal demands may result in significantly lower
mean scores compared to nonverbal cognitive measures for autistic individuals (Grondhuis et al.,

2018). Additionally, Burack and colleagues (2004) recommend matching on nonverbal 1Q for
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experimental tasks related to attention and perception, as it is a closer construct to what is being
studied.

Research Questions and Hypotheses

The present study addressed the following two questions:

How does the ASD group perform on the pure tone oddball task compared to the TD group,
as measured by mean amplitude? The purpose of this comparison is to determine if the
predominant pattern present in the literature (i.e., attenuated amplitudes) is noted for mean
amplitude, rather than peak amplitude, which is crucial for assessing the veracity of MMN
differences in autism. Based on previous research, it was hypothesized that the ASD group
would exhibit an attenuated grand average amplitude compared to the TD group on the pure tone
oddball task.

How do the Hyperactivity and Attention Problem indices on the BASC-2, independently
correlate with MMN mean amplitude on a pure tone MMN task relative to ASD and TD group
performance? Children and adolescents with ASD and those with ADHD symptomology exhibit
a similar pattern of attenuated grand average amplitudes for MMN performance on pure tone
oddball tasks relative to typically developing peers. Based on the findings of Yamamuro and
colleagues (2016), it is hypothesized that higher scores for both the Hyperactivity and Attention

Problems indices will be associated with attenuated MMN amplitudes at the FCz electrode.

Methods

Participants

Twenty-six children and adolescents from the Syracuse area were recruited for this study.
There were 13 autistic (11 male, 2 female) and 13 typically developing (TD) participants (6

male, 7 female). Regarding race, 25 of the participants identified as white while one participant
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in the ASD group identified as biracial (black and white). The ASD and TD groups did not
significantly differ in age [t(24)=0.27, p=0.78, Cl 95% = (-1.81, 2.37)] nor nonverbal 1Q [t(24)=
0.08, p=0.9, Cl 95% = (-12.94, 14)] as measured by the Wechsler Abbreviated Scale of
Intelligence- Second Edition (WASI-II; Wechsler & Hsiao-pin, 2011). Comparisons of
participant characteristics across ASD and TD groups are displayed in Table 1. While no
participants in the typically developing group reported a previous diagnosis of ADHD, five
participants in the autism group noted a diagnosis of ADHD. Seven participants in the ASD
group reported prescriptions for psychotropic medication. Medications included guanfacine,
methylphenidate, clonidine, clonazepam, aripiprazole, risperidone, and fluoxetine. Participant
medication status and demographic information are displayed in Table 2. Diagnoses of autism
were made via gold standard assessment tools that include the ADOS-2, ADI-R and clinical
judgment. Participants were recruited via flyers, which were distributed across Syracuse
University. Upon enrollment, participants completed auditory examinations at Central New York
Medical Center to ensure that no participant in this study had clinically impaired hearing.

To provide additional context regarding the autistic and typically developing groups, a t-
test with a Welch’s correction was performed for the BASC-2 Adaptive Skills Composite.
Results of the t-test indicated significant differences in the Adaptive Skills Composite between
the autistic and typically developing groups (t(20.65) = -3.78, p = 0.001). The t-scores for the
typically developing group had a mean score of 44.77 which falls within the average range. In
contrast, the autistic group’s mean t-score of 33.58 resides within the at-risk range.

Hearing Examinations
The audiological examinations identified four participants, two from each diagnostic

group, with hearing outside the typical range. For the TD group, the first participant’s behavioral
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threshold at 0.250 kHz was 25 dB HL while the second participant demonstrated atypical middle
ear function in their left ear with increased thresholds at 2,000 and 4,000 Hz. Regarding the ASD
group, the first participant’s behavioral threshold at 8 kHz was 25 dB HL while the second
participant demonstrated atypical middle ear function in their left ear with increased thresholds at
250 and 6,000 Hz. These participants were not excluded from the study because none exhibited
elevated thresholds within the frequency range of the stimuli used and their ERP waveforms did
not deviate from their respective group norms. Audiological examination results for all other
participants were within the typical range.

