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Abstract

Children with autism spectrum disorder (ASD) exhibit difficulties processing and encoding
sensory information in daily life. Cognitive response to environmental change in control
individuals is naturally dynamic, meaning it habituates or reduces over time as one becomes
accustomed to the deviance. The origin of atypical response to deviance in ASD may relate to
differences in this dynamic habituation. The current study of 133 children and young adults with
and without ASD examined classic electrophysiological responses (MMN and P3a), as well as
temporal patterns of habituation (i.e., N1 and P3a change over time) in response to a passive
auditory oddball task. Individuals with ASD showed an overall heightened sensitivity to change as
exhibited by greater P3a amplitude to novel sounds. Moreover, youth with ASD showed dynamic
ERP differences, including slower attenuation of the N1 response to infrequent tones and the P3a
response to novel sounds. Dynamic ERP responses were related to parent ratings of auditory
sensory-seeking behaviors, but not general cognition. As the first large-scale study to characterize
temporal dynamics of auditory ERPs in ASD, our results provide compelling evidence that
heightened response to auditory deviance in ASD is largely driven by early sensitivity and
prolonged processing of auditory deviance.
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1. Introduction

Detection of change in the environment is a fundamental element of human perception. Pre-
attentive neural encoding of change mediates the automatic evaluation of incoming
information and reflexively triggers attention to important information in the environment
(Schréger, 1997). As such, disruption to mechanisms responsible for low-level processing of
change may negatively affect attention orienting and environmental adaptation. Evidence
suggests that these key elements of sensation and perception are disrupted among
individuals with autism spectrum disorder (ASD), a neurodevelopmental disorder
characterized by social communication impairments and restricted and repetitive behaviors
and interests, and may contribute to common sensory-related features of the disorder (e.g.,
hypersensitivity, hyposensitivity, sensory-seeking behaviors) (Lane, Young, Baker, &
Angley, 2010). Although auditory hypersensitivity is one of the most commonly reported
sensory processing impairments in ASD (Gomes, Rotta, Pedroso, Sleifer, & Danesi, 2004;
Tomchek & Dunn, 2007), there is evidence that it co-occurs with increased sensory seeking
(Liss, Saulnier, Fein, & Kinsbourne, 2006).

Atypical electrophysiological responses to stimulus change at early stages of sensory
information processing have been reported in ASD and associated with behavioral
symptoms, such as sensory and attention problems (Cui, Wang, Liu, & Zhang, 2016; Keehn,
Mueller, & Townsend, 2013; Orekhova & Stroganova, 2014). The auditory oddball task
(Polich, 2007) is commonly used to assess initial detection and discrimination of an
infrequent (deviant) auditory tone relative to a frequent tone by measuring an
electrophysiological difference component known as the mismatch negativity (MMN)(R.
Né&éatanen, Paavilainen, Rinne, & Alho, 2007). The MMN is measured and computed as the
difference between electrophysiological responses to frequent and deviant stimuli across
frontocentral electrodes approximately 100 — 200 ms post-stimulus onset, overlapping and in
part driven by the N1 subcomponent (Jd&skeldinen et al., 2004). If a stimulus is sufficiently
deviant, such as an unexpected novel stimulus, the MMN is followed by a P3, a frontocentral
positive-going ERP component occurring approximately 250 — 350 ms post stimulus that
represents early attention orienting (Friedman, Cycowicz, & Gaeta, 2001; Polich, 2007).

