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General Introduction

1.1 An Overview of the Autism Phenotype
	Autism is a lifelong neurodevelopmental condition characterized by two core features: alterations in social communication abilities (termed social communication impairment, SCI) and patterns of restricted and repetitive behaviors and interests (RRBIs) (American Psychiatric Association, 2013). SCI can present in overt ways such as impaired language abilities, as well as more covertly, such as difficulty establishing or maintaining close social relationships. RRBIs are equally as diverse in their presentation; autistic individuals may exhibit clear repetitive stereotypies (e.g., hand flapping, rocking), insist on rigid daily routines, or show heightened and excessive interest in specific topics. In addition to the core features of autism, sensory processing differences are now widely recognized as a key part of the autism phenotype, and have been shown to correlate with both SCI (Baranek et al., 2018; D’Mello et al., 2023; Foss-Feig et al., 2012; Lane et al., 2010) and RRBIs (Boyd et al., 2010; J. H. Foss-Feig et al., 2012; Sapey-Triomphe et al., 2023; Schulz & Stevenson, 2019), as well as overall severity of autism presentation (Jussila et al., 2020).
	Of note, the diagnosis of idiopathic autism is on the rise (Russell et al., 2022), particularly with the introduction of the DSM-5 (American Psychiatric Association, 2013) in 2013, which condensed autistic disorder, Asperger’s syndrome, and PDD-NOS into a singular diagnosis of autism spectrum disorder. Consequently, population diversity is staggering, and many different SCI and RRBI behaviors may be observed both between and within individuals. Consequently, there are a number of conflicting findings in autism research across a variety of research domains. Generalizability is still lacking, not only due to the vast heterogeneity between individuals, but also due to sampling bias. Importantly, much of autism research has prioritized recruiting participants who are verbal with minimal support needs; autistic individuals with high support needs—often including those with syndromic autism (e.g., Fragile X syndrome)—are drastically under-represented.
	For instance, while it is estimated that over one third of autistic individuals have a comorbid intellectual disability (ID; Centers for Disease Control and Prevention, 2022), a meta-analysis (Russell et al., 2019) of all autism research published in 2016 reported a rate of 6% inclusion of ID. Similarly, while approximately 15-30% of autistic individuals are minimally or non-verbal (see Schaeffer et al., 2023 for a recent review; see Hughes et al., 2023 for a recent meta-analysis), this subset of individuals comprised only 2% of autistic participants in 2016 (Russell et al., 2019). Thus, there are significant concerns about the generalizability of research findings to the broader autism population. Nonetheless, this introduction attempts to synthesize extant findings concerning sensory and multisensory function in autism, as well as well-established perceptual, neurological, and computational theories of sensory function as they relate to core and associated features of autism.

1.2 Unimodal Sensory Processing Differences in Autism
	For the purpose of this introduction, we will focus primarily on alterations to auditory and visual processing, although there is significant evidence of altered tactile (see Balasco et al., 2020; Mikkelsen et al., 2018; Schaffler et al., 2019 for reviews), vestibular (see Lim et al., 2017; Stins & Emck, 2018 for reviews), and olfactory/gustatory (see Boudjarane et al., 2017; Crow et al., 2020; Goldschlager et al., 2025; Larsson et al., 2017 for reviews) processing differences in autism as well. There are three umbrella features of sensory processing that are thought of as characteristic in autism: hypersensitivity, hyposensitivity, and sensory-seeking behaviors. The first feature, hypersensitivity, is perhaps the most commonly associated with and described in autism. In the auditory domain, specific clinical investigations into the nature of auditory hypersensitivity have been fruitful. There is a growing body of evidence to suggest that autistic individuals experience hyperacusis (Gomes et al., 2004; Khalfa et al., 2004; Rosenhall et al., 1999; Thabet & Zaghloul, 2013)—heightened sensitivity or perceived loudness to innocuous auditory stimuli—a feature reported in 18-69% of autistic individuals (see Danesh et al., 2021; Ren et al., 2021 for reviews; see Williams et al., 2021 for a meta-analysis). This can be observed not only through self- or caregiver-report, but also through acoustic startle responses, which are enlarged in autistic individuals, even at relatively low sound intensities (Madsen et al., 2014; Takahashi et al., 2018). Additionally, though less well studied, there is growing evidence of misophonia—extreme negative reactions to specific sounds—in the autism population (Katikar et al., 2025; Pan et al., 2022). Hyper-sensitivity in the visual domain is not well characterized, although qualitative self-reports by autistic individuals include mention of visual sensitivities (Davis et al., 2006; Parmar et al., 2021). 
	In contrast to the literature describing auditory hypersensitivity, hyposensitivity is not widely studied in the auditory and visual domains. Instead, hyposensitivity is more explicitly observed in the tactile domain (Cascio et al., 2015; Foss-Feig et al., 2012; Miguel et al., 2017; Surgent et al., 2022, although see Güçlü et al., 2007), and correlates with severity of both SCI and RRBIs (Foss-Feig et al., 2012). However, responses on the standardized sensory questionnaires and narrative accounts of sensory experiences do suggest that auditory—and to a lesser degree, visual—hyposensitivity is common in the autism population (Bitsika et al., 2016; Elwin et al., 2012; Lefebvre et al., 2023; Lyons-Warren et al., 2022). 
	The final sensory behavior commonly described in autism is sensory seeking (Ermer & Dunn, 1998), which is correlated with incidence of RRBIs (Boyd et al., 2010; Fetta et al., 2021; Noda et al., 2024; Zetler et al., 2022). Again, there seems to be minimal literature specifically investigating sensory seeking behaviors in either auditory or visual modalities, likely because many sensory-seeking behaviors tend to be tactile or motor in nature (Lane et al., 2022). However, one observational study found that about 21% of autistic children exhibit auditory seeking behaviors, and about 33% exhibit visual seeking behaviors, most of which occur during free-play (Kirby et al., 2017). Kirby et al. (2017) note that many auditory and visual seeking behaviors occur in conjunction with gross motor repetitive behaviors, such as, 
“trampoline jumping while listening to music on headphones and watching television, bringing face close to video screen and tensing whole body, and swinging on swing with head tilted backwards to look at surroundings upside down”.
Some of these seeking behaviors are also categorized as classic RRBIs themselves, such as repeated viewing of a video or musical segment, or specific vocalizations. Importantly, both the desired sensation and the behavior to acquire the sensation are highly specific to the individual.

1.3 Audiovisual Processing Differences in Autism
	In addition to unisensory processing differences, differences in multisensory integration (MSI) abilities in autism have long been of interest to researchers. Importantly, the natural world is comprised of stimuli from all modalities, and it is in the integration of these stimuli that we form our gestalt perception of the world around us. Furthermore, stimulus redundancy across multiple modalities can confer large behavioral benefits when compared to unisensory stimulus presentations (e.g., comprehending speech in noise, Sumby & Pollack, 1954). Therefore, it is of interest to researchers how MSI abilities may differ in autism, and how these abilities are related to both core and associated features of the disorder.
	For the purposes of this introduction, we will focus specifically on audiovisual (AV) integration abilities in autism, although MSI differences have been observed in a number of modality combinations. Broadly speaking, AV integration has been shown to be atypical across a variety of tasks and stimulus complexities (see Feldman et al., 2018 for a meta-analysis). Additionally, better performance in AV tasks has been shown to correlate with overall autism presentation severity (Feldman et al., 2018) and with social communication abilities in particular (Feldman et al., 2018; Feldman, Conrad, et al., 2022; R. A. Stevenson, Segers, et al., 2018). These effects appear to be larger in children, with group differences diminishing in adolescence and adulthood, according to some accounts (Crosse et al., 2022; Feldman et al., 2018).
	Differences in temporal integration in autism have been of particular interest. The temporal binding window (TBW)—the window of stimulus asynchrony over which participants will perceive two events as occurring simultaneously—has been shown to be enlarged in autism across a variety of stimulus complexities (Boer et al., 2013, see Zhou et al., 2018 for a meta-analysis). Indeed, even in infants at high (HR) and low (LR) familial risk for autism, HR infants show less looking time to highly asynchronous stimuli compared to LR infants—interpreted as a wider TBW in HR infants—for both simple and complex social stimuli (Suri et al., 2023). Thus, deviations to temporal integration appear to precede autism diagnosis and continue throughout development.
	Additionally, there is evidence of atypical attentional allocation to AV stimuli. Eye gaze analyses reveal that across both social and non-social stimuli, autistic children show reduced fixation time to synchronous AV stimuli when compared to non-autistic peers, as well as slower attentional disengagement from distractors (Todd & Bahrick, 2023). Thus, there appears to be a domain-general difference in salience attributed to AV stimuli in autism. In the following section, we will describe findings of AV integration differences in autism using simple, complex non-social, and social stimuli, as well as what performance on AV illusion tasks reveal about the nature of multisensory processing in this population.

1.3.1 Simple Stimuli
	For the purpose of this section, simple stimuli refer to objects with minimal complexity and salience (e.g., visual flashes or auditory beeps). In the temporal domain, findings are largely consistent in showing enlarged TBWs in autism (Boer et al., 2013; Kwakye et al., 2011; Noel, Lytle, et al., 2018, although see Weiland et al., 2023; Zhou et al., 2022). Of note, the recent dissenting research finding minimal differences in AV temporal integration has focused on autistic adults with low support needs, which is in line with findings by Feldman et al. (2018) of diminishing TBW differences in adulthood (see also Ainsworth & Bertone, 2023).
	Although temporal binding, even using simple stimuli, is generally considered to be atypical in autism, detection paradigms are somewhat less clear. For instance, while some studies show less accurate or slower AV target detection compared to non-autistic controls (Brandwein et al., 2013), other studies show comparable (Dwyer et al., 2022; Ostrolenk et al., 2019) or better (de Boer-Schellekens et al., 2013; Millin et al., 2018) detection performance. What appears to be more consistent, however, is that autistic individuals exhibit less multisensory gain (i.e., the improvement in performance as a result of having information from multiple modalities compared to a unimodal presentation) in these detection tasks compared to the multisensory gain exhibited by non-autistic controls (Ainsworth et al., 2021; Brandwein et al., 2013; Collignon et al., 2013; Ostrolenk et al., 2019; Toumaian et al., 2024, although see Dwyer et al., 2022). 

1.3.2 Complex Non-Social Stimuli
	Complex social stimuli refer to stimuli with more salient environmental meaning, but without social content (e.g., animals, bouncing balls, etc.). There is somewhat less research examining complex non-social stimuli relative to other stimulus types, and findings are somewhat mixed. For instance, while one study using AV clips of a bouncing ball reports a narrower TBW (Smith et al., 2017), another study using clapping hands reports wider TBW (Boer et al., 2013). Both studies recruited adolescent participants, so the differing findings may be a result of the stimulus used or, perhaps more likely, of the extreme heterogeneity observed among autistic individuals. 
	Despite these conflicting findings, there is some consistent evidence that attention to complex non-social stimuli is atypical in autism. For instance, reduced orientation to point-light biological motion in infancy is associated with later autism diagnosis (Falck-Ytter et al., 2018), and autistic preschool-aged children show no gaze preference for point-light biological motion over inverted motion when compared to non-autistic peers (Falck-Ytter et al., 2013). Additionally, preschool-aged children fail to show no gaze preference for synchronous naturalistic motion over asynchronous motion, as is exhibited by non-autistic controls (Falck-Ytter et al., 2013; Todd & Bahrick, 2023). Furthermore, studies in school-aged autistic children reveal reduced accuracy during multiple object tracking, and minimal multisensory gain in performance (L. Hughes et al., 2023). Thus, although there is still some uncertainty as to the nature of temporal acuity for complex non-social stimuli in autism, it is likely that there are differences in AV attention that emerge in infancy and persist at least through childhood.

1.3.3 Speech and Social Stimuli
	While simple and complex non-social stimuli yield somewhat mixed results, there is a general consensus among researchers that perception of AV speech and other social stimuli is atypical. Indeed, SCI is a core feature of autism, and until the most recent iteration of the DSM (DSM-5, American Psychiatric Association, 2013), language impairment was required criterion for an autism diagnosis. A recent meta-analysis has reported consistent findings of impaired AV speech integration—as measured by speech-in-noise perception, phonemic restoration, and illusory percept tasks—with larger effects being observed in pediatric samples (Jertberg, Wienicke, et al., 2024). 
	There is substantial evidence that atypical speech and language processing in autism occurs even at the phoneme level. Research suggests impairments in AV syllable/phoneme discrimination (Feldman et al., 2019; Irwin et al., 2023; Stevenson et al., 2017; Woynaroski et al., 2013, although see Stevenson, Siemann, Woynaroski, et al., 2014), which is correlated with increased scores of overall autism severity (Woynaroski et al., 2013). Additionally, a number of sources report that in simultaneity judgments of AV syllables, autistic individuals exhibit a wider TBW (Boer et al., 2013; Feldman et al., 2019; Noel, Stevenson, et al., 2018, although see Zhou et al., 2022), which is associated with increased endorsement of sensory hypo-responsiveness and sensory seeking behaviors (Feldman et al., 2019). This latter finding suggests that challenges with language processing in autism are likely, at least in part, related to sensory functions. Indeed, reduced multisensory gain for word recognition has also been widely reported (Irwin et al., 2011; Smith & Bennetto, 2007; Stevenson et al., 2017), which further bolsters the idea that (multi)sensory function plays a substantial role in extraction of meaning from speech.
	Neurophysiological markers elicited by naturalistic viewing of speech also elucidate sensory and multisensory regions that may underlie language difficulties in autism. For instance, during passive speech viewing, Megnin et al. (2012) report a robust centroparietal P2 enhancement in AV speech relative to auditory-only speech in non-autistic controls, but not the autism group (although see Dunham-Carr et al., 2023). The authors also report that P2 enhancement is negatively correlated with scores on the Social Communication Questionnaire (Rutter et al., 2003), suggesting a relationship between neural responses to speech and broader measures of SCI. Atypical EEG responses to speech are even seen in HR infants, who, in response to mismatched AV speech, do not show the characteristic late-potential enhancement in left temporal electrodes exhibited by LR infants (Riva et al., 2022). fMRI studies have also shown atypical patterns of activity, showing weaker activation in auditory cortex (Irwin et al., 2021; Tietze et al., 2019). Combined, the neurophysiological evidence indicates that autistic individuals exhibit differences in both early (i.e., feedforward) and late (i.e., feedback) sensory mechanisms for processing AV stimuli.
	As with complex non-social stimuli, gaze preference can also provide useful insight into attentional changes in autism. Using naturalistic speech, a number of studies have reported decreased fixation time to the mouth and increased fixation time to non-face elements in both diagnosed autistics (Grossman et al., 2015; J. R. Irwin & Brancazio, 2014; Righi et al., 2018) and HR infants (Chawarska et al., 2022; Lozano et al., 2024). This attentional shift appears to reduce the amount of redundant visual information autistic individuals can glean from speech, which may in part explain reduced multisensory gain in experimental settings, as well as real-world language impairments such as impaired speech-in-noise comprehension (see Ruiz Callejo & Boets, 2023 for a reivew). However, studies comparing fixation times to synchronous and asynchronous speech also report that autistic individuals do not show the expected preference for synchronous speech (Righi et al., 2018; Todd & Bahrick, 2023). Furthermore, atypical findings of social orientation are most robust for interactive, real-world paradigms (see Hedger et al., 2020 for a meta-analysis). Combined with the neurophysiological evidence described above, this may point to a difference in how autistic individuals attribute salience to social stimuli. There is growing evidence that dopaminergic signaling may be atypical in autism (see Blum et al., 2024; DiCarlo & Wallace, 2022 for reviews), and treatment with oxytocin and vasopressin—hormones associated with social bonding—has been proposed as a method for enhancing social motivation in this population (see Guastella & Hickie, 2016; Hammock & Young, 2006 for reviews). fMRI studies have revealed significant differences in social reward processing pathways, specifically hypoactivation in the bilateral caudate and anterior cingulate (see Clements et al., 2018 for a meta-analysis). Thus, the neural correlates of social motivation, and not simply task performance, should continue to be investigated.
	Finally, it should be noted that in addition to language, autistic individuals often struggle to correctly identify emotion. In experimental settings, this presents as decreased accuracy discriminating emotional face-voice pairs (Charbonneau et al., 2013; Hoffmann et al., 2023), slower discrimination response times (Hoffmann et al., 2023), and reduced multisensory gain compared to unimodal presentations (Hoffmann et al., 2023; Stefanou et al., 2024). Autistic individuals also show increased variability in their judgments, as well as in activations in the temporal voice area (Pegado et al., 2020).


1.3.4 Illusions
	Performance on multisensory illusions can provide insight into the mechanisms governing MSI in autism. One common illusion, the sound-induced flash illusion (SIFI), occurs when simple auditory beeps alter the perceived number of simultaneously presented flashes. The illusion is bidirectional: more beeps than flashes can induce the perception of more flashes than actually occurred (fission), or vice versa (fusion). The findings using this paradigm are mixed, with some studies indicating autistic individuals are less susceptible to SIFI (Kawakami et al., 2020) while others report comparable illusion perception (R. A. Stevenson, Segers, et al., 2018). Others still have reported that autistic individuals show a similar rate of fission but are more susceptible to fusion (Bao et al., 2017). In line with findings of enlarged TBW, Foss-Feig et al. (2010) report that autistic children are susceptible to SIFI over a wider range of stimulus asynchronies. As in our discussion of simple AV stimuli, the true incidence of SIFI susceptibility in autism is likely nuanced, and dependent on the specific participant characteristics (e.g., age, sensory features endorsed, etc.).
[bookmark: _Hlk195783629]	Speech illusions can also be used as a proxy measure of AV integration ability. The most commonly used illusion in autism research is a variation of the McGurk illusion (McGurk & MacDonald, 1976), in which an auditory syllable (e.g., /ba/) is presented simultaneously with a different visual syllable (e.g., /ga/); the resulting illusory percept is a fusion of the two syllables (e.g., /da/). The majority of autism research using McGurk-like stimuli reports reduced susceptibility to the illusion (Bebko et al., 2014; Feldman et al., 2022; Feng et al., 2021; Stevenson, Siemann, Woynaroski, et al., 2014, see Zhang, Meng, He, et al., 2019 for a meta-analysis), including in HR infants, who do not show the expected fixation time differences between fusible (i.e., “McGurk”) and non-fusible phoneme pairs (Guiraud et al., 2012). Reduced susceptibility to the McGurk illusion is also correlated with increased SCI and overall autism severity scores (Feldman, Conrad, et al., 2022) and decreased looking time to the mouth (Feng et al., 2021). Combined, these findings suggest overall weaker AV integration in autism, which is linked with both attentional differences and core autism features. Importantly, there is evidence of age-related changes, but these findings are contradictory, with some studies showing larger group differences in children than in adolescents (Taylor et al., 2010) and others showing the opposite (R. A. Stevenson, Siemann, Woynaroski, et al., 2014). As with all other paradigms discussed, some variations in findings should be expected as a result of sample heterogeneity, although research to date generally supports a reduction in audiovisual integration strength in autism as measured by the McGurk illusion.

1.3.5 Structural and Functional Differences in Multisensory Brain Regions
	Understanding the structural and functional properties of key multisensory and amodal brain areas is also critical for furthering our knowledge of what mechanisms might underlie atypical MSI in autism. Unfortunately, the primary methods for doing so—resting state, functional, and structural MRI (rsMRI, fMRI, and sMRI, respectively); diffusion tensor imaging (DTI); and functional near-infrared spectroscopy (fNIRS)—may not be suitable for autistic individuals with significant motor stereotypies or sensory sensitivities. The findings discussed here refer to samples of autistic individuals with low support needs unless otherwise specified, and should be acknowledged with the caveat that these findings are by no means widely accepted as characteristic of all autistic individuals. 
	Additionally, it should be noted that neuroimaging findings are extremely heterogeneous. Indeed, a recent review of imaging literature across a variety of methods notes, “Differences in a neuroimaging metric (e.g. connectivity, activation, volume) between groups could rarely be defined in one direction” (Halliday et al., 2024). The authors further note that there was little consistency among studies in age, sex distribution, overall autism severity, or group IQ matching, or even among processing and analytical methods. Therefore, while we discuss trends in findings across a variety of sub-cortical and cortical structures, there are, in all cases, a number of counter-findings that make it impossible to generalize findings to the broader autism population. For the duration of this section, we focus primarily on reviews and meta-analyses that have attempted to synthesize the information succinctly, highlighting areas of consistencies and inconsistencies, as well as implications for multisensory function in autism.
1.3.5.1 Sub-Cortical Structures
	One of the earliest identified brain regions implicated in autism is the cerebellum (Courchesne et al., 1984; Courchesne & Allen, 1997; Grillon et al., 1989). While the cerebellum is largely thought of as a motor and vestibular structure, the cerebellum is also involved in higher-order cognitive functions. In autism, documented visual and visuospatial deficits in attentional orienting and attentional shifting have been noted to resemble deficits akin to those with cerebellar damage (Courchesne et al., 1994; Courchesne & Allen, 1997; Townsend et al., 1996). The cerebellum also integrates external sensory information with internal states and predictions about upcoming events. Thus, cerebellar structure and function are likely to have widespread effects on perception of and action toward multisensory events.
	In line with early work, one review discusses postmortem findings of Purkinje cell loss throughout the cerebellum, most notably in lobes VI and VII of the vermis, which receive auditory and visual afferent signals (Kern, 2002). It might be expected that such loss could result in deficits attending, orienting, and responding to auditory and visual stimuli in space. Other reviews have discussed findings of reduced total volume in the cerebellum in autism (Dougherty et al., 2016; Pagnozzi et al., 2018), although a systematic review by Brambilla et al. (2003) notes that studies finding cerebellar differences do not adjust for confounds such as IQ, sex, and total brain volume, and many findings conflict with each other. Indeed, while there are meta-analyses that have reported increased total cerebellar volume in autism (Stanfield et al., 2008; Traut et al., 2018), others have reported specific decreases in gray matter volume (Liloia et al., 2024; X. Yang et al., 2016), and one meta-analysis using the Autism Brain Imaging Data Exchange (ABIDE) dataset—one of the largest compiled sMRI and fMRI datasets from autistic individuals—found no differences in cerebellar structure (Traut et al., 2018). Thus, it is to date unclear what role the cerebellum plays in MSI in autism, it is evident that at least some autistic individuals exhibit atypical cerebellar structure, which is likely to alter (multi)sensory attention, orientation, and action.
	There has also been significant interest in the corpus callosum (CC)—the bundle of fibers connecting the left and right hemispheres of the brain—and its role in information integration in autism. Unlike the cerebellum, findings in CC are largely consistent, with a number of systematic reviews (R. Booth et al., 2011; Brambilla et al., 2003; Dougherty et al., 2016; Frazier & Hardan, 2009; Pagnozzi et al., 2018) and meta-analyses (Frazier & Hardan, 2009; Lefebvre et al., 2015; Stanfield et al., 2008) reporting decreased total or relative volume (although see Halliday et al., 2024 for a recent meta-analysis reporting increased total CC volume). Synthesized data also suggests decreased fractional anisotropy in CC (R. Booth et al., 2011; Di et al., 2018; Dougherty et al., 2016; Travers et al., 2012; Yao et al., 2021, although again see Halliday et al., 2024 for a meta-analysis showing mixed findings). Combined, this evidence points to decreased interhemispheric connectivity, which can lead to a reduction in sensory information integration.

1.3.5.2 Cortical Structures
[bookmark: _Hlk195783681]	Over the years there has been growing interest in the trajectory of brain growth in autism. The first MRI study to show atypical brain volume in autism report enlarged brain volume in up to 90% of autistic toddlers and preschool-aged children (Courchesne et al., 2001). Studies of infants later diagnosed with autism also show dramatic increases in head circumference (Courchesne et al., 2003) and brain volume (Hazlett et al., 2017) over the first year or life relative to population norms. A meta-analysis also found that in addition to larger head circumference and increased total brain volume in autism, this effect was larger in autistic individuals with higher support needs (Sacco et al., 2015). Interestingly, brain size appears to be comparable to non-autistic controls by adolescence or adulthood in most autistic individuals (see R. Booth et al., 2011; Courchesne & Pierce, 2005 for reviews). These findings suggest that excessive brain growth in infancy, particularly in the cortex, followed by an early arrest of brain growth in later childhood or adolescence, may be the result of over- and under-pruning (i.e., atypical synaptogenesis), thereby disrupting normal within- and between-network connectivity and maturation of cortical networks. A review by Courchesne & Pierce (2005) notes that the findings of atypical growth trajectory have been most consistently reported in the frontal (specifically dorsolateral and medial regions) and parietal cortices, which are brain regions that serve speech and language development, comprehension, and production; spatial integration; and a variety of MSI abilities, among other cognitive functions.
	It should be noted that while early brain overgrowth is more likely to occur in autism, population-based studies reveal patterns of early brain overgrowth in a substantial number of non-autistic and otherwise healthy children as well (see Raznahan et al., 2013 for a review). Furthermore, a number of studies finding increased total brain volume in autism fail to account for IQ or sex and have methodological problems (see Brambilla et al., 2003 for a review). Thus, researchers should take care to account for relevant individual features (e.g., demographic, cognitive, comorbidities, etc.) when associating atypical brain growth trajectory with autism and its core and associated features. 
	Nonetheless, there is still structural and functional evidence to suggest atypical cortical development in autism that has significant implications for MSI abilities. One such region is the posterior superior temporal sulcus (pSTS), which is heavily involved in audiovisual processing, particularly for social stimuli. During object viewing, fMRI reveals that pSTS is not differentially activated for AV, unimodal auditory, or unimodal visual stimuli, but that activation is greater for semantically congruent audiovisual pairs compared to incongruent pairs (J. Hocking & Price, 2008), suggesting that multisensory interactions in pSTS may be selective for social and linguistic stimuli, as well as semantic congruency. Indeed, later research has identified pSTS as selective for audiovisual speech (Deen et al., 2020; Erickson et al., 2014; Watson et al., 2014; Zhu & Beauchamp, 2017) and non-speech social stimuli (Lahnakoski et al., 2012) compared to AV non-social stimuli, as well as distinct patterns of responses when compared to unimodal stimulus presentations (i.e., integration effects; Alpert et al., 2008; Karas et al., 2019; Li et al., 2015; Marchant & Driver, 2013; Skipper et al., 2005; Watson et al., 2014). pSTS also shows functional specialization, in which the anterior portion shows enhanced activation to AV speech during mouth-directed gaze, whereas the posterior portion shows preferential activation during eye-directed gaze (Rennig & Beauchamp, 2018). pSTS is also sensitive to emotional congruence, showing enhanced activation to emotionally congruent face-voice pairs compared to incongruent pairs (Hagan et al., 2009), further indicating that there is a clear social function to pSTS.
	In considering the specific social communication and language challenges experienced by autistic individuals, the role of pSTS in the development of autism features is owed further exploration. Atypical pSTS structure may specifically alter visual attention to AV social stimuli. For instance, during a visual emotion recognition task, Hotier et al. (2017) report that in addition to poorer performance on the task, an increased length of the right anterior pSTS in autism is associated with decreased fixation time to eyes. Furthermore, given the findings that autistic individuals are less susceptible to the McGurk illusion, it is interesting to note that damage (e.g., after stroke; Hickok et al., 2018) or temporary disruption (e.g., via transcranial magnetic stimulation; Ahn et al., 2024; Marques et al., 2014) to left pSTS inhibits fusion in the McGurk-MacDonald paradigm (McGurk & MacDonald, 1976). Furthermore, in healthy children, left pSTS responds more strongly during perception of McGurk illusion (i.e., integration) compared to non-fused incongruent syllables, as well as in individuals who are more susceptible to illusion compared to those who are not (Nath et al., 2011). Combined, this evidence suggests that atypical pSTS function may be in part responsible for impaired AV integration in autism, particularly in speech and language. pSTS function also appears to be related broadly to social cognition in this population. Decreased pSTS activity in autism has been documented in a variety of social tasks, including discriminating point-light emotional expressions (Alaerts et al., 2014), making social judgments (Carter et al., 2012; Pantelis et al., 2015), and during social imitation (Jack & Morris, 2014).
	Similarly, there is evidence that the posterior superior temporal gyrus (pSTG) may also have atypical functional properties in autism. Like pSTS, pSTG is part of the canonical speech network, playing a significant role in phonological and semantic processing (see Chang et al., 2015 for a review) and speech-in-noise comprehension (Ozker et al., 2017, 2018). pSTG also shows sub-additive M/EEG signals to AV speech compared to summed unimodal speech signals (Hertrich et al., 2011; Metzger et al., 2020). fMRI research has demonstrated increased pSTG trial-to-trial coherence of BOLD responses for AV speech compared to auditory-only speech (Rennig & Beauchamp, 2022), as well as enhanced activity for AV emotion stimuli compared to unimodal presentations (Kreifelts et al., 2007). Combined, these findings clearly indicate that pSTG shows integration effects in response to audiovisual speech and non-speech social stimuli. However, pSTG also facilitates non-social audiovisual integration. For instance, Meienbrock et al. (2007) report enhanced pSTG BOLD responses to spatially congruent simple stimuli compared to spatially incongruent stimuli. 
	Structurally, there is fairly consistent evidence of enlarged pSTG in autism (Jou et al., 2010; Lim et al., 2015; Xiao et al., 2014; X. Zhao et al., 2022; see X. Yang et al., 2016 for a meta-analysis, although see H. Wang et al., 2022), as well as a rightward asymmetry (Gage et al., 2009), which is likely to have implications particularly for speech and language function. Indeed, the majority of research in autism concerning pSTG has focused on speech and language tasks. Interestingly, pSTG enhancements to AV speech are graded according to stimulus quality (Leminen et al., 2020), and autistic individuals with good language outcomes—compared to those with minimal verbal language—show increased left STG activity relative to non-autistic controls (Eigsti et al., 2016), which may suggest that in individuals with poorer language outcomes, neural representations of AV speech are degraded in pSTG. 
[bookmark: _Hlk195092010][bookmark: _Hlk195091982]	Finally, it is critical to discuss structural and functional research concerning the inferior parietal lobule (IPL), specifically the angular gyrus (AG) and supramarginal gyrus (SMG). AG is a well-known region of AV integration, showing enhanced activity (i.e., integration effects) during a variety of AV tasks, including speech listening (Capek et al., 2004), episodic retrieval (Bonnici et al., 2016), semantic retrieval (J. F. Smith et al., 2013), object categorization (Viganò et al., 2021), and associative learning (Gonzalo et al., 2000) Disruption of AG by transcranial magnetic stimulation is associated with reduced temporal binding window (Zmigrod & Zmigrod, 2015) and SIFI susceptibility (Hamilton et al., 2013; Kamke et al., 2012), indicating that AG plays a critical role in AV temporal acuity and integration. Furthermore, AG plays an important role in speech comprehension and shows increased activity in response to AV speech with degraded auditory cues (Bourguignon et al., 2020; Kilian-Hütten et al., 2011). Given the atypical temporal binding in autism described above, as well as core SCI and the potential for language deficits, it is perhaps not surprising that autistic individuals exhibit decreased functional connectivity between AG and superior parietal gyrus (another multisensory area), the degree of which is associated with SCI severity (J. Wang et al., 2017). Furthermore, there is consistent evidence of increased AG gray matter volume (see Liu et al., 2017 for a meta-analysis) but decreased intra-hemispheric resting-state connectivity (see Guo et al., 2024 for a meta-analysis).
	Like AG, SMG is strongly associated with language function, showing integration effects during AV speech listening (Calvert & Campbell, 2003; Capek et al., 2004; McCormick et al., 2021; L. Zhang & Du, 2022) and preferential enhancement for congruent compared to incongruent AV speech (Bernstein et al., 2008; Lange et al., 2013; McCormick et al., 2021). However, SMG has also been shown to be involved in non-speech AV processing. For instance, this region shows enhanced activation to AV—compared to unimodal auditory or visual—motion perception (Baumann & Greenlee, 2007), as well as enhanced activation during recall of congruent—but not incongruent—AV object pairs (Xie et al., 2019). Furthermore, damage to SMG is associated with a widening of the temporal binding window (Michaelis et al., 2020). Thus, SMG appears to be broadly associated with strength of AV integration, as well as AV concept formation. It has been shown that in autism—but not non-autistic controls—increased left SMG is associated with better language outcomes (Eigsti et al., 2016), which may suggest an increased recruitment of resources in this region to compensate for atypical function in language-specific regions (e.g., pSTS and pSTG). Increased SMG surface area has also been widely reported in autism (see X. Li et al., 2024 for a meta-analysis), which may result in an imbalance between within- and between-network connectivity in this area. Dysfunction in SMG, although not well-characterized at this point, is a possible route for broad differences in AV integration abilities and warrants further investigation.
	It should also be noted that a number of studies have examined function of IPL more generally in autism, rather than investigating specific sub-regions. Atypical IPL growth trajectory has been reported in autism, with a decreased total IPL volume in childhood but increased in adolescence and young adulthood relative to non-autistic controls (H. Wang et al., 2022). Transcranial magnetic stimulation of IPL in autism has also been shown to improve scores on theory of mind and mentalizing tasks (see Yuan et al., 2024 for a review) If there are indeed differences in the formation of IPL in childhood and subsequent function of IPL throughout life, this could have significant consequences for broad MSI function, particularly for temporal acuity, speech and language development and comprehension, and broad social communication abilities.

