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Prior studies suggest that habituation of sensory responses is reduced in autism and that 

diminished habituation could be related to atypical autistic sensory experiences, e.g., by causing 

brain responses to aversive stimuli to remain strong over time instead of being suppressed. 

While many prior studies exploring habituation in autism have repeatedly presented identical 

stimuli, other studies suggest group differences can still be observed in habituation to intermittent 

stimuli. The present study explored habituation of electrophysiological responses to auditory 

complex tones of varying intensities (50–80 dB SPL), presented passively in an interleaved 

manner, in a well-characterized sample of 127 autistic (MDQ=65.41, SD=20.54) and 79 typically-

developing (MDQ=106.02, SD=11.50) children between 2–5 years old. Habituation was quantified 

as changes in the amplitudes of single-trial responses to tones of each intensity over the course 

of the experiment. Habituation of the auditory N2 response was substantially reduced in autistic 

participants as compared to typically-developing controls, although diagnostic groups did not 

clearly differ in habituation of the P1 response. Interestingly, the P1 habituated less to loud 

80 dB sounds than softer sounds, whereas the N2 habituated less to soft 50 dB sounds than 

louder sounds. No associations were found between electrophysiological habituation and cognitive 

ability or participants’ caregiver-reported sound tolerance (Sensory Profile Hyperacusis Index). 

The results present study results extend prior research suggesting habituation of certain sensory 

responses is reduced in autism; however, they also suggest that habituation differences observed 

using this study’s paradigm may not be a primary driver of autistic participants’ real-world sound 

intolerance.

Lay Summary

Young children listened to tones, presented at a mixture of different volumes, while we recorded 

their brain responses. We studied whether brain responses habituated (got smaller over time) as the 

tones repeated. There was less habituation of a brain response ~250 ms after high-volume (loud) 

tones in autistic children than in non-autistic children. Unexpectedly, we did not find relationships 

between brain response habituation and parents’ reported perceptions of their children’s loudness 

discomfort.
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Introduction

Sensory Experiences in Autism

The sensory experiences of autistic people1 are increasingly recognized as an important 

topic of investigation for researchers, both due to their salience in the lives of many autistic 

people and due to their potential role in the development of autistic phenotypes. Sensory 

1Autism identifying language remains a controversial area, including among individuals on the autism spectrum themselves (Bury et 
al., 2023). In deference to the preferences of many individuals on the autism spectrum (Bury et al., 2023; Kenny et al., 2016), and 
in light of concern that person-first language may be conducive towards or at least reflective of stigma (Gernsbacher, 2017), we have 
chosen to use identity-first language (e.g., “autistic person”). We have also chosen, again partly in deference to autistic opinion, but 
also out of a desire to avoid subjective value judgements in academic terminology, to use neutral descriptive terms such as “autism 
spectrum development” in preference to value-laden terms like “disorder” or “condition.”
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reactivity in Autism Spectrum Development (ASD) is even related to, or an aspect of, 

quality of life (Lin & Huang 2019; McConachie et al. 2019). Furthermore, studies have 

identified relationships between sensory experiences/behaviours in ASD and participation in 

everyday activities (Ismael et al., 2018; Little et al., 2015) and sleep quality (Tzischinsky et 

al., 2018).

Beyond their intrinsic importance, differences in how autistic people attend to and process 

sensory information early in development might have important consequences for later 

development. For example, atypical sensory processing might interfere with social and 

language learning. Distracting sensory inputs can lead autistic people to exhibit atypical 

brain activity in social tasks (Green et al., 2018), and altered sensory processing predicts 

later social and language outcomes in ASD (Baranek et al., 2018; Damiano-Goodwin et 

al., 2018; Kolesnik et al., 2019). Furthermore, one might expect that autistic children’s 

experiences of sensory distress could lead them to develop anxious vigilance and fears 

surrounding the possibility these uncomfortable stimuli might recur (Verhulst et al., 2022). 

This supposition is supported by evidence; early sensory over-responsivity in infants and in 

young autistic children is associated with later anxiety (Green et al., 2012; Narvekar et al., 

2022). Other infant studies’ findings of behavioural and neurophysiological differences in 

sensory processing suggest such alterations of developmental trajectories could begin very 

early in life (Baranek, 1999; Miron et al., 2020).

In the auditory domain specifically, a number of auditory sensory phenotypes can be 

distinguished, both in autism and the general population (Williams et al., 2021b). These 

include various forms of sound intolerance, such as misophonia, or strong emotional 

responses (often anger and/or disgust) to specific trigger sounds; phonophobia, or phobias 

towards sounds; and hyperacusis, or finding sounds (even those of moderate intensity) to be 

excessively loud, painful, or overwhelming. Hyperacusis does seem to be common in autism 

(Danesh et al., 2015; Khalfa et al., 2004; Williams et al., 2021c), although it is arguably 

unclear whether it can be easily distinguished from “sensory overload” (described in Belek, 

2018; Scheydt et al., 2017). For this reason, we will ordinarily use the more general term 

“sound (in)tolerance.”

Habituation

Reductions in habituation or suppression of neural responses to repeated stimuli are a 

neural-level mechanism that could potentially account for many autistic sensory experiences. 

It seems reasonable to assume that a lack of neural habituation could exacerbate experiences 

of distress or overload caused by prolonged or repeated loud sounds or result in poorer 

filtering of distracting background stimuli.

The idea that habituation is reduced in autism appears consistent with some autistic people’s 

qualitative accounts (Robertson & Simmons 2015), subjective ratings (Lawson et al., 2015), 

and autonomic arousal to stimuli (Gandhi et al., 2021), as well as with many functional 

imaging studies using different methods and approaches. These studies include paradigms 

involving repetition of stimuli within pairs (Orekhova et al., 2008; Stroganova et al., 

2013), repetitions of standard stimuli between occasional oddballs (Kolesnik et al., 2019; 

Ruiz-Martínez et al., 2019), rapid trains of identical stimuli (Font-Alaminos et al., 2020), 
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and slower delivery of identical stimuli either in blocks (Millin et al., 2018) or over whole 

experiments (Gandhi et al., 2021; Jamal et al., 2021; Martineau et al., 1992; Matsuzaki et 

al., 2014). Differences in habituation between typically developing and autistic individuals 

appear very early in life: studies have found that reduced repetition suppression of responses 

to auditory (Kolesnik et al., 2019) and tactile (Piccardi et al., 2021) stimuli predicts an 

eventual autism diagnosis among infants at elevated autism likelihood; as a group, infants at 

elevated autism likelihood also show reduced habituation to auditory standards (Guiraud et 

al., 2011).

Interestingly, reductions in habituation in autistic participants are not solely observed in 

paradigms in which identical stimuli are delivered repetitively. Hudac and colleagues 

(2018) observed reduced attenuation over trials of P3a responses, or brain responses 

towards a variety of different novel stimuli (e.g., chimes, cricket chirps, drums, whooshing) 

occasionally interspersed among standard stimuli; P3a responses may reflect focal attention 

towards these novel events and representation of them in working memory (Polich, 2011). 