Over the past three decades, studies of children and adults with ASD have reported atypical
MMN/N1 and P3/P3a/P3b responses to the auditory oddball task (Cléry et al., 2013;
Ceponiené et al., 2003; Ferri, Elia, Agarwal, Lanuzza, Musumeci, & Pennisi, 2003a; Gomot
etal., 2011; Gomot, Giard, Adrien, Barthélémy, & Bruneau, 2002; Jansson-Verkasalo et al.,
2003; Kemner, van der Gaag, Verbaten, & van Engeland, 1999; Kemner, Verbaten, Cuperus,
Camfferman, & van Engeland, 1995; Korpilahti et al., 2007; Kujala et al., 2007; Kujala,
Lepistd, Nieminen-von Wendt, N&aténen, & Natanen, 2005; Lepistd, Nieminen-von Wendt,
Wendt, Naatanen, & Kujala, 2007; Lepistd et al., 2006; Yu et al., 2015). However, discrepant
findings in the literature regarding the timing and magnitude of these responses in ASD have
led to different conclusions about how stages of neural processing diverge from typical
development and how dysfunctional auditory deviance detection relates to behavioral
impairments. All three potential patterns of results have been identified: (1) ASD group
differences suggesting a reduced or hyposensitive ASD response (i.e., smaller amplitudes,
slower latencies) for the MMN (M. A. Dunn, Gomes, & Gravel, 2008; Jansson-Verkasalo et
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al., 2003; Kujala et al., 2005; 2007; Lepisto et al., 2006; Seri, Cerquiglini, Pisani, &
Curatolo, 1999) and P3/P3a/P3b (Courchesne, Kilman, Galambos, & Lincoln, 1984;
Ceponiené et al., 2003; Ferri, Elia, Agarwal, Lanuzza, Musumeci, & Pennisi, 2003b;
Kemner et al., 1995; Lepisto et al., 2006; 2007; 2005); (2) ASD group differences
suggesting enhanced or hypersensitive response (i.e., larger amplitudes, faster latencies) for
the MMN (Ferri, Elia, Agarwal, Lanuzza, Musumeci, & Pennisi, 2003b; Korpilahti et al.,
2007; Lepisto et al., 2006) and P3/P3a/P3b (Ferri, Elia, Agarwal, Lanuzza, Musumeci, &
Pennisi, 2003b; Gomot et al., 2002; 2011; Kujala et al., 2007; Lepisto et al., 2007); and (3)
no group difference between ASD and controls, suggesting intact auditory processing (Dunn
et al., 2008; Kemner et al., 1995). These distinct patterns of results in ASD may reflect
methodological decisions, including stimulus types (i.e., kind of deviance) and task demands
(i.e., passive or active task), but may also be driven by individual differences (e.g., cognitive
abilities, development/maturation).

Critically, an additional gap in the existing research on auditory deviance detection in ASD
is the contribution of dynamic processing across time, specifically habituation or
sensitization of neural responses over the course of the experiment. Discrepancies in the
literature may be explained by atypicalities in this dynamic pattern, with group differences
potentially amplified, attenuated, or washed out entirely depending on the length of the
experimental procedure, the type of deviant stimuli, and the number of ERP trials. Thus, the
current study aims to expand on existing research by characterizing the temporal dynamics
of electrophysiological response to two types of auditory deviance in ASD. The detection of
environmental change requires complex integration of stimulus perception and encoding
within memory and cognitive systems (Johnson, Spencer, Luck, & Schéner, 2009) and this
process evolves over the course of an experiment (Rockstroh et al., 2011). Evidence of
slower neural activation in ASD (Kleinhans, Johnson, & Richards, 2009; Kleinhans,
Richards, Greenson, Dawson, & Aylward, 2015) suggests important differences may be
tethered to dynamic patterns rather than an overall capacity for deviance detection. For
instance, infants at risk for developing ASD exhibited a lack of habituation (i.e., they did not
show decrement of the signal) during an auditory oddball task (Guiraud et al., 2011),
consistent with accounts of atypical sensory processing. Work with school-age children with
ASD similarly demonstrated a lack of habituation (Hudac et al., 2015) or atypically delayed
responses due to sensitization (i.e., increase of signal) (Hudac et al., 2017) in social
perception tasks.

In this study, we aimed to clarify the dynamic nature of auditory deviance detection in a
large, carefully characterized sample of youth with ASD (7 =102) and without (7 =31)
using a passive, auditory oddball task during EEG acquisition. We targeted the temporally
dynamic aspect of discrimination between repeatedly presented “frequent” tones and (a)
rare infrequent” tones (frequency deviance) or (b) unique, non-repeated “novel” sounds
(novelty deviance) by measuring change in ERP response to these deviant sounds over time.
To this end, we examined polynomial (i.e., linear, quadratic) effects of time on the N1
(frequency deviance) and P3a (novelty deviance) over the course of the experiment, as these
ERP components are primary contributors to the averaged MMN and P3a signals. We
anticipated atypical dynamic patterns in ASD would indicate a lack of habituation (Guiraud
etal., 2011; Hudac et al., 2015). Lastly, considering known associations between behaviors
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and sensory sensitivities (Boyd et al., 2010; Boyd, McBee, Holtzclaw, Baranek, & Bodfish,
2009), we examined how individual ERP patterns were associated with sensory-related
behaviors in ASD.