1.4 Perceptual Theories of Sensory Processing Differences in Autism

1.4.1 Enhanced Perceptual Functioning
	Over the decades, a number of theories about the nature of sensory processing differences in autism have gained significant attention. The theory of Enhanced Perceptual Functioning (EPF; Mottron et al., 2006; Mottron & Burack, 2001) describes the phenomenon in which autistic individuals perform superior to controls on detail-oriented tasks, but comparably on global tasks. This theory is perhaps best illustrated in the visual domain (example Fig. 1.1). Autistic individuals show superior performance compared to controls when discriminating low-level visual features (e.g., orientation; Bertone et al., 2005; Plaisted et al., 2003; line curvature, Van Overwalle et al., 2024; color, Hagmann et al., 2016), identifying embedded targets in a salient global pattern (e.g., block design; see Muth et al., 2014 for a meta-analysis), and visual scene change detection (H. Smith & Milne, 2009). Interestingly, HR infants who show enhanced performance on visual search tasks also show higher endorsement of autism features in toddlerhood (Cheung et al., 2018; Gliga et al., 2015), suggesting that enhanced detail-oriented perception in autism emerges very early in life and continues throughout development. In contrast, in higher-order visual tasks, such as object completion (Boets et al., 2018; Van Eylen et al., 2018), random-dot motion discrimination (Boets et al., 2018, although see Robertson et al., 2012), and form matching/search (Davis et al., 2006; Hagmann et al., 2016) reportedly yield no group differences. 
	Figure 1.1. Example Local and Global Visual Seach Task

	[image: A close-up of a letter

AI-generated content may be incorrect.]

	Figure 1.1. Left: Example of visual search task requiring participants to locate the odd orientation of a cluster of figures while ignoring the global figure. Right: Example of form discrimination task requiring participants to determine global form while ignoring inconsistent orientations of component parts.




	In the auditory domain, too, there is evidence of enhanced low-level stimulus perception, such as enhanced pure tone discrimination abilities (Bonnel et al., 2003, 2010; Heaton, 2003; Järvinen-Pasley et al., 2008; although see Boets et al., 2015) and speech contour discrimination (Järvinen-Pasley et al., 2008). However, some research has found that in more complex non-linguistic auditory tasks such as melody/harmonic discrimination (Foster et al., 2016; Samson et al., 2011), autistic individuals reportedly show no differences. 

1.4.2 Weak Central Coherence
	The proposition of intact global processing put forth by EPF has been challenged to some degree by the theory of weak central coherence (WCC; Frith & Happé, 1994). In the 1994 account, Frith & Happé describe a failure by the Theory of Mind (S. E. Baron-Cohen et al., 1994) to account for non-social behavioral differences commonly observed in autism, such as restricted interests, rigidity of routines, and interest in object parts. They propose that central coherence—the general impression of an image, story, etc.—may be altered in autism. They suggest that autistics utilize “piece-meal processing,” which may explain exceptional talent in specific skills and enhanced performance on detail-oriented tasks, as well as relative difficulty extracting meaning from complex scenes (e.g., emotion or intent). 
	A review by Happé (1999) describes the relative ease with which autistics make accurate judgments about visual targets when presented with common visual illusions. For instance, autistic individuals accurately judge the size of central circles surrounded by flankers of different sizes to be the same (Fig. 1.2, although see Ropar & Mitchell, 1999). A similar lack of susceptibility to multisensory illusions has also been observed in autism (e.g., rubber hand illusion, Cascio et al., 2012; Paton et al., 2012; Schauder et al., 2015; McGurk illusion, see Zhang, Meng, He, et al., 2019 
	Figure 1.2. Example Visual Illusion
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	Figure 1.2. Example of common visual illusion wherein central circles of the same size are perceived to differ as a result of flanker size. 



for a meta-analysis). Combined, these findings suggest that autistic individuals can dissociate local details of a scene from the gestalt and are less influenced by features that act to alter perception. Happé (1999) also describes detail-oriented visuospatial construction but difficulty arranging segmented images into a meaningful gestalt image, as well as enhanced verbatim memory for stories but difficulty recalling overall meaning.   
	Much of the research to date exploring WCC in autism focuses on visual stimuli. Some of the first research in this domain concerns the embedded figures test (EFT), in which participants are asked to locate a shape embedded within a larger—typically salient—image. Faster response times on the EFT, which indicate enhanced detail perception, were reported in autistic adults as early as 1997 (Jolliffe & Baron-Cohen, 1997) and have been replicated since then (Herringshaw et al., 2018; Keehn et al., 2009; Pellicano et al., 2005). Unlike findings supporting EPF, however, these studies have shown that in conjunction with faster EFT performance, autistic individuals show impairments in global processing tasks (e.g., higher motion coherence threshold to discriminate global dot motion, Pellicano et al., 2005). 
	Similarly, in slit-viewing paradigms—wherein only a portion of an image is visible at any given time—autistic individuals show object recognition impairments (Nakano et al., 2009; Peiker, David, et al., 2015) and overall impaired global figure discrimination (Rinehart et al., 2000; Scherf et al., 2008). Additionally, when asked to construct a gestalt image from scrambled, puzzle-like pieces, autistic individuals perform more poorly compared to their non-autistic comparators (R. D. L. Booth & Happé, 2018; Jolliffe & Baron-Cohen, 2001; Neufeld et al., 2020). Combined, this evidence suggests that autistic individuals exhibit difficulties extracting global, gestalt meaning from images. This is further illustrated in paradigms examining change detection of whole scenes, wherein autistic individuals show comparable detection of changes inconsequential to the main theme, but fewer correct detections of theme-related changes (Nakahachi et al., 2008). 
	WCC has also been examined in the social and linguistic domains. When asked to describe social scenes, autistic individuals demonstrate impaired recognition of character emotion and intention, as well as increased gaze toward task-irrelevant image features (e.g., background, Tassini et al., 2024). Furthermore, during free-response narration of scenes, autistic individuals report fewer main ideas, characters, mental states, and actions (Barnes & Baron-Cohen, 2012; Faustmann & Altgassen, 2024; Kenan et al., 2019). During spontaneous narration, autistics often fail to generalize common routines across people, instead rigidly employing self-referential narrative descriptions of events (Loth et al., 2008). Additionally, while autistic individuals show comparable factual recall of narratives, they underperform when making inferences (Nuske & Bavin, 2011) and attributing mental states (Jolliffe & Baron-Cohen, 1999). 



1.4.3 Cascading Effects
	The theory of cascading effects hypothesizes two core effects of atypical sensory processing in autism: first, atypical function in lower-order sensory areas will lead to impaired function in downstream higher-order sensory and multisensory regions (Fig. 1.3A); second, deficits in (multi)sensory function become more pronounced as stimulus complexity increases (Fig. 1.3B). The first hypothesis is predicated on the fact that lower-order areas provide feedforward information to higher-order areas (e.g., primary auditory cortex and pSTS). Therefore, disruption to a lower-order sensory area is expected to have consequences for information integrated in higher-order regions. The second hypothesis relatedly assumes that as cognitive processing demands increase with stimulus complexity, differences in MSI will also increase.
In unisensory research, we have already discussed that autistic individuals show enhanced orientation discrimination for luminance-defined sinusoidal gratings, but significantly poorer performance when the gratings are texture-defined (i.e., more visually complex; Bertone et al., 2005; Vandenbroucke et al., 2009). This same effect has also been observed in motion discrimination tasks (Bertone et al., 2003), although for simple stimuli, group differences do not persist outside of early childhood (Van Eylen et al., 2018). Interestingly, it has been shown that visual motion discrimination deficits are reduced when stimulus presentation is slowed (C. E. Robertson et al., 2012). Motion imitation ability shows a similar effect (Lainé et al., 2011), suggesting that complexity of visual stimuli correlates with perceptual acuity in autism, but that providing more time to encode the information remediates the deficits to some degree.
	In AV research, a number of studies have examined cascading effects as they pertain to the TBW. Indeed, while the TBW in autism is enlarged across a variety of stimuli, further widening is observed for speech stimuli compared to complex non-social stimuli (Regener et al., 2024; E. 
	Figure 1.3 Schematic of Cascading Effects Model
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	Figure 1.3 Schematic of cascading effects model at the neural and perceptual level. A. Lower-order sensory areas feed forward to higher-order sensory areas. Disruption at low levels of sensory processing has increasing effects on information represented in higher-order areas. HG: Heschl’s gyrus/primary auditory cortex; V1: primary visual cortex; pSTS/pSTG: posterior superior temporal sulcus/gyrus; AG: angular gyrus; SMG: supramarginal gyrus; PFC: prefrontal cortex. B. Group differences in MSI become more pronounced as stimulus complexity increases.



Smith et al., 2017; R. A. Stevenson, Siemann, Schneider, et al., 2014). Furthermore, TBW size in autism is correlated with illusion perception using social (McGurk) but not non-social (e.g., SIFI) stimuli (R. A. Stevenson, Segers, et al., 2018). This is even observed in infants prior to an autism diagnosis. HR infants show comparable TBWs—indexed as similar looking times to asynchronous pairs—to LR infants across complex non-social stimulus asynchronies, but wider TBWs—indexed as shorter looking times to asynchronous pairs—for social stimuli (Suri et al., 2023). Taken together, the evidence indicates that disruptions to audiovisual temporal acuity increase for more complex stimuli.
	Evidence of cascading effects is particularly apparent for speech stimuli. For instance, autistic individuals perform comparably to non-autistic controls on complex non-speech AV semantic matching tasks, but exhibit poorer performance on AV speech matching tasks and reduced perception of the McGurk illusion (Mongillo et al., 2008), indicating that even when autistic individuals show intact MSI for some stimuli, the complexity of social stimuli may impair integrative processes. Additionally, Stevenson et al. (2017) report impaired phoneme and word recognition in noise in autism, although while MSI benefits are comparable to non-autistic controls for phonemes, autistic individuals show significantly less MSI benefit for word recognition in noise. Yet it should be noted that, as with the TBW, AV emotion recognition in autism can reach levels comparable to non-autistic controls when stimulus presentation is slowed (Tardif et al., 2007). Combined, we suggest that disruptions to AV integration for highly complex stimuli may be a result of impaired or slowed information processing, or perhaps a result of high cognitive load.
	Alternatively, decreased MSI function for complex stimuli may be a result of atypical attention specifically observed for social stimuli. HR infants show increased gaze preference for inverted faces (compared to upright faces) and random (compared to biological) motion relative to LR infants (Di Giorgio et al., 2016), which may be indicative of an early lack of social preference. This difference appears to continue throughout childhood. Indeed, autistic children do not show gaze preference for biological motion (Falck-Ytter et al., 2013; Kou et al., 2019), nor do they show enhanced brain activity in response to coherent biological motion compared to scrambled point light displays (D. Yang et al., 2024). Autistic children also show reduced overall gaze toward the face of a speaker and less mouth viewing time, but no difference in gaze toward paired shapes and noises (J. R. Irwin & Brancazio, 2014). In adulthood, autistics show perceptual indifference to social stimuli. For instance, in contrast to controls who are slower to orient to gaze direction cues than arrow cues, autistic adults show no difference in saccadic response times (Vlamings et al., 2005). fMRI studies indicate potential differences in face-specific neural circuitry, such as decreased activity superior and middle temporal gyrus and fusiform activation in regions more typically associated with object (as opposed to face) categorization (Koshino et al., 2008). Similarly, when viewing face-like objects, autistic individuals fail to demonstrate an N170 event-related potential (ERP) characteristic of face processing, as is observed in matched controls (Akechi et al., 2014). Eye tracking studies also reveal decreased pupillary responses to social scenes and slower fixation times to social elements in autism relative to control groups (Frost-Karlsson et al., 2019). Saccade latency to social elements correlates with degree of SCI (Frost-Karlsson et al., 2019).

1.5 Neural Theories of Sensory Processing Differences in Autism

1.5.1 Excitation/Inhibition Imbalance
	First proposed by Rubenstein & Merzenich (2003) and further motivated by findings that epilepsy is frequently comorbid with autism—present in about 12.1% (range 1.8-60%) of the autism population (see Bozzi et al., 2018; Lukmanji et al., 2019 for reviews)—it has been suggested that autism may be characterized by an imbalance of excitatory and inhibitory (E/I) signaling. Some research suggests that this begins with neurotransmitter synthesis, including decreased glutamic acid decarboxylase—an enzyme required for gamma-aminobutyric acid (GABA) synthesis—in the cerebellum and parietal cortex, as well as decreased GABA receptor density throughout the parietal cortex, superior temporal cortex, and cerebellum (see Bozzi et al., 2018; Dickinson et al., 2016 for reviews). Magnetic resonance spectroscopy (MRS) aimed at quantifying GABA and glutamate concentrations in autistic brains is somewhat mixed, with some studies finding increased glutamate or decreased GABA throughout cortical and subcortical structures and others finding no differences (see Dickinson et al., 2016; Port et al., 2019 for reviews). More recent meta-analyses of MRS studies report findings of decreased GABA (Du et al., 2023; Thomson et al., 2024) and increased glutamate (Du et al., 2023) throughout the cortex. Although findings of excitatory and inhibitory neurotransmitter concentrations have been somewhat mixed, a review by Canitano & Palumbi (2021) notes that clinical trials using N-methyl-D-aspartate (NMDA) receptor antagonists (i.e., drugs that block the NMDA glutamate receptor) have shown improvements in a variety of autistic behaviors, including RRBIs, hyperactivity, and SCI; they also report that clinical trials using GABAergic modulators have been shown to reduce overall autism severity scores. Notably, an MRS study revealed increased glutamate concentrations in the motor cortex in autism (Bernardino et al., 2022), suggesting that hyperexcitability in the motor cortex may play a role in motor stereotypies in this population. Cellular organizational differences may also shed light on the possible mechanisms for E/I imbalance. Postmortem studies have revealed excessive cortical columnar density in autism, which may suggest the potential for hyper-excitability within local networks (see Bozzi et al., 2018; Marco et al., 2011 for reviews).
[bookmark: _Hlk195092129]	In addition to structural differences and neurotransmitter and receptor concentrations, E/I balance can be measured indirectly via EEG signals, specifically gamma-band activity—which is generated though the interaction between GABAergic interneurons and pyramidal neurons in the cortex (see Buzsáki & Wang, 2012 for a review)—and E/I ratio. E/I ratio can be calculated as the ratio of excitatory-excitatory synapses and inhibitory-excitatory synapses, which Bruining et al. (2020) propose are best estimated from amplitude and auto-correlation of the alpha band. In the visual domain, both MRS studies and EEG studies provide insight into the potential E/I mechanisms governing atypical visual processing. One MRS study revealed that increasing GABA concentration in visual cortex was associated with faster visual search performance in autism (Edmondson et al., 2020), suggesting that atypical visual processing in this population may be associated with hyperexcitability, and that individuals with more inhibition experience fewer deficits. Similarly, EEG studies have revealed that during visual motion discrimination, the gamma power response gain observed as a function of increasing motion coherence is significantly larger in autism (Peiker, Schneider, et al., 2015). Additionally, Chan et al. (2024) report that autistic individuals with atypical visual processing behaviors show increased whole-brain E/I ratios, whereas those who do not endorse visual processing differences show E/I ratios comparable to non-autistic controls. Thus, decreased GABA concentration in targeted visual areas as well as whole-brain hyper-excitability appear to play a role in broad visual processing differences in autism.
[bookmark: _Hlk195092242]	Atypical excitability throughout the auditory pathway has also been documented in autism for decades. As early as 1980, Rosenblum et al. noted significantly increased latency in auditory brainstem responses in high-support needs autistic children, as well as marked variability in response latency and amplitude (S. M. Rosenblum et al., 1980), suggesting that at the earliest levels of neural processing, there may be differences in how autistic individuals are processing auditory information. Passive speech listening elicits increased gamma power in autism (Arutiunian et al., 2024; Orekhova et al., 2008) and an absence of the typical theta-gamma coupling during speech listening (X. Wang et al., 2023). From this evidence, it appears that during auditory speech listening, autistic individuals exhibit increased excitability within local brain networks, but decreased long-range connectivity between networks, which could have implications for extraction of meaningful linguistic and social information. Indeed, Arutiunian et al., 2024 show that increased gamma power during speech listening correlates with poorer language outcomes in autistic children. Similarly, reduced GABA levels as measured by MRS (Edmondson et al., 2020) and increased whole-brain resting-state E/I ratio (Plueckebaum et al., 2023) are associated with poorer communication abilities in autism, which suggests that both evoked and resting E/I imbalance may be particularly important for speech and language outcomes.
	Finally, although there is limited evidence concerning the role of E/I imbalance in MSI, there is one rodent study that has shown that pharmacological inactivation of GABAergic interneurons (i.e., reducing the degree of inhibitory signals) in the AV region of the lateral extrastriate visual cortex not only delays responses to simple unisensory and AV stimuli, but also eliminates the AV super-additivity in response amplitude observed prior to pharmacological inactivation and widens the TBW (Schormans & Allman, 2023). Therefore, while this research is still in its infancy, there is reason to believe that alterations to E/I balance may be in part related to atypical audiovisual function in autism.



Predictive Coding
	The predictive coding hypothesis supposes that core and associated features of autism may arise as a result of atypical statistical learning and inference (Palmer et al., 2017; Pellicano & Burr, 2012; Sinha et al., 2014; Van de Cruys et al., 2014). Importantly, statistical regularities in the environment allow an individual to predict upcoming stimuli (e.g., articulatory movements modulate auditory cortical activity to facilitate prediction of auditory speech; Sams et al., 1991; Möttönen et al., 2002; Callan et al., 2003; Calvert & Campbell, 2003; van Wassenhove et al., 2005). 
	Habituation is one mechanism by which we are able to examine sensory prediction abilities in autism. Autistic individuals show decreased neural signatures of auditory habituation (Cary et al., 2024; Dwyer et al., 2023; Gandhi et al., 2021; S. A. Green et al., 2018; Hudac et al., 2018; Orekhova et al., 2008; Ruiz-Martínez et al., 2020). Additionally, autistic individuals display decreased pupillary response suppression (S. Zhao et al., 2022) and increased galvanic skin response (Gandhi et al., 2021; Matsuzaki et al., 2014) to repeated auditory stimuli. Self-reports also indicate greater subjective arousal to repeated tones and noise bursts (Kuiper et al., 2019). Taken together, this evidence suggests that autistic individuals may exhibit reduced ability to habituate to auditory stimuli—a feature that may also be related to frequent reports of auditory hypersensitivity and sound aversion. Furthermore, atypical neural responses to repeated auditory stimuli are correlated with verbal (Bruneau et al., 2003) and nonverbal (Bruneau et al., 2003; Roberts et al., 2019) cognitive abilities—suggesting that low-level auditory processing abilities are related to more complex cognitive functions—as well as the degree of auditory hyper-sensitivity (Matsuzaki et al., 2012). In the visual domain, reduced repetition suppression to faces in fusiform gyrus is correlated with increased SCI (D’Mello et al., 2023).
	We may also examine predictive coding by way of oddball paradigms, in which a deviant auditory stimulus presented after several repetitions of a standard stimulus elicits a mismatch negativity (MMN) component characteristic of neural change detection. In low-support needs (LSN) autistic children, evidence generally points to no differences in MMN amplitude (Čeponienė et al., 2003; Kamita et al., 2021; Knight et al., 2020; Zhang et al., 2019, although see Abdeltawwab & Baz, 2015) or latency (Čeponienė et al., 2003; Kamita et al., 2021; Knight et al., 2020; Zhang et al., 2019, although see Abdeltawwab & Baz, 2015), or indeed other typical components associated with the auditory oddball (e.g., P1, N2, P3, and N4, Whitehouse & Bishop, 2008). In more heterogeneous samples, the results are much more mixed. Both increased and decreased MMN amplitudes have been reported (Ferri et al., 2003; Haigh et al., 2022; Oades et al., 1988). However, speech oddball tasks—unlike those to pure tones or other simple stimuli—show more consistent decreases to MMN amplitude (Lepistö et al., 2005, 2006; Ludlow et al., 2014; A. J. O. Whitehouse & Bishop, 2008; J. Zhang, Meng, Wu, et al., 2019) and increased trial-by-trial amplitude variance (H. L. Green et al., 2020). Similarly, prosodic oddball paradigms have revealed reduced MMN amplitudes in both autistic children and adults (Charpentier et al., 2018; Erwin et al., 1991; Kujala et al., 2005; Lindström et al., 2016), as well as longer MMN latencies in adults (Kujala et al., 2005), suggesting that autistic individuals show decreased prosodic change detection. Taken together, the evidence suggests that while low-level auditory processing differences may be present in some autistic individuals, more complex auditory stimuli such as speech appear to elicit more consistent neural changes in autistic individuals. Nonetheless, a recent meta-analysis of neural change detection in autism suggests that most of these effect sizes are small, and that there is no substantial evidence of population-wide differences in either auditory or visual oddball tasks (Vassall et al., 2025). 

CHAPTER 2

Intact audiovisual spatial integration in autistic children

2.1 Introduction

2.1.1 Audiovisual Integration in Autism
Autism is a neurodevelopmental disorder that is characterized by social communication impairment (SCI) and patterns of restricted and repetitive behaviors and interests (RRBIs) (American Psychiatric Association, 2013). Importantly, although not part of the official diagnostic criteria, sensory processing differences are ubiquitous in this population and are now recognized as being part of the autism phenotype, with individuals exhibiting sensory seeking behaviors, sensory hypo-reactivity, sensory hyper-reactivity, or, more often, a combination of these features. Furthermore, differences in sensory processing have been shown to correlate with SCI (G. T. Baranek et al., 2018; J. H. Foss-Feig et al., 2012; Lane et al., 2010) and RRBIs (Boyd et al., 2010; J. H. Foss-Feig et al., 2012; Schulz & Stevenson, 2019). 
To better understand sensory contributions to the autism phenotype, however, it is important to consider sensory processing in a more naturalistic manner. Natural environments are typically multisensory, comprised of information from multiple sensory modalities. Much of multisensory integration (MSI) research in autism to date has centered on audiovisual (AV) integration, which can confer particularly large behavioral benefits in naturalistic settings, such as augmenting comprehension of speech in noise when the lips of the speaker are visible (Grant & Seitz, 2000; Sumby & Pollack, 1954). Investigations of AV integration in autism has revealed a number of differences, including reduced susceptibility to AV perceptual illusions (e.g., the McGurk effect (R. A. Stevenson, Siemann, Schneider, et al., 2014; Taylor et al., 2010; J. Zhang, Meng, He, et al., 2019)) and impaired speech-in-noise comprehension (Foxe et al., 2015; Rance et al., 2014; E. G. Smith & Bennetto, 2007; R. A. Stevenson et al., 2017). Additionally, autistic individuals appear to have an expanded temporal binding window (Baum Miller & Wallace, 2019; J. Foss-Feig et al., 2010; Noel et al., 2018; Stevenson, Siemann, Schneider, et al., 2014; Zhou et al., 2018)—the window of time within which multisensory stimuli are likely to be bound into a single perceptual entity—which is directly correlated with weaker audiovisual integration (R. A. Stevenson, Siemann, Schneider, et al., 2014) and increased SCI severity (Feldman et al., 2018; Feldman, Conrad, et al., 2022; R. A. Stevenson, Siemann, Schneider, et al., 2014).
	While AV temporal integration differences are well characterized in autism, what remains largely unknown is whether these differences extend to the spatial domain. Spatial integration likely underlies a number of social communication behaviors known to be impaired in autism such as comprehending speech in noise (Foxe et al., 2015; Smith & Bennetto, 2007; Stevenson et al., 2017), orienting and responding to one’s own name (Miller et al., 2017; Palomo et al., 2022; Schwartz et al., 2020), and directing gaze to socially relevant communicative stimuli (e.g., eyes; Baron-Cohen, 2017; Hotier et al., 2017; Jones et al., 2008; Jones & Klin, 2013; Spezio et al., 2007; Trepagnier et al., 2002), etc.). It is also well documented that autism is associated with atypical spatial integration in other domains, including reduced susceptibility to the rubber hand illusion (Cascio et al., 2012; Crespi & Dinsdale, 2019; Noel, Failla, et al., 2020), smaller peripersonal space (PPS) boundaries (Noel, Cascio, et al., 2017; Noel, Failla, et al., 2020), and rigidity in PPS size regardless of social context (Noel et al., 2021). Thus, AV spatial integration in autism needs to be better characterized, as is its potential relationship to autism features.

2.1.2 The Present Study: Examining Audiovisual Spatial Integration Function in Autism
In healthy adult individuals, spatial localization is best for visual and spatially congruent AV targets, with significantly worse accuracy and precision in auditory-only conditions (Hairston et al., 2003). Furthermore, at small AV cue disparities, an individual’s perception of the auditory target location is pulled in the direction of the visual cue (Hairston et al., 2003); a phenomenon known as visual bias. Using such a paradigm, we sought to probe AV spatial integration in autistic and non-autistic children.
	Figure 2.1 Behavioral Hypotheses
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	Figure 2.1. Hypothesized differences between non-autistic (A, B) and autistic (C, D) individuals. Dashed lines indicate reported location. Non-autistic will individuals experience bias toward visual cues at small spatial disparities (A), but not at large disparities (B). Autistic individuals will exhibit attenuated bias even at small spatial disparities (C) but bias will persist over a larger spatial disparity (D).