Measures

Autism Diagnostic Observation Schedule-Second Edition (ADOS-2)

The ADOS-2 (Lord et al., 2012) is a semi-structured, standardized assessment of autistic
traits and may be used for individuals 12 months and older. The five modules (Modules 1-4 and
the Toddler Module) utilize various materials and activities to evaluate communication, social
interaction, play/ imagination, and restricted and repetitive behaviors. Behaviors are coded on a
scale from 0 to 3 with higher scores correlating more with autistic symptoms. Specific items for
each module are transferred to a diagnostic algorithm and summed to calculate the calibrated
severity score (CSS) and determine a diagnosis. For this study, 12 autistic participants were
administered Module 3, and one participant completed Module 4. Research on module 3
indicates strong test-retest reliability (SA = 0.81, RRB = 0.82, Total Score = 0.87) and interrater
reliability (SA = 0.92, RRB = 0.91, Total Score = 0.94) in addition to increased sensitivity and
specificity compared to the ADOS (Lord et al., 2012). When the ADOS-2 manual was released,
no changes were made to the module 4 algorithm. However, Hus and Lord (2014) introduced a

revised algorithm that demonstrated increased sensitivity and specificity compared to the original
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algorithm from the ADOS based on their sample. In addition to increased validity, Hus and Lord
(2014) demonstrated greater than 80% agreement on all items.
Autism Diagnostic Interview-Revised (ADI-R)

The Autism Diagnostic Interview-Revised (ADI-R; Rutter et al., 2003) is a semi-
structured parent interview designed to discriminate autism from other developmental conditions
for individuals with a mental age of two years and older. It consists of 111 questions coded by a
trained examiner and takes approximately 90 to 150 minutes to complete. Three domains are
assessed by this measure including a) language/communication, b) reciprocal social interaction,
and c) restricted, repetitive, and stereotyped behaviors and interests, in addition to an autism
cutoff score. Items are scored on a scale of zero through three, with no impairment to severe
impairment, respectively. Specific items are transferred to a diagnostic algorithm and used to
determine diagnosis. Regarding test-retest reliability, all domains and subdomains have
correlation coefficients between 0.93 and 0.97. Additionally, a study conducted by Pilowsky et
al. (1998) found 86% agreement between the ADI-R and the Childhood Autism Rating Scale
(CARS; Schopler et al., 1988).

Wechsler Abbreviated Scale of Intelligence-Second Edition (WASI-II)

The Wechsler Abbreviated Scale of Intelligence-Second Edition (WASI-11; Wechsler &
Hsiao-pin, 2011) is an abbreviated, norm-referenced measure of cognitive ability for individuals
6 to 99 years of age. It consists of two verbal subtests (i.e., Vocabulary and Similarities) and two
perceptual subtests (i.e., Block Design and Matrix Reasoning). The Vocabulary subtest provides
participants with a series of words, and they must provide the definition, while Similarities
introduces pairs of words and the participant is instructed to identify how the words are similar

(e.g., in what way are grass and trees alike?). During the Block Design subtest, participants are
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provided with multicolored blocks and must construct designs presented to them. Matrix
Reasoning requires participants to identify which item best completes a pattern. Performance on
these subtests yields a Verbal Comprehension Index (VCI), Perceptual Reasoning Index (PRI),
and Full-Scale Intelligence Quotient 2 and 4 (FS1Q-2; FSIQ-4) scores with a mean of 100 and a
standard deviation of 15. Compared to the Wechsler Intelligence Scale for Children, Fourth
Edition (WISC-1V), the corrected correlation coefficients are all above 80% (VCI = 0.84, PRI =
0.82, FSIQ-4-FSIQ =0.91) (Wechsler & Hsiao-pin, 2011). Regarding test-retest reliability, index
scores between the first and second testing have corrected correlation coefficients of 0.85 or
greater for all age groups.