2. Material and methods

2.1. Participants

142 children and young adults age 4-23 years with ASD (N = 108; 22 female) and typically
developing control children (A= 34; 11 female) were enrolled in this study and completed
the EEG session. The final sample of 133 individuals comprises individuals who provided
clean EEG data and characterization details are provided in Table 1. Parents gave written
consent and participants provided written consent or written assent as chronological- and
mental-age appropriate. The local ethical review board approved all research procedures.

All participants received a standard battery of cognitive and behavioral assessments
including the Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999) or the
Differential Ability Scales-Second edition (Elliott, 2007), dependent on participant’s age.
ASD diagnoses based on DSM-5 criteria were confirmed by expert clinician judgment
following gold-standard assessment that included the Autism Diagnostic Interview-Revised
(ADI-R) (Lord, Rutter, & Goode, 1989), the Autism Diagnostic Observation Schedule-2
(ADQOS-2) (Lord, Rutter, & Le Couteur, 1994), and medical history interview. A majority of
the subjects completed the task (94.4% in the ASD group; 97% in the control group). Six
individuals with ASD were excluded from the current analyses for excessive movement
during EEG (n = 2), inability to tolerate EEG net (n= 1), or lack of clinical consensus for an
ASD diagnosis (1= 2). The control group consisted of individuals with neurotypical
development, defined as individuals without any parent reported psychiatric or
neurodevelopmental diagnoses and a lack of features of autism or subclinical concerns on
the Social Communication Questionnaire (Rutter, Bailey, & Lord, 2003) (SCQ; all scores <
8) or clinical concerns on the Child Behavior Check List (Achenbach & Edelbrock, 1983)
(CBCL,; all total T-scores < 65). Following data processing, three control children were
excluded for poor signal quality due to environmental noise (/7= 1), excessive blinks (n= 1),
or excessive movement (7= 1). Table 1 includes artifact-free trial values per group; there
were significantly fewer artifact free trials from the ASD group, A30, 101) = 3.27, p=.0004.
The groups were matched on age and gender proportion (p > .05); however, statistical
analyses (detailed in Section 2.2.4) included an evaluation of the relationship to temporal
dynamics and key individual differences, including age, nonverbal cognition, and amount of
data retained,

2.2. EEG task procedures and processing

2.2.1. Auditory oddball EEG task—Our experimental design was identical to prior
work (Salmond, Vargha-Khadem, Gadian, De Haan, & Baldeweg, 2007). Participants
watched a silent video of a trip to the zoo while passively attending to randomly presented
frequent tones (70%, n=104 trials), infrequent tones (15%, n=78), and novel sounds (15%,
n=78). Frequent and infrequent tones were sinusoid stimuli of either 1000 or 750 Hz,
counterbalanced between subjects. Novel stimuli (e.g., chimes, cricket chirps, drums,
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whooshing noise) were identical to Salmond and colleagues (2007). Participants were given
a short break halfway through the experiment (10-60 seconds). Sounds were presented for
210 ms with a random interval between 550-565 ms between trials and stimuli. A total of
520 stimuli were presented; however, analyses were restricted to the stimuli that followed a
frequent tone in order to equalize the neurophysiological response from the adjacent stimuli
(Woldorff, 1993). Thus, analyses targeted a total of 104 frequent tone trials and 78 trials
each for the deviant conditions. Participants were seated 75 cm from a video monitor
(SmartEye DR 120, 24" widescreen display) and were instructed to sit still and attend to the
videos. Sounds were presented at 65 dB at the child’s midline from Nata 3D speakers.
Stimuli were displayed using E-Prime 2.0 software (Psychology Software Tools, Inc.
Pittsburgh, PA) and the video subtended a visual angle of 14.6° by 28.9°.

