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Abstract
Background

Sensory differences are included in the DSM-5 criteria of autism for the �rst time, yet it is unclear how
sensory behaviors are related to neural indicators of perception. We sought to disentangle this complex
relationship by studying early brain signatures of perception using event-related potentials (ERPs) and
examining their relationship to sensory overresponsivity and autistic traits.

Methods

Thirteen autistic children and 13 Typically Developing (TD) children matched on chronological age and
nonverbal IQ participated in a passive oddball task, in which P1 habituation and P1 and MMN
discrimination were evoked by pure tones. ERPs were compared between groups, and correlations were
conducted between ERPs and autistic traits and sensory features.

Results

Autistic children had marginally enhanced neural discrimination and reduced habituation to auditory
stimuli compared to the TD group. Better P1 and MMN discrimination and lower P1 habituation
corresponded with more autistic traits. Further, the MMN component, but not P1 components, mapped on
to sensory overresponsivity.

Limitations

Stimuli in the oddball paradigm were not counterbalanced in their presentation as standards or deviants,
and participants were not directly asked about their reactions to the auditory stimuli, which would be
advantageous in determining whether appraisal of stimuli moderates neural response. The sample size is
small and warrants replication.

Conclusions

Signi�cant correlations between auditory ERP components and autistic traits, even when group
differences were not present, suggests bene�ts to taking a more dimensional approach to autism than
using strictly categorical methods. Our �ndings highlight the signi�cance of temporal and contextual
factors in neural information processing as it relates to autistic traits and sensory behaviors.

1. Background
Autism is a neurodevelopmental disorder that affects 1 in 54 children 1 and is characterized by persistent
de�cits in social communication and interaction, and the presence of restricted, repetitive patterns of
behavior, interests, or activities (RRB) 2. Since the publication of the DSM-5, the RRB criterion of autism
includes, for the �rst time, a focus on sensory differences. While not a diagnostic feature, there is also
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mounting evidence that perception, the interpretation of sensory stimuli, is better or enhanced among
autistic individuals across most sensory modalities 3,4. Enhanced perception in autism includes superior
visual discrimination 5, enhanced low-level auditory perception 6,7, lower thresholds for vibrotactile
stimulation 8,9, and enhanced olfactory perception10.

Evidence is beginning to suggest that perception may be related to sensory differences in autism. In one
example, McKernan et al. 11 found that sensory overresponsivity, de�ned by atypical responses to
sensory stimulation that may include very rapid and intense responses, or prolonged and lasting
responses 12, predicted enhancements in tactile discrimination in autistic individuals. However, whether
this �nding extends to different sensory modalities (e.g., audition) and measurement types (e.g.,
neurophysiology) is unknown. The relationship between sensory overresponsivity, or hyperreactivity, and
enhanced perception is complicated, as sensory overresponsivity is generally endorsed by parents as
re�ecting behavioral challenges (e.g., children putting their hands over their ears in response to loud
sounds), whereas enhancements in perception are often seen as a source of strength in autism 13–15.
Understanding whether and how sensory behaviors relate to enhanced perception could provide
connections linking these disparate areas of study and could have implications for intervention and early
diagnoses as both facets are early emerging and predictive of autism 16–18.

One way to disentangle the complex relationship between perception and sensory features in autism is to
look at brain signatures that remain as close as possible, temporally, to the sensory input being
processed and map these onto sensory behaviors and autistic traits 3,19. Speci�cally, event-related
potentials (ERPs), with their millisecond temporal resolution, allow for the examination of two early
stages of neurophysiological processes that have been considered atypical in autism and re�ective of
enhanced perception: discrimination and habituation. Discrimination is the process by which the brain
determines that two stimuli differ. It is elicited experimentally using ERPs by comparing the brain’s
response to a novel stimulus embedded at low rates in the context of a common repetitive stimulus and
is commonly measured by the Mismatch Negativity component (MMN) 20,21. In contrast, habituation
re�ects the attenuation of an organism’s response to a stimulus after repeated exposure and is
commonly measured by comparing the neural response to two successive repetitive stimuli using clicked-
evoked paradigms 22.

Discrimination and habituation in autism have been measured behaviorally using psychophysical
procedures 6,23,24, and neurophysiologically using ERPs 21,25 and fMRIs 26,27 across different sensory
modalities and stimulus characteristics (e.g., frequency, duration, intensity). When measured using
behavioral or psychophysiological measures in the auditory domain, enhanced discrimination and
attenuated habituation are observed in autistic individuals 6,19,25,28−31 but these �ndings have not been
consistently replicated, likely as a result of differences in measurement, participants’ ages and cognitive
abilities. Discrepancies may also re�ect the heterogeneity of autism, highlighting the probable presence
of individual differences 22,25,32−37. For example, using fMRI methodology, Green et al. 38 found that over
the course of 15-seconds of simultaneously presented auditory (i.e., tra�c noises) and tactile stimuli (i.e.,
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scratchy wool), 9 to 17-year-old autistic participants with average IQ habituated less than age and IQ
matched typically developing (TD) participants. Decreased habituation was evidenced by both enhanced
activation in the amygdala and somatosensory cortices, as well as slow, inconsistent decreases in
activity over time. This �nding was particularly true for autistic participants and sensory overresponsivity,
which was measured by the Sensory Over-Responsivity (SensOR) 39 scale and speci�c, modality
independent, items from the short Sensory Pro�le 40. In contrast, the neural activation of the TD
participants quickly and consistently decreased over time. These �ndings indicate that at least a subset
of autistic individuals with higher levels of sensory overresponsivity may also demonstrate altered
habituation and discrimination, though given the poor temporal resolution of fMRI, it is di�cult to know
when in the information processing chain these differences emerged.