Behavior Assessment System for Children- Second Edition (BASC-2)

The Behavior Assessment System for Children- Second Edition (BASC-2; Reynolds &
Kamphaus, 2004) is a standardized multi-dimensional questionnaire consisting of 150 items that
assess various skills, adaptive behaviors, and challenging behaviors. Self-, parent, and teacher
rating forms are available. For this study, the inattention and hyperactivity t-scores were utilized
as a measure of ADHD symptomology. For these indices, t-scores of 60 to 69 are considered in
the at-risk range while scores of 70 and above are clinically significant. Regarding test-retest
reliability, the child and adolescent median corrected correlation coefficients are 0.84 and 0.81,
respectively. Additionally, compared to the Achenbach System of Empirically Based Assessment
Child Behavior Checklist for ages 6 to 18 (ASEBA; Achenbach & Rescorla, 2000), the corrected
correlation coefficients for attention problems indices, attention problems-ADHD indices, and
Hyperactivity-ADHD indices are 0.75, 0.61, and 0.61, respectively.

MMN task
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Stimuli consisted of pure tones with a standard stimulus of 1,000Hz and a deviant
stimulus of 1,200Hz. The standard stimulus comprised 80% of the stimuli displayed and 20% of
the stimuli were deviant. 1000 trials were presented (800 standards and 200 deviants). The
stimuli were presented in a randomized order with the exception that two deviant stimuli could
not be presented consecutively. Stimulus onset was 600ms, they were presented for 360ms, and
the interstimulus interval was 240ms. All tones were elicited from the dual speakers at 60dB, and
the task took 10 minutes to complete.

During the experiment, participants watched a show or movie of their choice silently with
subtitles. Participants were also instructed to ignore the tones playing in the background. The
purpose of this distractor was to eliminate contamination of the N200 and P300 which are related
to attentive discrimination.

Procedure

This research project was approved by the institutional review board at Syracuse
University and written parental consent was obtained, in addition to assent from child and
adolescent participants. After families provided written consent and assent, participants
completed the ADOS-2 and IQ testing on the first visit while parents completed the ADI-R. For
the one participant who was administered the ADOS-2 Module 4, the revised algorithm
developed by Hus and Lord (2014) was used for scoring. During a second visit, children
completed the experimental tasks, while parents completed the Sensory Profile (Brown & Dunn,
2002), Social Responsiveness Scale, Second Edition (SRS-2; Constantino & Gruber, 2012),
Autism Spectrum Quotient (AQ; Baron-Cohen et al., 2001), and the BASC-2 (Reynolds &
Kamphaus, 2004). Before completing the experimental tasks, the head circumference of each

participant was measured to determine the HCGSN Net size. After the electrode cap was
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adjusted, participants were instructed to get comfortable and to minimize movement including
blinking during the tasks. After receiving instructions, the participant’s electrode cap was then
connected to the amplifier before initiating the tasks. Participants completed a non-speech
oddball paradigm in a sound-insulated room with two speakers, one on their left side and one on
the right of a computer screen. Participants watched a silent movie on an iPad during the
presentation of the MMN task. Participants were paid $10 per hour.

ERP Measurement

Data were collected using a Geodesic SensorNet 128-channel cap and were recorded with
NetStation at a sampling rate of 1,024Hz. Data were filtered between .1-30Hz with a 2"-order
Butterworth filter and were referenced to Cz during data collection. During offline processing,
the data was re-referenced to the average of the mastoids as is common practice for the MMN
(Yamamuro et al., 2016). ERP segments were extracted -50 to 650ms of stimuli presentation.
Baseline corrections were implemented from -50 to Oms and epochs with artifacts of more than
100 microvolts were removed. Visual inspection identified invalid channels to interpolate with
spline interpolation techniques. All post-collection processing and data extraction was performed
using EEGLAB v14.1.2 (Delorme & Makeig, 2004) and ERPLAB v7.0.0 (Lopez-Calderon &
Luck, 2014) toolboxes in MATLAB R2017a.

To isolate the ERP averages are made for the standard stimulus and deviant stimulus for
each participant, and then their MMN waves are averaged, resulting in the grand average. The
grand average of the deviant stimulus was then subtracted from the grand average of the standard
stimulus to calculate the difference wave. This process was completed separately for ASD and

TD groups. In this study, the mean amplitude was utilized as the MMN amplitude measurement.
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Data analysis and figures were completed with SPSS, in addition to the EEGLAB v14.1.2
(Delorme & Makeig, 2004) and ERPLAB v7.0.0 (Lopez-Calderon & Luck, 2014) packages in
MATLAB R2017a. Firstly, three independent two-tailed t-tests were conducted across the
autistic and typically developing groups for MMN mean amplitude, the Attention Problems
index, and the Hyperactivity index. These t-tests included a Welch correction as the autistic and
typically developing groups are not expected to have equal variance. Additionally, six
Spearman’s Ranked Correlations were conducted. Four of the correlations were between the
BASC-2 indices and MMN Mean amplitude within the autistic and typically developing groups.
Given the small sample size of this study, two additional correlations were calculated across

groups (i.e., everyone together; not separated into groups).