Habituation of the P3a may therefore reflect participants coming to expect strange, novel 

stimuli to appear, and devoting gradually less attention to them over time2. Thus, Hudac 

and colleagues’ study suggests that ASD–Typical Development (TD) group differences 

in habituation could manifest in a wide variety of everyday contexts: not only ones in 

which stimuli are prolonged or repeated without any change in their properties, but also in 

contexts in which non-identical stimuli are repeated in some way that is still physically or 

functionally similar or predictable.

One other important question is whether altered habituation in ASD can be directly related 

to the sensory experiences and behaviours of autistic people, including hyper-responsive 

patterns such as distractibility towards background stimuli and distress caused by intense 

stimuli. On this point, there is some positive evidence (Font-Alaminos et al., 2020; Green 

et al., 2019; Jamal et al., 2021; Lawson et al., 2015; Matsuzaki et al., 2014). However, 

other studies find no link between habituation and the sensory experiences or behaviours of 

autistic people (Millin et al., 2018; Ruiz-Martínez et al., 2019).

Explanations for Habituation Differences

A number of different neurobiological and cognitive theories of autism have been postulated 

that could account for, or be consistent with, reductions in habituation in ASD. The present 

study is not intended to compare these accounts against one another – and indeed, it is quite 

possible that more than one could be true in different individuals, or even that different 

mechanisms on different levels might operate in the same individuals. Indeed, research 

suggests habituation is often atypical in animal models of genetic variants associated 

with autism (among other diagnoses and conditions; e.g. McCullaugh et al., 2020), but 

different genes can affect different aspects of habituation, suggesting multiple mechanisms 

are involved (McDiarmid et al., 2020).

2The P3a was not examined in the present study, as this study was intended to explore differences in neural responses as a function 
of the intensity of equiprobable stimuli, and the paradigm changes necessary to evoke a P3a response would have interfered with this 
aim.
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One theory proposes that the autistic brain is characterized by an atypical balance of neural 

excitation and inhibition: specifically, in comparison to TD, reduced inhibition relative 

to excitation (Rubenstein & Merzenich, 2003; Sohal & Rubenstein, 2019). Within this 

framework, repeated and/or irrelevant sensory inputs might not be inhibited in autism as 

they would be in TD, resulting in a more robust neural response to these repeated stimuli 

(Ethridge et al., 2016; Kolesnik et al., 2019). There is evidence from typically-developing 

individuals linking inhibitory processing and habituation (Palermo et al., 2011), and recent 

evidence suggests that arbaclofen, a GABA receptor agonist, appears to enhance repetition 

suppression in autistic adults (Huang et al., 2023). Moreover, decreased inhibition in the 

auditory cortex has been shown in animal models to directly lead to loudness hyperacusis, a 

form of sound intolerance (McGill et al., 2023).

Researchers have also proposed various other frameworks to interpret autism, including a 

family of theories related to prediction and learning (e.g., Lawson, Rees, & Friston, 2014; 

Pellicano & Burr, 2012; Qian & Lipkin, 2011; Sinha et al., 2014; Van de Cruys et al., 2014). 

In most of these accounts, autistic people are postulated to place relatively greater weight 

on bottom-up information such as momentary sensory inputs, while placing less weight 

on top-down generalizations and predictions about environments (Angeletos Chrysaitis & 

Seriès, 2022). Researchers have proposed that such a pattern could be consistent with 

reductions of habituation: if autistic people are less able learn regularities, or fail to apply 

such expectations to predict stimuli, the neural response to repeated stimuli might not 

diminish (Cannon et al., 2021).

However, the suggestion that autistic people in general are unable to effectively predict 

basic regularities should be regarded with caution. An alternative interpretation may emerge 

from findings suggesting that autistic people’s attention is susceptible to being exogenously 

captured by stimuli (Keehn et al., 2016; Keehn et al., 2019b). Autistic people are also often 

slow to disengage attention from stimuli (Keehn et al., 2019a; Sacrey et al., 2014); thus, 

they might have difficulty disengaging their attention from repeating stimuli. Furthermore, 

autistic people often experience sensory anxieties (Halim et al., 2018; Kerns et al., 2014; 

Lau et al., 2020), and anxiety is associated with attentional vigilance towards potentially 

threatening stimuli (Eysenck et al., 2007). Autism is also associated with symptoms of 

misophonia (Williams et al., 2021b, 2022), and in misophonic people, attention may be 

captured by repetitive trigger sounds (da Silva & Sanchez, 2019; Simner et al., 2022). 

Thus, autistic people might be very well able to effectively predict repetition of stimuli 

(Cannon et al., 2023; Sharer et al., 2015) – indeed, some might be frustrated due to 

knowing that an aversive stimulus will soon repeat itself – but due to focusing their 

attention on the repetitive stimuli, they might continue to show a strong response instead 

of habituating. This account has intuitive appeal to the autistic first author of this paper 

and comports with his personal experience. However, there is a lack of rigorous qualitative 

autism research regarding anticipatory consequences of repeated aversive and non-aversive 

stimuli. Moreover, whether or not the first author’s experience generalizes to other autistic 

people, it is unclear whether/how reportable, subjective experiences of awareness of stimulus 

repetition map onto neural-level processes related to prediction.
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Ultimately, given the heterogeneity of ASD, as well as the existence of multiple levels 

of explanation such as the neurobiological and the cognitive, it is unclear whether a 

single cause can be expected to be responsible for reduced habituation across all autistic 

individuals.

Auditory Event-Related Potentials in Young Autistic Children

The present study examines habituation in auditory event-related potentials (ERPs) from 

young autistic children between 2–5 years of age. As they are commonly described in prior 

research literature (the “canon”), canonical auditory ERPs evident over frontocentral scalp 

sites in this age range include the P1 response, a large positive voltage deflection occurring 

approximately ~100–150 ms after stimulus onset, and the frontocentral N2, a negative 

voltage deflection occurring approximately ~250 ms after stimulus onset (Čeponiene et al., 

2003; Ponton et al., 2002; Shafer et al., 2015). These ERP responses have been previously 

described in the present study sample by Dwyer and colleagues (2021), who found that the 

N2 response was attenuated at the group average level in ASD, which is consistent with 

prior research (reviewed by Williams et al., 2021a). More specifically, Dwyer et al. (2021a) 

found autistic participants exhibited less negative voltages over frontocentral sites in the time 

window of the N2 in responses to 60 through 80 dB stimuli, though no group difference was 

observed in responses to the softer 50 dB stimuli. This may reflect the intensity-dependency 

of the N2 itself, which was elicited by louder stimuli but not by softer stimuli.

Present Study

In the present study, habituation was examined using ERPs in a large sample of young 

autistic and typically-developing children from the Autism Phenome Project (APP) at 

the UC Davis MIND Institute (Amaral et al., 2017; Nordahl et al., 2022). Cognitive 

abilities of autistic participants in the present study ranged widely, with some participants 

having significant developmental delays while others appeared to be cognitively gifted. 