Together these �ndings raise the possibility that early neural indicators of sensory processing might be
important to our understanding of the relation between sensory perception and sensory behaviors in
autism. However, to-date, ERP studies have generally measured discrimination using components (e.g.,
P3, MMN) that occur 200 to 300ms after the stimuli are presented and compare these to
neurophysiological indices of habituation occurring much earlier (e.g., P50). In the present investigation,
we examine brain signatures of discrimination and habituation as close as possible, temporally, to the
sensory input being processed. To achieve this goal, we leverage a simple and common auditory oddball
paradigm in which two trains of stimuli are interleaved, with one being presented 80% of the time (the
standard) and the other presented 20% of the time (the oddball). Preliminary studies provide promising
data for studying habituation in the context of the oddball paradigm by comparing responses to
successive standards at the P1 19 or P150 25. Discrimination can be measured in the oddball paradigm
by comparing standards and deviants via the MMN. In addition, difference between standards and
deviants can also be seen earlier, at the P1, but to our knowledge, this early modulation, which occurs in
the same timeframe as the measure of habituation, has never been examined beyond infancy 25.

Because components with earlier latencies are considered representative of more passive, automatic
processing, and later components re�ect more cognitive processing 41, examining the P1 in addition to
the more traditional MMN provides an assessment of more automatic discrimination and could thus be
useful in clarifying the links between sensory perception and sensory behaviors in autism 42. Accordingly,
we focus on the early P1 ERP component for habituation, and both the early P1 and later MMN
component for discrimination in the same group of autistic children and typically developing children.
Further, we examine how these ERP components relate to parent-reported sensory behaviors as well as to
autistic traits more broadly for both the TD and autistic participants to elucidate preliminary links
between brain and behavior. Only one study to date correlated perception – measured by P1 habituation
and MMN discrimination – with the Sensory Pro�le, speci�cally focusing on the sensory sensitivity
quadrant 19. They found that TD children (but not autistic children) with larger MMNs had less parent-
reported sensory sensitivity and that those who habituated less had more typical auditory sensory
registration. However, the authors did not match on, nor covary for IQ in their study, and the autistic group
had signi�cantly lower IQ than the comparison group (see publications by Russo and Burack 43–45 for a
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thorough review of the importance of matching). This is problematic for determining whether differences
are related to autism or to IQ, and is particularly relevant to studies of auditory processing in autism, as
many studies have found that autistic participants with higher IQ often exhibit better discrimination
23,29,31.

Studying differences in neurological sensory processing at the group level, and analyzing individual
differences within and across groups as they relate to behavioral indices of autism and sensory
processing is key to uncovering broader developmental principles that tie sensation, perception, and
autistic features together irrespective of diagnostic label 46. Here, we take a step towards this goal by
correlating electrophysiological measurements of sensory perception with parent-reports of children’s
autistic traits, measured by the Autism Spectrum Quotient (AQ), and sensory overresponsivity using a
subset of relevant items from the Sensory Pro�le 11,38. Our aims are to (1) determine if there are
differences in ERP markers of habituation and early and late discrimination between autistic and TD
children that are matched on age and IQ, (2) determine how autistic traits and sensory overresponsivity
relate to early and late neurophysiological indicators of discrimination and habituation, and (3)
investigate the relationships between ERP components of discrimination and habituation.

2. Methods

2.1. Participants
Thirteen autistic children (2 females, 11 males) and 13 TD children (7 females, 6 males) participated in
the study. Autistic and TD children were matched on the basis of chronological age (TD: M = 12.53, SD = 
2.53; Autism: M = 12.81, SD = 2.63) and nonverbal IQ (TD: M = 109.46, SD = 10.78; Autism: M = 110.00, SD 
= 20.48) measured by the Perceptual Reasoning Index (PRI) of the Wechsler Abbreviated Scale of
Intelligence Second Edition (WASI-II 47). Autism diagnoses were con�rmed by the Autism Diagnostic
Observation Schedule Second Edition (ADOS-2 48) and the Autism Diagnostic Interview-Revised (ADI-R 49)
in conjunction with DSM-5 criteria and clinical judgment. All autistic participants met the cut-off for
autism as de�ned by a total score of 7 or higher on the ADOS-2 module 3 (n = 12), and 8 or higher on
module 4 (n = 1), as well as clinical judgment. TD participants were those with no other psychological
diagnosis. Participants were excluded if they had an IQ below 80 on the WASI-II, or if they had a history of
epilepsy, neurological, genetic, psychiatric, or learning disorders. Two autistic participants attempted the
auditory oddball task but could not tolerate the stimuli and so the recording was suspended; data from
these participants were not included in analyses.
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Table 1
Participant Characteristics

Component TD

M (SD)

ASD

M (SD)

t Sig

(2-tailed)

Age 12.53 (2.53) 12.81 (2.63) -0.28 0.78

Nonverbal IQ 109.46 (10.78) 110.00 (20.48) -0.08 0.93

ADOS Severity Score --- 8.08 (1.66) --- ---

Autism Quotient 15.08 (7.16) 34.00 (8.88) -5.98* < 0.001

Sensory Overresponsivity 11.83 (9.50) 23.83 (8.26) -3.30* < 0.01

Note. Sensory Overresponsivity was calculated using items from the Sensory Pro�le.