Results

Power analyses were conducted for t-tests and Spearman’s correlations. Given the small sample
size of this study, all power analyses indicated inadequate power for these analyses. Regarding
the z-tests, results indicated that to detect a medium effect of .5, given a significance of o = .05
and power = .80, the minimum number of participants required per group is 64, or 128 total
participants. Additionally, for the Spearman’s ranked correlations, to detect an effect size of .3 at
a power of .80 given o = .05, 84 total participants are required.
Outlier Examination

The mean amplitude of one participant in the ASD group was significantly discrepant
from all other participants in the group. Their mean amplitude of —7.99 microvolts is 2.85
standard deviations away from the grand average amplitude of the autistic group. It is important

to address that this participant may skew the results in favor of the autistic group; however, there
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are arguments to include the participant. Firstly, it is unclear if removing this participant would
be unrepresentative of the general autism population. As previously discussed in the introduction,
previous behavioral and ERP studies have identified a subgroup of autistic individuals with
exceptional pitch discrimination. Removing this participant may remove the proportion of the
spectrum that falls within this subgroup as this individual might be more likely to have a genuine
pitch discrimination ability, especially for an ERP component that does not require active
attention or behavioral responses. To assess the role of this participant in the data, data analysis
was conducted while removing and retaining this participant. This did not impact the findings;
accordingly, this participant was retained in the analysis.

It is also important to note that a different participant in the ASD group completed the
MMN task, but their guardian failed to complete the BASC-2. In an effort to include this
participant and preserve the match between groups on age and nonverbal IQ, the mean #-scores
for the Attention Problems and Hyperactivity indices of the autistic group replaced this
participant’s missing data. While mean imputation may be used when minimal values are
missing, it underestimates outliers and given the size of this study’s sample, it is more prone to
the influence of outliers or skewed data (Zhang, 2016).

The grand average MMN amplitude for the autistic group was -2.8054 microvolts and -
1.7246 microvolts for the typically developing group. Based on the results of a two-sample
independent t-test with a Welch correction, there is no statistically significant difference in grand
average amplitude between groups (t(20.61) = -1.51, p = 0.147). This indicates that autistic and
typically developing groups had similar mean amplitudes.

The mean t-score for the Attention Problems index was 61.58 for the autistic group and

49.54 for the typically developing group. There was a strong statistically significant difference in
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mean t-scores between the autistic and typically developing group, as demonstrated by an
independent-samples t-test with a Welch correction (t(23.95) = 3.596, p = .001). While the mean
t-score for the typically developing group is within the average range, the mean t-score for the
autistic group is within the at-risk range. The relationship between Attention Problems t-scores
and MMN amplitude for both groups is displayed in Figure 1.

The mean t-score for the Hyperactivity index was 64.00 for the autistic group and 52.00
for the typically developing group. Based on the results of an independent-samples t-test with a
Welch correction, there is a significant difference in t-scores between the autistic and typically
developing groups (t(19.85) = 2.29, p =.033). Similar to the Attention Problems index, the mean
t-score for the typically developing group was within the average range while the ASD group’s
mean t-score is within the at-risk range. The relationship between Hyperactivity ¢-scores and
MMN amplitude for both groups is displayed in Figure 2.

The first series of Spearman’s rank correlations assessed the relationship between MMN
amplitude and the BASC-2 Attention Problems index within the ASD and TD groups and across
all participants. The results of this analysis suggest that there is not a significant relationship
between Attention problems t-scores and MMN amplitude for the ASD [r (11) =-0.45, p = .13]
nor TD [r (11) = -0.30, p = .32] groups individually; however, there is a significant negative
correlation between MMN amplitude and Attention Problems t-scores across all participants [r
(24) = -0.44, p = .026] with a moderate effect size. In other words, when participants are not
separated into different groups, higher t-scores on the Attention Problems index were associated
with more negative amplitudes.