2.2.2. EEG recording and preprocessing—Continuous EEG was recorded from a
high-density 128-channel geodesic net using Net Station 4.5.6 software integrated with a
400-series high-impedance amplifier (Electric Geodesics Inc, Eugene, OR). Electrode
impedances were below 50 kohms to maximize signal-to-noise ratio, within the standard
range for high-impedance amplifiers. During acquisition, EEG signals were referenced to
the vertex electrode, analog filtered (0.1 Hz high-pass, 100 Hz elliptical low-pass),
amplified, and digitized with a sampling rate of 1000 Hz; additionally, researchers observed
and marked periods of off-task behavior or behaviors interfering with the EEG signal. The
continuous EEG was filtered offline between 0.1-40 Hz. Segmented epochs extended from
100 ms pre-stimulus onset to 600 ms post-stimulus onset. Epochs marked during acquisition
for improper attention or following automatic artifact detection were removed. Epochs were
re-referenced to the average reference, baseline corrected, and lastly, averaged across epochs
within individual. Temporal windows for ERP components were based upon previous
literature (Naaténen, Tervaniemi, Sussman, Paavilainen, & Winkler, 2001; Opitz,
Mecklinger, Cramon, & Kruggel, 1999; Orekhova & Stroganova, 2014) and visual
inspection of the grand-averaged waveforms (see Figure 1A). Considering maturational
changes across development, preliminary grand-averaged waveforms were generated across
developmental age bins (see Figure SI1) to verify that the temporal windows were
appropriate across age. Peak amplitude and latencies were extracted for the MMN/N1
between 60 and 150 ms and the P3a between 100 and 350 ms for the central medial
electrodes (grand-average difference waveforms in Figure 1A). Examples of single-trial
ERPs are provided in Figure 2.

2.2.3. Auditory sensory behaviors—Sensory behavior abnormalities were assessed in
individuals with ASD via parent report on the Sensory Profile caregiver questionnaire
(Dunn, 1999) or by self-rating on the Adolescent/Adult Sensory Profile self-report (Brown
& Dunn, 2002). Two individuals did not complete this battery and were excluded from these
analyses. ltems targeting behavioral response to auditory stimuli were rated on a 5-point
scale. Self-report scores were transformed such that for both measures higher ratings
reflecting more atypical behavior. Four continuous composites reflecting hyper-reactivity,
hypo-reactivity, sensory seeking and distractibility were generated by averaging ratings
across relevant items, based upon prior work evaluating auditory response behaviors in ASD
(Tomchek & Dunn, 2007; Watling, Deitz, & White, 2001). See Table SI1 for domain items
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and internal consistency. Internal reliability was high within domain (Cronbach’s alpha
range: .74 to .81) and domains were independent of one another (composite correlation
range: r=.34to .55).

2.2.4. Analytic plan—All analyses were conducted via SAS 9.3 (SAS Institute) using
restricted maximum likelihood (REML) and Satterthwaite denominator degrees of freedom.
A series of multilevel models were generated using PROC MIXED procedure to describe the
variances and covariances separately for each ERP component (i.e. MMN, N1, P3a) and
measurement (i.e., amplitude, latency). However, preliminary analyses indicated no
significant group differences in latency; thus, results focused on amplitude measurements.

In order to determine whether the ERP signal was influence by age and by factors related to
known group sample differences (e.g., cognitive abilities, amount of data retained), we
tested a series of preliminary models to determine whether to include covariates for
individual differences. Results indicated partial relevance of age and amount of data
retained, specifically for frequency deviance (see Supplemental Materials for full details).
Critically, no model indicated a significant effect of nonverbal cognition (p’s < .27) and was
this factor was subsequently removed from analyses per best practices (Hoffman, 2007).
Thus, in order to evaluate the effect of ASD over-and-above these individual difference
factors, the final models were generated with fixed effects controlling for age (centered at 12
years) and percent of EEG data retained (centered at 50%).

3.1. Group differences in deviance detection

First, we examined group differences in average discrimination between frequent and
deviant sounds. MMN and P3a amplitude and latency difference components were
computed for each individual within condition. The frequency deviance condition was
defined as the response to infrequent tones minus the response to frequent tones and novelty
deviance as the response to novel sounds minus the response to frequent tones. As shown in
Figure 1, both groups exhibited classic MMN and P3a deviance responses across central
medial electrodes (see Figure SI12; EGI Hydrocel net sensors 7, 31, 55, 80, and 106; EGI
GSN net sensors 7, 32, 55, 81, 107 for n= 3; see Figures SI3 and S14 for waveforms across
the full topography). Difference component values for each group and all multilevel model
group effects are reported in Table 2.