At present, we are aware of only a single study (Noel et al., 2022) that has examined this ability in autism, but the paradigm utilized a 2-alternative forced choice task, which limits our understanding of true localization precision and degree of visual bias. The current study utilized a free response localization paradigm, allowing us to quantify localization accuracy and visual bias in autistic and non-autistic children. Building off evidence of weaker AV temporal integration, we hypothesized that we would find analogous changes in AV spatial integration ability. Specifically, we expected that non-autistic children would display bias toward the visual stimulus at small cue disparities (Fig. 2.1A), and that this bias would diminish at larger disparities (Fig. 2.1B). In contrast, we expected autistic children to exhibit attenuated bias at small disparities (Fig. 2.1C), but that visual bias would persist across wider disparities, effectively reflecting an expanded AV spatial binding window (Fig. 2.1D).
	Finally, we sought to explore the relationship between AV spatial integration abilities and clinical features of autism. The current study explored how sex, as well as various indices of sensory processing, social communication abilities, and cognition mapped onto behavioral performance. We hypothesized that atypical sensory processing would correspond with less visual bias (i.e., weaker integration). Regarding accuracy, we anticipated two distinct profiles. The first was that individuals who exhibited more sensory hyper-reactivity would report target locations more accurately. The second was that those who endorsed more sensory hypo-reactivity would have poorer localization ability. We also expected poorer performance and decreased integration to correspond with endorsement of more social communication features and lower language abilities. 

2.2 Methods

2.2.1 Participants
All consent and study procedures were conducted in accordance with protocols approved by the Vanderbilt University Institutional Review Board. All participants and caregivers provided written informed assent and consent, respectively, to participate and share data for publication. We recruited 17 autistic participants aged 7-17 years and 15 age-matched non-autistic participants; sex was also matched when possible. One autistic participant was unable to complete any of the experimental tasks and was not matched or included in analyses. All participants had caregiver-reported normal hearing and normal or corrected-to-normal vision. Participants had no history of neurological (e.g., epilepsy) or genetic (e.g., Fragile X Syndrome) disorders. Autistic participants were also required to have a formal autism diagnosis by a licensed clinician within the past 5 years using the Autism Diagnostic Observation Scale, 2nd Ed. (ADOS-2; Lord et al., 2008). Non-autistic participants were screened for autism using the caregiver-reported lifetime version of the Social Communication Questionnaire (SCQ; Rutter et al., 2003), and were required to score below the threshold for an autism diagnosis. Non-autistic participants were also excluded if they reported a first-degree relative with autism or if they had a history or current diagnosis of psychiatric illness. 

2.2.2 Clinical and Phenotypic Characterization
Participants were evaluated on a full battery of assessments (Table 2.1) which included tests of non-verbal IQ (Leiter Test of Nonverbal Intelligence, 3rd Ed. (Leiter-3); Roid et al., 2013), language function (Clinical Evaluation of Language Fundamentals, 4th Ed. (CELF-4); Semel et al., 2003), social communication ability (SCQ); Rutter et al., 2003); Social Responsiveness Scale, 2nd Ed. (SRS-2); Constantino & Gruber, 2012), and sensory experiences (Sensory Profile, 2nd Ed. (SP-2); Dunn, 2014); Sensory Experiences Questionnaire (SEQ); G. Baranek, 1999); Glasgow Sensory Questionnaire (GSQ); Robertson & Simmons, 2013). The Deary-Liewald Task (Deary et al., 2011)—a computerized response time task—was conducted to ensure participants could complete trials in the time allotted. Due to time constraints, the non-verbal IQ score as measured by the Leiter-3 was not available for 3 participants (Nnon-autisticl=3) and the CELF-4 was not available for 2 participants (Nnon-autistic=2).
	Table 2.1. Assessments

	Assessment
	Domain
	Assessment Type

	ADOS-2*
	Autism characterization
	Clinical

	Leiter Test of Nonverbal Intelligence, 3rd Ed.
	Non-verbal IQ
	Clinical

	Clinical Evaluation of Language Fundamentals, 4th Ed.
	Language function
	Clinical

	SCQ
	SCI
	Caregiver-reported

	Social Responsiveness Scale, 2nd Ed.
	SCI
	Caregiver-reported

	Sensory Profile, 2nd Ed.
	Sensory
	Caregiver-reported

	Sensory Experiences Questionnaire
	Sensory
	Caregiver-reported

	Glasgow Sensory Questionnaire
	Sensory
	Self-reported

	Deary-Liewald Task
	Motor response time
	Computer-based

	*Autism only



2.2.3 Apparatus & Behavioral Acquisition
Speakers and light-emitting diodes (LEDs) were arranged in a semi-circle (radius=75cm) along a horizontal azimuth adjusted to participant eye level. Participants’ heads were fixed in place with a chin rest. Auditory and visual cues were located at 10° (7.59° visual angle) or 20° (14.93° visual angle) bilaterally and at the center of the azimuth. Auditory stimuli consisted of a white noise burst at 67 dB SPL; visual stimuli consisted of a white flash of light. Experimental procedures occurred in a darkened sound- and light-attenuated booth.
For each trial, a red fixation LED was illuminated in one of the five locations. Participants gazed at the fixation light for 500ms, then the target appeared for 200ms. Target and fixation light locations were pseudo-randomly generated from the five possible locations. Participants were then asked to use a 2-axis potentiometer to report the perceived location of the target. Participants had 1500ms to respond. In the AV blocks, the target was the auditory stimulus, presented either alone, with a spatially congruent flash, or with a spatially incongruent flash. Participants were instructed to report the location of the sound even if a visual stimulus was present. There were four AV blocks, each consisting of 196 trials. In the visual-only blocks, which occurred after all AV blocks were completed, the visual stimulus was presented alone. There were two visual blocks, each containing 120 trials. Breaks were permitted and encouraged between blocks. Due to technical errors, behavioral data was not available for two autistic participants—the final behavioral sample consists of 14 autistic and 15 non-autistic participants.

2.2.4 Statistical Analyses
2.2.4.1 Accuracy 
Response angle was calculated by identifying a plateau in voltage change for at least 100ms, indicating the participant had stopped moving the joystick. The inverse tangent of the median voltage reading in the plateau period was used to calculate the reported angle. To account for potentiometer drift, the baseline voltage during the resting fixation period was subtracted from the response. Outlier responses—defined as ±1.5 times the interquartile range—were removed. 
Error was defined as the difference between the target location and the response location, with a positive error indicating overshooting the target (i.e., toward the periphery) and a negative error indicating undershooting the target (i.e., toward the center). To account for motor error, average visual error at each location was subtracted from all responses at that location. Because humans are much more accurate and display less variability localizing visual stimuli compared to auditory stimuli (Hairston et al., 2003), we interpreted the visual responses as the baseline for individual localization ability. Response error was calculated for auditory, congruent AV, and visual trials. 
All statistical analyses were conducted in R (R Core Team, 2017). Using the lme4 package (Bates et al., 2015), we conducted a mixed effects model to quantify the effect of diagnostic group, trial modality, and target location on response localization error, with subject as a random effects term (Eq. 2.1).
	
	Eq. 2.1


2.2.4.2 Visual Bias 
	In line with Hairston et al., 2003, visual bias was calculated according to Eq. 2.2:
	
	Eq. 2.2


A visual bias of 100% indicates complete capture by the visual stimulus, whereas visual bias of 0% indicates the participant responded at the location of the auditory target. Visual bias was only calculated for incongruent AV trials. As with our model of error, we used the same mixed effects model structure and methods to evaluate the effects of diagnostic group, target location, and cue disparity on visual bias (Eq. 2.3): 
	
	Eq. 2.3


To check for model appropriateness, we visually checked model residuals for normality and homoskedasticity. We also compared random subject intercepts between groups using a Wilcoxon Signed-Rank test.
2.2.4.3 Relationship to Clinical Characteristics
	We conducted an exploratory analysis to identify clinical features of autism to that were related to localization performance and visual bias. We imputed missing data using the mice package (van Buuren & Groothuis-Oudshoorn, 2011) then standardized all variables (mean=0±1). Because of the large number of clinical variables—which can lead to large variances when performing a standard ordinary least squares regression (OLS)—we conducted a Least Absolute Shrinkage and Selection Operator (LASSO) regression, which penalized variables that contributed to high model prediction error. We included stimulus parameters and clinical scores as predictors in our LASSO regression, excluding diagnostic group status and total scores (in favor of subscale scores) from our variables (Table 2.1). Using the glmnet package (Friedman et al., 2010), we fit a 10-fold cross-validation model with alpha (the multiplier of the weighted coefficients) set to 1 and lambda (λ, the shrinkage parameter that constrains the size of variable coefficients) freely varying. Using the cross-validation we computed optimal λ, then computed r2 for the resulting model, using the optimal λ and LASSO-weighted coefficients. We conducted this analysis separately for visual bias and localization accuracy.

2.3 Results

2.3.1 Demographics and Clinical Information
	There was no significant difference between groups in sex, age, receptive or expressive language, or IQ. All participant demographics and clinical scores are shown in Table 2.2. Note that on the SP-2, higher scores indicate more “typical” function.
	Table 2.2. Participant Demographics & Clinical Information

	Measure
	Autism 
	Non-Autism 
	X2
	p-value

	Sex
	Nmale=12
Nfemale=4*
	Nmale=12
Nfemale=3
	0
	1

	Handedness
	Nright=15
Nleft=1
	Nright=14
Nleft=1
	0.03
	0.852

	Ethnicity
	Nhispanic=1
Nnon-hispanic=15
	Nhispanic=4
Nnon-hispanic=11
	0.62
	0.433

	Race
	Nasian=0
Nblack=0
Nwhite=16
	Nasian=3
Nblack=1
Nwhite=14
	3
	0.083

	
	
	
	1
	0.317

	
	
	
	0.13
	0.715

	Measure
	Autism 
mean±SD (N if <16)
	Non-Autism 
mean±SD (N if <15)
	t
	p-value

	ADOS-CSS
	8.18±2.13 (N=12)
	--
	--
	--

	Age
	13.41±2.05 
	13.42±2.62 
	-0.01
	0.99

	Receptive Language
	105.19±29.14 
	117.23±12.3 (N=13)
	-1.39
	0.18

	Expressive Language
	104±28.22 
	117.62±7.94 (N=13)
	-1.68
	0.1

	Nonverbal IQ
	112.38±23.97 
	124±10.52 (N=12)
	-1.57
	0.13

	SRS Total T-Score
	69±13.61 
	46.87±7.81 
	5.5
	<0.001

	SRS Awareness T-Score
	70.06±13.61 
	50.13±9.51 
	4.7
	<0.001

	SRS Cognition T-Score
	65.31±11.28 
	45.93±7.33 
	5.63
	<0.001

	Table 2.2, Cont.

	SRS Communication T-Score
	67.75±13.22 
	45.33±9.07 
	5.47
	<0.001

	SRS Motivation T-Score
	65.25±12.14 
	50.27±10.11 
	3.72
	0.001

	SRS RRB T-Score
	70.56±9.35 
	48.07±8.26 
	7.08
	<0.001

	SCQ Total Raw
	10.88±7.25 
	1.47±1.68 
	4.9
	<0.001

	SCQ Communication Raw
	3.63±2.55 
	1.27±1.28 
	3.22
	0.003

	SCQ RRB Raw
	4.19±1.8 
	0.4±0.83 
	7.45
	<0.001

	SCQ Reciprocity Raw
	4.06±4.19 
	0.33±0.72 
	3.4
	0.002

	SP Sensory Seeking Raw
	63.38±12.72 
	70.93±9.53 
	-1.82
	0.08

	SP Sensory Reactivity Raw
	51.44±12.59 
	58.86±15.89 
	-1.43
	0.165

	SP Sensory Inattention Raw
	23±3.25 
	26.57±4.01 
	-2.69
	0.012

	SP Sensory Sensitivity Raw
	18.06±2.38 
	19.14±1.23 
	-1.53
	0.138

	SP Auditory Processing Raw
	27.94±3.79 
	33.14±5.43 
	-3.08
	0.005

	SP Visual Processing Raw
	32.88±5.3 
	38.86±4.09 
	-3.42
	0.002

	SP Vestibular Processing Raw
	46.13±6.61 
	51.71±3.71 
	-2.8
	0.009

	SP Tactile Processing Raw
	67.44±9.01 
	83.14±5.65 
	-5.62
	<0.001

	SP Body Position Processing Raw
	42.63±7.57 
	46.46±3.8 
	-1.66
	0.108

	SEQ Total Raw
	73±17.71 
	47.43±8.4 
	4.93
	<0.001

	SEQ Sensory Seeking Raw
	28.06±11.02 
	18.71±4.92 
	2.92
	0.007

	SEQ Hypo-Responsivity Raw
	12.94±4.2 
	9.64±2.02 
	2.67
	0.012

	SEQ Hyper-Responsivity Raw
	31.81±8.01 
	19.07±3.65 
	5.47
	<0.001

	GSQ Hypersensitivity Raw
	31.92±14.14 (N=13)
	18.43±8.38 (N=14)
	3.04
	0.005

	GSQ Hyposensitivity Raw
	30.85±11.36 (N=13)
	20.64±8.92 (N=14)
	2.61
	0.015

	GSQ Visual Processing Raw
	7.46±5.11 (N=13)
	5.5±3.3 (N=14)
	1.19
	0.244

	GSQ Auditory Processing Raw
	13.31±3.92 (N=13)
	8.29±4.21 (N=14)
	2.56
	0.017

	GSQ Tactile Processing Raw
	10.77±3.9 (N=13)
	4.93±3.12 (N=14)
	4.31
	<0.001

	GSQ Vestibular Processing Raw
	8.23±5.07 (N=13)
	4.93±3.43 (N=14)
	2
	0.057

	GSQ Proprioceptive Processing Raw
	7.54±3.84 (N=13)
	3.86±2.88 (N=14)
	2.83
	0.009

	Simple Response Time (ms)
	408.9±328.92 
	312.86±41.25 
	1.09
	0.287

	Choice Response Time (ms)
	551.8±318.16 
	544.86±108.89 
	0.08
	0.94

	*1 autistic participant assigned female at birth identified their gender as non-binary





2.3.2 Localization Accuracy
	Localization accuracy was calculated for the unisensory and congruent AV condition. Collapsed across all target locations and modalities, the average localization error was 2.57°±17.48°. Contrary to our expectations, there was no effect of group or target location on localization responses However, we did observe a significant effect of modality on these responses (Kruskal-Wallis X2=120.39, p<0.001; Fig. 2.2). A post-hoc pairwise comparison with Bonferroni adjustments revealed that visual localization accuracy (mean error=0.74°±16.97°) was significantly better than for both congruent AV (mean error=2.5°±17.45°; p<0.001) and auditory-only (mean error=4.61°±17.84°; p<0.001) trials; localization of congruent AV targets was also significantly better than for auditory targets (p<0.001).  Thus, and as in healthy adults, visual localization is significantly better than auditory localization and visual information significantly facilitates auditory localization ability.
	Figure 2.2 Mean Localization Accuracy
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	Figure 2.2. Localization error was significantly larger in the auditory-only (A) and congruent AV (B) conditions relative to the visual-only condition (C). Congruent error was significantly less than that of auditory. There was no significant main effect of diagnostic group or target location.



2.3.3 Visual Bias
	On incongruent trials, visual bias did not significantly differ between the peripheral locations on the left and right side, so we collapsed target locations by absolute deviation from center (0°, ±10°, ±20°). Average visual bias for all AV incongruent conditions was 23.94%±130.19%. Our model revealed an estimated within-participant variance of 30.45% and a between-participant variance of 126.39%. As with localization responses, diagnostic group did not significantly affect visual bias. A reduced model with the diagnostic group term removed was statistically comparable to the full model, so results from the reduced model are discussed henceforth. We observed a significant effect of both disparity and target location on localization responses (Fig. 2.3). 
	Figure 2.3 Mean Visual Bias
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	Figure 2.3. Mean visual bias in (A) autistic and (B) non-autistic participants. Visual bias was significantly larger at the smallest cue disparity (10°) than at any other disparity. Visual bias was also significantly larger for auditory targets presented at 0° (red) compared to those presented at 10° (green) or 20° (blue) to the periphery. There was no significant main effect of group or any interaction effects.



	In line with expectations, a Kruska-Wallis test with pairwise comparisons (X2=48.02, p<0.001) revealed that bias at the smallest disparity (10°, mean=33.88%±152.87%) was significantly larger than bias at 20° (mean=14.57%±111.46%, p<0.001), 30° (mean=16.57%±83.06%, p=0.007), or 40° (mean=9.61%±61.34%, p=0.007) disparity. Visual bias at 20°, 30°, and 40° did not significantly differ from each other. We also found a significant difference in visual bias between target locations (Kruskal-Wallis X2=36.44, p<0.001). Visual bias at a target location of 0° (mean=31.55%±136.91%) was significantly larger than visual bias at a target location of 20° (mean=12.67%±108.82%, p<0.001); visual bias at target locations of 10° (mean=26.5%±140.17%) was also significantly larger than that of 20° (p<0.001). Visual bias did not significantly differ between targets at 0° and 10° (p=0.166). There were no significant interaction effects, and random effects did not significantly differ by group (W=85, n.s.). It should be noted that although our model did yield significant effects and diagnostic statistics confirmed model appropriateness (Fig. S2.1), fit was poor (adjusted r2=0.06), and factors other than stimulus parameters may be better predictors of visual bias (see following section).

2.3.4 Exploratory Analyses: Relationship Between Behavioral Performance and Clinical Characteristics
2.3.4.1 Localization Error
	In exploring which variables most explained localization performance, our optimal LASSO model (λ=0.002) penalized the following variables to 0: age, expressive language, complex response time, GSQ Proprioceptive and Vestibular subscales, SP-2 Sensory Inattention and Sensory Reactivity subscales, and SCQ RRB subscale. Full model-estimated beta (β)-coefficients are shown in Table S2.1. The final model yielded a fair fit (adjusted r2=0.343). 
	Three separate clusters of clinical features emerged as being related to localization performance (Fig. 2.4). First—not captured by our hypotheses—a somatosensory/motor cluster of features was most strongly associated with performance. Specifically, tactile processing (SP-2, β=-1.276; GSQ, β=-0.406), RRBIs (SRS-2, β=-1.165), and simple motor response times (β=-0.362) had some of the largest model-estimated β values, suggesting an association between somatosensory and sensorimotor processing and audiovisual spatial processing. Second, in line with our hypotheses, we found that endorsement of more SCI was strongly associated with poorer localization performance (SCQ Communication subscale, β=0.433; SRS Communication subscale, β=0.296). This finding highlights the potential links between audiovisual spatial integration and complex social communication behaviors, as has been previously observed in the temporal domain. Finally, we observed that both sensory hyper-responsivity (SEQ, β=0.275) and sensory hypo-responsivity (SEQ, β=-0.507) were strongly and opposingly related to performance, although the relationships were opposite what we hypothesized: individuals who endorsed more hyper-reactivity features exhibited poorer performance, while those with more hypo-reactivity features exhibited better performance.
	Figure 2.4 LASSO-Derived β Coefficients Predicting Response Localization Error
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	Figure 2.4. LASSO-derived β coefficients for clinical and stimulus characteristics in the prediction of response localization error. The motor/somatosensory cluster of features, which exhibited some of the largest β values (blue) included the SRS RRB score, the SP and GSQ Tactile Processing scores, and simple response times. The social communication cluster (red) included SRS and SCQ Social Communication scores. The responsivity cluster (yellow) included the SEQ Hyper- and Hypo-Responsivity scores. IQ and auditory processing (denoted with *) also had high β coefficient values but are not part of a cluster of interest.



	It should also be noted that while we expected a relationship between performance and language ability—specifically, receptive language—we instead observed that nonverbal IQ was strongly associated with localization performance (β=0.435), as was atypical auditory processing (SP-2, β=0.367). While these relationships should be explored in the future, particularly that between atypical auditory processing and audiovisual spatial acuity, neither of these variables fell into a distinct feature cluster.

2.3.4.2 Visual Bias
	Our optimal LASSO model of visual bias (λ=0.035) yielded fewer clinical and demographic variables predictive of visual bias. The model penalized the following variables to 0: age; sex; expressive language; all subscales of the SRS-2 except Motivation; SCQ Communication and RRB subscales; the SP-2 Sensory Seeking, Sensory Inattention, Auditory, Visual, and Vestibular subscales; SEQ Sensory Seeking and Hypo-Responsivity subscales; GSQ Visual, Tactile, Vestibular, and Proprioceptive subscales; and complex choice response time. Full model-estimated β-coefficients are shown in Table S2.2. The model estimation of visual bias using clinical characteristics was much more robust (adjusted r2=0.402) than the model using stimulus parameters alone (r2=0.06). 
	As with localization error, we observed that motor/somatosensory, sensory reactivity, and social communication features were robustly associated with visual bias (Fig. 2.5). The largest β coefficient values were seen among sensory reactivity scales (SP-2 Sensory Reactivity subscale, β=0.37; GSQ Hypo-Responsivity subscale, β=-0.266), followed by the somatosensory cluster (SP-2 Tactile Processing subscale, β=-0.245; SP-2 Body Position subscale, β=-0.157). We also saw that the SRS Social Motivation subscale (β=-0.104) emerged as an important predictor. These findings, in conjunction with our accuracy modeling results, suggest that these three clusters of features—motor/somatosensory, sensory reactivity, and social communication—are strongly associated with audiovisual spatial integration. Future work should directly probe these relationships, as well as the relationship between clinical features and spatial integration of more environmentally salient stimuli (e.g., faces and voices).
	Figure 2.5 LASSO-Derived β Coefficients Predicting Visual Bias
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	Figure 2.5. LASSO-derived β coefficients for clinical and stimulus characteristics in the prediction of visual bias. The motor/somatosensory cluster of features, which exhibited some of the largest β values (blue) included the SP Tactile Processing and Body Position Processing scores. The SRS Social Motivation score (red) was a significant predictor. The responsivity cluster (yellow) included the SP Sensory Reactivity and GSQ Hyposensitivity scores. IQ and cue disparity (denoted with *) also had high β coefficient values but are not part of a cluster of interest.



	Importantly, unlike our accuracy model, one stimulus parameter—cue disparity—did retain significance in the bias model (β=-0.126). This finding highlights that regardless of clinical presentation, our participants were less likely to integrate stimuli as cue disparity increased, as is observed in healthy adult samples (Hairston et al., 2003). IQ was also a significant predictor in our model (β=0.161), but it again was not meaningfully linked to any cluster of features.



2.4 Discussion

2.4.1 Intact Auditory Localization and Visual Bias in Autism 
	We were surprised to find no group effect on localization ability or visual bias in our target localization paradigm. As described above, it is well established that there are significant differences between autistic and non-autistic individuals in audiovisual temporal integration abilities. Additionally, in other spatial integration tasks such as the rubber hand illusion (Cascio et al., 2012) and manipulations of peripersonal space (PPS) (Noel, Failla, et al., 2020; Noel et al., 2021), autistic individuals perform differently from non-autistics. Therefore, we initially hypothesized a domain-general difference in AV integration. Additionally, because of prior findings of atypical AV temporal integration, we anticipated that visual bias of auditory localization would be weaker and occur over a larger spatial extent in the autistic group.
	This is not what we observed. Rather, the behavioral results were comparable between diagnostic groups, with stimulus parameters—rather than diagnostic group status—being much more important determinants of localization accuracy and visual bias. Specifically, localization performance only significantly differed between target modalities, wherein visual-only performance was significantly better than auditory-only or congruent AV performance. Additionally, visual bias was found to be smaller at larger cue disparities. This is in line with what has previously been observed in a healthy adult sample (Hairston et al., 2003), suggesting autistic and non-autistic children within our age range integrate simple AV spatial stimuli similarly to healthy adults.


2.4.2 Clinical Autism Features Are Related to Spatial Acuity and Integration
2.4.2.1 Motor/Somatosensory
	The perception of objects in space is tightly related to the body and the space it occupies. From our exploratory analyses, we observed that the main predictors of localization accuracy were not stimulus characteristics, nor even auditory or visual processing differences, but rather a cluster of features in the tactile and motor domains (tactile and body position processing, RRBIs, and motor response time). We suspect a common thread linking these findings is the relationship between peripersonal space (PPS) and sensory processing. PPS—the actionable space around the body—is formed not only through the integration of auditory, visual, and tactile cues, but also through the motor actions of the body and cognitive processes. The perception of objects and people in space further acts to mold PPS to the environmental context (e.g., social interaction; Noel et al., 2021). Importantly, objects within PPS are processed differently from those that are outside. For example, sub-threshold visual cues enhance the detection of concurrent tactile stimuli when presented inside—but not outside—PPS boundaries (Salomon et al., 2017), and individuals display faster response times to tactile stimuli when simultaneous auditory (Canzoneri et al., 2012; Matsuda et al., 2021) or visual (Noel, Bertoni, et al., 2020) cues are presented inside PPS relative to those presented outside PPS. 
2.4.2.2 Social Communication
	In line with our hypotheses, our exploratory analysis revealed that measures of SCI were linked with both localization accuracy and visual bias. Specifically, increased SCI predicted increased localization error and decreased visual bias, regardless of diagnostic group. This is complementary to the findings in the temporal domain, wherein a wider temporal binding window (i.e., poorer AV temporal acuity) is correlated with increased SCI severity (Feldman et al., 2018; Feldman, Conrad, et al., 2022; R. A. Stevenson, Siemann, Schneider, et al., 2014). Furthermore, these findings highlight the importance of low-level AV integration ability in supporting more complex social functions. Differences in MSI in autism become progressively more pronounced with increasingly complex stimuli (R. A. Stevenson, Siemann, Schneider, et al., 2014; R. A. Stevenson, Segers, et al., 2018), and future AV spatial integration research utilizing more complex stimuli (biological motion, speech, etc.) may elicit group differences, as well robust relationships between task performance and SCI measures.
2.4.2.3 Hyper- and Hypo-Responsivity
	Regarding accuracy, we hypothesized that individuals who exhibited sensory hyper-responsivity would report target location more accurately, whereas those experiencing more hypo-responsivity would have poorer localization ability. While we are currently unaware of any research examining the role of sensory reactivity in spatial acuity, we anticipated that acute awareness of stimuli would result in more veridical perception of their locations in space and vice versa. However, we observed the opposite pattern: hypo-responsivity was associated with increased accuracy and vice versa. This finding may suggest that the domains of hyper- and hypo-responsivity, as measured by standard questionnaires, may not selectively apply to experimental stimuli, and may instead apply to more salient environmental stimuli. For instance, it has been shown that autistic individuals devote comparable cognitive resources to both target and distractor stimuli (Keehn et al., 2016) as well as impaired distraction inhibition (Parsons & Carlew, 2016; Poole et al., 2018) and disengagement (Sabatos-DeVito et al., 2016; Zhang et al., 2021). In our paradigm, individuals with increased sensory reactivity may have been equally or more reactive to the fixation light or other non-stimulus sensations (e.g., chin rest). In other words, while heightened sensory reactivity may act to enhance perception of targets, they may also act to enhance perception of distractors or non-target stimuli in the environment. While we are aware of little research directly examining the relationship between hypo-responsivity and performance on psychophysical or MSI tasks, we suspect that if hyper-responsivity may act to enhance perception of distractor stimuli, individuals exhibiting more hypo-responsivity—or more “typical” levels of sensory responsivity—may be less influenced by distracting environmental factors, thereby increasing their spatial acuity for targets.
	Future research examining AV spatial integration in autism—and indeed, in any clinical population—should take care to examine the relationship between levels of hyper- and hypo-responsivity and spatial acuity and integration. It may also be useful to directly measure modality-specific sensitivities using simple psychophysical experiments (e.g., threshold detection) in conjunction with spatial paradigms.

2.4.3 Limitations and Future Directions
	Our paradigm was free-response, asking participants to localize the source of the auditory (or visual) target. In current literature, measurement of temporal binding windows typically utilizes a 2-alternative forced choice (2AFC) response, wherein participants are asked whether two stimuli are synchronous. Autistic individuals tend to report synchrony at larger temporal disparities between stimuli (i.e., wider temporal binding window; see Baum Miller & Wallace, 2019; Zhou et al., 2018 for reviews). It is possible that a difference in the “spatial binding window” would emerge if participants were asked to judge spatial congruence in a binary fashion. Indeed, we are aware of limited but consistent evidence that response format matters for task performance in autism. For instance, in emotion recognition tasks, autistic individuals perform worse when using free-response compared to multiple choice response format (Betz et al., 2019; Cassels & Birch, 2014; Georgopoulos et al., 2022; J. Lim et al., 2006), and in semi-structured interviews, autistic children answer binary (i.e., “Yes/No”) questions more appropriately than open-ended questions (Oi, 2010). Further research should be conducted to examine the relationship between forced-choice and free-response spatial binding windows in autism, as well as the relationship between temporal and spatial binding windows.  
	We are aware of one study to date (Noel et al., 2022) that has attempted to characterize the spatial binding window in autistic adults using a forced choice location discrimination paradigm. Complementary to our findings, the authors observed no significant group differences in location discrimination ability when cues were presented congruently or at imperceptible disparities. These authors found that at larger spatial disparities, autistic individuals showed exhibited increased bias toward the visual cue. In contrast, we observed no significant difference between groups’ visual bias. Rather, we found that in both groups, visual bias systematically shrank as cue disparity increased. This discrepancy in findings may result from differences in response format as described above. Specifically, the high degree of response variance in our data as a result of using a free-response paradigm may have washed out group differences that may have otherwise been observed using a multiple-choice format. 
	Finally, our sample was largely comprised of low-support needs autistic individuals, who may not exhibit the same degree of MSI alterations or relationship with MSI and clinical features. We suggest that future research should aim to include high-support needs autistic (HSN) individuals, who may not only show different patterns of AV spatial integration, but also more pronounced relationships to clinical presentation. We would also caution that to include HSN autistics would require simplification and alteration of the paradigm, such as using gaze or body tracking for active responses, or pupillometry for passive responses. On a related note, given the high degree of heterogeneity observed in our sample, we strongly recommend that future research in this domain focus on individual rather than group performance.