The second series of Spearman’s rank correlations assessed the relationship between

MMN amplitude and the BASC-2 Hyperactivity index within the ASD and TD groups and
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across all participants. In line with the findings for the Attention Problems index, results do not
indicate a significant relationship between Hyperactivity index t-scores and MMN amplitude for
the ASD [r (11) =-0.40, p=.18] and TD [r (11) = -0.37, p = .22] groups; although there was a
significant negative correlation between MMN amplitude and Hyperactivity t-Scores across all
participants [r (24) = -0.44, p = .026] with a moderate effect size. When participants were not
separated into different groups, higher Hyperactivity t-scores were associated with more negative

amplitudes.

Discussion

Before discussing the results of this study, it is important to note that although symptoms
of hyperactivity, impulsivity, and attentional concerns are core diagnostic criteria for ADHD and
its subtypes, these symptoms are not exclusive to ADHD. Since a comprehensive evaluation was
not conducted to rule out the potential influence of trauma, anxiety, depression, or other co-
occurring conditions/symptomology in this sample, the t-scores for the Hyperactivity and
Attention Problems indices may in part reflect aspects of co-occurring psychopathology. This is
particularly salient given the high proportion of autistic individuals who report experiences of
anxiety, trauma, and depression (Griffiths et al., 2019). Given that this study relies on parent
report, it is difficult to know what behaviors parents are imagining when responding to items on
the BASC-2. Further, it is clear that parent-reported symptoms of hyperactivity and inattention
are not the same as a diagnosis of ADHD. The goals of this study are to begin the process of
understanding the relationship between neural variability in auditory processing among autistic
youth and symptoms of inattention and hyperactivity as a steppingstone to understanding the
impact of the co-occurrence of ADHD and autism on neural processing through future studies

that include participants with autism and no ADHD, autism and ADHD and ADHD alone.
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Despite high rates of co-occurring ASD and ADHD in addition to differences in pre-
attentive auditory processing in both neurodevelopmental conditions compared to the
neurotypical population, minimal research has explored how a dual diagnosis of these conditions
affects auditory processing. The goal of this study is to take a step in this direction by examining
how symptoms associated with ADHD affect the MMN response in autistic and neurotypical
children and adolescents to expand our knowledge on how overlapping/co-occurring
symptomology affects pre-attentive auditory processing, especially in autistic children and
adolescents.

Two research questions were asked: 1) Is there a significant difference in MMN
amplitude between the ASD and TD groups? and 2) How do symptoms of
hyperactivity/impulsivity and inattention independently correlate with MMN mean amplitude for
ASD and TD groups? It was hypothesized that the grand average MMN amplitude for the ASD
group would be attenuated (i.e., closer to zero microvolts) compared to the TD group.
Additionally, it was hypothesized that there would be a negative correlation between the BASC-2
indices (i.e., Hyperactivity and Attention Problems Indices) and MMN amplitude.

The first hypothesis, that the autistic group would exhibit attenuated amplitudes was not
supported. The MMN amplitude for ASD and TD groups did not significantly differ; however,
numerically, the amplitude of the group of children with autism was more negative (i.e., larger
than comparison participants). As previously discussed, the literature is inconsistent with various
studies indicating attenuated amplitudes (Abdeltawwab & Baz, 2015; Dunn et al., 2008), greater
amplitudes (Ferri et al., 2003), or no significant difference for autistic children and adolescents
compared to typically developing peers (Jansson-Verkasalo et al., 2003; Weismuller et al., 2015).

A myriad of factors may account for the discrepancies in the literature including the stimuli used,
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participant age, diagnostic presentation (i.e., DSM-IV classifications vs. DSM-5 classification of
ASD), how amplitude is measured (i.e., mean vs. peak amp), how participants were matched,
and small sample sizes. Here we minimize some of these confounds by matching on nonverbal
IQ, confirming autism diagnoses with gold standard tools, and using measurements that are
based on best practice approaches to ERP analysis (Luck, 2014).