3.1.1. Overall frequency deviance (Pitch MMN & P3a)—Although individuals with
ASD exhibited larger responses to frequency deviance, there were no significant group
differences in frequency deviance (see Table 2). These findings suggest that TDs and
individuals with ASD exhibit comparable ERP responses to auditory frequency deviance.
However, older children exhibited reduced amplitudes for both MMN (A1, 129) = 15.89, p
=.0001) and P3a (A1, 129) = 5.33, p=.023), consistent with prior work suggesting
developmental or maturational shifts toward reduced amplitudes to auditory stimuli with age
(Cheour, H T Leppénen, & Kraus, 2000; V. Mueller, Brehmer, Oertzen, Li, & Lindenberger,
2008; van Dinteren, Arns, Jongsma, Kessels, Roy P. C., 2014). Finally, participants
contributing more data exhibited reduced MMN amplitudes (A1, 129) = 16.21, p< .0001),
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suggesting potential attenuation of the MMN with greater signal-to-noise ratio (i.e.,
regression to the mean)(Barnett, van der Pols, & Dobson, 2005).

3.1.2. Overall novelty deviance (Novelty P3a)—Individuals with ASD exhibited
marginally greater novelty deviance P3a amplitudes than the control group, A1, 129) = 3.51,
p=.063. Neither of the covariates were significant as fixed effects, A1, 129)’s < 0.55, p’s

> .46. These results indicate heightened P3a response to novelty deviance in ASD that is
unrelated to age or cognitive abilities.

3.2. Patterns of dynamic change

The preceding analyses indicate comparable frequency deviance and heightened novelty
deviance, on average, in ASD relative to controls. To address the dynamic manner in which
information is processed, we examined temporal effects of ERP components that are
primary contributors to the difference waveform (see SI5), namely the N1 (frequency
deviance) and P3a (novelty deviance). Amplitudes of N1 and P3a components were
extracted at the trial level (i.e. for each stimulus presentation rather than from averaged
data). See Table 3 for group characterization of amplitude and group difference results.

Intraclass correlations confirmed that a dominant portion (>87.9%; N1, ICC =.081; P3a,
ICC = .121) of the variability was related to within-person fluctuations across trials, as
compared to between-person differences on average. Polynomial effects of time (i.e., linear,
quadratic, and cubic) were sequentially added to an unconditional model with an individual-
level random intercept to determine the shape of change over time. Both the N1 and P3a
components demonstrated significant linear and quadratic effects, A1, 17000)’s > 4.38, p's
< .036, but non-significant cubic effects of time, A1, 17000)’s < .85, p’s > .36. Thus, the
best-fitting model included linear and quadratic terms, reflecting habituation slope and
change in rate over time, respectively. After fitting the final model, frequency and novelty
deviance effects were estimated within group via post-hoc pairwise comparisons at every
tenth trial (e.g., at Trials 10, 20, etc.) using least square differences.