Auditory stimuli of four different intensity levels were presented in randomly interspersed 

manner, allowing for exploration of group differences in habituation over the course of the 

experiment across these different intensities. While participants listened to these stimuli, 

they also watched a quiet video chosen specifically to be of interest to them personally, 

so that habituation to the auditory stimuli in the present study might reflect successful 

suppression of responses to a less interesting stimulus. After data were collected, an 

intensive data processing pipeline that included second-order blind source identification 

(SOBI) independent components analysis (ICA; Belouchrani et al., 1997) was used to 

eliminate putatively artefactual signal sources. We made the following hypotheses regarding 

habituation and intra-individual variability in these data:

• First, given prior research, we expected to find reduced habituation in ASD, 

relative to TD, of the auditory event-related P1 and N2 responses; and

• Second, insofar as reduced habituation might be responsible for sensory 

experiences of autistic people, we expected that reduced habituation in ASD 

would be related to caregiver-reports of behaviours consistent with hyperacusis 

and auditory sensory sensitivity.
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We also took advantage of the opportunity to explore associations between habituation and 

cognitive abilities.

Materials and methods

Participants

APP electrophysiological data have previously been presented in several studies focused on 

averaged ERPs (De Meo Monteil et al., 2019; Dwyer et al., 2020, 2021a, 2021b) as well as a 

report about overall inter-trial variability (Dwyer et al., 2022), but systematic habituation of 

electrophysiological responses from the APP has not previously been described.

As part of the APP, between 2006 and 2011, attempts were made to collect ERP data 

from 216 autistic and 104 typically-developing children, aged between 2–5 years. These 

participants’ medical histories were screened for suspicion of hearing impairment prior to 

their participation in the ERP portion of the APP. Autistic participants were required to 

meet criteria for a pervasive developmental disorder (based on DSM-IV and Collaborative 

Programs of Excellence in Autism Network criteria) and pass ADOS-G (Lord et al., 2000) 

cut-off scores as well as cut-offs for either the social or communication subscales of 

the ADI-R (Lord, Rutter, & Le Couteur, 1994). Further information about the APP and 

participant recruitment can be found in Libero et al. (2016) and Nordahl et al. (2011). A 

number of participants were excluded from the present study due to failure to collect ERP 

data; due to noisy data; due to insufficient acceptable-quality trials (<400); due to excessive 

poor-quality channels (>6–7); due to neuroanatomical abnormalities revealed by magnetic 

resonance imaging collected in the APP; or due to abrupt changes in global field power at 

the single trial level over the course of the experiment, plotted using ERPimage (Delorme 

et al., 2015), that were assumed to be recording-related rather than neural in origin and thus 

probable confounds in analyses at the single-trial level. One participant entered the study in 

the TD group but was diagnosed with autism at a later APP time-point; this participant’s 

data are also excluded. The final sample of children with data included in the present study 

compromised 79 typically-developing participants (27 female, 52 male) and 127 autistic 

participants (20 female, 107 male) (Table 1). There were more male-sex participants in 

the autistic group, χ2=8.38, p=.004, Cramér’s V=.21, 95% CI=[.08, .35]. The study was 

approved by the UC Davis Institutional Review Board and informed consent was obtained 

from the parent/guardian of each participant.

Measures

Loudness Discomfort.—Loudness discomfort was measured with the Sensory Profile 

Hyperacusis Index (SPHI; Dwyer et al., 2022; Williams et al., 2020). This measure is 

derived from the Short Sensory Profile (SSP; McIntosh et al., 1999), a caregiver-report 

questionnaire commonly used in investigations of sensory processing in autistic children 

(Williams et al., 2018; Williams, 2021). Five SSP items reflecting sound intolerance/noise 

distress and auditory filtering challenges (items 22, 24, 25, 34, and 35) are included in 

the SPHI, making it well-suited to measure behavioural auditory hyperreactivity that could 

potentially be linked to altered habituation patterns. A bifactor item response theory model 

is used to estimate loudness discomfort scores based on the expected a posteriori (Bock 
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& Mislevy, 1982) estimate of standing on the “general factor” underlying all five items. 

SPHI scores (on a Z-score scale) range from −1.45 to 2.16, with higher scores reflecting 

greater loudness discomfort. Usable SPHI data were available from 106 autistic and 64 

typically-developing participants.

Because the SPHI includes both noise distress and auditory filtering items, we also 

conducted additional analyses in the Supplementary Materials separately using SSP Noise 

Distress and Auditory Distractibility scores (per Williams et al., 2018) in lieu of SPHI 

estimates, in order to explore whether they might have differential relationships to 

habituation.

Cognitive Ability.—Cognitive ability (in Table 1) was measured with the Mullen Scales 

of Early Learning (MSEL; Mullen, 1995). Four MSEL subscales were administered: Visual 

Reception (VR), Fine Motor (FM), Expressive Language (EL), and Receptive Language 

(RL). A ratio developmental quotient (DQ) was calculated by dividing mental age by 

chronological age, then multiplying by 100.

EEG Task

Participants were seated on a caregiver’s lap in a dimly lit, audiometrically quiet, shielded 

chamber and allowed to watch a quiet video of their choice or a video that their caregiver 

believed would be of interest to them. While they watched this video, Sony MDR-222KD 

binaural headphones calibrated with a B&K artificial ear (model 4153) and sound meter 

(model 2229) were used to passively present 50ms (including 5ms rise and decay time) 

complex tones (sine waves of equal amplitude overlaid at the following 7 frequencies 

(musical notes): 249 Hz (B3); 616 Hz (D5), 788 Hz (G5), 1042 Hz (C6), 1410 Hz (F6), 

1952 Hz (B6), and 2749 Hz (F7)) presented at a randomly variable (uniform) ISI of 1–2s. 

Tones randomly varied in intensity (50 dB, 60 dB, 70 dB, and 80 dB SPL); tones of the same 

intensity were never presented twice in succession. Presentation of tones was temporarily 

paused as required (e.g., when participants appeared to become restless). Approximately 

~1100–1200 trials (~275–300 trials/condition) were collected from each participant (Table 

1). Data collection often lasted approximately 30–40 minutes, not including capping time, 

but including pauses in the EEG recordings. Further details regarding the EEG task are 

available in De Meo-Monteil et al. (2019).

EEG Data Acquisition and Processing

EEG was collected with a 61-channel cap (www.easycap.de) with an equidistant electrode 

montage differing from the standard 10–20 system, as well as a Compumedics Neuroscan 

Synamp II amplifier sampling at a rate of 1000 Hz with Cz as a reference. EEG data 

were then low-cut (i.e., high-pass) filtered offline in BESA 5.2 (www.besa.de) with a 

cut-off of 0.4 Hz (12dB/octave roll-off). After low-cut filtering, the data were separated 

into epochs (spanning −200 ms to 900 ms, including 300 ms necessary for subsequent 

independent components analysis (ICA)), average-referenced, baseline-corrected (using the 

period from −100 to 0 ms), and manually inspected for noisy channels, which were removed 

in preparation for later interpolation. The artifact scan tool of BESA 5.2 was then used 

to screen for and remove epochs with extreme amplitudes; amplitude cut-offs were set 
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manually based on inspection of single epoch waveforms and of corresponding Raster plots 

of maximum amplitudes per epoch. In this manual inspection, the cut-off was iteratively 

moved along the Raster plot of maximum amplitudes until a point was found at which 

(1) inspecting four trials of those approaching, but below the amplitude cut-off yielded at 

least three good trials and (2) inspecting four trials of those approaching, but above the 

cut-off yielded at least three bad trials. The selected amplitude thresholds did not statistically 

differ between autistic (M=321, SD=95) and comparison (M=317, SD=116) participants, 

Wilcoxon p=.26, Cliff’s δ=.09 [95% CI: −.07, .25]. All epochs were then manually inspected 

for abrupt voltage changes suggestive of temporary disconnection of electrode channels; 

epochs with such artefacts were removed.