The second set of hypotheses focused on brain-behavior relations with the expectation that
attention and hyperactivity symptoms would be negatively associated with MMN amplitude. In
line with high rates of co-occurrence between ADHD and autism, the ASD group reported
significantly higher levels of attentional concerns and hyperactivity/impulsivity compared to the
control group. Further, the parents of five participants in the autistic group also reported a
previous diagnosis of ADHD on the ADI-R. The key finding of this study is that the amplitude of
the MMN was moderately negatively correlated with both Hyperactivity and Attention Problems
indices on the BASC-2. In other words, higher reported levels of attention problems and
hyperactivity separately are associated with larger (more negative) MMN amplitudes.

Previous research indicates that larger MMN amplitudes are associated with better
discrimination of the deviant stimulus (Pakarinen et al., 2015). Although there was no correlation
between MMN amplitude and either BASC-2 index when participants were divided into the
autistic and control groups, this may have been due to the small sample size of this study. The
power analyses that were conducted revealed that the statistical methods implemented were
significantly underpowered. Doubling the sample size by conducting the analyses across all
participants may have provided a more accurate depiction of the relationship between ADHD
symptomology and auditory processing. When participants were not divided into autistic and

typically developing groups, there was a moderate negative association between MMN
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performance and ADHD symptomology. Given the results of this study, we may infer that higher
levels of attentional concerns and hyperactivity/impulsivity are associated with better pitch
discrimination abilities in children and adolescents.

The findings from this study may have critical clinical applications for understanding the
symptomology and behaviors of children and adolescents with higher levels of
hyperactivity/impulsivity and attentional concerns, without requiring an official diagnosis of
ADHD. For example, this may provide additional insight into distractibility related to auditory
stimuli. Alternatively, there may be a connection between MMN amplitude and inattention as
more cognitive resources are being used for unexpected/background auditory stimuli instead of
the current task at hand such as sustaining one’s attention on an assignment or listening to
instruction. It is also important to note that the results of this study provide evidence that parental
ratings of attentional difficulties and hyperactivity/impulsivity are associated with an ERP
component that is thought to be pre-attentive. Understanding auditory processing in individuals
with higher levels of ADHD symptomology may inform interventions and
classroom/environmental modifications to cater to being respectful of students’ sensory

sensitivities and reduce distractions.

Limitations

Similar to an overwhelming majority of the current literature regarding the MMN in
autism, one significant limitation of the present study is the small sample size. This is a recurring
limitation for research in this area. For example, of the 15 non-speech studies with a frequency
deviant in the meta-analysis conducted by Chen and colleagues (2020), seven of the studies
contained 15 or fewer participants per group. Similarly, Cheng et al. (2015) included six studies

in their meta-analysis and five of the studies contained 14 participants or less per group. A small
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sample size with limited diversity is important to keep in mind when thinking about the validity
and generalizability of the findings. Analyses were underpowered due to the small sample size
and generalization of these findings should be done cautiously.

It is important to note that this study did not account for the role of trait anxiety and its
relationship with MMN performance. Future research in this area should account for anxiety, as
it is a frequent co-occurring diagnosis with autism and previous research has demonstrated that
higher self-reported ratings of trait anxiety are associated with larger (i.e., more negative) MMN
amplitudes (loakeimidis et al., 2023).

Another limitation of this study is related to psychotropic medications. Of the 13 autistic
participants, seven reported current prescriptions and three were prescribed more than one
psychotropic medication. Although most studies examining the effects medications have on the
MMN focus on individuals with schizophrenia and other psychiatric disorders, there have been
findings that psychotropic medications like clozapine and osmotic-release methylphenidate may
affect MMN amplitude (Horton et al., 2011; Sawada et al., 2010). However, it is important to
note that the effects of medications that target dopamine or serotonin should be considered
minimal (Todd et al., 2013).