3.2.1. Frequency deviance: N1 temporal dynamics—The temporal dynamics of
frequency deviance were determined by change in the N1 amplitude over time for frequent
and infrequent tone conditions. As illustrated in Figure 3A and Table 4, both groups
exhibited linear and quadratic time by condition interactions, (A1, 17000] = 6.24, p=.013;
A1, 17000] = 5.80, p=.016). These interactions indicated that the N1 amplitude response to
frequent tones did not change over time, either for linear or quadratic slope, p’'s > .15, while
N1 response to infrequent tones showed enhanced initial N1 response followed by
attenuation towards the middle of the experiment. We conducted pairwise comparisons
across condition every ten trials to better describe the timing of condition discrimination
within each group. The ASD group showed frequency deviance from early in the experiment
(trial 10) until trial 60 (p’s < .044). In contrast, the control group only exhibited
discrimination from trial 30 through 50 (o’s < .019). These results suggest that the larger
average MMN response in ASD is related to an earlier sensitivity to and prolonged
processing of infrequent tones compared to frequent tones.
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3.2.2. Novelty deviance: P3a temporal dynamics—Next, we examined novelty
deviance as defined by P3a amplitude change over the course of the experiment, separately
for frequent tones and novel sounds across both groups. The multilevel model indicated
interactions between condition and linear and quadratic time, A1, 1700)= 25.84, p < .0001
and A1, 1700)= 14.75, p=.0001, respectively. Similar to the N1, there was no effect of time
on the P3a amplitude for frequent tones (linear and quadratic term p’s > .16); however, in
response to novel sounds the P3a showed negative linear change reflecting habituation
(Figure 3B and Table 4). Moreover, there was a positive quadratic effect indicating that
habituation to novel sounds decreased in rate toward the end of the experiment (main effect
estimate = .0011, p=.0001). Pairwise comparisons indicated that the control group showed
greater habituation and plateaued more quickly than the ASD group (as reflected by larger
linear and quadratic effects of time; see Table 4). Group differences in novelty P3a
amplitude were significant between Trials 10 and 60 (p’s < .042), suggesting overall group
differences in P3a difference waveform are driven by the more rapid habituation of the
control group.

3.3. Sensory behaviors in ASD

Next, we examined the association between temporal dynamics and severity of sensory
abnormalities in four domains (hyper-reactivity, hypo-reactivity, distractibility and sensory-
seeking). Sensory behaviors were not associated with frequency deviance including the
difference waveform components (MMN/P3a), N1 linear time, or N1 quadratic slope.
However, for the P3a, children with auditory sensory seeking problem behaviors exhibited
atypical P3a amplitude changes over linear and quadratic time, A95) = 5.82, p=0.018 and
H95) = 6.02, p=0.016, respectively. Specifically, sensory seeking children habituated more
slowly than non-sensory seeking children (as noted by a smaller linear time effect) and did
not exhibit a quadratic time effect. For illustration purposes only, we grouped children with
elevated (17=23; SPCQ scores 3, 4, or 5) and with low (n=77; SPCQ scores 1 or 2) sensory
seeking problems to better depict our results (Figure 4).

4. Discussion

We used electrophysiology to capture the temporal dynamics of electrophysiological
response to auditory deviance in a large, well-characterized sample of youth with ASD. Our
results showed that individuals with ASD exhibited enhanced neural responses to auditory
deviance detection overall, suggesting a heightened sensitivity to change relative to controls.
However, closer examination of dynamic change in this ERP component revealed the overall
group difference was actually driven by early sensitivity to and prolonged processing of both
infrequent and novel sounds among individuals with ASD. Of clinical significance, this
pattern of response was further associated with increased incidence of sensory-seeking
behaviors in individuals with ASD. Our data clarify the nature of auditory deviance
processing in ASD and emphasize that factors influencing the dynamic neural response are
critical to accurate evaluation of group differences as well as phenotypic heterogeneity
within ASD.
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The results of the current study imply that the type of auditory deviance is relevant to the
pattern of neural habituation. Specifically, in ASD, we found an early sensitivity to
frequency deviance (i.e. N1 to infrequent tones) but normal early sensitivity to novelty
deviance (i.e. P3a to novel sounds) and slow habituation to both conditions. It is important to
underscore that despite these distinct dynamic patterns, both findings indicated a common
prolonged processing of auditory deviance. Thus, we propose a hierarchical, shared deviance
detection system that is differentially sensitive to tone versus novel category stimuli. This is
consistent with animal literature, in which the macaque brain is understood to engage an
initial network of brain regions (including the auditory cortex, thalamus, and striatum) to
encode deviant stimulus properties, followed by activation of higher-order global processing
regions (Uhrig, Dehaene, & Jarraya, 2014). If this temporal pattern of activation reflects the
monkey homolog to the human MMN/N1 and P3/P3a response (Gil-da-Costa, Stoner, Fung,
& Albright, 2013; Paller, Zola-Morgan, Squire, & Hillyard, 1988), then by extension, our
results may reflect an early enhanced perceptual and subcortical system in ASD (i.e., early
N1 sensitivity) and a potentially more responsive involuntary attention system (i.e., slower
P3a habituation). Additional support for this hypothesis includes evidence of increased
activation within Heschl’s gyrus in response to frequency and duration (i.e., stimuli length)
deviance (Samson et al., 2011), and increased prefrontal and inferior parietal activation
(Gomot, Belmonte, Bullmore, Bernard, & Baron-Cohen, 2008) in response to novelty
deviance.