CHAPTER 3

Neurophysiological correlates of audiovisual spatial integration in autism

3.1 Introduction

3.1.1 Neural Correlates of Spatial Integration
	Multiple decades of research have shown that the brain’s responses to multisensory stimuli are often appreciably enhanced or suppressed relative to the sum of unimodal responses (super- and sub-additive responses, respectively). Some of the earliest work examining neural signatures of multisensory integration (MSI)—using cat models—have shown that multisensory neurons in the superior colliculus exhibit super-additive firing rates in response to multisensory stimulation (Meredith & Stein, 1983). However, from this early work, it is also clear that these enhancements are only observed when stimuli are temporally and spatially (Meredith & Stein, 1986) aligned with one another. These findings have given rise to the principles of temporal and spatial coincidence in MSI: for stimuli to be integrated—and indeed, to be perceived as a singular perceptual entity—they must occur, within a tolerable threshold, at the same time and in the same place.
	Spatially congruent stimuli have been shown to elicit neural responses distinguishable from the unimodal or summed unimodal responses. For instance, using simple auditory and visual stimuli (e.g., flashes, noise bursts), researchers have observed that multisensory cues elicit super-additive parietal (e.g., P190 and N260, Teder-Sälejärvi et al., 2005; N400, Li et al., 2016) and frontocentral (e.g., N1, Fleming et al., 2020; Li et al., 2016; P300, Li et al., 2016) event-related potentials (ERPs) across a variety of tasks. Furthermore, these super-additive ERPs are observed even when stimuli are not meaningfully related (e.g., during a visual orientation discrimination task, Li et al., 2016). In contrast, spatial integration of more complex stimuli is frequently associated with sub-additive signals. For example, Kokinous et al., 2017 report significant N1 amplitude suppression for face-voice pairs relative to voices only, a result that is maximal as image quality (i.e., visual information quality) increases. 
	These common signatures of spatial integration are also flexible. The ventriloquist after-effect—wherein the perceived location of an auditory target is shifted in the direction of a spatially misaligned visual cue after repeated presentations (see Aller et al., 2022 for a review)—has been shown to modulate auditory-evoked brain activity. For instance, after repeated exposure to incongruent audiovisual cues, auditory N1 is suppressed for cues presented in the contralateral hemisphere of the trained visual cue relative to cues presented in the ipsilateral hemisphere (Bruns et al., 2011). A recent fMRI study has also shown evidence of a ventriloquist after-effect across a variety of auditory and multisensory structures, including Heschl’s gyrus, planum temporale, intraparietal sulcus, inferior parietal lobe, and frontal eye field (see Aller et al., 2022 for a review). 
	Neural responses to multisensory stimuli may also change as a function of spatial proximity to the observer. When stimuli are presented at the boundary of peripersonal space—PPS, the actionable space around the body—global field power (GFP) is enhanced, most profoundly for multisensory conditions (Noel, Serino, et al., 2018). Furthermore, GFP inter-trial variance is significantly reduced for stimuli presented at the PPS boundary, particularly at later timepoints (~350-400ms, Noel et al., 2018). This finding suggests that whole-brain activity is more synchronized for stimuli perceived as actionable, and is line with findings that increased firing rate leads to decreased signal variance (Churchland et al., 2006, 2010). PPS modulations of multisensory ERPs also extend to other combinations of stimuli. In simple visuo-tactile experiments, tactile stimulation in the ipsilateral hemifield as a visual stimulus enhances visual-evoked potentials compared to contralateral stimulation (Kennett et al., 2001). Similarly, spatially congruent visuo-tactile stimulation elicit patterns of  enhanced (e.g., occipital P100, Sambo & Forster, 2009; central P200, Longo et al., 2012; parietal P300, Longo et al., 2012) or suppressed (e.g., central N200, Longo et al., 2012) ERP amplitudes relative to conditions in which visual stimuli are elsewhere within PPS or outside PPS. 

3.1.2 Neural Correlates of Multisensory Integration in Autism
As described in Chapters 1 and 2, autism is a neurodevelopmental disorder that is characterized by social communication impairment (SCI) and patterns of restricted and repetitive behavior (RRBs) (American Psychiatric Association, 2013), with sensory processing differences being a ubiquitous associated feature of the disorder. Individuals frequently exhibit sensory seeking behaviors, sensory hyposensitivity, sensory hypersensitivity, or, more often, a combination of these features, and endorsement of sensory processing differences are correlated with both SCI (Baranek et al., 2018; Foss-Feig et al., 2012; Lane et al., 2010) and RRBs (Boyd et al., 2010; J. H. Foss-Feig et al., 2012; Schulz & Stevenson, 2019). Autism is also associated with a variety of changes to MSI. In the spatial domain, atypical MSI is well documented. For instance, autistic individuals exhibit reduced susceptibility to the rubber hand illusion (Cascio et al., 2012; Crespi & Dinsdale, 2019; Noel, Failla, et al., 2020), smaller peripersonal space (PPS) boundaries (Noel, Cascio, et al., 2017; Noel, Failla, et al., 2020), and rigidity in PPS size regardless of social context (Noel et al., 2021). 
While there are no extant studies examining neural underpinnings of audiovisual spatial integration in this population—and indeed, only one study to date examining behavioral differences (Noel et al., 2022)—there is evidence from other multisensory research that may provide guidance as to the expected brain responses. Although the EEG evidence is mixed—as is the case for much of autism research—there are a few general trends observed across a variety of multisensory tasks. First, in simple audiovisual response-time tasks, while autistic children tend to show delayed (Dwyer et al., 2022) and attenuated (Brandwein et al., 2013) early frontocentral peaks (approximately 100-200ms), mid-potential parieto-occipital interactions appear to be comparable to non-autistic peers (Brandwein et al., 2013). Any group differences appear to resolve in adulthood (Toumaian et al., 2024). 
The second observation is that with more complex tasks, there appear to be more pronounced group differences. For instance, in an audiovisual Go/No-Go task with congruent or conflicting auditory and visual cues, autistic individuals exhibit smaller parietal N1, frontocentral P2, and temporal P3 amplitudes relative to non-autistic controls (Chmielewski et al., 2016). Similarly, while autistic individuals show enhanced early signals to audiovisual semantic pairs in the parieto-occipital channels (~130-170ms), non-autistic controls show mid-potential suppression in the frontocentral electrodes (~240-300ms), as well as an N400 to incongruent pairs that is notably absent in autistic individuals (Russo et al., 2012). Autistic adolescents also show delayed—although still enhanced—audiovisual peaks in response to paired faces and emotions (Stefanou et al., 2024). Combined, these findings may indicate that with increasing task demands and stimulus complexity, audiovisual integration may be more compromised across a variety of processing stages at the neural level. This is in line with behavioral findings in autism, wherein group differences are compounded as stimulus complexity increases (R. A. Stevenson, Segers, et al., 2018). 

3.1.3 The Present Study
The present study is described fully in Chapter 2. During an audiovisual localization task, participants pointed to a target in space while EEG was collected. Despite a lack of direct preliminary evidence concerning neural responses to simple audiovisual spatial stimuli, evidence concerning audiovisual spatial integration in non-autistic individuals, in conjunction with multisensory studies in autism across other domains, allows us to assemble data-driven hypotheses. Specifically, in line with prior literature, we hypothesized that we would observe super-additive early (e.g., N1, P1, see Fleming et al., 2020; Li et al., 2016) and mid-potential (e.g., P3, see Li et al., 2016) signals in multisensory conditions relative to unimodal conditions. However, we expected that this effect would be attenuated in autism (Brandwein et al., 2013; Chmielewski et al., 2016).	

3.2 Methods

3.2.1 Participants
All consent and study procedures were conducted in accordance with protocols approved by the Vanderbilt University Institutional Review Board. All participants and caregivers provided written informed assent and consent, respectively, to participate and share data for publication. We recruited 17 autistic participants aged 7-17 years and 15 age-matched controls; sex was also matched when possible. One autistic participant was unable to complete any of the experimental tasks and was not matched. All participants had caregiver-reported normal hearing and normal or corrected-to-normal vision. Participants had no history of neurological (e.g., epilepsy) or genetic (e.g., Fragile X Syndrome) disorders. Autistic participants were also required to have a formal autism diagnosis by a licensed clinician within the past 5 years using the Autism Diagnostic Observation Scale, 2nd Ed. (ADOS-2) (Lord et al., 2008). Non-autistic participants were screened for autism using the caregiver-reported lifetime version of the Social Communication Questionnaire (SCQ) (Rutter et al., 2003), and were required to score below the threshold for an autism diagnosis. Non-autistic participants were also excluded if they reported a first-degree relative with autism or if they had a history or current diagnosis of psychiatric illness. 

3.2.2 Apparatus & Behavioral Acquisition
Full details concerning the experimental paradigm are described in Chapter 2. Briefly, speakers and LEDs were arranged in a semi-circle along a horizontal azimuth adjusted to participant eye level. Auditory and visual cues were located at 10° or 20° bilaterally and at the center of the azimuth. Auditory stimuli consisted of a white noise burst at 67 dB SPL; visual stimuli consisted of a white flash of light. Experimental procedures occurred in a darkened sound- and light-attenuated booth. For each trial, a red fixation light appeared in one of the five locations. Participants gazed at the fixation light for 500ms, then the target appeared for 200ms. Target and fixation light locations were pseudo-randomly generated from the five possible locations. Participants reported the perceived location of the target using a joystick. Participants had 1500ms to respond. In the AV blocks, the target was the auditory stimulus, presented either alone, with a spatially congruent flash, or with a spatially incongruent flash. In the visual-only blocks, the visual flash was presented alone. 



3.2.3 EEQ Acquisition & Cleaning
	For all behavioral blocks, EEG was recorded using a 64-channel EEG system (eego™mylab, ANT Neuro, The Netherlands), sampled at a rate of 1000Hz. Offline EEG cleaning was conducted in EEGLAB (Delorme & Makeig, 2004). EEG was down-sampled to 500Hz and decomposed by independent component analysis (ICA). We extracted epochs, from -200ms to 600ms and removed epoch baseline. Data were then lowpass filtered at 40Hz, and bad channels—manually identified by flat or highly idiosyncratic power spectra—were removed. Line noise was removed using the EEGLAB add-on package Cleanline (Delorme et al., 2011), and ICA components identified as eye movements, muscle movements, or heartbeat were removed. Manual inspection for bad epochs were removed, and bad channels were interpolated. The signal was re-referenced to the mastoids. We created four evoked datasets—calculated as the grand average across all participants and trials in a given condition (auditory, visual, congruent AV, incongruent AV)—for each group. Due to technical errors, the final sample consisted of 14 autistic and 15 non-autistic individuals.

3.2.4 EEG Analysis
	All statistical analyses were completed using the Python package mne (Gramfort et al., 2013). We first sought to identify peak amplitudes and latencies for the P1 (~90ms-100ms), N1 (~170ms-200ms), and P3 (~300ms). Note that because ERPs in children can be significantly delayed relative to adults (Brandwein et al., 2011; Ladish & Polich, 1989; Mingils et al., 2023; Tomé et al., 2015), we extended our search window for each component of interest. We also aimed to evaluate whether neural signatures of integration were present. Within each group, we compared the summed unisensory signals to the congruent AV signal and to the incongruent AV signal across all electrodes; we also compared congruent and incongruent conditions. For each comparison, we conducted a 1000-permutation spatiotemporal cluster test to identify timepoints for each electrode in which the signals were significantly different from each other. Clusters of significant sub- or super-additive signals in the AV conditions were taken as evidence of integration of unimodal sensory signals. We used the same spatiotemporal cluster test analysis to compare power between the auditory-only condition and the AV conditions. The same analyses were used to conduct between-group analyses.

3.3 Results

3.3.1 Within-Group Comparisons: ERPs
	In the grand-averaged autism group (Fig. 3.1A), we observed P3 components in both the congruent (peak amplitude=2.9μV, peak latency=390ms) and incongruent (peak amplitude=5.09μV, peak latency=398ms) AV conditions, but not the A+V condition, nor did we observe other clear components at other timepoints. While the congruent AV condition did not significantly differ from A+V (Fig. 3.1B), we did observe significant differences between A+V and incongruent AV (Fig. 3.1C-D). Specifically, we observed significant multisensory amplitude enhancement at approximately 80-100ms and again from approximately 250-500ms. In the midline, this enhancement was most pronounced in channel 5Z (equivalent to Pz), as well as in the right frontocentral channels. Given that MSI using simple AV stimuli typically evokes super-additive signals, this result does seem to be indicative of integrative processes occurring in the incongruent AV condition, which is in line with observations of the visual bias described in Chapter 2. The amplitudes of the incongruent AV and congruent AV conditions did not 
	Figure 3.1. Audiovisual and Summed Unisensory Midline Evoked Potential in Autism
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	Figure 3. 1. Midline evoked potential in autism. A.  Evoked potential for summed unisensory conditions (A+V, blue, dashed), congruent AV condition (orange), and incongruent AV condition (green). B. Midline difference wave: A+V – congruent AV. C. Midline difference wave: A+V – incongruent AV. D. Significant differences between A+V and incongruent AV conditions across all timepoints and channels.



significantly differ from one another at any timepoint. However, in the congruent condition, the P3 peak-to-trough amplitude change was 5.93μV with a latency of 36ms; in the incongruent condition, amplitude change was 5.34μV with a latency of 50ms, which may indicate faster attentional allocation or decision-making strategies with congruent stimuli. 
	In the control group, the signal was comprised primarily of noise (Fig. 3.2A). However, in the incongruent AV condition only, we did observe evidence of two distinctive peaks. The first is an N170 (peak amplitude=-3.29μV, peak latency=190ms) with a trough-to-peak amplitude change of 6.82μV and a latency of 32ms. We also observed an N2 component (peak amplitude=-4.78μV, peak latency=278ms) with a trough-to-peak amplitude change of 6.73μV and a latency of 20ms. However, we observed no significant differences between the congruent (Fig. 3.2B) or incongruent (Fig. 3.2C) AV conditions and the A+V condition, nor between the AV conditions.
	Figure 3.2. Audiovisual and Summed Unisensory Midline Evoked Potential in Control
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	Figure 3.2. Midline evoked potential in control. A.  Evoked potential for summed unisensory conditions (A+V, blue, dashed), congruent AV condition (orange), and incongruent AV condition (green). B. Midline difference wave: A+V – congruent AV. C. Midline difference wave: A+V – incongruent AV.



3.3.2 Within-Group Comparisons: Power Spectrum
	We next compared the power spectrum between auditory-only and AV conditions for each group. In the autism group, we found that while the auditory-only condition (Fig. 3.3, left) showed relative decreases in low-frequency power over the course of the trial, and no clear evidence of peaks in power at the high-frequency bands, the congruent AV condition (Fig. 3.3, middle) showed an increase in low-frequency power, particularly from approximately 200-400ms. The former finding seems to suggest a relative decrease in long-range connectivity in the auditory-only condition, but an increase in connectivity during stimulus feature extraction and decision-making in the AV conditions.
	Figure 3.3. Power Spectrum in Autism
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	Figure 3.3. Power from 1-40Hz in the autism group for auditory-only (left), congruent AV (middle), and incongruent AV (right) conditions. 



	In examining frequency in the control group, the auditory-only condition (Fig. 3.4A, left) showed high-frequency increases in power in the first 100ms—likely reflecting recruitment of neuron populations in the primary sensory cortices—followed by a peak in the delta and theta bands from approximately 100-200ms, which we interpret as an increase in long-range connectivity between sensory and higher-order areas. Indeed, the topographic map of auditory-only power shows a shift from temporal and posterior electrodes in the first 100ms (Fig. 3.4B, left) toward frontal electrodes in the next 100ms (Fig. 3.4B, right). In contrast, the first clear peaks in power in the AV conditions (Fig. 3.A, middle/right) occur at approximately 200ms post-stimulus onset, and are apparent across the examined frequency bands. This may indicate that in the AV conditions, control participants are exhibiting increased local and long-range connectivity during periods of stimulus feature discrimination. 
	Figure 3.4. Power Spectrum in Control
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	Figure 3.4. A. Power from 1-40Hz in the control group for auditory-only (left), congruent AV (middle), and incongruent AV (right) conditions. B. Topographic map of auditory-only power from the first 100ms (left) and 100-200ms (right).



3.3.3 Between-Group Comparisons: ERPs
	We observed no differences between groups in the A+V condition or in either AV condition.




3.3.4 Between-Group Comparisons: Power
	For all conditions, we observed increased power in the autism group across frequency bands after 500ms (Fig. 3.5A). From topographic analyses (Fig. 3.5B-D), it appears that from 500-600ms post-stimulus onset, autistic individuals exhibit significantly higher power in the fronto- central regions, which may be indicative of larger population activity recruited during motor responses. Interestingly, we also observed significantly larger power in posterior regions in the auditory-only condition (Fig. 3.5B, top) during the same time range, which may suggest gaze shifts from the fixation point to the target. However, we did not utilize eye tracking during the task, so further investigation into gaze behavior during localization is warranted.
We also observed a transient increase in low-frequency power (delta and theta bands) in autism in the 200-300ms time range in the incongruent AV condition (Fig. 3.5A, right). Topographic power in this time window illustrates very distinctive group-level patterns of activity (Fig. 3.5D), wherein only the non-autistic controls appear to show an anterior shift in activity. This seems to suggest that the non-autistic control participants—but not the autistic participants—are recruiting frontal regions, presumably as a mechanism for providing feedback information about the incongruent stimuli. However, given that the autistic group shows an increase in low-frequency power during this time, it possible that there was an increase in connectivity between more posterior sensory areas in this group, rather than a recruitment of anterior, higher-order cognitive regions.




	Figure 3.5. Power Spectrum Comparisons Between Autism and Control
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	Figure 3.5. A. Power spectrum comparisons between autism and control for auditory-only (top), congruent AV (middle), and incongruent AV (bottom) conditions. Following images show topographic power from 0-600ms post-stimulus onset for auditory-only (B), congruent AV (C), and incongruent AV (D) conditions. For figures B-D, topography for autistic group is shown in top row; topography for non-autistic control group is shown in bottom row.



3.4 Discussion
	We hypothesized that we would observe super-additive early and mid-potential signals in multisensory conditions relative to unimodal conditions, but that this effect would be attenuated in autism. Our results were not in line with our expectations. Instead, we observed that there were no significant differences between the congruent AV and summed unimodal conditions for either group; in the incongruent AV condition, only in the autism group did the A+V evoked potential significantly differ from the AV potential. Although, as described in Chapter 2, we did not observe significant group differences in visual bias, there is evidence from forced choice localization tasks that autistic individuals may exhibit increased visual bias at larger spatial disparities (Noel et al., 2022). 
Additionally, we found two key group-level distinctions from our power analysis. First, even in the presence of comparable behavioral performance, our autistic participants exhibited a noticeable (albeit non-significant) increase in power across all frequency bands of interest at approximately starting 500ms post-stimulus onset, which we believe may reflect increased population activity during motor responses. Indeed, EEG studies have revealed that while non-autistic control individuals exhibit power suppression—particularly across delta and theta bands and in central and frontal regions—during motor activity, autistic individuals do not exhibit the same degree of suppression (see Bo et al., 2022 for a review). Thus, we posit that the increased power in the autism group in the 500-600ms time range likely reflects this lack of suppression.
 Second, in the incongruent AV condition alone, we found that only the non-autistic controls showed a clear anterior shift in activity at approximately 200-300ms post-stimulus onset, which we interpret as an engagement of higher-order cognitive regions providing feedback information to upstream sensory regions; the autistic participants did not show this shift. However, the autistic individuals did exhibit increased power in low-frequency bands in this time range. Thus, as discussed above, we propose that the differences observed in the incongruent AV condition reflect the typical feedback mechanisms being employed in the non-autistic controls, in conjunction with increased low-level connectivity between primary sensory regions in the autistic group.
	We were surprised to find no evidence of differences between the summed unimodal and congruent AV conditions, given that simple AV stimuli typically elicit super-additive parietal (e.g., P190 and N260, Teder-Sälejärvi et al., 2005; N400, Li et al., 2016) and frontocentral (e.g., N1, Fleming et al., 2020; Li et al., 2016; P300, Li et al., 2016) potentials compared to summed unisensory potentials. One possibility for this finding is the stimuli used. Although we attempted to create an environment with minimal sensory distraction as well as a more naturalistic response method, the flashes and white noise bursts used in the experiment seemed not to have been sufficiently environmentally salient to elicit any substantial multisensory super-additivity, or indeed any clear ERP components expected in similar conditions. 
While we are unaware of published work in AV spatial integration describing a lack of meaningful ERPs as we have done here, some research concerning intertrial variability and quality of EEG shed light on the potential analytical considerations to improve the signal. First, Naik et al. (2023) describe that in a face-viewing response paradigm, both adults and infants exhibited the expected ERPs on a trial-to-trial basis, but grand averages were small and highly variable, demonstrating no clear ERPs. Microstate analysis revealed significant differences in trial-to-trial latency, which the authors suggest results from ongoing neural activity prior to stimulus onset for each trial. From these findings, we suggest that microstate analysis may yield more insight into individual and group-level neural responses to the paradigm employed in this study.
Furthermore, in an exploratory study examining quality of ERP data across different paradigms in young healthy adults, Zhang & Luck (2023) found that across a variety of experimental paradigms of varying complexity, grand average peak amplitude and latency are highly sensitive to noise and inter-trial and individual variability. They observed a similar confound in difference waves. Zhang & Luck (2023) also found that variability between individuals was high, with some participants exhibiting up to five times as much inter-trial variability as others. While the authors suggest alternative analytical techniques that are less sensitive to noise, such as analyzing mean—rather than peak—amplitude and latency of a component of interest and increasing the number of trials per condition, they largely concluded that the large variance observed between participants and paradigms was unexpected. In line with evidence described above by Naik et al. (2023), these findings further suggest that analysis focused on individual-level—or perhaps even trial-by-trial—components, in conjunction with a microstate analysis, might provide a stronger signal for analysis.
There is also evidence that the difficulty of the task dramatically influences the trial-to-trial variability of EEG signals, with passive responses to simple stimuli (e.g., an auditory evoked potential) yielding a much more consistent evoked power spectrum and ERPs (Ip et al., 2018). In the case of this study, a passive or forced-choice paradigm may have yielded more consistent ERPs. Similarly, there is evidence that neural responses are stronger and more synchronized for highly salient stimuli, such as speech (Pinheiro et al., 2016; Straetmans et al., 2022), familiar musical beats (Weineck et al., 2022), and natural objects (Hickey et al., 2023), compared with less salient counterparts. Future research in this area may benefit from the use of a gamified (i.e., rewarded) task or more environmentally relevant stimuli (e.g., natural objects), both of which would likely enhance subsequent neural responses and synchronization during the task.
Finally, there was very likely a significant influence of movement, despite attempts to remove artifacts and movement components. The autistic sample—who experience significantly increased presentation of RRBIs—exhibited markedly more movement artifacts as well as rhythmic independent components that may be representative of self-stimulatory motion. While we are not aware of any studies specifically investigating the use of ambulatory EEG in autism, it may behoove future researchers to use such a method, which would allow for increased motion tolerance.
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4.1 Introduction

4.1.1 An Overview of Maximum Likelihood Estimation
	Ernst & Banks (2002) famously showed that Maximum Likelihood Estimation (MLE)—the principle by which information from multiple modalities is combined into a single percept by creating a reliability-weighted average of each cue—is observed in human behavior (see also Ernst & Bülthoff, 2004; Parise et al., 2012). This process of combining cues according to their relative reliabilities results in the minimum response variance, wherein the multisensory gain is evidenced by a smaller variance than that of either unimodal cue. MLE has been shown to effectively predict multisensory performance across a variety of tasks, with a vast body of research in visual-vestibular motion discrimination (de Winkel et al., 2013; Dokka et al., 2015; Kaliuzhna et al., 2015, see Fetsch et al., 2010 for a review) tasks, but also audiovisual (AV) spatial navigation (Shayman et al., 2025) and forced-choice visual-haptic (Serwe et al., 2011) and AV (Körding et al., 2007) localization tasks. Complementary findings from single neuron recordings in non-human primates reveal that in self-motion tasks combining visual and vestibular information, optimal increases in behavioral precision are correlated with decreased variability in neuronal firing rates (Angelaki et al., 2011; Fetsch et al., 2012, see Seilheimer et al., 2014 for a review) and decreased firing thresholds (Gu et al., 2008, see Fetsch et al., 2010 for a review). 
Importantly, there is some question as to when MLE-optimal integration develops. Young children exhibit limited multisensory facilitation in response times, performance, and response variance (see Bruns & Röder, 2023; Burr & Gori, 2012; Gori, 2015 for reviews). Researchers have observed that children up to eight or 10 years of age demonstrate suboptimal integration as predicted by MLE (Chambers et al., 2018; Gori et al., 2012; Petrini et al., 2014; Ratcliffe et al., 2021), a modality switching strategy (Adams, 2016; Nardini et al., 2008), or responses dominated by a single cue regardless of the cue’s reliability (Gori et al., 2008; Nardini et al., 2010; Negen et al., 2019, 2022). Thus, MLE-optimal integration appears to require some degree of maturation of the sensory systems in question, and also likely depends on the task demands. Generally, researchers propose that suboptimal integration consistently observed in early childhood may be related to some combination of prolonged maturation of the sensory systems, lack of sensory experience relative to adults, and less flexibility in the combination of relevant sensory cues (see Ernst, 2008 for a review).

4.1.2 Maximum Likelihood Estimation in Autism
While there is long-standing evidence that humans integrate stimulus information according to the principle of MLE, the possibility of suboptimal integration in autism has been a topic of interest. First, it is well established that autistic individuals exhibit atypical integration abilities in both unisensory and multisensory contexts. Multisensory illusions illustrate one potential difference in how each cue is used. Autistic individuals are less susceptible to several illusions, such as the rubber-hand (Cascio et al., 2012; Paton et al., 2012; Schauder et al., 2015) and McGurk (see Zhang et al., 2019 for a meta-analysis) illusions. Furthermore, in a study of the McGurk illusion (McGurk & MacDonald, 1976), Stevenson et al. (2014) report that autistic adolescents not only report perception of the McGurk illusion less frequently, but that they are significantly more likely to report the auditory cue compared to the visual cue. This suggests not only a weakening of AV integration in autism, but also mechanism of integration whereby autistic individuals eschew the reliability-weighted average of cues under multisensory conditions. 
Similarly, in a visual texture-orientation discrimination task, Bedford et al. (2016) illustrate that autistic adolescents show “selective fusion”, only demonstrating multisensory gain in congruent conditions but not incongruent conditions, whereas non-autistic controls display “mandatory fusion”. In incongruent conditions, autistic individuals appeared to rely primarily on orientation cues and ignore texture cues when informing their decision. In contrast, Bedford et al. (2016) report that “mandatory” fusion in non-autistic controls resulted in decreased variance but also decreased accuracy in incongruent stimulus pairs. Thus, segregation of cues may in some cases be beneficial, resulting in making more accurate judgments about the sensory environment. 
Multisensory studies have revealed similar findings. In a study of AV spatial discrimination, autistic adults show an increased likelihood of segregation of signals rather than integration of signals across various spatial disparities, resulting in less bias toward the visual cue (Noel et al., 2022). In line with reports by Stevenson et al. (2014), autistic individuals appear to show more reliance on auditory cues compared to the potentially more informative visual cues. Similarly, in a visual-haptic size judgment task, Poole et al. (2017) report that in incongruent conditions, autistic individuals are more likely to rely on the visual stimulus compared to the haptic stimulus whereas non-autistic controls show a more diverse mix of strategies (including haptic preference and cue integration), again suggesting an over-reliance on one modality to inform perceptual decisions, even if that modality is not the more reliable of the cues under unisensory conditions. 

4.1.3 The Present Study
The present study is a continuation of that described in Chapter 2. We utilized a free response AV localization paradigm which allowed us to quantify response accuracy and variance. We sought to compare observed AV responses to those predicted by MLE, with the expectation that, in line with evidence described above and in previous chapters, autistic individuals would exhibit more precise unisensory responses but decreased adherence to MLE-optimal integration in multisensory conditions. Importantly, according to MLE, if an individual is following a reliability-weighted combination schema, the mathematically estimated variance of the multisensory cue is inherently smaller than that of an individual’s best unimodal cue. However, the evidence above suggests that autistic individuals may forego reliability weighting—perhaps due to individual phenotypic factors such as sensory sensitivities or avoidance, or neurophysiological factors such as decreased between-network connectivity or decreased coordinated activity in higher-order integration areas (see Chapter 1 for a discussion). Behavioral, neurophysiological, and phenotypic features considered, we would thus expect that autistic individuals would not integrate multisensory stimuli as strongly or effectively as non-autistic comparators, resulting in deviation from MLE. We also expected that for all participants, adherence to MLE would disappear at large disparities, wherein, in line with findings from Chapter 2, we would expect to observe no or suboptimal integration.