† p < 0.1, * p < 0.05 signi�cance

2.2. Stimuli & Procedure
Experimental task. The passive oddball paradigm consisted of 1000 trials of pure tones, of which 80%
were standards and 20% deviants, 1200 Hz and 1000 Hz, respectively. Stimuli were presented in random
order with the exception that two deviants were not played consecutively. The stimulus-onset asynchrony
was 600ms, with each sound presented for 360ms with an inter-stimulus interval (ISI) of 240ms.
Participants were seated in a sound-insulated room, and stimuli were presented via two speakers placed
to the left and right of the computer screen at an intensity of 60 dB sound-pressure level. A visual
distraction task was used, in which participants were instructed to watch a silent subtitled movie or
television show of their choice, while ignoring the sounds, as these are optimal conditions to eliminate
other cognitive components (e.g., the N200 and P300) that are active during attention 50.

Procedure. The study was approved by the local Institutional Review Board, and all parents and children
signed consent and assent forms, respectively, prior to taking part in the study. Participants were
compensated $10 for every hour of participation. All participants had their hearing evaluated at the
Pediatric Audiology Laboratory at Syracuse University. Participants completed the audiological
evaluation and EEG assessments in counterbalanced order. The audiology assessments included
otoscopy, behavioral audiometric threshold evaluation from .25 − 8 Hz, including inter-octaves 3 and 6
kHz, distortion product otoacoustic emissions (DPOAEs) from 1.5-8 kHz (f2:f1 = 1.22; L1:L2 = 10 dB; L2 = 
55 dB SPL) transient click evoked otoacoustic emissions, and wide band absorbance. In cases when
standard behavioral audiometric testing could not be completed, conditioned play audiometry was
utilized. Hearing was considered to be normal if the behavioral thresholds were < 25 dB HL. Following the
hearing evaluation, speech and click evoked auditory brainstem responses were recorded monaurally and
binaurally from each participant. Speech evoked auditory brainstem responses were collected to a 40 ms
/da/ stimuli at 63 dB nHL and click evoked ABR were evoked using a 100 µs click at 70 dB nHL (though
are not presented here).
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While the children participated in the experimental tasks, their parents �lled out the Sensory Pro�le 40 and
the Autism Spectrum Quotient (AQ 51). Participants completed the WASI-II and ADOS-2 at a separate lab
visit.

2.3. Measures
Sensory Pro�le 40. The Sensory Pro�le is a 125-item questionnaire completed by a parent that measures
the extent to which sensory processing contributes to children’s behavior. While not a speci�c scale on the
Sensory Pro�le, based on the work of others 38 we calculated a sensory overresponsivity composite from
the sum of 14 items that capture tactile sensitivity, auditory �ltering, and visual/auditory sensitivity (see
McKernan et al. 11 for speci�c items). Items were reverse scored, such that higher scores indicate more
sensory overresponsivity.

The Sensory Pro�le has good internal consistency using Cronbach’s alpha, with subscale coe�cients
ranging from 0.47 to 0.91 40. There is preliminary evidence of content and construct validity, as well as
convergent and discriminant validity, evidenced through its comparison with the School Function
Assessment and through differentiating among diagnostic groups (e.g., differentiating autistic from TD
children 40,52).

Autism Spectrum Quotient (AQ 51,53). Three forms of the AQ were administered depending on the
participant’s age; the parent-report Child AQ for ages 4–11, Adolescent AQ for ages 12–15 53, and the
self-report Adult AQ for participants 16 and older 51. All questionnaires contain 50 items, with item
content consistent across forms, but adapted for the developmental level. Items (e.g., “s/he often notices
small sounds when others do not”) are rated on a 4-point scale from “de�nitely agree” to “de�nitely
disagree”, with approximately half of items reverse-scored. Items on the AQ were collapsed across the 4
response options and dichotomously scored (i.e., 0 and 1) to get a total AQ score range of 0 to 50 51(p),53,
with higher scores indicating a higher presence of autistic traits, including poor social skills, poor
communication skills, poor imagination, exceptional attention to detail, and poor attention-switching. A
score of 32 or higher is highly predictive of autism. The total score was used in this study as a measure
of autistic traits.

Evidence of validity for the AQ includes its predictive ability to identify who receives an autism diagnosis
in clinics and good discriminant and convergent validity 54. The AQ also has good test-retest and
interrater reliability 51.

Wechsler Abbreviated Scale of Intelligence, Second Edition (WASI-II; Wechsler, 2011). The WASI-II is an
abbreviated measure of cognitive intelligence for individuals 6 to 90 years of age. For this study autistic
participants were matched with typically developing participants using the Perceptual Reasoning (PRI)
domain of the WASI-II, a measure of nonverbal IQ. The PRI is composed of two subscales that include
block design and matrix reasoning.