Unlike prior work reporting superior frequency discrimination in ASD (Bonnel et al., 2010;
Jones et al., 2009), the overall MMN response was comparable in ASD and controls. It has
been proposed that the MMN is elicited within the cerebral cortex by a temporal generator
associated with memory updating and a frontal generator related to attention allocation
(Alho, 1995; Deouell, 2007; Giard, Perrin, Pernier, & Bouchet, 1990; Jemel, Achenbach,
Miiller, & Ropcke, 2002; R. Naatdnen & Michie, 1979). In contrast, the novelty P3a
response is thought to reflect attention orienting (Escera & Corral, 2007; Friedman et al.,
2001), generated by cortical surfaces in cingulate, frontal, and right parietal areas (Tsolaki et
al., 2017; Volpe et al., 2007). In light of our findings, heightened novelty P3a responses in
ASD may reflect increased automatic responsivity of the attention system (i.e., allocation
and orienting), aligned with work suggesting a role for the P3a in involuntary switching of
attention (Ceponiené et al., 2003; K. C. Squires, Squires, & Hillyard, 1975). Alternatively,
the prolonged P3a processing in ASD may reflect increased low-level processing, which
would be consistent with proposals suggesting enhanced low-level perception explains
abnormal sensory behaviors in ASD (Mottron & Burack, 2001; Mottron, Dawson, Souliéres,
Hubert, & Burack, 2006).

One of the main challenges of pinpointing basic cognitive mechanisms is determining
whether patterns are consistent across the wide range of phenotypic heterogeneity in ASD.
Our results indicated that children with sensory-seeking problem behaviors exhibited
particularly slow habituation to novel sounds, aligned with other work linking sensory
abnormalities with deviance responses (Gomot et al., 2011). Our unique strategy reveals that
the origin of ASD differences in deviance detection are less global (i.e., top-down attentional
control), instead, reflecting a deficiency in online, dynamic processing. In fact, children with
atypical sensory behaviors in the absence of social communication deficits exhibit greater
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white matter pathology (i.e., reduced fractional anisotropy connectivity within the splenium
of the corpus callosum compared to controls) than children with ASD (Chang et al., 2014).
Considering the role of the posterior portion of the corpus callosum in somatosensory
integration, our results for the subgroup of individuals with sensory-seeking behaviors and
ASD may indeed reflect reduced network efficiency, or in other words, increased neural cost
of information processing (Poldrack, 2015). Possible implications for this subgroup may be
the inability to properly filter irrelevant perceptual information due to over-extended
processing, critical for higher-order cognitive processes (Shiffrin & Schneider, 1977).

Importantly, our sample included children with extremely low cognitive abilities (i.e., 21 of
102 children with nonverbal 1Q < 50), which is distinct from previous work and addresses a
common limitation in the literature (Jack & A Pelphrey, 2017; Kasari, Brady, Lord, & Tager-
Flusberg, 2013; Schauder & Bennetto, 2016; Tager-Flusberg & Kasari, 2013). Notably,
94.4% of subjects with ASD successfully provided enough data for analysis, underscoring
the overall success of this paradigm and our electrophysiological acquisition procedures,
even in the absence of cognitive reappraisal (Sculthorpe, Ouellet, & Campbell, 2009).
Further, our results indicate the MMN and novelty P3a amplitudes were not related to
nonverbal cognition, consistent with prior ERP and magnetoencephalography studies
(Cantiani et al., 2016; Lepisto et al., 2006; Roberts et al., 2011; Yu et al., 2015). In other
words, children with low cognitive abilities are just as likely to exhibit robust deviance
detection (i.e., condition discrimination). This is in contrast to proposals that associate the
MMN with cognitive decline in other clinical and aging populations (R. N&atanen & Kujala,
2011; R. Né&aténen et al., 2011). It may be the case that differences between children with
low and moderate cognitive abilities would be more evident with more complex speech
sounds, rather than sinusoidal stimuli. For instance, considering recent work linking speech
(consonant) differentiation to cognitive abilities (Key, Yoder, & Stone, 2016) and the present
results, future work should explore whether the temporal dynamics associated with ASD
speech perception are also related to intellectual disability.