The remaining epochs were then submitted to a Second-Order Blind source Identification 

(SOBI; Belouchrani et al., 1997; Tang, Sutherland, & McKinny, 2005) ICA. SOBI employs 

joint diagonalization of covariance matrices across different time delays, thereby taking 

into account temporal information from the EEG data, in order to separate the data into 

maximally uncorrelated “sources” with different spatial topographies and time courses. 

A semi-automatic artifact removal tool (SMART, Saggar et al., 2012, https://stanford.edu/

~saggar/Software.html) was used to characterize the spatial topography, power spectra, 

autocorrelation, and time series of each SOBI source. These outputs were used to manually 

judge sources to be either putatively non-neural in origin (e.g., EMG, EOG, and blinks) or 

putatively neural. SOBI and SMART were applied separately to the first and second half 

of the data, consistent with recommendations for exploration of effects of ICA on the data 

(Luck, 2014b).

Data were subsequently reconstructed with putatively non-neural sources removed, and the 

artifact scan tool of BESA 5.2 was used once again to remove any remaining extreme 

amplitudes. Averages from each participant were computed and Cartool (Brunet, Murray, 

& Michel, 2011) was used to screen the data for any channels that appeared to be 

systematically deviant from adjacent channels in the averaged data. Returning to the 

trial-by-trial data, these channels, as well as previously removed noisy channels, were 

interpolated using a spherical spline approach (Perrin et al., 1989) as implemented by 

Fieldtrip (Oostenveld et al., 2011) and baseline correction (using the 100 ms prior to 

stimulus onset) was repeated. Finally, separate trial epochs (now spanning 200 ms pre-

stimulus onset to 599 ms post-stimulus onset) from each participant were filtered (high-cut, 

i.e., low-pass: second-order Butterworth with 40 Hz cutoff and 12dB/octave roll/off; notch: 

60 Hz Park-McClellan) using ERPLAB (Lopez-Calderon & Luck, 2014).

EEG Habituation Analysis

For the habituation analysis, a slope representing change in voltage amplitude over the 

course of the experiment was computed separately within each participant and each 

loudness condition, separately at each channel, and separately at each time-point within 

epochs (Figure 1). To ensure that outliers did not overly influence slope values, Kendall’s 

τ was used to obtain rank-based slopes representing the ordinal association between 

voltage amplitude and the ordinal number representing the position of the trial within the 
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experiment. Owing to the unequal numbers of trials obtained across different participants 

(see Table 1), the total number of trials used to generate the slope values did vary.

Habituation slopes were analyzed in terms of canonical ERP responses, on the theory that 

habituation slopes would approximately appear as inverses of these responses: habituation 

of a positive-going ERP would take the form of a negative slope, while habituation of a 

negative-going ERP would appear as a positive slope.

Habituation of the P1 and N2 was quantified by taking the mean slope value within a given 

spatiotemporal window. Spatial windows are given in Figure 2, and these were defined based 

on observed grand-averaged ERP voltage topographies. Within these spatial windows, the 

P1 temporal windows were defined in each loudness condition as ±50ms on either side 

the greatest peak in any channel in the grand-averaged raw ERP voltage data across both 

diagnostic groups. This yielded the P1 windows of 73–173 ms (50 dB), 61–161 ms (60 dB), 

45–145 ms (70 dB), and 43–143 ms (80 dB). Due to the relatively poor definition of the N2 

ERP component, especially in softer intensity conditions, we did not attempt to locate peaks; 

instead, the temporal window was predefined as 201 – 350 ms.

One-Sample T-tests.—To determine whether mean slope values significantly differed 

from zero (that is, whether habituation was present) in any group or intensity condition, 

Bayesian one-sample t-tests were conducted with default priors (Morey et al., 2021) and are 

presented in Supplementary Materials.

Group Comparisons.—To compare habituation across groups and conditions, we used 

Bayesian multilevel models in brms (Bürkner, 2017) to examine the fixed effects of 

diagnostic group, hemisphere, and their interaction on habituation; intercepts were allowed 

to vary between each individual participant (i.e., we allowed for “random intercepts” of 

participant). Models used default priors and included 18,000 iterations (9,000 warmup). 

95% equal-tailed credible intervals were estimated and reported for inferential purposes. In 

the models, continuous variables were converted to scaled z-scores to ease interpretation; 

categorical variables were sum-coded factors.

To examine the role of stimulus intensity in habituation, we used varying (“random”) effects. 

After building the baseline model, which did not include stimulus intensity as a predictor, 

we fitted a series of more complex models. First, we allowed varying (“random”) intercepts 

to differ across stimulus intensity conditions. Second, we estimated separate varying 

(“random”) slope models allowing effects of either diagnostic group or hemisphere to differ 

across intensities. Finally, we considered a model allowing effects of group, hemisphere, 

and their interaction to differ across intensities. Model fit was compared using the leave-one-

out cross validation (LOO) method, computed via Pareto-smoothed importance sampling 

(Vehtari et al., 2017). Models were considered superior if improvements in LOO expected 

log pointwise predictive density (elpdloo) exceeded estimates of the standard error of the 

difference. If the improvement in elpdloo did not exceed the estimate of the standard error 

of the difference between elpdloo values, the model with fewer parameters (i.e., the more 

parsimonious model) was retained, as the predictive performance of the two models was 

considered approximately equivalent.
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This multilevel modelling framework also allowed us to include fixed effects of within- 

and between-subjects covariates. As noted previously, stimulus presentation was sometimes 

paused due to participants’ comfort and behaviour, and the number of such pauses varied 

considerably across participants (Table 1, Supplementary Figure 1). Moreover, we have 

previously found that some participants in this dataset, including many autistic children, 

display positive voltages in the approximate spatiotemporal window of the canonical 

frontocentral N2 negativity (Dwyer et al., 2021b); habituation of a positive-going response 

would produce a negative slope, not the positive habituation slope expected for a negative-

going N2 response. Due to the possibility that either pauses in stimulus presentation or 

group differences in averaged ERP voltages might account for differences in habituation, 

and given the statistical difference in sex between the autistic and comparison groups, 

we included the number of pauses, observed ERP voltages (mean amplitudes of the EEG 

response averaged over the same spatiotemporal windows used to measure habituation), and 

sex as fixed effect covariates in the multilevel models. As with other variables, continuous 

covariates were entered as z-scores, while sex was a sum-coded factor.

Additionally, in Supplementary Materials, participants with unexpected positive or less 

negative voltages in this period were identified with clustering and removed prior to analyses 

of N2 habituation. The results of the analyses presented in the main text were replicated.