2.4. Recording and Analysis of ERP Waveforms
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ERPs were recorded with a high-density 128-channel Geodesic SensorNet using the NetStation platform,
and a sampling rate of 1024 Hz. Data were �ltered between .1 Hz and 30 Hz using a Butterworth �lter,
referenced to Cz during acquisition. Data were re-referenced to the mastoids during o�ine processing,
and ERP segments were extracted − 50 to 650ms centered around the stimulus onset. Data were baseline
corrected from − 50 to 0ms. After epochs containing artifacts greater than 100 microvolts (µV) were
removed, ERP waves were visually inspected, and bad channels were interpolated using spline
interpolation techniques 55. Post-acquisition processing and data extraction were completed using the
EEGLAB v14.1.2 56 and ERPLAB v7.0.0 57 toolboxes in MATLAB R2017a.

The ERP trials for each individual were sorted into four bins that allowed for the measurement of
habituation and discrimination. These included: (1) 1st standard, which re�ects the ERPs time locked to
the onset of the �rst standard following a deviant; (2) 2nd standard, which re�ects the ERPs time locked
to the onset of the second standard following a deviant (Fig. 1A); (3) all standards and (4) all deviants.
Trials were averaged for each participant for each bin. For group-based comparisons, separate grand
averages were computed for the TD and autism participants, while for the individual difference analyses,
the data were not collapsed by group.

P1. To determine the time window for measurement of P1 amplitude, the ERPs evoked by the standard
and deviant stimuli were averaged together and collapsed across groups in order to identify one time
window that does not rely on our dependent variables, namely condition and group (Russo et al., 2010).
The peak amplitude of the resultant waveform was measured and a 50ms window was created around
that peak. The P1 peak of the averaged waveform occurred at 96ms, and accordingly, the P1 amplitude
was measured as the mean amplitude between 71 and 121ms at the FCz electrode (number 6 in EGI
layout). P1 peak latency was calculated in individual waveforms as the positive peak from 50 to 150ms
at the FCz electrode. This wider range was used to capture variability in P1 latencies and to enhance
speci�city for the analysis of individual differences 59.

P1 habituation was calculated by subtracting each participants’ averaged 2nd standard waveform from
the average waveform to the 1st standard. Similarly, P1 discrimination was calculated by subtracting the
average waveform evoked by all standard stimuli from that evoked by the deviant stimuli for each
participant. On the basis of these difference waves, mean amplitudes and peak latencies were calculated.

MMN. The MMN was calculated by subtracting each participant’s deviant waveform from their standard
waveform, and the average latency was identi�ed when waveforms were collapsed across participant
groups. Based on research indicating that the MMN typically peaks from 150 to 250ms post-stimulus,
with maximum amplitude in the fronto-central midline 20,21, MMN was measured as the mean amplitude
of the most negative peak in that range at the FCz electrode. The amplitude of the MMN peak was − 2.58
µV, which occurred at a latency of 176ms. Consequently, MMN amplitude was measured as the mean
amplitude between 126 to 226ms, a 50ms range around the peak latency. Whereas peak latency is often
appropriate for small distinct early components such as the P1 60,61, the fractional-area latency method
was chosen to measure latency in the MMN because this method is considered to be more reliable and
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less sensitive to noise than peak latency, especially for large components 20. Fractional-area latency was
measured as the time in milliseconds at which 50% of the area under the curve has been accrued,
capturing the latency of the negative peak between 126 and 226ms.

3. Results
Data were analyzed and graphed using IBM SPSS Statistics for Windows, version 26, and EEGLAB
v14.1.2 56 and ERPLAB v7.0.0 57 toolboxes in MATLAB R2017a.

3.1. Hearing
Audiological results from four participants were considered to be outside the range of normal. In one
participant who was TD, the behavioral threshold at .250 kHz was 25 dB HL and in one autistic
participant, the behavioral threshold at 8 kHz was 25 dB HL. One participant who was TD had abnormal
middle ear function in the left ear and elevated thresholds at 2,000 and 4,000 Hz, and one autistic
participant had abnormal middle ear function in the left ear and elevated thresholds at 250 Hz and 6,000
Hz. The data from these participants were included in the analysis because none of these participants
had elevated thresholds at the frequencies of the stimuli and their ERP waveforms did not deviate from
group norms. The rest of the participants had normal hearing, distortion product and transient evoked
otoacoustic emissions, and wideband absorbance.

3.2. ERP Descriptive Information
Grand average waveforms comparing the 1st (solid line) and 2nd (dotted line) standard for the TD (black
lines) and the autistic (grey lines) participants are presented in panel A of Fig. 1. Panel B illustrates grand
averages for the TD (black lines) and autistic (grey lines) participants for standard (solid lines) and
deviant (dotted line) stimuli. In both panels A and B, there is a clear positive P1 peak around 100ms
(indicated by the arrow). Grand average differences waves of standards and deviants for the TD (black
lines) and autistic (grey lines) participants are presented in panel C. A negativity was noted between 150
and 250ms re�ecting the typical time course and morphology of the MMN 21. While not in our original
hypotheses, visual inspection of the MMN latency appeared to differ by group and was thus included in
our analyses post hoc. Approximately 26% of each trial type were rejected. The average number of
accepted trials per participant were 744, with 613 standards, 131 deviants, 130 1st standards, and 103
2nd standards. The number of accepted trials did not differ by group (p = .90).