There are several important limitations to acknowledge. First, although our experimental
design was identical to Salmond and colleagues (2007), the number of stimuli used in this
paradigm (520 trials) is low compared to other passive, non-speech auditory oddball ERP
studies (>1000 trials). It is possible that the opportunity for afnd subsequent inclusion of too
few trials improperly biased the ASD results towards a pattern of longer deviance
processing. However, it is notable that several longer paradigms found an enhanced ASD
response similar to our results (Ferri, Elia, Agarwal, Lanuzza, Musumeci, & Pennisi, 2003b;
Gomot et al., 2011; Yu et al., 2015). In addition, our participants included children and youth
from across a wide age range that encompasses varying stages of brain maturation. The
temporal windows chosen for the MMN/N1 and P3a components were consistent across
developmental age bins (see Figure SI1), yet future work should continue to evaluate
individual differences in component latency.

5. Conclusions

In sum, this is the first large-scale study to characterize the temporal dynamics associated
with deviance detection in individuals with ASD. We find that individuals with ASD exhibit
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a heightened response driven by early detection of frequency deviance (i.e., tone
discrimination) and reduced habituation (i.e., prolonged processing of deviance) in response
to novel sounds. Our results contribute an important link between the dynamic nature of
neural responses and sensory abnormalities, specifically sensory-seeking behaviors. This
work will further advance our understanding of the mixed findings and heterogeneity of
deviance detection in ASD and generate a foundation for future work targeting the process
by which individuals with ASD perceive changes in a perpetually dynamic world.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
Children with ASD exhibit increased ERP responses to auditory changes.

Temporal dynamics indicate earlier and prolonged detection of auditory
deviants.

Individual differences are related to sensory-seeking problems in ASD.
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Figure 1. Overall group differences in frequency deviance (left column) and novelty deviance
(right column)

Panel A: Grand-averaged difference waveforms for individuals with (ASD; grey, dashed)
and without ASD (Control; black, solid). Panel B: Topographic voltage distributions scaled
between -2 uV (blue) and 2 pV (red). Panel C: Group averages with standard deviation
noted by error bars. Asterisk highlights significant group difference (p <.05) in model
controlling for age, nonverbal cognition, and amount of data retained.
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Figure 2. Examples of single-trial waveforms

Page 19

Single-trial waveform values are presented as thin black lines. The thick colored line is the
individual child’s grand-averaged waveform for Novel (red, Panel A) and Infrequent (blue,
Panel B) conditions. Control children and ASD children 1 and 2 have nonverbal cognition

scores > 80. ASD children 3 and 4 have nonverbal cognition scores of 54 and 26,

respectively.
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Figure 3. Dynamic patterns of group-averaged amplitude for N1 and P3a
Group amplitude patterns are presented over time (i.e., experiment trial order) for N1 pitch

deviance (top, Panel A) and P3a novel deviance (bottom, Panel B) for frequent tones (black),
infrequent tones (blue), and novel sounds (red). Shading around the line represents a 95%
confidence interval. Asterisks under the x-axis indicate within-group significant condition
differences, p’s < .05. The grey inset box highlights the portion of the experiment in which
novel amplitude is significantly greater for ASD relative to TYP, p’s < .05.
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Figure 4. Dynamic patterns of P3a amplitude for children and young adults with ASD with and

without sensory seeking behaviors

Amplitude patterns are presented over time (i.e., experiment trial order) P3a novel deviance
for frequent tones (black) and novel sounds (red). Shading around the line represents a 95%

confidence interval.
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Linear and quadratic patterns of dynamic change of peak amplitude

Linear time reflects the change in slope (UV per ms). Quadratic time reflects the rate of slope change.

Component Term  Condition  Control ASD
N1 Linear Frequent 0.034 -0.01
Infrequent -0.043 -0.033
N1 Quadratic Frequent -0.0003 0.0001
Infrequent 0.0006 0.0006
P3a Linear Frequent 0.03 0.006
Novelty -0.121 -0.084
P3a Quadratic Frequent -0.0002 ~0
Novelty 0.0014  0.0008
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