Correlations.—To determine whether habituation was related to SPHI estimates or 

to cognitive ability, linear correlations between habituation slopes, as collapsed across 

hemispheres, were examined within a Bayesian framework using the correlation R package 

(Makowski et al., 2020). For all models, we used the default Bayesian correlation test (Ly 

et al., 2016) with “medium” priors (r scale parameters of 1/3), and Bayes factors (BF10) 

were calculated to summarize evidence for or against the hypothesis of a significant linear 

correlation. We conducted these analyses specifically within the autistic group, to prevent 

any influence of group differences on results. P-values from equivalent frequentist tests are 

also presented.

For reference, linear correlations involving habituation slopes over each hemisphere 

separately are presented in the Supplementary Materials, along with linear correlations from 

typically-developing participants.

Results

P1 Habituation

One-Sample T-tests—One-sample t-tests found clear evidence of habituation of the P1 

response over both hemispheres in the 50 dB and 70 dB conditions in the ASD group 

(Supplementary Table 1; Figures 3–5, 6A–D). Conversely, there was evidence (BF10 ≤0.33) 

that typically-developing participants’ responses to 80 dB sounds did not habituate over 

either hemisphere (Supplementary Table 1).

Group Comparisons—The model allowing intercepts to vary across stimulus intensities 

proved to have a better fit, elpdloo =−2290.1, SE=29.6, than the baseline model ignoring 

intensity, elpdloo=−.2294.6, SE=29.5; the improvement in model fit, Δelpdloo=4.5, was 
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greater than the estimated standard error of the difference, SE=3.2. However, the models 

with intensity slopes varying by group, elpdloo =−2290.8, SE=29.6, intensity slopes varying 

by hemisphere, elpdloo =−2290.9, SE=29.6, and intensity slopes varying by the interaction 

of hemisphere and group, elpdloo =−2292.6, SE=29.6, offered no further improvement in fit. 

This suggests that habituation slopes differed across different intensities, but that effects of 

group and hemisphere did not vary in an intensity-dependent manner.

In the selected model with varying intercepts of intensity, the estimated fixed effect of 

the ERP voltage covariate, β=−0.07, 95% CrI: [−0.13, −0.02], Pd = 99.74%, appeared 

to be robust, suggesting that participants with larger P1 amplitudes experienced greater 

habituation of the P1 (more negative slopes).

There was also some tendency for autistic participants to undergo more habituation of the P1 

response than typically-developing controls, but the credible interval for this effect crossed 

zero, β=−0.06, 95% CrI: [−0.13, 0.02], and the probability of direction, Pd = 93.34%, was 

below 97.50%, suggesting that the data did not provide sufficient evidence to conclude that 

there are diagnostic group differences in P1 habituation (Figures 3, 4, and 5, 6A–D).

Credible intervals of the effects of hemisphere, β=0.00, 95% CrI: [−0.05, 0.05], Pd = 

54.20%, the interaction of group and hemisphere, β=−0.01, 95% CrI: [−0.05, 0.04], Pd = 

60.01%, number of pauses, β=0.00, 95% CrI: [−0.05, 0.05], Pd = 88.73%, and sex, β=0.05, 

95% CrI: [−0.03, 0.12], Pd = 87.57%, also crossed zero.

To explore the marginal effect of intensity on habituation, we calculated highest-density 

credible intervals from model posterior predictions using emmeans (Lenth et al., 2021). 

Habituation was reduced (more positive slopes) in the 80 dB condition compared to the 70 

dB condition, β=0.20, 95% CrI: [0.06, 0.35], and the 50 dB condition, β=0.14, 95% CrI: 

[0.00, 0.26]; there was also a strong tendency for habituation to 80 dB sounds to be less 

than that to 60 dB sounds (i.e., for slopes to be more positive for 80 than 60 dB sounds), 

but the credible interval crossed zero, β=0.12, 95% CrI: [−0.01, 0.25]. Credible intervals 

of differences between the 70 dB condition and the 50 dB, β=−0.06, 95% CrI: [−0.19, 

0.05], and 60 dB, β=−0.07, 95% CrI: [−0.20, 0.04], conditions also crossed zero, as did the 

credible interval for differences between 60 dB and 50 dB, β=0.01, 95% CrI: [−0.11, 0.13].

Correlations—In the autistic group, when P1 habituation was collapsed across 

hemisphere, no substantial evidence (BF10 > 3) was found to support the existence of 

any association between P1 habituation and either SPHI estimates or MSEL DQ, whereas 

substantial evidence (BF10 < 0.33) suggested that there was no association between SPHI 

estimates and P1 habituation to 70 dB and 80 dB sounds in ASD, and no association 

between cognitive ability and P1 habituation to 50 and 60 dB sounds in ASD (Table 

2). Analyses conducted in the typically-developing group (Supplementary Table 2) and 

separately in each hemisphere (Supplementary Tables 3–4) also found no evidence of 

associations, and some evidence of null effects.
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N2 Habituation

One-Sample T-tests—One-sample t-tests found clear evidence of habituation of the 

N2 response, but only in the TD group and only in the 70 dB and 80 dB conditions 

(Supplementary Table 5, Figures 6E–H, 7, 8, 9). In the autistic group, evidence suggested 

that habituation slopes did not differ from zero over either hemisphere in the 60, 70, and 80 

dB conditions, BF ≤ 0.14.

Group Comparisons—The model allowing intercepts to vary across intensities proved 

to have a better fit, elpdloo =−2251.5, SE=30.6, than the baseline model ignoring intensity, 

elpdloo=−.2259.2, SE=30.4; the improvement in model fit, Δelpdloo=7.7, was greater than 

the estimated standard error of the difference, SE=3.8. However, the models with intensity 

slopes varying by group, elpdloo =−2251.6, SE=30.5, and intensity slopes varying by 

hemisphere, elpdloo =−2252.1, SE=30.7, and intensity slopes varying by the interaction of 

hemisphere and group, elpdloo =−2252.1, SE=30.7, offered no further improvement in fit. 

This suggests that habituation slopes differed across different intensities, but that effects of 

group and hemisphere did not vary in an intensity-dependent manner.

In the selected model, wherein intercepts vary across intensities, there was a clear and 

robust fixed “main” effect of diagnostic group on N2 habituation, β=−0.17, 95% CrI: [−0.25, 

−0.10], Pd > 99.99%, which was driven by more positive habituation slopes – i.e., greater 

habituation of the N2 negativity – in typically-developing comparison participants (Figures 

6E–H, 7, 8, 9).

There also appeared to be an effect of the number of pauses in the EEG recordings on N2 

habituation, β=0.11, 95% CrI: [0.04, 0.18], Pd=99.90%; surprisingly, participants whose 

recordings were paused more often displayed more habituation. However, the credible 

intervals of the effects of hemisphere, β=−0.02, 95% CrI: [−0.06, 0.02], Pd=81.09%, the 

interaction of group and hemisphere, β=−0.00, 95% CrI: [−0.05, 0.04], Pd=55.73%, ERP 

voltages, β=−0.03, 95% CrI: [−0.09, 0.02], Pd=87.57%, and sex, β=−0.05, 95% CrI: [−0.13, 

0.03], Pd=87.72%, all crossed zero.