Figure 1. Response-locked ERP waveforms at the FCz electrode site for Autism Spectrum Disorder (ASD)
and TD children during the oddball task, corresponding to (A) P1 habituation, comparing the 1st to 2nd
successive standard, (B) P1 discrimination, comparing the standard to the deviant stimuli, and (C) MMN
discrimination from subtracting the standard from the deviant grand average waveforms.

3.3. Group Differences in sensory responsivity, P1
Habituation and P1 and MMN Discrimination
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As expected, AQ scores and sensory overresponsivity scores extracted from the Sensory Pro�le were
signi�cantly higher for the autism group than the TD group, indicating higher autistic traits and more
intense and/or prolonged responses to sensory stimulation (see Table 1).

As depicted in Table 2, independent samples t-tests were conducted between autism and TD groups for
(1) P1 habituation, (2) P1 discrimination, and (3) MMN discrimination.

Table 2
Independent Samples T-test, comparing ASD to TD participants (df = 24)
ERP Amplitude TD

M (SD)

ASD

M (SD)

t Sig

(2-tailed)

P1 habituation 0.92 (1.19) -0.71 (1.76) 2.76* 0.01

P1 discrimination -0.40 (1.04) -1.23 (1.34) 1.76† 0.09

MMN discrimination -1.72 (1.41) -2.81 (2.17) 1.51 0.15

† p < 0.1, * p < 0.05 signi�cance

Autistic participants habituated to successive stimuli signi�cantly less than TD participants. In fact, while
the TD participants habituated as expected, as evidenced by a larger P1 amplitude to the 1st standard
relative to the 2nd standard, the opposite pattern occurred for the autistic participants, with the amplitude
of the P1 to the 2nd standard being higher than the amplitude of the P1 to the 1st standard (Fig. 2).
Autistic participants discriminated marginally, though not signi�cantly, more than TD participants at the
P1 component (Fig. 2) when standards were contrasted with deviants. There were no differences in
discrimination for the MMN component, but autistic participants had marginally, though not signi�cantly,
earlier MMN latencies than TD participants.

Figure 2. P1 habituation (amplitude of 1st minus 2nd standard) and P1 discrimination (amplitude of
deviant minus standard) analyzed by group (95% CI).

3.4. Relation between Early and Later Processing of
Discrimination
We hypothesized that the P1 discrimination and the MMN, would be correlated with one another, as they
both measure discrimination. Conversely, we anticipated that dissimilar constructs (habituation and both
discrimination measures) would not be correlated. Given that the P1 discrimination measure has not
been previously used in the literature this would provide some assurance of the validity of this novel
measure. P1 habituation was not signi�cantly correlated with the MMN (r(24) = 0.28, p = .17), nor was P1
discrimination correlated with P1 habituation (r(24) = 0.22, p = .29). In contrast, P1 discrimination
correlated highly with the MMN discrimination (r(24) = 0.64, p < .001), as illustrated in Fig. 3. Interestingly,
and exploratorily, when analyzed by group, in TD participants, P1 discrimination was highly associated
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with MMN discrimination (r(11) = 0.82, p = .001), but only marginally, and not signi�cantly, associated
with the MMN discrimination for autistic participants (r(11) = 0.49, p = .09).

Figure 3. A signi�cant positive correlation between the MMN amplitude and P1 discrimination amplitude.

3.5. Correlations between Autistic Traits and P1 Habituation
and P1 and MMN Discrimination
Preliminary correlations were conducted with age and PRI to determine whether these should be covaried.
For the MMN only, latency was correlated with age (r(24) = -0.40, p = .05) indicating that older children
had earlier MMN latencies. Age was thus controlled for in correlations centered on MMN latency.

Total scores on the AQ were signi�cantly correlated with several measures that included P1 habituation
amplitude (r(24) = -0.38, p = .05), P1 discrimination amplitude (r(24) = -0.38, p = .06), and MMN
amplitudes (r(24) = -0.49, p = .01). Overall, higher autistic traits were associated with decreased (or
reversed) habituation (Fig. 4A) as well as greater (early and late) discrimination (Fig. 4B).

Total AQ scores were also correlated with P1 and MMN latencies such that those with higher AQ scores
had later P1 discrimination latencies (r(24) = 0.41, p = .04) but marginally earlier MMN latencies (r(24) =
-0.36, p = .08). The latency of P1 habituation was unrelated to autistic traits.

Table 3
Correlations between measures of autistic traits and P1 and MMN Amplitudes

  P1 habituation P1 discrimination MMN discrimination

Autism Quotient -0.38* -0.38† -0.49*

Sensory Overresponsivity -0.15 -0.32 -0.49*

Note. Sensory Overresponsivity was calculated using items from the Sensory Pro�le.

† p < 0.1, * p < 0.05 signi�cance

Whereas P1 indices of habituation and discrimination did not correlate with sensory overresponsivity,
higher MMN amplitude was signi�cantly associated with higher sensory overresponsivity (r(22) = -0.49, p 
= .02) (Fig. 4C).

Figure 4. Correlations between the AQ and A) P1habituation amplitude and B) MMN amplitude, and C)
between Sensory Overresponsivity and the MMN, by group.