4.2 Methods

4.2.1 Participants
All consent and study procedures were conducted in accordance with protocols approved by the Vanderbilt University Institutional Review Board. All participants and caregivers provided written informed assent and consent, respectively, to participate and share data for publication. We recruited 17 autistic participants aged 7-17 years and 15 age-matched controls; sex was also matched when possible. One autistic participant was unable to complete any of the experimental tasks and was not matched or included in analyses. All participants had caregiver-reported normal hearing and normal or corrected-to-normal vision. Participants had no history of neurological (e.g., epilepsy) or genetic (e.g., Fragile X Syndrome) disorders. Autistic participants were also required to have a formal autism diagnosis by a licensed clinician within the past 5 years using the Autism Diagnostic Observation Scale, 2nd Ed. (ADOS-2; Lord et al., 2008). Non-autistic participants were screened for autism using the caregiver-reported lifetime version of the Social Communication Questionnaire (SCQ; Rutter et al., 2003), and were required to score below the threshold for an autism diagnosis. Non-autistic participants were also excluded if they reported a first-degree relative with autism or if they had a history or current diagnosis of psychiatric illness. 

4.2.2 Apparatus & Behavioral Acquisition
Full details concerning the experimental procedures can be found in Chapter 2. Briefly, speakers and light-emitting diodes (LEDs) were arranged in a semi-circle along a horizontal azimuth adjusted to participant eye level. Participants’ heads were fixed in place with a chin rest. Auditory and visual cues were located at 10° or 20 bilaterally and at the center of the azimuth; 500ms prior to stimulus onset, a red fixation light appeared in one of the five possible locations. Auditory stimuli consisted of a white noise burst; visual stimuli consisted of a white flash of light. Participants reported the location of the target using a joystick. In the AV blocks, the target was the auditory stimulus, presented either alone, with a spatially congruent flash, or with a spatially incongruent flash. In the visual-only blocks, participants reported the location of the visual flash. Experimental procedures occurred in a darkened sound- and light-attenuated booth. Due to technical errors, behavioral data was not available for two autistic participants—the final behavioral sample consists of 14 autistic and 15 non-autistic participants.

4.2.3 Statistical Analyses
4.2.3.1 Response Variance
All statistical analyses were conducted in R (R Core Team, 2017). Variance did not significantly differ between left and right target locations, so locations were collapsed across absolute distance from gaze location. We hypothesized that autistic individuals would exhibit less response variance for unimodal stimulus presentations, given prior findings of enhanced low-level auditory (Bonnel et al., 2003, 2010; Heaton, 2003; Järvinen-Pasley et al., 2008) and visual (Bertone et al., 2005; Hagmann et al., 2016; Plaisted et al., 2003; Van Overwalle et al., 2024) discrimination abilities, but larger for congruent AV trials. We also hypothesized that response variance would be lower for central targets compared to peripheral targets, and that variance would be higher for auditory-only targets compared to visual-only and AV targets (Hairston et al., 2003). Standard deviation in responses were normally distributed according to a Shapiro-Wilk test and showed homogeneity of variance according to a Levene’s test. We conducted two separate ANOVA tests. First, we compared unisensory variance between group, target location, and trial type (Eq. 4.1a); next we compared congruent AV variance between group and absolute target location (Eq. 4.1b):
	~ group * target location * trial type
	Eq. 4.1a

	~ group * target location
	Eq. 4.1b



4.2.3.2 Maximum Likelihood Estimation Comparison
For each subject at each cue disparity, we next compared observed response variance (σ2) to variance predicted by MLE (σ2MLE, Eq. 4.2) (Ernst & Banks, 2002): 
	
	Eq. 4.2


	Importantly, σ2MLE will always be smaller than either unisensory variance. Thus, if the observed AV variance was smaller than the individually determined best unisensory cue (see Scheller & Nardini, 2024), participants were said to integrate in line with MLE predictions for that condition. We compared predicted variance distributions to 0 using unpaired Wilcoxon signed-rank tests. To determine whether error in predicted variance differed by group or cue disparity, we conducted a generalized linear model, using group and disparity as fixed effects and participant as a random effect. We hypothesized that autistic individuals would be less MLE-optimal, and therefore have more error between observed and predicted variance. Further, we expected that error in MLE-predicted variance would be greatest at large cue disparities, for which participants are less likely to integrate the stimuli.
We also sought to understand what factors might contribute to whether participants integrated in an MLE-optimal fashion, including diagnostic group, cue disparity, and individually determined best cue as factors. We anticipated that autistic individuals would be less likely to be MLE-optimal compared to non-autistic controls, given evidence of increased cue segregation and single-cue responses in autism, as described above. We also expected that participants’ responses would adhere to MLE at smaller cue disparities—where participants are more likely to integrate—compared to large disparities, where we expected to observe cue segregation or suboptimal integration (see also Chapter 2). To evaluate our hypotheses, we conducted a binomial general linear model to estimate the probability that a participant would integrate in accordance with MLE under different stimulus conditions. We used individually determined best unimodal cue, diagnostic group, and cue disparity as factors (Eq. 4.3):
	 ~ group * best cue * disparity
	Eq. 4.3



4.2.3.3 Exploratory Descriptive Statistics
Finally, we separated participants into two groups: those who integrated according to MLE in at least 50% of cue conditions, and those who did not. Although we were not sufficiently powered to conduct inferential statistics, we gathered three descriptive datapoints for each group: the proportion of individuals from each diagnostic group, the proportion of individuals who were visual-dominant and auditory-dominant, and the cue ratio between worst and best unimodal variances.





4.3 Results

4.3.1 Response Variance
	We first plotted individually-determined worst and best unimodal cue variance, observed AV variance, and MLE-predicted variance at the individual (Fig. 4.1A) and group (Fig. 4.1B) levels. 	Visually, we can see a clear indication that the MLE-predicted variance was substantially smaller than the observed AV variance for most individuals. Furthermore, at both the individual and group levels, we found that the average AV precision was generally worse than the best unimodal cue, indicative of no multisensory gain in precision for most participants.
	Figure 4.1. Unimodal and Audiovisual Variance
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	Figure 4.1. Individually determined worst unimodal cue, individually determined best unimodal cue, AV, and MLE-predicted variance individuals (A) and group (B).



	Figure 4.2. Response Variance
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	Figure 4.2. A. Density plot of response variance distribution for auditory (blue) and visual (orange) trials. B. Density plot of response variance distributions for congruent AV trials in autistic (blue) and non-autistic control (red) groups.



	We next turned our attention to comparisons of observed variance. For the unisensory ANOVA, we observed a significant main effect of trial type (p=0.01) and a trend toward significance for group (p=0.059), but no significant effect of target location or interaction effects. In line with expectations, visual-only response variance (mean=327.22±198.95) was significantly smaller than that of auditory-only trials (mean=405.42±290.9; Fig. 4.2A). In the congruent AV ANOVA, we again observed no significant effect of target location, but we did see a trend toward a significant group effect (p=0.085). Interestingly, this was in the opposite direction of our hypothesis, in which the response variance for congruent AV trials was smaller in the autistic group (mean=363.04±243.84) compared to that of the non-autistic control group (mean=453.24±340.91; Fig. 4.2B). 

4.3.2 Maximum Likelihood Estimation Comparison
	Although we found that MLE predictions of AV variance were smaller than the observed AV variance (see Fig. 4.1), we found that the difference between observed (Fig. 4.3A) and MLE-predicted (Fig. 4.3B) variance (i.e., error) did not significantly differ from 0 (W=67, p=0.162), nor did our model reveal any significant main or interaction effects of group or cue disparity (adjusted r2=0.34, intra-subject variance=134.49, between-subject variance=188.98; Fig. 4.3C). Our binomial model of which factors predict optimal integration revealed no significant main effects of group, cue disparity, or individually determined best cue, nor any interaction effects. However, we did observe a significant model intercept (p=0.032), wherein there was a significant difference between the total proportion of conditions for which participants were integrating either according to MLE or in a suboptimal fashion (Fig. 4.4). That is, most individuals across most cue disparities were either not integrating optimally or not integrating at all. Thus, although error in MLE-
	Figure 4.3. Observed and Predicted Response Variance
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	Figure 4.3. Observed (A) and MLE-predicted (B) response variance across all target locations. C. Model estimate error across all target locations. For all plots, separate lines are plotted for each cue disparity.


predicted response variance did not significantly differ from 0, participants were by and large more likely to integrate in a suboptimal way. Findings from Chapter 2 suggest that participants did integrate the stimuli, as evidenced by the clear visual bias displayed at small spatial disparities. However, even in spatially congruent conditions, participants in both groups showed minimal evidence of multisensory gain.
	Figure 4.4. Binomial Model: Probability of Suboptimal Integration

	

	Figure 4.4. Estimated probability of suboptimal integration. Individual Variance was calculated for each possible disparity and compared to MLE-predicted variance. Both autistic (red) and non-autistic (blue) participants were significantly more likely to integrate in a suboptimal fashion rather than in accordance with MLE across all cue disparities (x-axis) and regardless of individually determined best cue (subplots: auditory left, visual right).



4.3.3 Exploratory Descriptive Statistics
We observed that there were two participants who adhered to MLE for at least 50% of AV conditions. Surprisingly, both these participants were autistic; one participant was visual-dominant and the other was auditory-dominant. For these two participants, mean cue ratio was 2.13±1.42. All remaining participants (N=27) predominantly integrated in a suboptimal fashion, or not at all. This group included all non-autistic controls and 84.02% of autistic participants. Across all participants, 53.14% were auditory-dominant, and the remaining 46.86% were visual-dominant. These individuals’ mean cue ratio was 1.87±1.19. Although we were unable to conduct inferential statistics to compare these groups, the modality dominance and cue ratio results are quite similar, which seems to suggest that neither factor is the primary driver in whether an individual integrates according to MLE. Rather, it is likely that a number of cognitive factors (e.g., stimulus attention), experimental factors (e.g., prior trial effects), and other individual differences (e.g., motor precision) contribute to whether an individual integrates optimally. Future research would benefit from the use of attention-tracking methods such as eye tracking, as well as a more discrete method of response collection, such as a button box or gaze.

4.4 Discussion

4.4.1 Autistic and Non-Autistic Individuals Have Comparable Spatial Localization Precision
	Given findings of enhanced low-level auditory (Bonnel et al., 2003, 2010; Heaton, 2003; Järvinen-Pasley et al., 2008) and visual (Bertone et al., 2005; Hagmann et al., 2016; Plaisted et al., 2003; Van Overwalle et al., 2024) sensitivity but weaker multisensory integration (e.g., reduced tendency to perceive multisensory illusions: McGurk illusion; Bebko et al., 2014; Feldman et al., 2022; Stevenson et al., 2014; Zhang et al., 2019; rubber-hand illusion; Cascio et al., 2012; Paton et al., 2012), we were surprised to find no significant group differences in variance in either unisensory or congruent AV trials. 
Interestingly, we observed that, while not significant, autistic individuals tended toward a smaller variance in the congruent trials compared to non-autistic controls. While this finding may result from truly better precision in the autistic group, we propose that the nature of the task may be driving this difference. Specifically, in the AV conditions, participants were explicitly asked to report the location of the auditory cue, which may lend itself to modality-specific attentional changes. Indeed, Rohe & Noppeney (2018) illustrate that in an AV spatial discrimination task, modality-specific cueing causes observed cue weights to differ from those predicted by unimodal performance. The authors further show that observed AV variance significantly differs depending on which cue is attended to and reported (see also Vercillo & Gori, 2015). If, as described above, autistic participants are more likely to rely on a single cue to inform their decision, it is possible that a slight decrease in AV variance in the autism group reflects an increased tendency to ignore the conflicting visual cue, which would otherwise be expected to skew response distributions away from the auditory target and increase response variance. 

4.4.2 Children Do Not Integrate AV Spatial Cues Optimally
	Contrary to our expectations, we observed that the vast majority of participants, across all cue disparities, did not integrate according to MLE. There are a number of possible explanations for this finding. First, it should be noted that, as described in a review of multisensory cue combination by Hillis et al. (2002), “To benefit from MLE (in the sense of reducing uncertainty), different cues to the same object property must be well correlated across subjects.” However, the authors explain that in the event that the stimulus properties are not well correlated or combining the stimuli is not physically possible in the natural environment, cue combination may fail to accurately predict a response because the stimuli sufficiently differ from a standard—in this case, spatially congruent—stimulus combination. From their own experiments of visual-haptic discrimination, Hillis et al. (2002) report that when two types of cue information are present within a single modality, the information is fused into a single percept in line with standard cue combination; in contrast, when information from two modalities is present, participants were more likely to rely on single-cue information to inform their discrimination decision. Furthermore, a study by Meijer et al. (2019) report that while adults performing an AV localization task do exhibit decreased variance in the multisensory conditions relative to the unisensory conditions, they overweight the visual cue relative to the reliability weighting scheme predicted by cue combination. This finding not only aligns with the principle of modality appropriateness (Welch & Warren, 1980), but also suggests that the cue combination framework may not necessarily capture the relative weighting of sensory information across different modalities (as opposed to weighting different dimensions within a given sensory modality), particularly when attention is cued toward one specific modality.  
Another consideration is the effect of attention, which we acknowledge as a potential confound in our results. Green (1995) notes that in inattentive participants, basic psychophysical experiments employing both forced-choice and go/no-go paradigms elicit larger response thresholds and greater trial-by-trial variability in responses. As a result, an inattentive participant may exhibit larger than expected variance in AV trials, even under optimal (i.e., spatially and temporally congruent) conditions. In the case of our study, this effect may be expected to increase under incongruent conditions, wherein stimulus fusion requires attention to two spatial locations simultaneously. Thus, as mentioned above, future research in this domain—particularly for children and for autistic individuals, both of whom may exhibit attentional difficulties—may benefit from the use of eye tracking to ensure attention to stimuli.
Relatedly, our study explicitly asked participants to report the auditory location, rather than an open-ended response to an ambiguous target. This experimental factor may have dramatically altered participants’ likelihood of adhering to MLE-optimal integration strategies. As noted above, in a two-alternative forced-choice AV location discrimination paradigm, Rohe & Noppeney (2018) report that while visual cues were generally more reliable than auditory cues in unisensory trials, incongruent AV trials revealed nearly equal auditory and visual weight and no substantial multisensory gain. Furthermore, the authors report that reliability weight of the visual cue decreases when participants are asked to report the location of the auditory target, and vice versa. Thus, it is possible that our task instructions may have led participants to change their cue weights in the multisensory conditions—deviating from those predicted from unisensory performance and from MLE-predicted multisensory variance.  
There also appears to be a distinct deviation from MLE predictions in spatial integration paradigms. For instance, in addition to the findings by Rohe & Noppeney (2018) described above, Battaglia et al. (2003) show that in similar paradigm, judgments of spatial location are affected by relative reliabilities of each sensory signal, but participants overall are biased toward the visual cue (see also Arnold et al., 2019; Meijer et al., 2019). Interestingly, under certain conditions, humans perform better than predicted by MLE (e.g., during speech-in-noise comprehension, Arnold et al., 2010). Just as we and others have proposed that MLE predictions may be superseded by modality appropriateness in spatial paradigms, it is possible that highly salient cues may result in even better performance as a result of significant prior experience with the stimuli. Combined, we suggest that MLE optimality may not necessarily differ so much as a result of diagnostic group, or even age of participants, but rather task and stimulus context.





CHAPTER 5

This chapter is adapted from “Minimal differences in auditory and visual oddball tasks in autism: A systematic review and meta-analysis” published in Journal of Autism and Developmental Disorders and has been reproduced with the permission of the publisher and my co-authors William J Quackenbush and Mark T Wallace
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5.1 Introduction
	Autism is a neurodevelopmental condition that is characterized by social communication impairment (SCI) and patterns of restricted and repetitive behavior (RRB) (American Psychiatric Association, 2013). Additionally, sensory  processing differences are considered part of the autism phenotype and have been shown to correlate with both SCI (G. T. Baranek et al., 2018; J. H. Foss-Feig et al., 2012; Lane et al., 2010) and RRB (Boyd et al., 2010; J. H. Foss-Feig et al., 2012; Schulz & Stevenson, 2019). The relationship between core autism features and sensory processing differences may lie in difficulty extracting and utilizing predictive sensory information from the environment. 
	Specifically, active engagement with the natural environment requires a degree of prediction of upcoming stimuli (e.g., via statistical regularities in the environment). For example, phonological and syntactic patterns in a given language restrict anticipated speech signals; use of complementary visual speech information, learned through experience, modulates auditory cortex activity (Sams et al., 1991; Möttönen et al., 2002; Callan et al., 2003; Calvert & Campbell, 2003; van Wassenhove et al., 2005) and facilitates comprehension and neural responses in both noisy (Sumby & Pollack, 1954; L. D. Rosenblum et al., 1996; Ross et al., 2007; Ma et al., 2009; Plass et al., 2020) and optimal (Crosse et al., 2015; Möttönen et al., 2002) environments. 
	Research on prediction in autism is long-standing and is proposed to be domain-general. Indeed, some relatively early neurological findings in autism include atypical brainstem and cerebellar structure and function (Courchesne et al., 1984; Courchesne & Allen, 1997; Grillon et al., 1989). For instance, visual and visuospatial tasks have revealed attentional orienting and shifting deficits in autism, which in many ways resembles performance by individuals with cerebellar damage (Courchesne et al., 1994; Courchesne & Allen, 1997; Townsend et al., 1996). Notably, the cerebellum integrates external sensory events, internal motor or cognitive preparations, and predictions of upcoming events. Atypical cerebellar function could then be expected to have widespread effects on formation and integration of predictions about the external environment. Contemporaneous with these neurological findings, the Complex Information Processing model (Minshew & Goldstein, 1998) was developed, which proposes that autism is characterized by intact performance on low-level motor and cognitive tasks, but deficits in more demanding, complex tasks (Minshew et al., 1997). 
	Combined, the historical perspectives point to a clear relevance between lower-order brain function and integration of environmental information and predictions.	More recently, these theories have been expanded to be applied to the core features of autism. Most notably, RRBs such as rigidity in routines, and associated features—sensory sensitivities, difficulties with motion prediction, etc.—may be in part attributable to changes in sensory prediction abilities (see Sinha et al., 2014 for a review). 
	Yet it remains unclear if sensory prediction changes are widespread in the autism population. To evaluate the degree to which auditory and visual prediction differs between autistic and non-autistic individuals, we examined performance on auditory and visual oddball paradigms as a proxy for prediction. In oddball paradigms, a stimulus (e.g., a pure tone of a specific frequency) is presented repeatedly. After some pseudo-random number of repeats, a deviant stimulus (e.g., a pure tone at a different frequency) is presented. This paradigm can be used to elicit neural signatures of pattern violation and change detection. Despite the ubiquity of the oddball paradigm and its easy application to autism, research in this area is fraught with inconsistencies, no doubt partly due to the heterogeneity of the autism population and innumerable possible variations in the oddball paradigm (i.e., the stimulus itself). However, if the oddball paradigm is a strong measure of prediction, and prediction is altered in autism, then one would expect a meta-analysis to provide support for these associations. 

5.1.1 Examining Sensory Processing in Autism from a Predictive Coding Perspective
Building off of historical theories of altered prediction abilities, computational research in autism suggests that complex core and associated features of autism may be driven by differences in sensory expectations (Pellicano & Burr, 2012; Zaidel et al., 2015; Van de Cruys et al., 2021; Noel, Lakshminarasimhan, et al., 2020; Park et al., 2017; Amoruso et al., 2019; Chambon et al., 2017). Predictive coding refers to the idea that the brain, faced with an uncertain environment, represents stimuli according to a probabilistic distribution. That is, top-down expectations about the environment are constantly updated based on incoming bottom-up sensory information; simultaneously, perception of bottom-up sensory stimuli is shaped by those top-down expectations. The predictive coding framework assumes that the goal of prediction is to minimize prediction errors (see Friston, 2009 and Tarasi et al., 2022 for comprehensive reviews). 
However, in autism, it can be difficult to disentangle the bottom-up and top-down components when both domains may well be altered. The true answer is likely to be nuanced and to encompass some degree of both bottom-up and top-down irregularities. For instance, habituation—characterized by the reduction in neural responses to a repeated stimulus—is largely found to be altered in autism. Reduced habituation of auditory N1 (Hudac et al., 2018), P1 (Ruiz-Martínez et al., 2020; Cary et al., 2024), and N2 (Dwyer et al., 2023) components combined with prolonged looking times to repeated visual stimuli (Webb et al., 2010; D. R. Hocking et al., 2023)— suggest a modality-general difference in habituation in autism. However, from these findings it is unclear if autistic individuals are slow to habituate due to atypical sensory processing or reduced reliance on prior stimulus exposure to inform predictions. 
Indeed, changes in sensory prediction may be related to autistic individuals’ differences in their ability to contextualize (Palmer et al., 2017; Pellicano & Burr, 2012) or flexibly incorporate (Van de Cruys et al., 2014) new sensory information (i.e., top-down). Autistic individuals frequently exhibit enhanced low-level sensory discrimination abilities (e.g., for luminance-defined sinusoidal gratings (Rivest et al., 2013) and auditory tones (Bonnel et al., 2010; Heaton, 2003; Heaton et al., 2008)), but decreased discrimination ability for higher-order stimuli (e.g., prosody; Brooks et al., 2018; Korpilahti et al., 2007, see Samson et al., 2006 for a review). Combined, this evidence simultaneously points to enhanced perceptual acuity for simple, low-level stimulus features, but perceptual deficits that increase with stimulus complexity. Furthermore, autistic individuals with otherwise average cognitive profiles exhibit changes in performance on complex—but not simple—motor, language, and memory tasks (Minshew et al., 1997). This finding may point to domain-general difficulties integrating higher-order information.
When considering the role of sensory prediction in the presentation of autism features, it is reasonable to believe that prediction difficulties extend to—or indeed are amplified in—social contexts: ability to contextualize individuals’ actions and predict subsequent actions and mental states likely builds substantially on lower-level sensory prediction ability. Importantly, studies of social prediction in autism have revealed decreased anticipatory eye movements (Arthur et al., 2023) and use of communicative gestures (von der Lühe et al., 2016) to inform action perception. 

5.1.2 The Present Study – A Meta-Analysis of the Oddball Paradigm
	The purpose of this study was to conduct a meta-analysis examining group differences across auditory and visual oddball paradigms in autism—a paradigm specifically used to elicit neural signatures of pattern violation and change detection. 	Although other neural components were included in some of the papers cited in this meta-analysis (e.g., global field potential), our primary neural metrics of interest—and indeed those which are most widely associated with event-related potentials (ERPs) to deviant stimuli—were the N1, N2, and P3 components. We were also interested in whether other paradigm and sample characteristics might modulate effect size.
	For instance, we hypothesized that effect sizes would be larger for more complex stimuli. Not only are sensory processing differences in autism more pronounced for increasingly complex stimuli, as discussed above, but also, studies of N1 have shown it to be modulated by stimulus features (Rugg & Coles, 1995) and task type (Vogel & Luck, 2000). Similarly, P3 is hypothesized to function as a part of context updating, wherein a deviant stimulus causes an individual to update their expectations about the sensory environment (Polich, 2007). Thus, we would expect N1 and P3 effect sizes to be modulated by stimulus properties and complexity.
	Additionally, event-related potential (ERP) amplitudes and latency show substantial change over the course of development (e.g., N1, see (Tomé et al., 2015) for a systematic review and meta-analysis; N2, see (Tomé et al., 2015; Morr et al., 2002); P3, (see (van Dinteren et al., 2014) for a systematic review and meta-analysis). We therefore hypothesized that participant age would be a modulating factor in ERP effect sizes. We also anticipated that degree of autism presentation would be related to effect sizes. N2, which comprises mismatch negativity (MMN) and N2b, encompasses pre-conscious detection of stimulus change (Ritter et al., 1979) and attentional allocation (i.e., conscious awareness) toward stimulus changes (Näätänen et al., 2007), respectively. Attentional differences are quite common in autism, and we expected that degree of functional challenges might correlate with the degree of group differences observed in the neural signals.
	Finally, given the increased rate of autism diagnosis in males compared to females, we sought to account for sex in our analyses. Few studies have examined sex effects on oddball ERPs in healthy populations—and none that we are aware of in autism—although it appears that, largely, there are no sex differences (e.g., see (Polich et al., 1985; Criel et al., 2023; Kamp et al., 2021) for studies of sex differences in P3 latencies). Thus, we expected no effect of sex on effect size.

5.2 Methods

5.2.1 Search Strategy & Inclusion/Exclusion Criteria
For each modality—auditory and visual—a comprehensive literature search queried the PubMed database. For the auditory modality, search terms included ((auditory adaptation) OR (auditory mismatch negativity) OR (auditory oddball)) AND (autism); for the visual modality, search terms included ((visual adaptation) OR (visual mismatch negativity) OR (visual oddball)) AND (autism). For all included studies (auditory N=42; visual N=15), manual searches of the reference section (reverse reference search) were also conducted to retrieve relevant studies not identified in the initial search (auditory N=18; visual N=0). Additionally, for each study selected from the initial PubMed query, we identified additional relevant studies that cited those papers (forward reference search) (auditory N=4), with the final search updated on January 2, 2024. Studies were included in the final analysis if they met all the following criteria:
Reports neurophysiological methods (EEG, fMRI, etc.) with sufficient information to calculate a standard difference effect size
Participant samples include autistic and non-autistic controls or infants at high and low familial risk for autism
Available in English
Studies were excluded from analysis if they met any of the following criteria:
No idiopathic autism/high-risk group (syndromic autism such as Fragile X Syndrome excluded from analyses)
No healthy control group
No neurophysiological or behavioral method relevant to the search criteria
Animal models
Therapeutic intervention 
Non-primary literature (i.e., meta-analyses, reviews, commentaries)
Duplicates 
Unable to be retrieved
A content expert examined each title and abstract for inclusion. Full text reviews were conducted for studies that met initial title and abstract inclusion.

5.2.2 Study Coding
The first author extracted and coded each study. Study characteristics—study type (diagnosed, at-risk), mean age, percent male, autism severity scores and diagnostic system used—were collected, as well as the type of oddball discriminator and stimulus used and the variable of interest. When available, means and standard deviations or standard errors were recorded for each participant group; if reported by the author in lieu of the mean, the t-statistic, F-value, t-test p-value, or chi-square values were used to calculate effect size. 
Effect size (Cohen’s d) was calculated for each data point using a web-based effect size calculator (Wilson, n.d.). To ensure rater reliability, all effect sizes were validated by the second author or additional lab members (acknowledged) who were blinded to all study hypotheses. Reliability was excellent (absolute agreement=94.7%). Disagreements were due to human error during initial data entry. 
It should be noted here that the studies analyzed rarely discriminated between the N2 components MMN and N2b, instead referring to them both interchangeably as the N2 component. For analytical completeness, the authors simply coded these variables as N2.

5.2.3 Statistical Analyses
[bookmark: _Hlk188952336]All statistical analyses were conducted in R (R Core Team, 2017). We used the metafor (Viechtbauer, 2010) package’s standard formulas to convert Cohen’s d to Hedges’ g. We chose Hedges’ g for its ubiquity and interpretability, as well as consideration of sample size in its calculation. Additionally, both Cohen’s d and Hedges’ g easily can be calculated from a variety of reported statistics (e.g., F-values). All analyses described hereafter were conducted independently on auditory EEG/imaging data, auditory behavioral data, visual EEG/imaging data, and visual behavioral data.
We first examined average effect sizes for each study. Using the metagen function in the meta (Balduzzi et al., 2019) package, we created a random-effects model, which assumes variable weights for each study. We first sought to estimate true effect size differences by calculating between-study heterogeneity. For each study, we calculated the estimated standard deviation of the true effect size (τ), the estimated between-study heterogeneity (τ2), and the prediction interval of the true Hedges’ g. To identify which datapoints most contributed to between-study heterogeneity, we used the find.outliers function in dmetar (Harrer et al., 2019) which searches for statistical outliers in a fixed- or random-effects model. In this package, outliers are defined as data for which the upper bound of CI 95% < the lower bound of the prediction interval or for which the lower bound of the CI 95% > the upper bound of the prediction interval (Harrer et al., 2019). While these studies were not excluded from further analysis, we were able to observe the effect of outlier removal on between-study heterogeneity.
We next explored publication bias by conducting an Egger’s regression test (Egger et al., 1997) via the metabias function of meta (Balduzzi et al., 2019). For our analyses, we calculated a linear regression of the Hedges’ g values—weighted by their inverse variances—on their standard errors. We then conducted a 1-sample t-test to determine whether the estimated bias was significantly larger than 0. Note that we were unable to complete this step for the auditory behavioral studies, as there were too few to fit a robust regression model (N = 9).
Using individual data points, we next sought to characterize the influences of various study characteristics effect size. To do so, we first selected a model. For each dataset, we generated 2 multilevel random-effects models using the mra.mv function in metafor (Viechtbauer, 2010): a 2-level (study-level, pooled; Eq. 5.1) model and a 3-level (effect size-level, study-level, pooled; Eq. 5.2) model. We then compared performance by calculating a standard analysis of variance (ANOVA). If one model significantly outperformed the other, that model was selected for further analyses; if model performance was not significantly different, we selected the more parsimonious 2-level model.
Upon selecting the most appropriate model, we aimed to assess variables that may moderate the pooled effect size using the following model structure:
	study
	Eq. 5.1

	study effectsize
	Eq. 5.2


For all datasets, moderators of interest included study type (diagnosed, at-risk), oddball discriminator (e.g., frequency), stimulus type (e.g., tone), task (active or passive), stimulus emotionality, mean age, and percent male. For EEG/imaging studies, we also included the component (e.g., N2 amplitude) as a moderator, both alone (see Eqs. 5.1-2) and, if significant, in conjunction with the stimulus (oddball discriminator and stimulus type) and task (i.e., active vs. passive) parameters (Eq. 5.3):
	study
	Eq. 5.3


For behavioral studies, we included both the type of behavioral task (e.g., detection) and the behavioral metric (e.g., response time). 
Although not a part of our a priori hypotheses about effect size differences, it was noted that the first auditory oddball study cited was published in 1984, whereas the first visual auditory study cited was published in 2009 (see Table 5.1 below). Thus, we included publication year as an additional moderator to explore how technology and perspectives on sensory prediction may have influenced effect size. Finally, to elucidate any connection between social communication ability and sensory prediction, we compared effect sizes for emotional or affective stimuli (e.g., for tasks requiring emotion discrimination) with those of neutral stimuli. For each model, we evaluated the p-value of each coefficient to identify significant predictors. Additionally, for categorical moderators, we conducted an F-test of moderators. 
Finally, for any model results with significant effects, we repeated multilevel analyses using robust variance estimation (RVE) to verify the significance of the result. Unlike standard multi-level models—which do assume dependence between effect sizes nested within a level, but also assume that effect size estimates are independent between studies (Hedges et al., 2010)—RVE does not make this independence assumption. We a conducted hierarchical RVE using the clubSandwich (Pustejovsky, 2022) package, which assumes a priori that effect sizes from a single study are correlated, as the same subjects’ data within a given study are being used to generate a multiple effect sizes (Fig. 5.1). When building an RVE, we had to pre-define a correlation coefficient, ρ, between effect sizes within the same study. To begin, we assumed a large correlation, assigning ρ=0.6. We next conducted a sensitivity analysis using the sensitivity function in the package robumeta (Fisher & Tipton, 2015) and a hierarchical weighting scheme, which allowed us to evaluate whether our estimate was sufficiently robust across different ρ values ranging from 0 to 1. 