To follow up on the increase in model fit from allowing intercepts to vary across intensities 

– suggesting a “main effect” of intensity on N2 habituation – we, as with the P1, examined 

marginal effects and calculated highest-density credible intervals from model posterior 

predictions. The N2 exhibited less habituation to 50 dB sounds than 60 dB, β=−0.13, 95% 

CrI: [−0.25, −0.01], 70 dB, β=−0.21, 95% CrI: [−0.35, −0.08], or 80 dB sounds, β=−0.23, 

95% CrI: [−0.37, −0.10]. There was less evidence that N2 habituation differed between the 

80 dB condition and either the 70 dB condition, β=0.02, 95% CrI: [−0.10, 0.13], or the 60 

dB condition, β=0.10, 95% CrI: [−0.02, 0.22], as well as between the 70 dB condition and 

the 60 dB condition, β=0.08, 95% CrI: [−0.03, 0.20].

Supplementary Control Analyses—As described in Supplementary Materials, 

participants were clustered on the basis of their N2 ERP amplitudes (Supplementary Figures 

2–3, Supplementary Tables 6–7). N2 habituation was then examined after removing a cluster 

of participants with apparent positive-going ERP responses, and again after removing all 
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participants except a subset/cluster with the clearest negative-going N2 ERP responses. 

ASD-TD group differences in N2 habituation persisted in both cases.

Correlations—There was little evidence of associations between N2 habituation and either 

SPHI estimates or MSEL DQ. In autistic participants, when N2 habituation was collapsed 

across hemispheres, no substantial evidence (BF10 > 3) supported the existence of any 

association between N2 habituation and either SPHI estimates or MSEL DQ, whereas 

substantial evidence (BF10 < 0.33) suggested that there was no association between SPHI 

estimates and N2 habituation to 80 dB sounds, and no association between cognitive ability 

and N2 habituation to 50, 60, and 70 dB sounds (Table 3). Analyses conducted in typically-

developing participants also found no evidence of associations, and some evidence of null 

effects (Supplementary Table 8).

When hemispheres were examined separately, evidence supported the existence of a 

statistical relationship between autistic participants’ SPHI estimates and N2 habituation to 

60 dB sounds over the right hemisphere (Supplementary Table 9), but this can easily be 

dismissed as a spurious finding due to the large number of comparisons considered.

Discussion

The present study investigated habituation of electrophysiological responses to auditory 

stimuli of varying intensities in a large sample of young autistic and typically-developing 

children. As predicted, habituation of the N2 response to auditory tones was robustly greater 

in the typically-developing group than in the autistic group, even after controlling for 

covariates. In those conditions, in the TD group, habituation slopes robustly differed from 

zero, indicating that N2 amplitudes changed over the course of the experiment. Surprisingly, 

we observed a tendency for autistic participants to show elevated habituation of the P1 

response, but the data did not provide sufficient evidence for the credible interval of the 

effect of group on the P1 to differ from zero. Thus, the first hypothesis of the study – 

that habituation of the P1 and N2 responses would be reduced in autism – was partially 

supported. Habituation of the N2 response was reduced in autism, at least in response to 

higher-intensity stimuli, but the P1 trends were unexpected. However, if the trend towards 

elevated P1 habituation in autistic participants is not spurious, the possibility that it could 

reflect increased habituation of a negative-going response that cancels out in ERP averages 

should be borne in mind: ERPs of opposite polarities ordinarily cancel each other out, 

leaving only the stronger response (Luck, 2014a), but it is not impossible that response with 

the strongest contribution to the average ERP might differ from the response that makes the 

largest contribution to habituation over time.

The second hypothesis of the present study was not supported. We predicted that habituation 

slopes would be associated with an estimate of everyday sound tolerance derived from the 

caregiver-report Short Sensory Profile questionnaire, but no such effects were observed. 

Limitations of caregiver-report measures of the internal sensory experiences of the autistic 

individuals are discussed by Grandin and Panek (2014, pp. 75–87), who illustrate how an 

autistic person’s external behaviour may not match up with their internal experience by, 

for example, describing a scenario in which an autistic person was externally unresponsive 
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to stimuli but feeling overwhelmed internally. Indeed, some autistic communities use the 

term “shutdown” to refer to extreme internal feelings of overload, which may not be 

accompanied by outward “meltdown” reactions (Belek, 2018). Interestingly, autistic people 

self-report more atypical sensory processing than their caregivers’ proxy reports (Keith et 

al., 2019; Millington et al., 2021), and one study suggests that self-reports, but not caregiver-

reports, are related to autonomic arousal during noise exposure (Keith et al., 2019). Thus, 

it seems possible that caregivers might misunderstand and systematically underestimate 

autistic people’s atypical and aversive sensory experiences. On the other hand, prior research 

in the present study sample has found associations between the amplitudes of ERPs, as 

averaged across trials, and parent-report measures of sensory behaviour (Dwyer et al., 2020); 

various other studies also find associations between neural responses and parent-report 

or observational measures of sensory behaviour (e.g., Donkers et al., 2015; Karhson & 

Golob, 2016; Schwartz et al., 2020), including studies of neural habituation (Hudac et al., 

2018). Some studies specifically find relationships between neural habituation and caregiver-

reported hyperresponsive sensory patterns (Font-Alaminos et al., 2020; Jamal et al., 2021) 

or group differences in habituation between those with and without caregiver-reported 

hyperresponsivity (Green et al., 2019; Matsuzaki et al., 2014). Thus, it may be that neural 

habituation of the sort measured in the present study, simply has too little influence on 

day-to-day sensory experience for it to be correlated with a measure of sensory behaviours – 

but other sensory measures or other habituation paradigms could yield different results.

This raises the question of what habituation is likely to represent in the context of the present 

study, as compared to other studies. As with the habituation of oddball responses reported 

by Hudac et al. (2018), habituation in the context of the present study does not strictly 

reflect suppression of responses to repetition of identical stimuli in pairs, trains, or over 

whole experiments as in many prior studies observing links to sensory hyper-responsiveness 

(Font-Alaminos et al., 2020; Jamal et al., 2021; Kisley et al., 2004; Matsuzaki et al., 2014): 

instead, in the present study, tones of the same intensities were never presented twice in 

succession. By never presenting strictly identical stimuli in succession, the present study 

even differs from the paradigms used by Green and colleagues (2019), who examined 

changes over long periods wherein stimuli changed between blocks, but repeated within 

blocks, and Lawson and colleagues (2015), who presented a continuous stimulus in one ear 

while varying stimuli in the other. Thus, “habituation” in the present study, relative to other 

studies, may be less tightly related to suppression of responses to precisely identical stimuli.

Another key observation that may suggest an explanation of what habituation represents in 

the present study is that P1 responses, on average, appeared to habituate less to loud 80 

dB sounds than sounds of lower intensities, whereas N2 responses, on average, appeared 

to habituate less (or even dishabituate more) to soft 50 dB sounds than at other intensities. 