4. Discussion
The goals of the current study were to test for group differences between neural measures of habituation
and discrimination between TD and autistic children, and to assess the relationship between
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neurophysiological indicators and parent-reported autistic traits and sensory features as a means of
bridging the gap between our understanding of sensation and perception and behavior and brain in
autism. Our main �ndings were that neurophysiological indices of habituation measured in the �rst
100ms of processing differed between autistic and TD children. While TD children showed the
anticipated pattern of decreases in neuronal response between the �rst and second presentation of a
stimulus in sequence, autistic children of the same age and cognitive ability showed the opposite pattern
of having a greater neural response to the second of two stimuli. For discrimination, marginally
signi�cant group differences were noted between those with and without autism within the �rst 100ms of
processing such that autistic children of the same age and cognitive ability as the TD children had a
greater difference in their neural responses to standards and deviants than TD peers. With respect to
brain and behavior relationships, we found that habituation amplitude was inversely related to autistic
traits and that individual differences in amplitudes of the MMN were linked to both autistic traits and to
sensory overresponsivity, with greater discrimination being linked to both higher traits and higher
overresponsivity as measured by parent report. While exploratory, we also found that P1 and MMN
indices of discrimination were highly correlated in TD children and were decoupled, or uncorrelated, in
autistic individuals. Together, these �ndings suggest the presence of early neurophysiological differences
in auditory processing that indicate enhanced discrimination and decreased habituation in autism and
that these map on to autistic features.

4.1. P1 Habituation
Habituation measured in the �rst 100ms of processing differed signi�cantly between autistic and TD
children, which is consistent with literature measuring habituation during an oddball paradigm 19,25,28.
However, sensory gating studies that are more traditionally associated with habituation �nd either no
differences 32, or reduced P50 gating in autism. A recent meta-analysis of sensory gating in autism
synthesized that the reduction in sensory gating in autism is driven by a smaller response to the �rst
stimulus in a pair, not the second, and therefore may not accurately re�ect a reduction in the autistic
brain’s ability to �lter out information 62. In contrast, when habituation is measured in the context of an
oddball paradigm, reductions in habituation are consistently noted 19,25,28. We �nd this same trend in our
study, with responses of the TD and autistic participants being similar in amplitude for the �rst stimulus,
but larger in amplitude for the second stimulus in autism. These �ndings suggest altered modulation of
incoming auditory stimuli and importantly, because groups were matched on age and IQ, we can rule out
developmental and cognitive differences as a confound.

We offer several ways to reconcile differences between paradigms purported to measure the same things.
First, differences might be due to effects of context. In sensory gating paradigms, stimuli are presented in
pairs of clicks, with a clear temporal demarcation of time between sets of pairs, or trials. That is, the �rst
auditory stimulus that is delivered activates inhibitory gating mechanisms that are responsible for
diminishing the response to the second stimulus 63. In contrast, in oddball paradigms, we are looking at
habituation within a broad context of continuous stimuli without a clear temporal reset. As such, in
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oddball paradigms, the “gate” is opened by the �rst stimulus in the block and does not reset. We propose
that habituation, measured within an oddball paradigm, might be more re�ective of how the brain copes
with repetitive streams of information and might be more relevant to our understanding of autism. This
interpretation, which needs to be tested empirically, could help explain discrepancies in �ndings for these
two measures of habituation.

4.1. P1 Discrimination
In general, the P1 is an exogenous ERP component modulated by stimulus characteristics. For example,
in the visual domain brighter stimuli elicit larger P1s than stimuli that are dimmer 64 and in the auditory
domain, louder sounds elicit larger early ERPs than quieter sounds 65,66. In the present study, we �nd that
the P1 was modulated by frequency, such that the higher frequency standards (1200Hz) yielded larger P1
amplitudes than the lower frequency deviants (1000Hz). This �nding suggests that the paradigm was
sensitive enough to elicit differences in exogenous ERPs overall. In addition, one novel aspect of this P1
sensory discrimination measure was that we computed a difference wave, analogous to both the P1
habituation measure as well as the MMN. To provide some validity of this component, we computed
correlations with the expectation that measures of discrimination should be more related to each other
(e.g., P1 discrimination and MMN) than to habituation measures (e.g., the two P1 difference waves).
P1discrimination and MMN amplitudes were highly correlated overall and were uncorrelated with the P1
habituation measure. Though preliminary and in need of replication, this P1 discrimination difference
wave could be useful to examine across stimulus characteristics and sensory modalities to determine if
sensory modulation, rather than absolute amplitudes, differ between those with and without autism.

The P1 was modulated by stimulus characteristics overall, and marginally differed between groups, such
that autistic children had slightly larger P1 difference waves than TD participants. This provides
preliminary evidence for the presence of enhancements in early perceptual markers of discrimination.
Using a similar oddball paradigm and difference wave, Guiraud et al. 25 examined discrimination to
auditory deviants and standard sounds and compared the P150 ERP component between low and high-
risk infants de�ned by virtue of having an autistic sibling. They found that infants at high risk for autism
did not differ between standard and deviants, whereas low-risk infants did, as indicated by a greater P150
to deviants than standards. While our �ndings trend in the opposite direction to this singular study, the
development of early auditory ERPs is signi�cant 67–69 making comparisons di�cult. Further work in this
area is warranted to both substantiate the trends in our data, as well as to examine whether these extend
to other stimulus characteristics (e.g., duration) and different frequencies (e.g., pure tones vs complex
tones 6,7,70).