	Figure 5.1. Schematic illustrating the rationale for robust variance estimation (RVE)

	

	Figure 5.1. RVE, unlike standard models used to evaluate effect size differences, assumes inter-correlation between the effect sizes within a given study.




5.2.4 Study Quality
In accordance with Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines, we coded each study’s overall quality. Study quality metrics were adapted for autism from the Newcastle-Ottawa Scale (NOS) (Wells et al., 2014) as used by other meta-analyses of similar areas of focus (Williams et al., 2023). The key metrics of interest are outlined in Supplementary Table 5.1. Each study was manually coded for quality by the first author and verified by the second author. Reliability was excellent (absolute agreement=97.8%). 




5.3 Results

5.3.1 Search Results
 The initial PubMed query for auditory studies yielded 209 results, with 42 studies being retained. Forward and reverse citation searches yielded another 22 studies, for a total of 64 studies, including 496 imaging effect sizes and 48 behavioral effect sizes. Nine of these studies included behavioral data. For the visual search, the initial query generated 448 results, and no additional articles were found through forward or reverse citation searches. A total of 15 studies were retained, including 74 imaging effect sizes and 42 behavioral effect sizes. Ten of these studies included behavioral data. 
	Figure 5.2. PRISMA record identification schematic

	

	Figure 5.2. PRISMA diagram illustrating publication search and screening process.



Studies used for this meta-analysis are found in Supplementary Table 5.2. Although the majority of auditory studies used EEG, some of the studies cited used MEG (N=7) and fMRI (N=2); the remaining 55 studies used EEG to characterize brain responses to auditory oddballs; all visual studies used EEG. Study characteristics are displayed in Table 5.1. 
	Table 5.1. Search Results

	Auditory (N=64)

	Publication Dates
	1984 – 2024 

	Diagnosed
	98 %

	Participant Characteristics
	Autism Mean (± SD)
	Non-Autism Mean (± SD)
	p

	Age
	13.5 (± 8.7)
	14.2 (± 8.9)
	0.68

	% Male
	80.8 (± 12.2)
	69.9 (± 17.5)
	0.002*

	Mean Effect Size
	0.16 (± 2.42); range [-5.33, 33.44]

	Visual (N=15)

	Publication Dates
	2009 – 2022

	Diagnosed
	84%

	Participant Characteristics
	Autism Mean (± SD)
	Non-Autism Mean (± SD)
	p

	Age
	18.5 (± 11.2)
	18.6 (± 10.6)
	0.98

	% Male
	83 (± 9.2)
	75.5 (± 11.8)
	0.14

	Mean Effect Size
	0.27 (± 1.93); range [-6.76, 10.48)

	*p<0.05



5.3.2 Effect Size Heterogeneity
5.3.2.1 Auditory Oddball
The estimated true effect size of all studies combined (Fig. 5.3A) was g=-0.07, with a 95% CI of [-0.3, 0.15]. Between-study heterogeneity was high (τ2=0.52); the estimated standard deviation of the true effect sizes was τ=0.73, with the majority of variation driven by true differences in effect size (I2=95.5%). However, it is important to note that the range of effect sizes was large, and we anticipated that outliers were the primary driver of these differences. Using the find.outliers function, we identified 24 potential outlier studies; when excluded, the estimated true effect size was somewhat larger with a narrower prediction interval (g=-0.13;  [-0.2; -0.06]). Excluding these outlying studies also yielded a much smaller between-study heterogeneity score and effect size variance (τ2=0.03, τ=0.17), although true differences in effect size still accounted for the majority of study variation (I2=75.8%). However, it should be noted that the majority of the studies identified as outliers used speech stimuli, which are likely to generate highly heterogeneous results simply as a function of linguistic ability and overall level of support received by individuals in the autistic sample. Thus, we did not eliminate these studies from further analysis, but rather accounted for sample characteristics in our analyses below.
When comparing only studies that contained additional behavioral data (Fig. 5.3B), the estimated true effect size was g=-0.08, with a 95% CI of [-0.49, 0.32]. We observed a fairly small between-study heterogeneity score (τ2=0.21); the estimated standard deviation of the true behavioral effect sizes was τ=0.46, with the majority of the variation in the data estimated to come from true differences in effect size (I2=93.1%). The test of heterogeneity was significant (Q=102.19; p<0.0001). We identified 1 potential outlier. 
From these analyses, we can conclude that there are minimal overall neural or behavioral group differences in auditory oddball paradigms, as evidenced by the small estimated true effect sizes, with CIs that include 0. Furthermore, there is significant between-study heterogeneity in effect sizes, which makes it difficult to interpret auditory oddball results in the context of prior literature. 
5.3.2.2 Visual Oddball
The estimated true effect size of the visual imaging dataset (Fig. 5.3C) was g=-0.13, with a 95% CI of [-0.72, 0.47]. Heterogeneity between studies was even larger in the visual imaging dataset than in the auditory, with a heterogeneity score of τ2=0.84 and an estimated standard deviation of the true effect size of τ=0.92. Almost all effect size variance was estimated to be true differences (I2=96.7, Q=332.23, p<0.0001). Five studies were identified as potential outliers. When removed, the estimated true effect size is g=0.09 with a 95% CI of [-0.2, 0.39], an estimated standard deviation of τ=0.29, and a between-study heterogeneity score of τ2=0.08 (Q=42.43, p<0.0001). Even when the potential outlying studies are removed, the majority of variance is estimated to be from true differences in effect size (I2=85.9%).
Comparisons of only studies with behavioral data (Fig. 5.3D) revealed an estimated true effect size of g=0.35, with a 95% CI of [-0.02, 0.72]. Relative to the auditory behavioral estimate, we observed a similar between-study heterogeneity score (τ2=0.2) and estimated standard deviation of the true behavioral effect size (τ=0.45). The majority of the effect size variance was estimated to stem from true differences in effect size (I2=91.4%). The test of heterogeneity was also significant (Q=93.1, p<0.0001). We identified 2 potential outlier studies using the find.outliers function, which when removed, yielded a much smaller—though still significant—study-level heterogeneity (Q=18.82, p=0.005).
As with the auditory studies, we observed minimal overall neural and behavioral group differences for visual oddball paradigms: both estimated pooled effect sizes were very small, with CIs that included 0. Additionally, between-study heterogeneity was even higher in the visual studies, indicating a lack of generalized findings against which to compare study results.

	














Figure 5.3. Effect sizes

	

	Figure 5.3. Effect sizes of a. auditory imaging studies (estimated true effect size = -0.08), b. auditory studies with additional behavioral data (estimated true effect size = -0.04), c. visual imaging studies (estimated true effect size = -0.18), and d. visual studies with additional behavioral data (estimated true effect size = 0.32). Blue diamonds indicate pooled estimate and variance. Studies identified as potential outliers marked with *




5.3.3 Publication Bias
The purpose of examining publication bias is to better understand to what degree studies with non-significant findings may be withheld publication. Publication bias may pose a significant problem for researchers aiming to understand generalized findings. We used Egger’s regression test to calculate the regression intercept of scaled study effect sizes regressed against their standard errors. Funnel plots may also be used to visualize publication asymmetry—an indirect examination of publication bias that indicates the presence of studies with exceedingly positive or negative effect sizes. As shown in Fig. 5.4, the vertical line represents the estimated pooled effect, and each study is plotted by its average effect size (x-axis) and standard error (y-axis). Studies should fall within a funnel shape, wherein a wide funnel distribution indicates a great deal of study heterogeneity. Additionally, the color contours shown in Fig. 5.4 show the average significance level of each study.
5.3.3.1 Auditory Oddball
For the sake of visualization, outliers have been removed from the funnel plot of auditory imaging studies (Fig. 5.4A), but all studies were included in the Egger’s regression test. Despite the large variation in effect sizes and high number of identified outliers, study asymmetry was not significantly larger than 0 (t=0.23, p=0.8182). Nonetheless, these results should be taken with caution: Fig. 5.4A clearly demonstrates a number of studies with unusually large negative and positive effect sizes relative to the pooled estimate. The resulting non-significant asymmetry calculation may be a result of the relatively low effect size standard errors across many of the studies.
Our estimation of publication bias across the auditory behavioral studies could not be completed due to the small sample size (N = 9). However, visual inspection of the corresponding funnel plot (Fig. 5.4B) shows that all studies fall within or very nearly within the ideal funnel, suggesting minimal asymmetry in publication.
5.3.3.2 Visual Oddball
Publication bias was not significant for either visual imaging studies (t=-0.12, p=0.9053; Fig 5.4C) or visual behavioral studies (t=1.03, p=0.3315; Fig. 5.4D). However, as with the auditory imaging studies, Fig. 5.4C displays a number of unusually highly positive and negative effect sizes in the imaging studies of visual oddballs.  
	Figure 5.4. Publication bias

	

	Figure 5.4. Publication bias for a. auditory imaging studies (outliers removed from visualization), b. auditory behavioral studies, c. visual imaging studies, and d. visual behavioral studies. Egger’s regression test could not be completed for auditory behavioral studies due to small sample size. The x-axis represents average study effect size; the y-axis represents average study standard error.




5.3.4 Multilevel Modeling and Robust Variance Estimation (RVE)
As described above, each dataset was first compared using a 2-level (study-level, pooled) mixed effects model and a 3-level (effect size-level, study-level, pooled) mixed effects model to best capture the variance observed in the data. In the event of significant main effects of any of our independent variables of interest, robust variance estimation (RVE) was then used to verify significance by including a standard error estimate into the selected model (see Eqs. 1-2).
5.3.4.1 Auditory Oddball
A comparison of models of auditory imaging effect sizes revealed that the full model was superior to the reduced model (p<0.0001). The RVE-estimated pooled effect (z=0.0032) reveals a negligible relationship between neural responses to auditory oddballs and diagnostic group. We then assessed if there were main effects of age, symptomology score, oddball discriminator, stimulus type, or imaging variable (e.g., MMN amplitude), publication year, task type (active or passive) or stimulus emotionality on effect size. We hypothesized that younger age and increased autism features would correspond with increased effect size, as would more complex auditory stimuli (speech sounds, syllabic oddballs, etc.). Additionally, due to prior findings of atypical auditory MMN/N2 latencies and amplitudes described previously, we expected that we would find a main effect of imaging variable, driven by MMN and N2 values. There were no significant main effects, so no further interaction effects were explored nor was RVE conducted.
When examining the auditory behavior effect sizes, we found no significant difference between the 2- and 3-level models, so the more parsimonious 2-level model was used. The estimated pooled effect (z=0.144) revealed only a weak relationship between behavioral responses to auditory oddballs and diagnostic group. Although a main effect of symptomology score (p=0.0115) emerged from the 2-level model, this analysis did not survive RVE (p=0.974). No other moderators were significant.
Thus, from our analyses, differences in effect sizes across auditory oddball studies appear not to be related to participant or study characteristics, or stimulus features. We believe this finding may reflect the extreme population heterogeneity that is not sufficiently captured in autism research. Indeed, it is quite common for studies to engage autistic individuals with average or above average language abilities and intelligence quotients, which makes experimental compliance more likely, but which is not representative of the broader autism population. Indeed, the change in diagnostic criteria with the introduction of the DSM-5 (American Psychiatric Association, 2013) in 2013—which condensed autistic disorder, Asperger’s syndrome, and PDD-NOS into a singular diagnosis of autism spectrum disorder—has led to a significant increase in rates of autism diagnosis (Russell et al., 2022), but a significant decrease in overall effect sizes across meta-analyses (Rødgaard et al., 2019). While this particular confound is beyond the scope of this meta-analysis, we would be remiss not to acknowledge the potential impacts if the diluted effect sizes across autism research more broadly.
5.3.4.2 Visual Oddball
For visual EEG effect sizes, the full model was superior to the reduced model (p=0.0004). The RVE-estimated pooled effect was negligible (z=0.049). Hypotheses were the same as described in the prior section. We did observe main effects of oddball discriminator, publication year, and activity level (passive or active) on effect sizes, but none of these results retained significance after RVE was conducted. 
	For the studies with behavioral data, no emotional stimuli were used, so this moderator was not considered. We observed a trend toward significance in favor of the reduced model (p=0.0545). Though the estimate of the pooled effect (z=0.229) revealed only a weak relationship between behavioral performance on visual oddball tasks and diagnostic group, this relationship is stronger than that observed in the auditory behavioral model.
The same moderators as described above were evaluated in the visual models. While we observed a main effect of oddball discriminator, stimulus type, behavioral variable, and publication year, no significant effects were retained after RVE. Similarly, our interaction effects that were significant under the standard 2-level model (oddball discriminator x age; stimulus type x age; behavioral variable x age; behavioral variable x symptomology) did not retain their significance.
Therefore, as with the auditory analyses, differences in effect sizes across visual oddball studies are largely unrelated to participant characteristics or stimulus features. The notable exceptions are the interactions between oddball discriminator and age and stimulus type and age in EEG markers of change detection. However, as mentioned above, the lack of power makes it impossible to draw conclusions about group EEG differences at this time, including which stimulus types and oddball discriminators are likely to elicit the largest differences. 

5.3.5 Study Quality
The mean Selection of Participants score was 3.17±1.09 (range 0–4.5; compare to average of 3.3 as described in Williams et al., 2023); the mean Participant Comparability score was 1.29±0.52 (range 0–2; compare to average of 0.9 as described in Williams et al., 2023); only 23.08% of studies explicitly excluded syndromic autism, which reduced study quality. Total quality scores (mean 4.63±1.65, range 0-7.5) were largely driven by the Selection of Participants component, with studies primarily being penalized for lack of sufficient IQ and age matching of control participants (see Supplementary Table 5.1, Item 3; mean=0.56±0.5 (range 0–1). 
We were surprised that so few studies excluded syndromic autism (or failed to specify exclusion criteria for this). There are a variety of causes of syndromic autism (e.g., Fragile X Syndrome) that have distinctive additional clinical features which may artificially inflate effect size. Additionally, we found the lack of age matching problematic. Many of the studies used pediatric samples, and the degree of cognitive and neural change that occurs throughout childhood is staggering—in these samples, mismatched ages by even a year or 2 could potentially overshadow any real group differences.

5.4 Discussion

5.4.1 Comparable change detection in auditory and visual oddball tasks
	Our chief finding is that there appear to be no significant differences in auditory or visual change detection in autism, even when accounting for participant or stimulus characteristics. Thus, our recommendation is to include auditory and visual oddball tasks in a battery of sensory prediction paradigms, rather than as the sole focus of a study. The exception to this recommendation is in the case of comparing simple and complex oddballs. We were not aware of any studies that directly compared neural and behavioral responses to oddballs of increasing complexity. This may be a fruitful approach, as research in other domains has shown that sensory processing differences are amplified as stimulus complexity increases (e.g., visual discrimination). 
	Indeed, when examining only studies that used complex social stimuli (speech, faces), we did observe larger effect sizes on the whole, except for visual behavioral effect sizes. This suggests that at the lowest levels of stimulus complexity, change detection in autism may be comparable to that of non-autistic individuals, but that deviance detection for complex social stimuli may evoke both behavioral and neural differences in this population. This suggestion comes with the caveat that while we found no evidence that the complexity of the stimulus had any effect on average study effect sizes, there were relatively few studies included in the meta-analysis, and more data is needed. Nonetheless, this finding is in line with other studies across a variety of domains that have shown the magnitude of group difference increases with growing stimulus complexity.
	Relatedly, we explored the relationship between emotionality of the stimuli and effect size, and we were surprised to find none. Indeed, in healthy adults, both auditory and visual deviance responses are modulated by emotional valence. For instance, it has been observed that negative valence auditory deviants (e.g., cries) elicit larger MMN amplitudes relative to neutral deviants (Kao & Zhang, 2023; Ringer et al., 2024), perhaps suggesting additional attentional allocation to negatively coded auditory stimuli. Additionally, negative valence visual deviants produced enhanced delta and theta power compared to responses to neutral deviants (Bölükbaş et al., 2023), which traditionally may be viewed as augmented long-range network connectivity. Given that autistic individuals are known to exhibit changes to high-level cognitive functions (e.g., attention) and network connectivity, we would have expected some relationship to emerge.
	From a computational standpoint, an increasing number of models support the hypothesis of weaker environmental expectations in autism (Pellicano & Burr, 2012; Zaidel et al., 2015; Van de Cruys et al., 2021; Noel, Lakshminarasimhan, et al., 2020; Park et al., 2017; Amoruso et al., 2019; Chambon et al., 2017), leading to less precise stimulus representations, and presumably in the context of oddball paradigms, reduced neural responses to change. That said, there are a variety of other computational theories that challenge this view (see, e.g., Lidstone et al., 2023 for a comprehensive review of alternative hypotheses). For instance, rather than exhibiting weaker environmental expectations, the opposite may be true, with some autistic individuals exhibiting excessively strong expectations, which may result in inability to assimilate new information into an environmental schema, resulting in a slowness to habituate to stimuli and a need for more stimulus repeats to elicit characteristic change-related ERPs. Other accounts include broadly atypical prediction ability or changes to how certain modalities are weighted in relation to each other. While discussion of these alternative theories is beyond the scope of this review, they are worth noting.
	While we found no study-level evidence to support any prediction-related hypothesis, exploration of change detection may reveal sensory prediction differences at the individual level: every individual is subject to their own sensory bias, noise, and priors that may lead to prediction errors. In this way, it may be beneficial to entertain a variety of models and compare their prevalence across autistic individuals.
	In sum, our results show that unisensory oddball paradigms are not likely to produce meaningful, true group level differences in autism, at least at the lowest levels of complexity. Furthermore, within and between stimulus types, we observe that there are both positive and negative effect sizes represented as well as large variabilities (Fig. 5.5). For example, while auditory oddball speech and complex tone paradigms both elicit robust pooled effect sizes, the standard deviation is larger than pooled effect size in both cases, and effect sizes are in opposite directions. Thus, it is unclear what neural mechanisms may underlie these group differences, if any. The visual domain is even more puzzling, with no clear pattern emerging in mean effect size or range. 
	If sensory prediction truly is affected in autism, as suggested by numerous studies and described above, it seems that extant oddball paradigms are not capturing this effectively. Perhaps oddball paradigms are sufficiently “predictable” or “simple” that models of prediction in autism do not apply. These models do frequently examine environmental expectations in the context of naturalistic stimuli and are often described in terms of conceptual or categorial expectations, rather 
than at the level of stimulus features. Thus, we may expect that such models do not apply to deviant stimuli unless the meaning of the stimulus changes (e.g., speech, faces, etc.).
	Figure 5.5. Effect sizes and stimulus complexity
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	Figure 5.5. Schematic illustrating range of auditory (top) and visual (bottom) stimulus complexity. For each stimulus type, all average effect sizes for studies that included that stimulus were calculated and are shown above ± effect size standard deviation. Effect size range shown below in brackets.




	We recommend that oddball studies in the autism population be used in conjunction with other paradigms examining either change detection or the cascading effects of stimulus complexity. For example, a visual oddball paradigm using a simple checkerboard stimulus may be paired with a masked motion paradigm using the same stimulus to examine prediction across different contexts. In contrast, auditory and visual oddball paradigms may be conducted using stimuli across a variety of stimulus complexities within the same individual, or even paired with multisensory stimuli. A cursory search shows no use of audiovisual oddball paradigms in autism research, which may yield significant and more meaningful results that mimic ecologically valid scenarios (e.g., audiovisual speech oddball).


5.4.2 Diversity in autism must be characterized
[bookmark: _Hlk192582786]	It is also important to note that opposing findings between studies—and indeed, in numerous domains of autism research—may also be related to participant characteristics. It is a well known problem in the field that it is very difficult to generalize findings across the population. In our view, the primary reason for this is the expansive spectrum of behaviors encapsulated within the autism spectrum diagnosis. Furthermore, because autism is a neurodevelopmental condition, the significant changes that occur throughout an autistic individual’s lifespan make it difficult to even characterize the degree of clinical presentation conclusively—many autism features will be “outgrown” or change in their presentation as a child ages. A secondary reason is that autism research heavily depends on participation by verbal, low-support individuals, while autistic individuals with high support needs—often including those with syndromic autism—are drastically under-represented. 
	The studies included in this meta-analysis ranked poorly according to NOS scoring standards, largely in part due to lack of age and IQ matching between autistic and control participants, as well as lack of syndromic autism exclusion. While we as autism researchers ourselves understand the challenge of matching children by age group, we suggest that future studies—not just oddball paradigms—more rigorously adhere to these practices. Additionally, while we do believe that autism research should be more inclusive of syndromic autism, it is concerning that many studies simply did not specify the syndromes included in the autistic sample. It is our belief that a greater effort should be made to understand how autism phenotypes—and known genotypes—cluster together, rather than declaring research results about autism more broadly.


5.4.3 Limitations
As noted above, there was a dearth of visual oddball studies, which made it challenging to draw more robust conclusions about the nature of visual prediction in autism. Additionally, many of these studies did not have participant characteristics readily available, nor did many authors respond to requests for information upon inquiry. Thus, we are limited in our ability to determine whether there is a significant relationship between clinical autism features and sensory prediction.


CHAPTER 6

6.1 Introduction
In 2024, the United States House of Representatives passed ruling H.R.7213, the Autism CARES Act (Autism CARES Act of 2024, 2024), which, if approved by the Senate, will reauthorize extant national autism research programs, with an emphasis on including autistic individuals more significantly affected by the disorder. Specifically, the reauthorization required that future research endeavors “[reflect] the entire population of individuals with autism spectrum disorder, including those individuals with co-occurring conditions and the full range of needs for supports and services”. This shift toward research inclusion across the autism spectrum clearly highlights the historical lack of representation. 
Autism is a neurodevelopmental condition that is characterized by social communication impairment (SCI) and patterns of restricted and repetitive behaviors and interests (RRBI) (American Psychiatric Association, 2013). In addition, alterations in sensory and multisensory function are seen in many with autism. One of the hallmark features of autism is its striking heterogeneity, with there being marked differences in core symptoms as well as in sensory features from individual to individual. Although readily acknowledged, this heterogeneity is problematic from a research perspective in that the full extent of its diversity is rarely captured in research samples. For instance, while it is estimated that over one third of autistic individuals have a comorbid intellectual disability (ID; Centers for Disease Control and Prevention, 2022), a meta-analysis of all autism research published in 2016 found that only 6% of studies included autistic participants with ID, with the majority of studies explicitly excluding this portion of the population (Russell et al., 2019). The same meta-analysis found that only 2% of all autistic participants were minimally verbal or non-speaking (Russell et al., 2019), despite the fact that approximately 15-30% of autistic individuals are considered nonverbal/minimally verbal (see Schaeffer et al., 2023 for a recent review; see Hughes et al., 2023 for a recent meta-analysis). Thus, results from much of autism research is likely to be poorly generalizable to the broader population.

6.1.1 The Current Study
In the area of multisensory integration (MSI), it is broadly accepted that there are changes to how autistic individuals integrate stimuli across different sensory modalities. Reduced integration capacity is observed across various modality combinations and paradigms (e.g., rubber hand illusion; Cascio et al., 2012; Galigani et al., 2021), McGurk effect (see Zhang et al., 2019 for a meta-analysis), etc.). Furthermore, the relationship between atypical (multi)sensory processing and the core features of autism—namely, SCI and RRBI—is well documented (Feldman, Cassidy, et al., 2020; Feldman, Conrad, et al., 2022; Schulz & Stevenson, 2019). However, within multisensory studies carried out with autistic participants, many utilize complex or multi-step paradigms, verbal instructions or stimuli, and other methods that may not be well-suited to those with higher support needs. 
We believe that our understanding of MSI in autism is dramatically limited by the sampling bias exhibited thus far. Furthermore, we believe that these biases are not unique to multisensory work, but extend to all sensory research and to much research in general in autism. Consequently, this review seeks to draw attention to disparities in multisensory research in autism, and by extension to that work in autism that has failed to include those with higher support needs (HSN). To that end, we conducted a systematic review of all studies examining multisensory function in autism to date and we provide descriptive and some basic exploratory statistics. Our research questions were three-fold. First, we asked how well extant MSI research represents the full scope of the autism population. Second, we wanted to better understand which types of paradigms are being used these studies, and how there may be implicit inequality in study designs that preclude autistic individuals with comorbid ID or other disorders from participating. Finally, we aimed to uncover any disparities in publication prestige, with emphasis on the number of citations for studies using strictly verbal, low-support individuals relative to studies using a wider range of participants. 
Fundamentally, our goal in writing this paper is to discuss the parts of the research process that are due for overhaul, not only in accordance with the Autism CARES Act, but also for the purpose of increasing scientific and medical justice for individuals across the autism spectrum and, ultimately, to provide data-driven suggestions for achieving this goal.

6.2 Methods

6.2.1 Publication Search
PubMed was searched on 6 September 2024 using the following search terms: (autism) AND (multisensory). Requirements to be included in the analysis were as follows:
Empirical research examining multisensory function through an experimental paradigm (i.e., no reviews, commentaries, or meta-analyses)
Experimental paradigm must require the use of at least 2 sensory modalities
Clinical group must have an autism diagnosis
Human research (i.e., no animal or computational models)
Available in English through open or credentialed access
Initial screenings for eligibility were conducted by the first author for inclusion via title and abstract review; the first author then confirmed eligibility through full text review. In accordance with Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)

6.2.2 Data Extraction
	As discussed above, there were three chief questions we aimed to answer in this paper. The first concerned the quality of clinical representation. To this end, we extracted autism sample size, age, sex breakdown, clinical characterization, IQ and IQ cutoff, language ability, exclusion of comorbidities, and medication use. We also wanted to understand how exactly our knowledge of MSI ability in autism has been built; specifically, we were curious about what methodology was being used to evaluate MSI in autism, and whether experimental design is inherently biased toward autistic individuals with fewer functional support needs. We differentiated intervention and basic research, and described the sensory modalities tested, stimulus complexity (simple (e.g., flash/beep), complex non-social (e.g., naturalistic objects), or complex social (e.g., speech)), type of task (e.g., detection, discrimination, etc.), required response method, and outcome variables of interest. We also noted whether studies included neuroimaging, eye tracking, and/or some form of mixed reality. Finally, were interested in whether studies that included a wide range of functional abilities garnered as much attention as less inclusive studies, and whether this has changed with the most recent version of the Diagnostic and Statistical Manual of Mental Disorders (DSM). We noted the year of publication, the number of citations for each publication as listed on Google Scholar, and the 2023 impact factor of the publishing journal. The first author conducted initial variable extraction, and the second, third, and fourth authors and acknowledged lab members verified all variables—any discrepancies were noted and reviewed by the first author and the other relevant authors or lab member. 

6.2.3 Statistical Plan
	Our primary objective was to provide descriptive statistics about the studies in question, then compare these variables by either study type (basic or intervention research), IQ category (e.g., average), verbal IQ (VIQ) category, and clinical presentation category (e.g., moderate).

6.3 Results

6.3.1 Publication Search and Data Extraction
As of 6 September 2024, the initial search garnered 299 results. The final sample of papers meeting all inclusion criteria consisted of 102 papers (Table S6.1; Fig. 6.1). Some studies (N=13) were coded twice, when 2 autism groups were described separately (e.g., different age groups). These studies were included only once in analyses of publication characteristics and paradigm parameters, but participant characteristics and sample sizes were represented as individual data points. Coding reliability among authors was 98.997%.