In children from the age range of the present study, the P1 can be influenced by previously-

engaged selective attention (Karns et al., 2015; Sanders et al., 2006), but our interleaved 

stimuli do not allow participants to confidently predict upcoming stimuli or direct their 

attention accordingly. Subjectively, in this study’s paradigm, we feel a loud 80 dB stimulus 

can be particularly striking due to its noticeably high intensity, and given the unpredictability 

of stimulus intensity, it may be difficult for even typically-developing participants to 

suppress a strong response to such sounds so early in cortical auditory processing. In this 
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regard, our P1 habituation results might be very different from those yielded by the sensory 

gating paradigms, with paired identical stimuli delivered at short interstimulus intervals, 

widespread in the current literature (reviewed by Williams et al., 2021a). However, it is 

possible that some participants may, over the course of the experiment, learn to more 

successfully and specifically inhibit their responses to loud sounds by the time window of 

the N2. Prior research does suggest inhibitory processing plays a key role in habituation 

(Palermo et al., 2011), so it seems possible that the relative lack of N2 habituation in autistic 

participants may, in at least some participants, be related to the balance of neural excitation 

and inhibition, which may be atypical in autistic people (see Sohal & Rubenstein, 2019).

It does seem reasonable to assume that participants would want to inhibit responses 

to our auditory tones, as participants might want to watch the quiet video that was 

specifically selected to be of interest to them. While this interpretation must be regarded 

as speculative, prior research does suggest that even relatively basic EEG refractory effects 

can be modulated by attention (Stevens et al., 2015), and an extensive literature describes 

attention differences in young autistic children that could have been relevant to our study; 

for example, autistic children appear to display slower attention disengagement (Sacrey et 

al., 2014) and appear to be more influenced by stimulus salience (Amso et al., 2014; Venker 

et al., 2021).

Moreover, if this is correct, it may suggest one way to understand why habituation 

differs across groups, but not within groups: in a manner of speaking, the substantial 

inter-individual variability in habituation slopes (depicted in Figure 3 and Figure 7) 

could reflect variability of states, not traits: attentional states relatively specific to this 

experimental paradigm, and/or specific to how the individuals happened to attend to stimuli 

in their environment during the session in which the EEG was recorded. Autistic people 

might have tended to differ from typically-developing people in inhibition of responses to 

distracting sounds and in attention allocation, producing group differences in habituation, 

but momentary between-participants attention fluctuations might have been random enough 

to mask relationships to real-world sensory behaviours within the autism group. For 

example, a participant might have focused attention on the sounds for a few minutes, then 

disengaged and returned to focusing on the video, but the occurrence and timing of such 

shifts could be very unpredictable. Other studies, with less of this random variability, might 

have more easily found relationships between habituation and within-group variability in 

real-world sensory behaviour.

However, as noted in the introduction, there are other theories that could account for ASD-

TD habituation differences. These notably include theories based on predictive coding. It 

is unclear whether these interpretations can be ruled out on the basis of the present study; 

indeed, not only is the interpretation outlined above quite speculative, but it seems possible 

that multiple explanations for habituation differences could hold in different individuals or 

even in the same individual at different times.

It also seems reasonable to assume that the striking reduction in N2 habituation we 

observe in these young participants may have implications for subsequent development. 

For example, to the extent that the reduction in N2 habituation affects conscious awareness 

Dwyer et al. Page 16

Autism Res. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of and attention towards stimuli, a lack of habituation might exacerbate autistic people’s 

tendency to have difficulty disengaging from stimuli (see Sacrey et al., 2014), which could 

have implications for autistic people’s ability to find opportunities to find novel learning 

opportunities.

Limitations

We believe that the present study has a number of strengths, particularly its large sample, the 

large number of trials obtained from each participant, and the rigorous data cleaning pipeline 

used to remove putatively non-neural, recording-related noise. Furthermore, the present 

study data were collected using a passive paradigm in a multisensory environment (that is, 

while participants watched a quiet video), which may make the study more naturalistic and 

relevant to sensory processing in real-world environments. We also believe that we can rule 

out the possibility that group differences in N2 habituation could be simple consequences of 

group differences in N2 voltage amplitudes. However, we do want to draw readers’ attention 

to some limitations of our study.

First, this study has primarily focused on differences between groups of autistic and 

typically-developing children. In light of the heterogeneity of the multidimensionally 

variable constellation of autistic individuals, and the considerable heterogeneity we have 

observed in ERP responses from participants in this very dataset (Dwyer et al., 2020, 

2021b), it is unclear how study findings might map onto particular autistic individuals. 

Indeed, out of the 216 autistic and 104 typically-developing participants from whom 

attempts were made to record electrophysiological data, usable data for these analyses 

were obtained from 127 (59%) and 79 (76%), respectively. The large number of autistic 

participants from whom usable data were not obtained suggests that the ASD group included 

in the final analyses is likely not representative of all autistic individuals; it is also notable 

that late-diagnosed autistic individuals would be excluded from the present study sample of 

young children. Thus, caution should be exercised in generalizing these results, whether to 

specific individuals included in this sample, or to other populations that might have been 

excluded from the present study sample.

Second, auditory detection thresholds were not measured in the present study, due to the 

difficulty of collecting audiometric data in children from such a young age range. It is thus 

possible that hearing acuity may have been reduced to some degree in the autistic sample, 

consistent with prior research (e.g., Demopoulos & Lewine, 2016; Rosenhall et al., 1999, but 

see also Beers et al., 2014), and it is unclear how this might have affected our habituation 

results.

Third, the quiet videos were individually chosen to be of specific interest to the participants, 

and a number of different videos were selected by different participants. While this helps 

to ensure that the quiet video is an engaging stimulus for each specific individual, it 

means that the sensory properties of individual videos are not equivalent, and it is unclear 

how this might have affected habituation of electrophysiological responses to the auditory 

tones. There is some evidence that media consumption habits differ between autistic and 

non-autistic people (Chapple et al., 2021; Stiller & Mößle, 2018), including in the age range 

of participants in the present study (Chonchaiya et al., 2011).
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Fourth, we did interrupt stimulus presentation and recordings when required by participant 

behaviour, introducing considerable between-participants differences in the number of times 

when the recordings were paused. We covaried for these pauses, so we are confident 

that they do not account for the group differences we observed in N2 habituation, but 

they did appear to be systematically related to the magnitude of habituation. If future 

studies incorporate pauses, they should ideally be systematically manipulated, insofar as the 

constraints of participants’ reactions in the moment permit.

Finally, the SPHI, although validated for use in autism (Williams et al., 2020), relies on a 

small number of items that might not capture all relevant aspects of sensory experiences. 

Moreover, these items are based on caregivers’ reports about their children’s sensory 

behaviours, and it is possible that some of the children’s internal, real-world sensory 

experiences might not have been readily apparent from their behaviour. Thus, despite the 

evidence provided by this study’s data, it is difficult to be completely rule out the possibility 

that habituation – even specifically habituation of the form measured in this study – is 

related to autistic people’s real-world sensory experiences.

Summary

The present study found that autistic and typically-developing groups did significantly differ 

in levels of habituation, even though the auditory stimuli from this study were not repeated 

identical sounds but were instead tones of varying intensity presented in an intermixed 

manner. Specifically, habituation of the later N2 response was robustly greater in TD than 

ASD, while a trend for autistic people to unexpectedly display greater habituation of the P1 

response did not appear to be statistically robust. Interestingly, N2 responses habituated less 

in the 50 dB condition than to louder intensities, whereas P1 responses showed the least 

habituation to 80 dB sounds compared to softer intensities. Unexpectedly, no associations 

were observed between habituation of electrophysiological responses and parent-reported 

sound tolerance. This could imply that the habituation effects observed in this study are 

not characteristic of participants’ sensory behaviours and experiences in their everyday lived 

environments, but instead are at least in part reflective of states that are relatively specific to 

the momentary context of the experiment.