4.3. MMN
The MMN, a measure of pre-attentive discrimination, has long been thought of as a potential prognostic
indicator of autism, as a result of its relationship to the development of language 71,72. While many
studies of the MMN have been conducted with this population 73,74, there has been little consensus
overall, with several studies �ndings larger, smaller or equivalent MMN amplitudes and latencies between
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those with and without autism. Here we �nd that MMN amplitudes did not differ between those with and
without autism. While on the surface this seems inconsistent with a variety of other studies, a careful
consideration of stimulus parameters yields a remarkably consistent story. Speci�cally, studies that
measured the MMN via changes in frequency of pure tones, rather than complex tones or speech, almost
all found no differences between groups 28,37,75−78 suggesting a core role of stimulus complexity in
discrimination 79 in autism. There were only two studies that found group differences in MMN amplitudes
for pure tones 19,80. Notably, in both of these studies the autistic individuals also had concurrent
intellectual disability or IQ scores signi�cantly below that of the TD participants. Intellectual ability may
modulate discrimination, as autistic individuals and higher IQs often exhibit better discrimination 23,29,31.
Together, these �ndings speak to the importance of speci�city in stimulus selection 73,74 and mental age
matching strategies 43–45 as they relate to our understanding of the auditory discrimination and the MMN
in autism.

In addition to �nding subtle methodological and experimental differences (e.g., stimulus complexity;
cognitive ability) that can explain the heterogeneity of group-based research �ndings, one must also
consider that group means, which serve as the dependent variable in these types of designs might not
capture or represent the heterogeneity of autism. Given that on average most MMN studies (including
ours) have small sample sizes (e.g., around 15 participants), the in�uence of any one participant is
mathematically larger than in cases where large samples are available. One way to embrace this
heterogeneity is to focus on individual differences by examining brain-behavior correlations. This allows
us to move beyond group comparisons to a more dimensional understanding of how speci�c brain
signatures relate might map onto behavioral parent-reported characteristics, agnostic to diagnostic label.

4.4. Brain-behavior correlates
There were two main goals in analyzing brain behavior relationship in the present study. One goal was to
examine how different measures of habituation and discrimination mapped on to autistic traits. A second
aim was to analyze individual differences in sensory processing to help bridge the gap between
sensation and perception by studying how brain signatures occurring closer (e.g., P1) and later (e.g.,
MMN) temporally to the onset of the sensory stimulus relate to sensory behaviors. In the present study
the amplitudes for all three of the ERP components were correlated with autistic traits. Speci�cally, larger
discrimination and smaller habituation amplitudes were related to higher levels of autistic traits across
the entire sample of TD and autistic participants. Additionally, �ndings that individuals with higher levels
of autistic traits had later P1 and earlier MMN latencies are in line with research demonstrating that
autistic individuals rely more on early perceptual processing, which then impacts subsequent processing
(Russo et al., 2012). Together, these �ndings suggest that the AQ captures some aspects of autism that
are related to neurophysiological markers of auditory processing and suggest continued use of the AQ as
a correlate 51,82,83. Surprisingly, we found that late, but not early ERP components that included P1
discrimination and habituation, were related to sensory behaviors as measured by overresponsivity.
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In general ERP components with later latencies re�ect more endogenous cognitively driven, top down
in�uences, whereas earlier ERPs tend to re�ect automatic perception 41. This heuristic can help
contextualize the lack of a signi�cant correlation between early ERPs and parent-reported measures of
sensory overresponsivity and suggests that temporal factors might be critical to our understanding of the
brain behavior relationship in autism. The P1 discrimination measure used here is novel and therefore we
rely on previous research focused on early indicators of habitation to develop hypotheses that we are
tentatively generalizing to the other P1 component.

The lack of correlation between sensory features and P1 ERP amplitudes replicates the �ndings of others
19 but differs from general �ndings that less, or slower, habituation in autistic participants is associated
with an increase in sensory behaviors 28,38. One pivotal difference that could account for these discrepant
�ndings relates to the timescale of measurements. For example, the relation between habitation and
sensory overresponsivity noted by Green occurred in the context of an fMRI study – which by de�nition
has poor temporal resolution – and over the course of 15-second blocks. Further, Hudac et al. 28

measured habituation by looking at amplitude attenuation of the N1 and P3 ERP components over the
course of several minutes (approximately 80 trials) and found that slower habituation to novel, non-
repeating sounds, correlated with sensory seeking behaviors at the P3 but not at N1. That is, when
measured by looking at early, exogenous ERP components, few relationships between habituation and
sensory features are noted. However, when measured through endogenous, late ERP components (e.g.,
P3) or with fMRI these brain behavior relationships begin to emerge. Together, these �ndings suggest that
temporal scales, as they relate to when in time one looks (e.g., early or late ERP components) as well as
the length of time over which measurements are made (e.g., milliseconds vs. several seconds) might not
only be critical to our understanding of habituation in autism, but also more broadly to the relationship
between information processing and sensory behaviors in autism.