6.3.2 Sample Size and Participant Characteristics
	The overall mean sample size was 28±46.34; the large standard deviation was driven by 1 basic research study that comprised data from 496 participants.  Sample sizes were significantly different between study types (p<0.001), with median sample sizes of intervention studies (N=10±13.02) being significantly smaller than that of basic research designs (N=22±49.57). While many findings may have been significant and studies may have been sufficiently powered according to standard statistical methods, it is worth pointing out that the fairly small sample sizes extracted from these studies—when evaluating a population with such a heterogeneous sensory profile—are unlikely to provide us with a complete understanding of multisensory function across the autism spectrum.
	Figure 6.1 Record Screeining Schematic
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	Figure 6.1 PRISMA Record Screening Schematic. Schematic of procedure for screening records for study inclusion. Of the 299 records retrieved on 6 September, 2024, 102 records met criteria and were retained for analysis.




	Mean age for the total sample was 17.18±9.34, indicating that the majority of studies focused on children, adolescents, and young adults. Because autism is a neurodevelopmental disorder, it does follow that children and young adults would be the primary target for intervention research. However, we were surprised to find that there was no significant difference in age distribution between intervention studies and basic research. Studies recruiting individuals with an above average IQ were largely comprised of adults, with a mean age of 30.9±4.19, whereas studies reporting average (13±5.47) or below average (11±5.03) IQ were comprised of children (Fig. 6.2 left), indicating that it may be more difficult to recruit adults with more significant functional challenges. We also found that studies that used the AQ and SCQ (i.e., studies in which clinical characterization is limited to “above” or “below” cutoff, rather than a gold-standard diagnostic evaluation) were more likely to recruit adults (mean age=26.81±11.16) than studies with participants scoring in the moderate clinical range (mean age=14.2±6.11) or those that did not provide clinical severity scores (mean age=12.37±7.9; Fig. 6.2 right). Many participants were both in the above average IQ group and the AQ/SCQ group; the average reported IQ was 108.74±11.43 for individuals scored on the AQ and 100.82±12.4 for those scored on the SCQ. Taken together, it seems as though autism studies examining multisensory function in adults are almost exclusively targeting individuals with normal to high IQ and with low support needs, although childhood studies are more diverse.
	The mean percent of male participants was 80.25±13.09, which did not significantly differ between study types. We observed a significant negative correlation with age (Pearson R=-0.42, p<0.001; Fig. 6.3), which may reflect changes in clinical concern or presentation of symptoms over time, diminished sex differences with age, or some combination of these and other factors.  


	Figure 6.2 Distribution of Mean Age

	

	Figure 6.2 Distribution of mean age according to discrete IQ category (left) and discrete classification for clinical severity (right).




	Figure 6.3 Relationship Between Sex Breakdown and Mean Sample Age

	

	Figure 6.3 Regression plot illustrating a significant negative correlation (Pearson R=0.42, p<0.001) between mean sample age and sample percent male.




	We were also interested in examining the distribution of IQ. Mean IQ across the total sample was 104.79±9.83, with 47.83% of studies employing an IQ cutoff (range=65-85, mean=73.09±5.4). When we categorized IQ as a discrete variable (missing, below average, average, or above average, according to assessment norms), we found that the majority of studies (63.48%) recruited samples with average IQs (85-115), whereas only 4.35% recruited samples with below-average IQs (<85). An additional 7.83% recruited samples with above-average IQs (>115), and the remaining 24.35% of studies did not report an average IQ of the sample. 
	We found that for both intervention studies and basic research, most reported IQs fell into the “average” category (i.e., 85–115; Fig. 6.4A, C): 83.33% of intervention studies that reported IQ included individuals in the average range, and basic research studies included 84% average IQ and 11.1% above average IQ. Despite the fact that, as mentioned previously, over a third of the autism population is estimated to have a comorbid intellectual disability, this proportion of the population is dramatically underrepresented in multisensory research.
	Furthermore, when examining the IQ standard deviations across these studies (Fig. 6.4B, D)—which can provide more insight into the spread of individual IQ in a given study—we observed that 48.56% of studies reported standard deviations above 15, which is the standard deviation of the normed metrics. Some sources exploring psychometric properties of IQ tests in autism point to even larger standard deviations (e.g., see Clements et al., 2020; Ostrolenk & Courchesne, 2023) and we suggest that if including IQ as a variable of interest, researchers should aim for a wider range of IQs.




	Figure 6.4 Distribution of IQ Means and Standard Deviations

	

	Figure 6.4 Distributions of A. IQ means for therapeutic/intervention studies; B. IQ standard deviations for therapeutic/intervention studies; C. IQ means for basic research studies; and D. IQ standard deviations for basic research studies. Boundaries of average IQ (85, 115) are marked in blue vertical lines on Figures 6.3A and C; standard deviation of normed IQ assessments (15) are marked in blue vertical lines on Figures 6.3B and D.




	Figure 6.5 Distribution of VIQ Means and Standard Deviations

	

	Figure 6.5 Distribution of VIQ Means and Standard Deviations. Distributions of A. VIQ means and B. VIQ standard deviations. Boundaries of average VIQ (85, 115) are marked in blue vertical lines on Figure 6.4A; standard deviation of normed VIQ assessments (15) is marked with a blue vertical line on Figure6. 4B.




The majority of studies (62.61%) did not report any standardized VIQ; of the studies that did report VIQ, most recruited samples with average VIQ (34.78%), 1.74% reported above-average VIQ, and only 0.87% reported below-average VIQ (Fig. 6.5A). Additionally, 69.05% of studies report a standard deviation above 15 and 19.05% report a standard deviation greater than 20 (Fig. 6.5B). However, only 36.52% of studies included a standardized VIQ measure, so it still remains unclear how verbal ability might be related to multisensory function among the broader autism population. 

6.3.3 Study Design
6.3.3.1 Participant Characterization
	The sample of papers described here was comprised of more basic research studies (85.2%) than intervention studies (14.8%). Overall, studies predominantly reported characterizing autism features with the ADOS in participants with average IQ. However, intervention studies disproportionately failed to report use of a clinical characterization measure compared to basic research studies (Fig. 6.6). Given that the mean reported IQ of intervention studies was 99.69±15.71, we can infer that at least some of the studies are utilizing populations with low support needs, but it is unclear to what degree the full spectra of cognitive, verbal, and functional support are represented in intervention studies.
6.3.3.2 Exclusion Criteria
[bookmark: _Hlk196135296]	Regarding exclusion criteria, we were interested to know the distribution of inclusion of various comorbidities, particularly genetic syndromes related to autism—also termed syndromic autism—and epilepsy. It has become clear that syndromic autism and idiopathic autism—autism with no clear genetic cause—are etiologically distinct: while syndromic autism involves an identifiable genetic or chromosomal abnormality (e.g., Fragile X syndrome; see Abrahams & Geschwind, 2008 for a review), idiopathic autism likely results from more complex interactions between multiple genetic variants and environmental factors. We observed that the majority of 

	Figure 6.6 Cumulative Distribution of Clinical Characterization Measures

	

	Figure 6.6 Pareto plot illustrating cumulative distribution of clinical characterization measures used in intervention studies.


studies (64.35%) did not specify whether or not genetic conditions were excluded, although it seems unlikely that syndromic autism was included, as details of comorbidities are not discussed elsewhere in any of these papers. A total of 34.78% of studies explicitly excluded autistic participants with genetic comorbidities, and 1 study (0.87%) included genetic conditions. However, this single study was a case study of 1 individual with Apert syndrome and is extremely limited in what it reveals about multisensory processing in syndromic autism. According to a 2019 review (Lukmanji et al., 2019), epilepsy is also a common comorbidity with autism, present in about 12.1% (range 1.8-60%) of the autism population, yet we found that 44.35% of studies explicitly excluded history of seizures. The remaining 55.65% did not specify seizure exclusion, although none of these studies indicated that any participants had comorbid epilepsy or a history of seizures, suggestive of no representation of epilepsy or seizures in any multisensory research in autism to date.
 	We also accounted for inclusion of participants using medication. We found that 2.61% of studies explicitly excluded medication use and 3.48% included participants on medications, while the remaining 93.91% of studies did not specify medication use at all. While we were interested in the differences in the types of medications used, we were unable to statistically examine differences among the studies that included medication use due to small sample size (N=4). However, we did note that all 4 of these studies were basic research studies that recruited individuals with average IQ and average (N=3) or above average (N=1) VIQ.
6.3.3.3 Stimuli, Sensory Modalities and Responses 
	Next, we compared the use of different sensory modalities in the studies. The vast majority of studies used auditory (85.22%) and/or visual (98.26%) stimuli, and 23.48% of studies used tactile stimuli. Only 7.83% of studies used kinesthetics, 4.35% used olfactory/gustatory stimuli, and 5.22% used vestibular stimuli, indicating that audiovisual integration was by far the most popular focus of the identified papers. There were also different distributions of modalities used by study type, wherein intervention research (Fig. 6.7 left) utilized more motor/kinesthetic and olfactory/gustatory stimuli compared to basic research (Fig. 6.7 right) studies. 
The studies sampled used dramatically more active (92.17%) than passive (9.57%) tasks, and the majority of paradigm response types were either key/button presses (65.22%) or verbal (11.3%). The remaining response types comprised the following: no response (9.57%), spontaneous behavior (6.09%), following instructions (2.61%), written (2.61%), motor output (e.g., yoga poses, 2.61%), sign language (1.74%), pointing (1.74%). We also found that response 
	Figure 6.7 Cumulative Distribution of Stimulus Modalities

	

	Figure 6.7 Pareto plots illustrating cumulative distribution of stimulus modalities used in therapeutic/intervention studies (left) and basic research studies (right).


	Figure 6.8 Cumulative Distribution of Response Methods

	

	Figure 6.8 Pareto plots illustrating cumulative distribution of response methods used. A. Response methods between study types (left: intervention/therapeutic studies; right: basic research studies). B. Response methods between IQ categories (left: average; right: below average).


type differed by both study type and IQ. Specifically, while basic research (Fig. 6.8A right) largely relied on key and button presses to capture participant responses, intervention research (Fig. 6.8A left) used a more diverse set of response types, including signed—as opposed to verbal—responses, instruction following, and measures of spontaneous behavior. Additionally, we observed that studies that recruited participants with average IQ, response types were most often key presses (Fig. 6.8B left), whereas studies recruiting participants with below average IQ utilized pointing as a response method more often (Fig. 6.8B right).
	 
6.3.3.4 Imaging
	The majority of studies did not include any imaging procedures (80%). An additional 20% of studies included EEG, 7.83% included MRI, and 1.74% used MEG. There was no difference in distribution of stimulus complexity (e.g., simple: flash/beep, complex social: face/voice, etc.) in these imaging procedures.

6.3.4 Journal Statistics
	Journal of Autism and Developmental Disorders (JADD), Autism Research, and Autism held the most publications of the studies reviewed in this paper. However, we observed that only 38.8% of studies described here were submitted to autism-specific journals. An additional 7.8% were published in journals dedicated to neurodevelopmental disorders more generally, and 1.9% were published in journals broadly related to pediatrics. The remaining 51.5% were published in journals related to other subject matter (Fig. 6.9).


	Figure 6.9 Publishing Journals

	

	Figure 6.9 Stacked histogram illustrating distribution of studies’ publishing journals. Blue: intervention/therapeutic studies; orange: basic research studies.



6.3.5 Exploratory Analyses
	Given the broad timeline of studies collected, we were interested in how the introduction of the DSM-5 (American Psychiatric Association, 2013) in 2013—which condensed autistic disorder, Asperger’s syndrome, and PDD-NOS into a singular diagnosis of autism spectrum disorder—might have affected participant characteristics. Indeed, CDC records from 2012 suggest an autism prevalence of 1 in 69 individuals in the United States, whereas the 2014 prevalence was estimated at 1 in 59, with that prevalence growing each year (1 in 36 as of 2020; Centers for Disease Control and Prevention, 2022). Given that the autism spectrum, as officially recognized, is much broader than before, we expected to find more participant diversity in studies occurring after 2013. To explore this hypothesis, compared distributions of clinical measures, IQ and VIQ, 
exclusion criteria, modalities, stimulus complexity, and response methods as a function of pre- versus post-2013 using Kruskal-Wallis or X2 contingency tests. There were no differences between pre- and post-2013 studies in IQ or VIQ distribution, although it should be noted that older studies—particularly those researching intervention strategies—often did not report IQ, VIQ, or support needs, or the studies qualitatively described participant characteristics. There was also no difference in the use of the exclusion criteria, sensory modalities used, or stimulus complexity. We did, however, find differences in clinical measures (X2=22.34, p=0.002) and response types (X2=25.09, p=0.001) used. Specifically, older studies disproportionately failed to report any use of a standardized metric for clinical characterization (X2 residual=4.1, p<0.001), and no study occurring after 2013 used sign language as a response option (X2 residual=-3.494, p=0.009). 
	Finally, we sought to understand whether there was any effect on our study variables of interest on publication prestige. Given that much of multisensory autism research tends to focus on basic research with low-support needs individuals as described throughout this study, our a posteriori hypothesis was that intervention studies and studies using lower IQ or VIQ participants would receive fewer citations or be published in journals with lower impact factors. Across all comparisons, there was no significant difference in the number of citations received. However, a Kruskal-Wallis test revealed a main effect of clinical scores on impact factor (p=0.04): studies in which participants score above the autism cutoff (i.e., studies that use either the AQ or SCQ) were published in journals with significantly higher impact factors than studies with missing scores (p=0.03; medianmissing=3.23±1.23; medianabovecutoff=5.2±1.68). There were no other significant pairwise comparisons. 
6.4 Discussion

6.4.1 Research Largely Characterizes Multisensory Function in Young, Low Support Needs Autistics
	The results demonstrate a clear trend in multisensory research: children, adolescents, and young adults with low support needs (LSN) make up the vast majority of participants. Regarding age, we found that older adults were completely excluded from the research studies evaluated here, with a maximum mean sample age of 44.9. This is inherently unsurprising, given that autism is described as a neurodevelopmental disorder, but it still poses a significant challenge to understanding the trajectory of multisensory function throughout life.
Autism is a lifelong condition, with features changing over the course of the lifespan (see Waizbard-Bartov & Miller, 2023 for a review). Aging in autism is also associated with increased risk for a number of other conditions that affect sensory function, such as Parkinson’s Disease (Croen et al., 2015; Hand et al., 2020). The lack of inclusion of older adults in this type of research not only limits the potential for empirically based benefits to autistic adults as they age, but also obfuscates our understanding of autism as it relates to multisensory function, the relationship between sensory atypicalities and clinical presentation, and the potential mechanisms implicated in both sensory function and age-related neurological disease and dysfunction. 
Additionally, our research revealed a significant bias toward autistic participants with average and/or above average IQ, pointing to a significant underrepresentation of co-occurring intellectual disability, which is known to affect about a third of the autism population. Furthermore, nearly half of the studies explicitly employed an IQ cutoff. These findings are widespread in sensory research. A 2009 meta-analysis of caregiver-reported sensory function in autism found that only 5 of the 14 studies identified included participants with cognitive abilities 1.16 to 2.53 standard deviations below average (Ben-Sasson et al., 2009). Similarly, a literature review concerning tools for evaluation of sensory function in autism research reported that of the studies that reported IQ, only 18.18% included individuals with co-occurring intellectual disability, and many studies that did not report IQ mentioned exclusion of intellectual and learning disabilities (DuBois et al., 2017). Thus, our finding that the vast majority of multisensory studies included only normal to high-IQ individuals is concordant with prior research in related fields and indicates a lack of diverse cognitive profiles in sensory research more broadly.
From these results we have two key recommendations. First, we believe that researchers should aim to design multisensory studies with considerations for age. Longitudinal studies that can track the trajectory of multisensory function with age are strongly encouraged. Such designs would allow researchers not only to understand how sensory function evolves over time in autism, but also how acquired skills impact higher-order multisensory processing (e.g., emotion recognition, social touch, etc.). Indeed, there is some evidence from cross-sectional research that in LSN autistics, multisensory function becomes more “typical” in adolescence and adulthood (Crosse et al., 2022; Foxe et al., 2015). However, the developmental trajectory of multisensory abilities is likely to differ in HSN autistic individuals.
Second, researchers should make an effort to include a wider range of cognitive abilities in their studies in order to better capture the full sensory picture of autism. For instance, HSN autistic individuals are known to exhibit more RRBs (Richler et al., 2010) and self-injurious behaviors (Rattaz et al., 2015), which may speak to differences in tactile, vestibular, and proprioceptive profiles in the case of repetitive motor movements, or auditory profiles in the case of vocalizations and echolalia. 
6.4.2 Effects of Common Comorbidities on Multisensory Function in Autism are Unknown
	As noted in the results, there was a notable lack of inclusion of autistic individuals with genetic disorders and epilepsy, both of which are extremely common in autism. While it is unclear what proportion of autistic individuals are affected by genetic syndromes (e.g., Fragile X syndrome)—likely due to the barriers to genetic testing—one 2015 meta-analysis (Richards et al., 2015) found that the rates of autism in a number of genetic syndromes ranged from about 11% in 22q11.2 deletion syndrome to up to 61% in Rett syndrome. Seizure disorders are also highly prevalent among autistic individuals, ranging between 6-35% (see Liu et al., 2022 for a meta-analysis).
	Despite this high prevalence of genetic comorbidities and seizure disorders among the autism population, sensory profiles and multisensory function in these disorders are largely unknown. These is some evidence that these populations exhibit overlapping sensory profiles with autism. In Fragile X syndrome (FXS), perhaps the most widely known genetic condition associated with autism, significant endorsement of hypo-responsivity to stimuli is seen (although see Neklyudova et al., 2022), with particular difficulties in the auditory domain (Heald et al., 2020). Individuals with both FXS and autism features also show more endorsement of sensory processing difficulties than individuals with FXS alone (Kolacz et al., 2018), which may indicate compounded sensory difficulties in individuals with both diagnoses. Sensory features of Rett syndrome are also poorly characterized, although there is evidence of hyper- and hyposensitivity profiles across sensory modalities (Suter et al., 2024), and delayed auditory event-related potentials (Kostanian et al., 2023). 
	Taken together, this overview of autism-related genetic syndromes suggests that there are overlapping sensory profiles with autism, particularly in the auditory domain. Specifically, these studies show consistent evidence of atypical behavioral and neural responses to auditory stimuli, which may suggest common pathways altered across these syndromes and in idiopathic autism. However, this research is limited, and better insights would be gained into potential mechanisms mediating sensory processing ability if syndromic autism is not excluded from research.
	Similarly, epilepsy and seizure exclusion may preclude researchers from gaining a better understanding of the neural mechanisms driving multisensory dysfunction and associated behaviors in the autism population. Specifically, the excitation/inhibition imbalance theory (see Canitano & Palumbi, 2021 for a review)—which posits that autism is associated with increased excitatory or decreased inhibitory connections throughout the cortex—may be even better understood and evaluated if autistic individuals with comorbid epilepsy are included in sensory research. For instance, both pediatric epilepsy and autism are associated with atypical brain growth trajectory and changes in gray and white matter composition throughout the cortex (see Blackmon, 2015 for a review). Including autistic individuals with epilepsy may provide significant insight into cellular and network pathologies common across a number of related conditions.

6.4.3 Sex Differences in Multisensory Function Are Unknown
	The percentage of males across studies evaluated here was 80.25%, which is reflective of the 4:1 diagnostic rates (Maenner, 2023). Although the true incidence ratio is disputed, researchers often seek to match recruitment to this distribution (see Lai et al., 2015 for a review). Researchers have proposed two primary explanations to account for sex imbalance: the first is the "female protective effect," which suggests that certain inherent factors in females may reduce their likelihood of developing autism (Robinson et al., 2013); the second highlights limitations in current diagnostic tools, which are predominantly derived from male-centric samples (see Lai et al., 2015 for a review). This male bias may result in the underdiagnosis of females, as their phenotypical presentation of autism often differs, including in domains of sensory function. 
	For instance, females express fewer RRBIs, and their restricted interests may not fall under the typical exemplars (see Bölte et al., 2023; Lai et al., 2015 for reviews). Females also tend to utilize social masking and imitation to achieve better social communication outcomes (see Bölte et al., 2023; Lai et al., 2015 for reviews). Additionally, a 2013 meta-analysis found that 78.8% of reports discussing sex in autism support differences in SCI, language, and RRBI presentation (Kirkovski et al., 2013). As described previously, MSI function—particularly audiovisual function—is known to correlate with severity of both SCI and RRBIs. Therefore, it is highly likely that males and females will differ in their MSI abilities. We suggest that because of the evidence of sex differences in autism—most notably, improved social communication abilities in females—multisensory research using social-emotional or linguistic stimuli should aim to recruit females and include sex as a potential moderating variable in analyses.

6.4.4 Multisensory Study Design Should Be Accessible to a Diverse Autism Sample
	We were pleased to see that there was a wider variety of response methods used in studies with lower IQ samples and in intervention studies, both of which are likely to benefit HSN autistics more than LSN autistics. Specifically, these studies frequently utilized pointing, following instructions, and eye gaze or pupillometry as measures of response, which are inherently more accessible to individuals with minimal or no language. 
	Accommodating HSN individuals may require adaptive equipment, such as technology for non-verbal communication (e.g., augmentative and alternative communication devices) and more flexible study designs that acknowledge different sensory and behavioral patterns. For instance, immersive virtual reality using eye and body tracking in lieu of button presses or verbal responses may be an avenue for including more HSN autistics in MSI research. Similarly, eye-tracking methods such as preferential gaze may serve as an alternative to verbal responses or button-pressing in minimally communicative individuals and those with decreased fine motor abilities. Preferential eye tracking has successfully been used to study the McGurk effect in William’s Syndrome, Down Syndrome, and Fragile X Syndrome (D’Souza et al., 2016), and we believe eye tracking can similarly be applied as response measures to other multisensory paradigms for those who struggle with fine motor movements of the hands and fingers. 
	Considerations for neuroimaging methods in HSN autistics are somewhat more complex. Barriers to neuroimaging may occur due to sensory sensitivity to equipment and difficulty controlling for movement artifacts. Although existing literature on best practices for EEG data collection in non-verbal autistics often advocates for the use of saline nets over gel-based caps (Tager-Flusberg et al., 2017; Webb et al., 2015), saline nets—while potentially more tolerable—are not necessarily a comfortable solution. Dry caps may be more tolerable, but the use of conductive gel causes more variability in responses (Giannadou et al., 2022). In fMRI studies, autistics face similar barriers to research participation and interpretable data, particularly in the individuals with auditory hypersensitivities (Stiegler & Davis, 2010). Silent fMRIs—which can reduce fMRI noise by over 25 dB—may be a preferable alternative, providing an environment that is not only more conducive to those with auditory hypersensitivities, but also opens up opportunities for more reliable auditory and multisensory tasks (Damestani et al., 2021).
Stillness during imaging tasks is also important, as excessive motion can produce significant artifacts in signals that are easy to confound with neural signals. Mobile EEG systems—which allow participants to move untethered to an external computer (Giannadou et al., 2022; Lau-Zhu et al., 2019; Niso et al., 2023)—may be better alternatives to traditional EEG setups. Similar motion artifacts are present in fMRI studies in highly moving populations. Prospective motion correction (Maclaren et al., 2013; Maziero et al., 2020) is a method of fMRI data cleaning that aims to reduce this data loss, and may be worth exploring in order to include more HSN autistics with significant RRBIs in research.

6.4.5 Minimal Multisensory Intervention Research in Targeted Population 
	Our final thoughts concern the apparent disparity between the clinical characteristics of participants in basic research studies and those targeted for intervention. Indeed, when searching for information about multisensory research in HSN autistic individuals, it was clear that findings of MSI differences in autism cannot be generalized to the whole population. For instance, a review of audiovisual temporal processing in autism noted that there is consistent evidence of difference from controls, but that “this work has in all cases been conducted in populations of high-functioning children with ASD, and although methodologically difficult, should be extended into lower-functioning and nonverbal groups” (R. A. Stevenson et al., 2016). Similarly, a review of sensory assessments—either by self- and other-reported questionnaires and interviews, psychophysical experiments, imaging, or direct observation—found that the majority of studies focused on LSN autistic individuals (DuBois et al., 2017).
	On the one hand, the exponential growth in autism research in the past few decades is promising for better understanding the condition. On the other hand, when considering efficacy of interventions, we wonder whether what has been gleaned from basic research is translatable to the broader autism population. If the targets of multisensory interventions are LSN individuals—who make up a large proportion of the study samples reviewed here—there is perhaps less room for improvement in MSI and related behavioral outcomes than in HSN autistics. This discrepancy complicates the ability to accurately inform clinical practices and interventions.


[bookmark: _Hlk196142617]CHAPTER 7

General Discussion

7.1 Autism Features—Not Diagnosis—Predict Simple Audiovisual Spatial Localization Ability
	The findings discussed throughout this work suggest that behavioral differences in audiovisual (AV) spatial integration ability are driven not by diagnostic group, but rather by individual endorsement of features that are present in—but not exclusive to—autism. It is important to consider that autism is a spectrum, both in overall severity and in the endorsement of a wide range of features, including sensory sensitivities, social communication and language difficulties, and motor challenges. As goes the saying, “If you’ve met one person with autism, you’ve met one person with autism.” That is to say, knowledge of an autism diagnosis is not sufficient to understand the specific challenges and strengths an individual will exhibit. Furthermore, all individuals can certainly exhibit a range of abilities in any quantifiable area without meeting criteria for any disorder. 
	Therefore, while we were surprised to find no behavioral differences between groups in spatial acuity or visual bias, our exploratory analyses did suggest that there are clusters of features predictive of both these outcome measures regardless of diagnostic group. This finding provides a framework for moving forward in future research. First, we observed that a cluster of social communication features were strongly related to performance. We proposed in Chapter 2 that increased social communication impairment (SCI) would be related to decreased accuracy and attenuated visual bias, in line with complementary findings in the temporal domain (Feldman et al., 2018; Feldman, Conrad, et al., 2022; R. A. Stevenson, Siemann, Schneider, et al., 2014). Furthermore, AV spatial integration supports a number of linguistic (e.g., pairing faces and voices in noisy environments, predicting upcoming speech signals, orienting to one’s own name, etc.) and non-linguistic (e.g., pairing face and voice emotional expression) communication functions. We suggest that the relationship observed between SCI and spatial integration in the research described here may be stronger—or even show distinctive diagnostic group differences—if the stimuli themselves are social in nature.
	We also observed a relationship between sensory responsivity and both outcome variables of interest, which is again unsurprising. Patterns of hypo- and hyper-responsivity are commonly described in autism (e.g., impaired distractor inhibition, Parsons & Carlew, 2016; Poole et al., 2018; impaired distractor disengagement, Sabatos-DeVito et al., 2016; Zhang et al., 2021; etc.). In the case of this study, we propose that sensory attention may be one mechanism by which individuals differed in their performance. Interestingly, in attention deficit/hyperactivity disorder (ADHD), which is commonly comorbid with autism, individuals display similar sensory profiles to autistic individuals, including endorsement of both hypo- and hyper-responsivity to stimuli and sensory seeking behaviors, particularly in the auditory and visual domains (Bijlenga et al., 2017; Delgado-Lobete et al., 2020; Grinblat & Rosenblum, 2022; Kamath et al., 2020; Little et al., 2018; Rani et al., 2023). While we are unaware of research specifically examining AV spatial integration in ADHD, there is well documented evidence of atypical visuospatial acuity, including deficits in visuospatial construction, visuomotor transformations, and localization (see Nejati et al., 2024 for a recent review). Severity of inattention is correlated with degree of visuospatial working memory impairments (Gau & Chiang, 2013). Interestingly, children with ADHD who trained in a visual distractor inhibition showed decreased total severity of ADHD symptoms as well as improvements in visuospatial memory, among other outcome measures (Mishra et al., 2016). The implications of the similarities between ADHD and autism in spatial cognition are twofold. First, the findings suggest that patterns of sensory hypo- and hyper-responsivity may be related to atypical attention to irrelevant exogenous stimuli; second, while the connection between hypo-/hyper-responsivity and spatial integration remains poorly understood, there is clear evidence that this relationship is not unique to autism. Although the hyper-/hypo-responsivity profile is not typically discussed in the context of non-clinical populations, it is reasonable to presume that any individual with increased distractibility or tendency toward sensory overwhelm—clinically defined or otherwise—may experience enhanced perception of non-target stimuli in the environment. 
	Finally, our analyses revealed a relationship between motor and tactile function and task performance. We propose that the individual scores within the tactile/motor cluster that emerged as significant—tactile and body position processing, RRBIs, and motor response time—are all related to the conception of peripersonal space (PPS). As described in Chapter 2, PPS is the actionable space around the body formed by the integration of auditory, visual, and tactile cues as well as motor actions. It is well known that performance on multisensory tasks improves when stimuli are presented within PPS or at its boundary compared to stimuli presented outside PPS (Canzoneri et al., 2012; Gherri et al., 2022; Matsuda et al., 2021; Noel, Bertoni, et al., 2020; Noel et al., 2016; Noel, Serino, et al., 2018; Salomon et al., 2017). PPS is also flexible, sensitive to environmental context. For instance, PPS contracts in the presence of other people but expands with tool use (see Legrand et al., 2007; Macaluso & Maravita, 2010 for reviews). Autistic individuals typically exhibit smaller PPS, with more rigid boundaries (Asada et al., 2016, 2025; Gessaroli et al., 2013; Mul et al., 2019; see Noel et al., 2017 for a review), showing deficits in flexibly adapting PPS to contextual factors (Asada et al., 2025; Candini et al., 2019; Gessaroli et al., 2013; Noel et al., 2021, see Candini et al., 2020 for a review; although see Massaccesi et al., 2021). Although our stimuli were located well outside the average child’s actionable space (75cm), it is possible that flexible recalibration to expand PPS to perform the task may be related to improved performance. However, much of the research citing improved task performance within the bounds of PPS use response time as a metric, which we did not collect.  Future research should aim to either compare response times in a spatial integration task across different spatial distances from the observer, or should explore the relationship between response times and direct measures of PPS size and flexibility. 
	It should also be noted that while we separated the important predictive features into three distinct categories, they are all highly interconnected with one another. For instance, increased reports of violations of others’ PPS is associated with increasing severity of SCI in autism (Kennedy & Adolphs, 2014), and Candini et al. (2017) report that among autistic children with either high or low SCI features, only those with low endorsement of SCI show PPS flexibility comparable to their non-autistic peers. Furthermore, in autistic adolescents, degree of social anxiety is highly correlated with the size of PPS (Perry et al., 2015). Combined, these findings point to a direct link between the size and permeability of PPS and broad social function. Similarly, social function seems to be related to sensory hyper-responsivity. A recent study found a significant relationship between subclinical levels of social anxiety and insistence on sameness that was mediated by sensory sensitivity (Keshavarz & Esmaeilpour, 2025). In autism, there is also evidence that sensory hyper- and hypo-responsivity—as well as sensory seeking behaviors—are directly correlated with language outcomes (Feldman, Cassidy, et al., 2020). Of course, we are unable to ascertain directionality of these relationships, but our findings suggest that there is a sweeping interaction between social communication function, PPS, sensory sensitivities, and AV spatial integration ability. 