There were several significant limitations that related to the diversity of the participants
in this sample. The first is that individuals with a PRI of 80 or below were excluded from the
study. Some research indicates that Intellectual Developmental Disorder (IDD) is associated with
attenuated MMN amplitudes and greater N1 latency (Ikeda et al., 2009). This exclusionary
criterion resulted in no representation for a significant portion of the autism spectrum, as recent
prevalence rates from the CDC indicated that 37.9% of autistic children with cognitive testing

available met criteria for an intellectual disability (Maenner, 2023). Additionally, the inclusion of
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individuals with intellectual disabilities brings with it unique challenges to matching participants
as they cannot be matched on both chronological and developmental age. While there are
methodological reasons for excluding individuals with intellectual disabilities, there are also
systemic barriers to their inclusion in this area of research including ableist presumptions and
expected obstacles of completing all the necessary tasks, and the small laboratory where this
study took place had limited resources. Due to this limitation, the results of this study should not
be generalized to autistic individuals with below average cognitive functioning.

Participants in this study also lacked diversity across several other modalities as well.
While the typically developing group had a balanced representation of male and female
participants (i.e., 6 male, 7 female), the autism group consisted of 11 males and only two
females. A male-skewed autism group is consistent with current prevalence rates of ASD being
3.8 times more prevalent in males compared to females (Maenner et al., 2021). Further, this
study sample as a whole contained minimal racial and ethnic diversity. All 26 participants
reported non-Hispanic backgrounds, 25 identified as white, and only one participant identified as
biracial (i.e., white and black). While there are multiple potential barriers stifling the
representation of individuals from diverse backgrounds, a critical systemic barrier is the
technological designs of the tools used. EEG functions by measuring the brain’s electrical
impulses through the scalp; however, the design of most caps is not as effective at establishing
strong connectivity with the scalp for persons with course or curly hairstyles (Krishnan et al.,
2018). While new tools and techniques are being developed, such as Sevo electrodes (Etienne et
al., 2020), the lack of racial and ethnic diversity in psychophysiological research has only

recently been highlighted. To provide context regarding the state of this area of research, of
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studies published in Psychophysiology from 2010-2020, only 17.3% of studies reported racial
and ethnical information of participants (Kissel & Friedman, 2023).

One final limitation regarding the diversity of this sample is the age of participants. In
this study, participants ranged from eight to 16 years of age. Previous research has identified
differences in MMN amplitude/latency in autistic adults compared to children with autism
(Schwartz et al., 2018; Chen et al., 2020). Taken as a whole, the generalizability of this study is

limited given the lack of diversity in cognitive functioning, age, sex, race, and ethnicity.

Conclusions

Together the findings from this study suggest that the overlapping symptomatology of
autism and ADHD may be obscuring findings of early pre-attentional auditory processing in
autism. Future research should further examine the intersectionality of ASD and ADHD-related

symptomology and its relation to MMN.
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Means, Standard Deviations, and Two-Tailed t-Test Statistics for Diagnostic Groups

Variable ASD TD Two-Tailed t-Test
M SD M SD t Sig
Age 129 273 125 252 -0.35 73
Nonverbal IQ (PRI) 111.5 20.63 109.5 10.78  -0.31 .76
Verbal IQ (VCI) 98.54 13.17 116.54 11.22 3.46 .002
Total 1Q (FSIQ-4) 103.69 1495 115.08 10.76 1.93 .07
ADQOS-2 Total 140 3.14 -- -- -- -
ADOS-2 Severity Score 8.08 1.66 -- -- -- --
Attention Problems Index t-Score  61.58  8.35 49.54 8.72 3.40 .001
Hyperactivity Index t-Score 64 16.14 52 9.85 2.29 .033

Adaptive Composite t-Score

32.72 13.08 49.08 8.54 -3.78 .001
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Table 2

Demographic Information and Medication Status of Participants

ASD TD
N N
Sex
Male 11 6
Female 2 7
Ethnicity
Hispanic 0 0
Non-Hispanic 13 13
Race
White 12 13
Biracial 1 0
Medications
Aripiprazole 2 0
Clonazepam 1 0
Clonidine 1 0
Fluoxetine 3 0
Guanfacine 2 0
Methylphenidate 1 0
Risperidone 1 0

Note. Three participants in the ASD group reported multiple current psychotropic prescriptions:
one participant was prescribed guanfacine and aripiprazole, one participant was prescribed

methylphenidate and clonazepam, and one participant was prescribed clonidine and aripiprazole.



Figure 1

MMN Amplitude as a Function of Attention Problems
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Figure 2

MMN Amplitude as a Function of Hyperactivity
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