4.5. Relation between Early and Later Processing of
Discrimination
Exploratory correlational analyses supported the hypothesis that early processes of discrimination (P1)
would correlate with later measures of discrimination (MMN) when analyzed using the whole sample.
While this was true of the group overall, this was not the case when we examined the two groups
separately. Speci�cally, for TD participants, P1 discrimination was highly associated with MMN
discrimination. However, this correlation was only marginally present for autistic participants. While the
samples are small and the analyses are exploratory this lack of relationship in the autism group support
Mottron’s EPF model that low-level perception might operate more independently in autistic cognition
than in typical development 3.

Limitations
One limitation of this study is that the stimuli in the oddball paradigm were not counterbalanced and
stimulus characteristics may modulate the P1 and MMN 65,66,74,84. As such, it may be that participants
ERP waves varied as a product of the tone, rather than the categorization as a standard or deviant
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stimulus. Second, participants were not directly asked about their thoughts and reactions to the auditory
stimuli used in this study, which would be advantageous in determining whether one’s appraisal of stimuli
moderates their neural response. For example, the two prospective participants who did not participate in
the study because they found the sounds intolerable to listen to suggests that the stimuli was more
bothersome for some participants than others, and this variation in arousal can moderate components
including the P1 20. Third, we did not direct participants attention to the auditory stimuli and as such are
measuring only passive processing, which could be particularly relevant to our understanding of
sensation and perception in autism (e.g., 85,86).

A notable limitation is the small sample size, and thus effects are in need of replication, especially with
respect to individual differences 87. Additionally, alpha was set to 0.05 for analyses and accordingly these
results should be interpreted carefully as analyses may include false positives.

Conclusions
Our results suggest that autistic children have enhanced neural discrimination and reduced habituation to
auditory stimuli, and that these neural indicators map onto autistic traits. Further, the late ERP
components but not early ones mapped on to sensory overresponsivity. In both these cases better
discrimination and lower habituation were related to core features of autism. Findings of signi�cant
correlations between auditory ERP components and autistic traits, even when group differences were not
present, suggests that taking a more dimensional approach to autism allows for clarifying questions left
unanswered when using strictly categorical methods.

Our �ndings highlight the signi�cance of contextual and temporal factors in information processing and
its relationship to autistic traits and sensory behaviors. The clinical utility of understanding the context
(e.g., stimulus complexity, characteristics), temporal nature (e.g., a concise pair of stimuli or an ongoing
train of stimuli), and temporal scales (e.g., when in time one looks; length of time measurements are
made) of information processing, is that we can then better understand which contexts are linked to
sensory behaviors that are reported as causing distress and make environmental adaptations to reduce
discomfort. Accordingly, environmental accommodations related to sensory overresponsivity might be
useful, including developmentally appropriate sensory-motor experiences and structured physical and
sensory environments 88.

Declarations
Ethics approval and consent to participate

The study was approved by the local Institutional Review Board, and all parents and children signed
consent and assent forms, respectively, prior to taking part in the study.

Consent for publication



Page 17/28

Not applicable

Availability of data and materials

The de-identi�ed dataset used during the current study are available from the corresponding author on
reasonable request.

Competing Interests

The authors declare that they have no competing interests

Funding

This work was supported by the Collaboration for Unprecedented Success and Excellence (CUSE) Grant
to N.R. and B.P. and the National Institute for Mental Health (NIMH) funding (grant number MH101536) to
N.R.

Author’s Contributions

EC collected and analyzed the data, wrote the manuscript. DV collected and analyzed the audiology data.
BP collaborated with the study conceptualization. EKK collected clinical data, and assisted with ERP
analysis. EM collected clinical data. NR conceptualized the study, experimental design, and collaborated
in the writing of the �nal manuscript. All authors read and approved the �nal manuscript.

Acknowledgements

We thank Dr. Justin Kopec, Dr. Nicole Shea, Margie Garber, Alyssa Prawl, and Angela Madrid for their
assistance with data collection, and Ellie Masters for assistance with data analysis. We thank the
children and their families for participating in our research.

Footnotes

We respect the right for autistic people to choose whether they prefer identity- or person-�rst language.
We use identity-�rst language based on the preferences that the majority of autistic individuals endorse
and also acknowledge that others prefer person-�rst language. For these same reasons and for
simpli�cation, we also use the term autism to refer to the overall diagnostic category in the DSM-5 called
autism spectrum disorder (ASD). However, we use the term ASD in the �gures and plots for brevity.
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Figure 1

Response-locked ERP waveforms at the FCz electrode site for Autism Spectrum Disorder (ASD) and TD
children during the oddball task, corresponding to (A) P1 habituation, comparing the 1st to 2nd
successive standard, (B) P1 discrimination, comparing the standard to the deviant stimuli, and (C) MMN
discrimination from subtracting the standard from the deviant grand average waveforms.
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Figure 2

P1 habituation (amplitude of 1st minus 2nd standard) and P1 discrimination (amplitude of deviant
minus standard) analyzed by group (95% CI).
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Figure 3

A signi�cant positive correlation between the MMN amplitude and P1 discrimination amplitude.
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Figure 4

Correlations between the AQ and A) P1habituation amplitude and B) MMN amplitude, and C) between
Sensory Overresponsivity and the MMN, by group.