Future autism habituation research may benefit from manipulating attention, to determine 

whether attention allocation may be related to reductions in habituation in autism. Such 

manipulations could include attention tasks (e.g., selective attention paradigms), as well 

as manipulations explicitly adding or subtracting background sensory stimuli that might 

influence attention allocation. Studies of habituation in the visual modality might offer 

some advantages over auditory studies in this regard, as eye-tracking technology could 

be used to more transparently track the effects of attention manipulations (Falck-Ytter et 

al., 2013). Studies could also test other putative explanations of habituation differences 

by incorporating other factors, such as stimulus predictability, into their designs. One 

challenging but intriguing direction would be to contrast the effects of predictability and 

control by allowing participants some control over stimuli whilst still preserving timing 

differences; this could (for example) potentially be addressed by giving participants control 

over initiation/termination of blocks, but not sequences of stimuli within blocks.
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Figure 1. 
An example of a slope taken from a single participant. This scatterplot depicts voltage 

amplitudes from this participant recorded at channel Cz exactly 100 ms after stimulus onset 

in each trial from the 80 dB condition. The diagonal blue line depicts the linear slope, while 

the values describe both the linear slope (Pearson’s correlation coefficient) and the ordinal 

slope (Kendall’s tau); the ordinal slope was employed in the analysis. Slopes like this were 

calculated for every participant, condition, channel, and time-point between −100ms and 

350 ms post-stimulus onset. With 206 participants, 4 loudness conditions, 61 channels, and 

451 time points, a total of 22,669,064 separate slope values like the one depicted in this 

example plot were generated. Habituation slopes were then averaged over spatiotemporal 

regions associated with the P1 and N2 components.
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Figure 2. 
Regions of interest over left and right hemisphere frontocentral scalp. Left. Frontocentral 

regions of interest for analysis of P1 response (red electrodes). Right. Frontocentral regions 

of interest for analysis of N2 response (red electrodes). The N2 region of interest was 

defined slightly more narrowly than the P1 region in order to avoid overlap with temporal 

components such as the TP200 response. Channel positions may appear slightly irregular; 

this is because channel positions are based on actual electrode positions obtained from a 

subset of participants using a Polhemus digitizer.
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Figure 3. 
Violin plots showing distribution of slope data points indexing habituation of the P1 

response in each group and intensity condition. Horizontally jittered data points of 

individual participants are also shown in each condition. Unexpectedly, habituation initially 

appeared to be greater in ASD than TD in the 70 dB condition (reflected by more negative 

values in ASD), but this effect disappeared in analyses controlling for potential confounds.
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Figure 4. 
Waveforms depicting both the averaged ERP voltages observed in each diagnostic group 

across the whole of the P1 spatiotemporal region (left), as well as habituation slopes 

indexing change in voltages over the course of the experiment (right). As the P1 ERP 

(left) is positive-going, habituation is indicated by negative slopes (right). The measurement 

window is highlighted in grey.
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Figure 5. 
Topographic plots depicting habituation slopes indexing change in voltages over the course 

of the experiment averaged over the P1 measurement window, i.e., 73 – 173 ms (50 dB), 

61 – 161 ms (60 dB), 45 – 145 ms (70 dB), or 43 – 143 ms (80 dB). In the ASD group, 

negative slopes – reflecting less positive amplitudes over the course of the experiment, or 

habituation of the P1 positivity – are clearly apparent in the 50 dB and 70 dB conditions. 

Trends for habituation slopes to differ from zero in other conditions did not attain statistical 

significance after correction for multiple comparisons.
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Figure 6. 
Waveforms depicting the ERP voltages from participants’ first 40 trials (“early amplitudes”), 

as well as from participants’ last 40 trials (“late amplitudes”) in each group and condition. 

P1 and N2 time windows are highlighted in grey. As the P1 ERP (left) is positive-going, 

its habituation would result in a more positive voltage in the first 40 trials than the final 40 

trials. Conversely, as the N2 (right) is a negative-going response, its habituation would result 

in more negative voltages in the first 40 trials than the last 40. This figure is for visualization 
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only; binning ERP responses from ranges of trials had no place in our statistical analytic 

approach.
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Figure 7. 
Violin plots showing distribution of slope data points indexing habituation of the N2 

response in each group and intensity condition. Horizontally jittered data points of 

individual participants are also shown in each condition. Habituation of the N2 response 

was observed primarily in the 70 and 80 dB conditions, wherein average slopes significantly 

differed from zero, but only in the TD group.
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Figure 8. 
Waveforms depicting both the averaged ERP voltages observed in each diagnostic group 

across the whole of the N2 spatiotemporal region (left), as well as habituation slopes 

indexing change in voltages over the course of the experiment (right). As the N2 ERP 

(left) is negative-going, habituation is indicated by positive slopes (right). The measurement 

window is highlighted in grey.

Dwyer et al. Page 36

Autism Res. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 9. 
Topographic plots depicting habituation slopes indexing change in voltages over the course 

of the experiment averaged over the N2 measurement window (201 – 350 ms). In the 70 and 

80 dB conditions, in TD, positive habituation slopes are visible over the N2 measurement 

region, indicating that N2 amplitudes became less negative or habituated over the course 

of the experiment. Interestingly, in the 80 dB condition, the habituation was concentrated 

laterally, at the periphery of the N2 measurement region. This implies that the habituation 

manifested as an increasingly compact N2 response over the course of the experiment.
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Table 1.

Characteristics of typically-developing and autistic participants with usable electrophysiological data. 

Statistical comparisons employ Wilcoxon rank-sum tests. Cliff’s δ (Cliff, 1993) is reported as an effect size.

TD ASD p Cliff’s δ [95% CI]

Mean (SD) Range Mean (SD) Range

Chronological Age (months) 37.06 (6.48) 25.80 to 56.33 38.49 (5.97) 25.50 to 54.87 .031 −.18 [−.33, −.02]

MSEL Developmental 
Quotient (DQ)

106.02 (11.50) 79.89 to 128.62 65.41 (20.54) 30.39 to 132.45 < .0001 .89 [.82, .94]

ADOS Calibrated Score 
(Gotham et al., 2009)

N/A 7.60 (1.65) 4 to 10 N/A N/A

SPHI −0.45 (0.68) −1.45 to 1.11 0.04 (0.83) −1.45 to 2.16 .0002 −.34 [−.49, −.16]

Total Trials 1166.75 (197.59) 711 to 1530 1142.14 (205.19) 639 to 1643 .55 .05 [−.11, .21]

Usable Trials 935.95 (214.63) 448 to 1410 873.72 (193.33) 509 to 1375 .055 .16 [−.01, .32]

Rejected Trials 230.80 (103.29) 59 to 495 268.43 (101.93) 80 to 667 .01 −.20 [−.36, −.04]

Number of Pauses in EEG 
Recordings

20.62 (11.33) 1 to 58 31.53 (21.38) 3 to 146 .0002 −.31 [−.44, −.16]
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