7.2 The Relationship Between Top-Down Control and Autism Features
The most robust evidence of neural differences between the autistic and non-autistic controls was observed in the patterns of the power spectrum, particularly in the auditory-only condition. Specifically, in the autism group, we observed relative decreases in low-frequency power over the course of the trial with no clear evidence of peaks in power at the high-frequency bands. This finding suggests that there may be reduced long-range connectivity both in feedforward and feedback mechanisms guiding audiovisual spatial processing. In contrast, the non-autistic control group showed a pattern of high-frequency increases in power in the first 100ms—likely reflecting recruitment of neuron populations in the primary sensory cortices—followed by a peak in the delta and theta bands from approximately 100-200ms, which we interpret as an increase in long-range connectivity between sensory and higher-order areas. Furthermore, topography in the non-autistic controls shows a distinct anterior shift in activity from 100-200ms, which was not observed in the autistic group. The lack of anterior activation in the autism group during the auditory-only condition seems to indicate a lack of engagement in frontal regions. Importantly, dorsolateral and medial frontal cortex is associated with—among other functions, spatial integration, and have been shown to exhibit atypical growth trajectories in autistic children (see Courchesne & Pierce, 2005 for a review). It may be that the dorsal stream for processing auditory spatial information is compromised in autism. However, given that behavioral performance was comparable between groups, it seems likely that autistic individuals utilize alternative mechanisms for determining auditory spatial location. We propose that, in line with exploratory analyses discussed in Chapter 2, top-down cognitive functions during auditory and AV spatial processing are likely to be related to core and associated autism features, particularly social communication ability, sensory responsivity, and bodily action and perception. 
Relationship between susceptibility to illusions—which depends on top-down modulation of incoming sensory information to alter the perceptual gestalt—and autism features provide support for this hypothesis. First, a number of illusions, including the McGurk illusion (Feldman, Conrad, et al., 2022), proprioceptive drift illusion (Mul et al., 2019), and cross-hand illusion (Wada et al., 2014) have been shown to correlate with overall scores of autism severity. Even among individuals with sub-clinical autism traits, susceptibility to the rubber-hand illusion (Palmer et al., 2013) and the Müller-Lyer illusion (Chouinard et al., 2013)—wherein lines with outward facing arrow heads are perceived as longer than those with inward facing arrow heads—is correlated with total autism features, and susceptibility to the stream-bounce illusion is correlated with scores of imagination and social communication abilities (Yaguchi & Hidaka, 2020). Additionally, susceptibility to the McGurk illusion is  positively correlated with communication ability (Feldman, Conrad, et al., 2022), and increased perception of proprioceptive drift predicts increased empathy scores in autism (Mul et al., 2019). Interestingly, total autism features are related to both social and non-social illusions, and both multisensory and unisensory stimuli. This suggests that the top-down mechanisms governing illusion perception more broadly—rather than stimulus-specific features—play a strong role in the emergence of autism features. 
Illusion research using EEG and neuroimaging methods also point to differences in atypical top-down and bottom-up information processing in autism. While passively viewing Kanizsa squares, wherein an illusory perception of squares arises from flanker shapes, young non-autistic children show increased parieto-occipital gamma and beta power at 120-270ms, suggesting higher-order modulation of visual perception; this response is absent in age-matched autistic children (Stroganova et al., 2012). Similarly, Knight et al. (2023) report that while non-autistic children show distinct parieto-occipital P1 and P3 amplitude differences between Kanizsa and control stimuli, amplitude differences are non-significant in the autistic group. Autistic adults also show no differences in early gamma at parieto-occipital electrodes between Kanizsa and control stimuli, unlike non-autistic controls, who exhibit decreased early gamma power in the illusory condition (Brown et al., 2005). Taken together, these findings suggest that higher-order mechanisms governing illusory perception may be compromised in the autism population, specifically in that there appears to be minimal cortical differentiation between random figures and figures forming meaningful contours. 
While the experimental paradigm utilized in our primary study is not an illusion per se, its guiding principle is that individuals will experience visual capture or bias in the presence of spatially incongruent auditory and visual cues. Inherently, visual capture or bias requires down-weighting of incoming sensory information relative to higher-order biases. An early exploration of AV spatial integration using Bayesian methods found that while the reliability of each respective cue does indeed alter perceived spatial location in line with maximum likelihood estimation, participants overall are biased toward relying on visual information to inform their decision (Battaglia et al., 2003). Thus, visual dominance in humans may be thought of as an a priori bias that influences bottom-up signals, as evidenced by visual capture in the ventriloquist illusion or phonemic fusion during the McGurk illusion. Although we observed no group differences in either spatial acuity or visual bias, the EEG component of this work suggest that the processes by which the autistic individuals came to their decision down-weight the role of higher-order and feedback processes. This also supports the finding that the three factors identified as important to behavioral performance—social communication ability, PPS, and sensory sensitivity—are strongly related to higher-order cognitive abilities, integration of sensory signals, and expectations about the environment.
7.3 A Need for Diverse Sampling in Autism Research
One of the key limitations of this study is the relative homogeneity of the sample. While our autistic (and non-autistic) participants did vary quite dramatically in their endorsement of sensory features, there was very little variation in age, overall autism severity, language ability, and nonverbal IQ. Future replication of research would benefit from a larger, more diverse sample of individuals, with a focus on changes in multisensory function that occur as a result of ageing and distinct sensory profiles.

7.3.1 Multisensory Integration Ability Changes with Age
	Individual sensory systems and multisensory integration (MSI) abilities develop over time and are related to the trajectory of maturation of multisensory neurons and structures. Animal research has demonstrated that multisensory neurons in the superior colliculus (SC) of the cat, for instance, are not observed in the first 10 days of life (Wallace & Stein, 1997). Furthermore, Wallace & Stein (1997) show that while SC neurons show characteristic super- and sub-additive responses to audio-tactile stimuli by 12 days postnatal, multisensory neurons responsive to visual stimuli do not become apparent until approximately 20 days postnatal, suggesting that even as MSI begins to emerge in subcortical structures, it does not do so at the same rate across stimulus combinations.. Research in cats has also shown that multisensory neurons in the association cortex (in cats, the anterior ectosylvian sulcus) are even slower to develop, not coming online until approximately 12 weeks of age among visually responsive neurons (Wallace et al., 2006). While neonatal cat neuronal development occurs at a faster rate than that of human neonates, the principle that MSI is not present at birth—or at the very least, is present only for highly salient social stimuli (see Lewkowicz & Ghazanfar, 2009 for a review)—remains a key feature of early sensory function in humans.
Although research in adult humans has demonstrated optimal (i.e., minimized variance) integration in the presence of redundant signals (Ernst & Banks, 2002), this is not true at all stages of life. While very young infants do demonstrate some MSI abilities, including face-voice matching, AV synchrony detection, and visual-tactile matching, infants and young children show limited multisensory facilitation and clear unimodal dominance across a variety of stimulus combinations (see Bruns & Röder, 2023; Burr & Gori, 2012; Gori, 2015 for reviews). Indeed, it has been shown that infants under eight months of age show only sporadic multisensory facilitation in response times in an AV detection paradigm, whereas by 10 months, bimodal facilitation is consistent (Neil et al., 2006). MSI ability continues to improve with age. For instance, AV temporal acuity improves throughout childhood and into adolescence (Brandwein et al., 2011) or young adulthood (R. A. Stevenson, Baum, et al., 2018). Relatedly, event-related potentials reveal no distinct super- or sub-additive in frontal or parietal regions, as is observed in adolescence and early adulthood (Brandwein et al., 2011). Additionally, while it has been shown that children as young as five years can be susceptible to the ventriloquist illusion (i.e., visuospatial capture) and temporal illusions (e.g., sound-induced flash illusion) using simple stimuli, ability to recalibrate temporal and spatial maps does not arise until later in childhood (Rohlf et al., 2020; Zhou et al., 2020, see Bruns & Röder, 2023 for a review), indicating that the term “multisensory integration” encapsulates a number of perceptual mechanisms that appear to develop over a prolonged period of time, becoming more tuned with sensory experience (see Nava et al., 2024 for a review).
In older adults, multisensory integration and gain appears to surpass that of younger adults, possibly owing to the common degradation of unisensory functions (see Pepper & Nuttall, 2023 for a review), wherein according to the concept of inverse effectiveness (Meredith & Stein, 1983), maximal multisensory gain occurs when one the unisensory cues are degraded. However, older adults show enhanced multisensory gain for simple AV detection even after controlling for poorer unisensory acuity (Diaconescu et al., 2013; Diederich et al., 2008; Laurienti et al., 2006; Mahoney et al., 2011; Peiffer et al., 2007), suggesting that inverse effectiveness alone is not sufficient to explain these changes. Furthermore, older adults display a greater susceptibility to simple AV illusions, such as the sound-induced flash illusion and the ventriloquist effect, as well as a wider temporal binding window (McGovern et al., 2014; Stevenson, Baum, et al., 2018, see Brooks et al., 2018; Mozolic et al., 2012; Pepper & Nuttall, 2023 for reviews). 
Computational frameworks multisensory integration in older adults differ as well. A review by Jones & Noppeney (2021) discuss how, due to sensory decline associated with ageing, older adults experience decreased sensory reliability, leading to weaker (i.e., less precise) unisensory likelihoods; attentional decline in ageing may also result in less informative causal and perceptual priors. Weight of individual stimuli would also be expected to change as sensory systems decline (e.g., age-related hearing loss). Therefore, we might expect, from a Bayesian perspective, that older adults would exhibit reduced precision in their multisensory responses, which is supported by the behavioral evidence discussed above. In both behavioral and computational examinations of ageing, multisensory integration ability appears to evolve even after sensitive developmental periods, perhaps as a result of degradation of sensory systems, attentional changes, and/or sensory experience. 
	The story of ageing and multisensory function becomes somewhat more complex when we consider research using social stimuli. Older adults display reduced multisensory facilitation from visual speech cues during target detection and comprehension tasks, as well as decreased phonemic fusion in McGurk-like tasks (see Brooks et al., 2018 for a review). Similarly, older adults are less likely to report perception of the rubber-hand illusion compared to middle-aged and young adults (Kállai et al., 2017). Given that MSI ability is thought to develop as a function of experience with the world, it is possible that older adults are less susceptible to illusions with highly salient stimuli due to having many decades of experience with these stimuli, including speech and body ownership. 
A highly prevalent, albeit contentious, line of research in autism suggests that autistic children “age out” of many of the features characteristic of the disorder, including atypical sensory processing. For instance, a large study of low-support needs (LSN) autistic individuals showed that while autistic children show reduced multisensory gain in simple AV detection tasks relative to age-matched non-autistic controls, this deficit resolves by adolescence (Crosse et al., 2022). A similar trajectory has been described for AV simultaneity judgments (Ainsworth & Bertone, 2023) and speech-in-noise paradigms (Foxe et al., 2015). Of course, part of the discourse concerning the validity of these findings is in the fact that most of the research describing resolution of multisensory integration deficits is conducted with LSN autistic children. This sampling bias limits our capacity to draw meaningful conclusions about the degree to which developmental trajectory in MSI development may differ in autism. Furthermore, autism is associated with increased risk for a number of other conditions that affect sensory function, such as Parkinson’s Disease (Croen et al., 2015; Hand et al., 2020). Therefore, researchers are likely to observe different developmental trajectories for MSI ability across elderly autistic individuals, although, as noted in Chapter 6, there is no research in this domain to date. We recommend that future MSI research with the autism population utilize cross-sectional or longitudinal studies to understand how sensory function evolves over time.
7.3.2 Different Abilities in Autism
	As discussed in Chapter 6, multisensory research in the autism population has been plagued by a tendency to recruit LSN individuals, which not only dramatically reduces the generalizability of findings, but also limits our understanding of MSI ability across the spectrum of autism features. Importantly, we have demonstrated that MSI research recruiting autistic individuals almost exclusively recruits individuals with average and above average IQ and verbal abilities and no comorbidities or medication regimen. Our research followed this standard practice.
	However, comorbidities in autism may help us understand neurological and cognitive mechanisms giving rise to atypical (multi)sensory profiles in the population. For instance, Fragile X syndrome (FXS), perhaps the most widely known genetic condition associated with autism, is often characterized by hypo-responsivity, particularly in the auditory domain (Heald et al., 2020), with compounding effects in children diagnosed with both autism and FXS (Kolacz et al., 2018). Sensory features of Rett syndrome are poorly characterized, although patterns of both hyper- and hyposensitivity across sensory modalities are evident (Suter et al., 2024). Use of psychotropic or antipsychotic medications may also alter both sensory perception and behavioral responses to the sensory environment. Therefore, future research should account for additional individual features that may contribute both to the core and associated features of autism, treating them not as confounds but as factors for analysis. 

7.3.3 Sex Differences in Autism
	The current diagnostic ratio for autism in the United States is about 80% (Maenner, 2023), which we and most other MSI research adhered to in our sample. Importantly, male and female autistic individuals tend to exhibit distinct patterns of sensory function, which should be investigated thoroughly in future research. Currently, sex differences have been noted in the incidence and severity of RRBIs (see Bölte et al., 2023; Lai et al., 2015 for reviews) as well as SCI, language outcomes, and types of RRBIs (Kirkovski et al., 2013). With regards to our study, it is possible that males and females may differ with regards to AV spatial acuity, but more likely, that task performance may be predicted different phenotypic factors according to sex. Although we had too few female participants to explore these relationships, it is worth considering the effect of sex when relating (multi)sensory function to other autism traits.

7.4 Future Directions

7.4.1 Experimental Considerations
In Chapter 1, we discussed the cascading effects theory, wherein we expect increasing group differences in MSI performance as stimulus complexity grows (R. A. Stevenson, Siemann, Schneider, et al., 2014; R. A. Stevenson, Segers, et al., 2018). As noted in Chapter 2, our stimuli were very simple, consisting of flashes and white noise bursts. It is possible that more robust group differences in AV spatial localization may emerge with the use of complex non-social (e.g., tool use) or social (e.g., speech-in-noise) stimuli. Furthermore, given that behavioral performance on our task was predicted by social communication features, we expect that social stimuli in particular would yield an even stronger relationship between SCI and task performance.
	Salience of the stimulus should also be considered when forming hypotheses about physiological responses. As we mentioned in Chapter 3, there is evidence that neural responses are stronger and more synchronized for highly salient stimuli, such as speech (Pinheiro et al., 2016; Straetmans et al., 2022), familiar musical beats (Weineck et al., 2022), and natural objects (Hickey et al., 2023), compared with less salient counterparts. Because our research used simple stimuli, it is possible that any potential group differences in neuronal signals were lost amongst the highly variable, noisy signals we collected. Future research in this area may benefit from the use of a gamified (i.e., rewarded) task or more environmentally relevant stimuli (e.g., natural objects), both of which would likely enhance subsequent neural responses and synchronization during the task.
	We also believe that if future researchers aim to explore potential group differences using a Bayesian framework, the task instructions must be modified. For instance, while we were able to compare performance to maximum-likelihood estimates, we were not able to investigate causal inference in our task, given that we did not explicitly ask participants to make a forced-choice spatial congruence judgment. While this decision was made to maximize trials and decrease the total time participants spent completing the task, we believe that a spatial congruence task would be beneficial to future work. Furthermore, our task asked participants to localize the auditory target, which, as discussed in Chapter 4, may have resulted in an assumed two-source structure or inherent segregation of signals; to evaluate causal inference, it may be beneficial to also provide participants with a more open-ended instruction to report the location of the stimulus. In doing so, future work would be better able to explore multisensory causal structures, as well as better understand modality dominance among individuals. 
	Finally, we would encourage future researchers to expand the sample size overall. In addition to behavioral differences, we were interested in phenotypic relationships to performance, which we hoped would provide insight into the potential autism features underlying or affected by spatial acuity and integration. However, due to our small sample size, our analyses were only exploratory in nature. We believe that an expanded sample size with detailed clinical characterization of each individual is critical, not only for the purposes of exploring those relationships, but also to move in line with the clinical aim of individualized approaches to understanding autism.

7.4.2 Physiological Measurements
	As we discussed in Chapter 3, our EEG data was extremely noisy, and we struggled to identify clear components that would allow us to index multisensory function, specifically super-additive mid-potential parietal signals, as we hypothesized. In addition to a lack of environmental salience, we believe excessive movement by participants may have contributed to the noisiness of the data. Stillness during EEG collection is imperative, and when working with children and/or autistic individuals, use of ambulatory EEG—which allows participants to move untethered to an external computer (Giannadou et al., 2022; Lau-Zhu et al., 2019; Niso et al., 2023)—may be better alternatives to traditional EEG setups. Other methods for indexing MSI with high temporal resolution may include pupillometry, galvanic skin response, and heart rate variability, all of which are potentially more tolerable and forgiving of motion artifacts. 

7.4.3 Accessibility
	In the effort to expand the generalizability of findings of MSI differences in autism, as well as to ensure interventions are based on data from the targeted individuals in question, it is critical that future AV spatial integration research be accessible to autistics with a wide range of abilities. As noted above, we expect that performance on even basic psychophysical tasks might differ by sex or medical comorbidity. To recruit a more diverse population, researchers should aim to develop spatial localization paradigms that are easier to perform, either by changing the response method (e.g., gaze response, forced-choice, etc.) or by creating a passive paradigm that can index MSI through physiological means (e.g., pupillometry, mid-potential EEG sub- or super-additivity, etc.). 
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APPENDICES
	Figure S2.1 Visual Bias Model Fit

	

	

	Figure S2.1. Residuals for reduced general linear mixed effects model of visual bias. Residuals are plotted A. against a horizontal line of y=0 and B. in a standard Q-Q plot. Results indicate normally distributed residuals with no clear pattern, suggesting model appropriateness.






	Supplementary Table 2.1. LASSO Regression Coefficients Predicting Localization Error

	Variable
	Beta Estimate

	IQ
	0.435

	SCQ Communication Raw
	0.433

	SP Auditory Processing Raw
	0.367

	SRS Communication T-Score
	0.296

	SEQ Hyper-Responsivity Raw
	0.275

	SP Sensory Seeking Raw
	0.243

	GSQ Auditory Processing Raw
	0.204

	SRS Awareness T-Score
	0.184

	SP Vestibular Processing Raw
	0.125

	SRS Cognition T-Score
	0.093

	GSQ Hypersensitivity Raw
	0.024

	GSQ Hyposensitivity Raw
	0.016

	Sex
	0.005

	Age
	0

	Choice Response Time (ms)
	0

	Expressive Language
	0

	GSQ Proprioceptive Processing Raw
	0

	GSQ Vestibular Processing Raw
	0

	SCQ RRB Raw
	0

	SP Sensory Inattention Raw
	0

	SP Sensory Reactivity Raw
	0

	SP Sensory Sensitivity Raw
	-0.004

	Target Location
	-0.009

	SEQ Sensory Seeking Raw
	-0.036

	SP Visual Processing Raw
	-0.093

	SRS Motivation T-Score
	-0.132

	GSQ Visual Processing Raw
	-0.195

	SCQ Reciprocity Raw
	-0.221

	Trial Modality
	-0.234

	Receptive Language
	-0.252

	SP Body Position Processing Raw
	-0.264

	Simple Response Time (ms)
	-0.362

	GSQ Tactile Processing Raw
	-0.406

	SEQ Hypo-Responsivity Raw
	-0.507

	SRS RRB T-Score
	-1.165

	SP Tactile Processing Raw
	-1.276






	Supplementary Table 2.2. LASSO Regression Coefficients Predicting Visual Bias

	Variable
	Beta Estimate

	SP Sensory Reactivity Raw
	0.37

	IQ
	0.161

	SCQ Reciprocity Raw
	0.039

	GSQ Auditory Processing Raw
	0.024

	Sex
	0

	Age
	0

	Expressive Language
	0

	SRS Awareness T-Score
	0

	SRS Cognition T-Score
	0

	SRS Communication T-Score
	0

	SRS RRB T-Score
	0

	SCQ Communication Raw
	0

	SCQ RRB Raw
	0

	SP Sensory Seeking Raw
	0

	SP Sensory Inattention Raw
	0

	SP Auditory Processing Raw
	0

	SP Visual Processing Raw
	0

	SP Vestibular Processing Raw
	0

	SEQ Sensory Seeking Raw
	0

	SEQ Hypo-Responsivity Raw
	0

	GSQ Visual Processing Raw
	0

	GSQ Tactile Processing Raw
	0

	GSQ Vestibular Processing Raw
	0

	GSQ Proprioceptive Processing Raw
	0

	Choice Response Time (ms)
	0

	SEQ Hyper-Responsivity Raw
	-0.046

	GSQ Hypersensitivity Raw
	-0.052

	SP Sensory Sensitivity Raw
	-0.083

	Simple Response Time (ms)
	-0.084

	Receptive Language
	-0.09

	SRS Motivation T-Score
	-0.104

	Cue Disparity
	-0.126

	SP Body Position Processing Raw
	-0.157

	SP Tactile Processing Raw
	-0.245

	GSQ Hyposensitivity Raw
	-0.266





Supplementary Table 5.1
	Adapted NOS Quality Metrics

	Selection of Participants

	Item 1. Is autism characterization adequate?
	0.5 points if characterized with one standardized assessment (ADOS and/or ADI and/or CARS) in a majority of autistic participants (80% and over)
0.5 points if characterized with standardized assessment + clinical judgment. “Clinical judgment” can be clinical interview, best estimate diagnosis, team of professionals
0.5 points if comorbidities and/or medications taken by participants in autistic group are reported

	Item 2. Are autism cases representative?
	1 point if IQ range of 40+ or SD of 12+ among autistic participants on at least one IQ measure

	Item 3. Are controls adequately selected?
	1 point if attempt was made to recruit groups similar in terms of IQ and age (attempt at matching, no matter if in the end there is a group difference on one of these variables)

	Item 4. Are controls adequately defined?
	1 point if controls have no history of autism previously diagnosed. Examples may include a questionnaire/interview asking about neurological conditions and/or psychiatric conditions and/or developmental conditions; exclusion criteria mention autism and/or neurological/psychiatric/developmental conditions

	Selection of Participants = Sum of Items 1-4 (Range 0 - 4.5)

	Participant Comparability

	Item 5. Are cases and controls matched*?
	1 point if matched on intelligence (any test) or developmental level (e.g., Mullen Scales of Early Learning)
0.5 points if matched on gender/sex
0.5 points if matched on chronological age 
*Matched means no significant between-group difference on the variable (if statistical test not reported, group means should be obviously close, within 0.25 SD)

	Participant Comparability = Item 5 Total (Range 0 - 2)

	Exclusion of Syndromic Autism

	Item 6. Is syndromic autism excluded?
	1 point if autistic participants with a known genetic condition or neurological conditions were excluded

	Exclusion of Syndromic Autism = Item 6 Total (Range 0 – 1)

	Total Study Quality = Sum of Items 1-6 (Range 0 – 7.5)
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	Supplementary Table 5.2

Study Characteristics

	Author
	Publication Year
	Total N
	Mean Age
	Modality
	Oddball Type
	Stimulus Type
	Hedges G
	Variance
	Contains Behavioral Data

	Courchesne et al., 1984*
	1984
	14
	 
	auditory
	semantic
	speech
	1.32
	0.232
	No

	Erwin et al., 1991*
	1991
	25
	25.45
	auditory
	consonant, semantic, emotion
	speech
	0.609
	0.137
	No

	Gomot et al., 2002
	2002
	30
	6.79
	auditory
	frequency
	tone
	0.097
	0.169
	No

	Čeponienė et al., 2003* 
	2003
	19
	8.65
	auditory
	frequency
	complex tone, tone
	-0.752
	0.139
	No

	Ferri et al., 2003*
	2003
	20
	12.25
	auditory
	frequency
	tone
	2.855
	0.372
	No

	Gomot et al., 2002
	2003
	30
	6.79
	auditory
	frequency
	tone
	0.155
	0.167
	No

	Jansson-Verkasalo et al., 2003
	2003
	21
	9.35
	auditory
	consonant, frequency
	synthetic speech, tone
	-0.134
	0.239
	No

	Kuhl et al., 2005
	2004
	44
	3.91
	auditory
	consonant
	speech
	0
	0.076
	No

	Jansson-Verkasalo et al., 2005
	2005
	37
	10.5
	auditory
	frequency
	tone
	-0.102
	0.172
	No

	Kasai et al., 2005
	2005
	28
	27.25
	auditory
	frequency, duration, vowel
	tone, speech
	-0.029
	0.132
	No

	Kujala et al., 2005*
	2005
	16
	32.5
	auditory
	semantic
	speech
	-0.659
	0.046
	Yes

	Lepistö et al., 2005
	2005
	30
	9.4
	auditory
	vowel, frequency
	speech, complex tone
	-0.082
	0.062
	No

	Oram Cardy et al., 2005
	2005
	16
	11.9
	auditory
	vowel
	speech
	-0.372
	0.128
	No

	Gomot et al., 2006*
	2006
	24
	13.65
	auditory
	frequency
	tone
	-0.658
	0.1
	No

	Lepistö et al., 2006*
	2006
	20
	8.11
	auditory
	frequency, duration, vowel
	speech, complex tone
	-1.369
	0.124
	Yes

	Korpilahti et al., 2007
	2007
	27
	11
	auditory
	frequency
	speech
	-0.413
	0.077
	No

	Kujala et al., 2007*
	2007
	18
	28.5
	auditory
	frequency, duration, gap, intensity, location
	tone
	-1.456
	0.216
	No

	Lepistö et al., 2007*
	2007
	18
	28.5
	auditory
	duration, frequency, vowel
	speech, synthetic speech
	5.443
	0.72
	Yes

	Dunn et al., 2008
	2008
	36
	9.33
	auditory
	frequency
	tone
	-0.393
	0.19
	No

	Gomot et al., 2008
	2008
	24
	13.65
	auditory
	frequency
	complex tone
	-0.071
	0.163
	Yes

	Lepistö et al., 2008
	2008
	26
	9.05
	auditory
	frequency, consonant, vowel
	synthetic speech
	-0.417
	0.293
	No

	Whitehouse et al., 2009
	2008
	30
	10.5
	auditory
	vowel
	speech
	0.166
	0.27
	No

	Kujala et al., 2010
	2010
	28
	10.64
	auditory
	vowel, frequency, duration, intensity, consonant
	speech
	-0.014
	0.232
	No

	Gomot et al., 2011*
	2011
	54
	8.33
	auditory
	frequency
	tone
	0.383
	0.113
	No

	Guiraud et al., 2011
	2011
	56
	0.76
	auditory
	frequency
	tone, complex tone
	0.135
	0.153
	No

	Roberts et al., 2011
	2011
	52
	9.62
	auditory
	frequency
	tone
	0.39
	0.198
	No

	Fan & Cheng, 2014
	2014
	40
	21.75
	auditory
	vowel, frequency
	speech, complex tone
	-0.069
	0.079
	No

	Iwanami et al., 2014*
	2014
	37
	29.35
	auditory
	frequency
	tone
	0.504
	0.105
	Yes

	Ludlow et al., 2014
	2014
	22
	13.35
	auditory
	semantic
	speech
	-0.41
	0.087
	No

	Abdeltawwab & Baz, 2015
	2015
	61
	11.29
	auditory
	frequency
	tone
	-0.363
	0.218
	No

	Donkers et al., 2015*
	2015
	67
	7.32
	auditory
	frequency, duration
	tone
	1.459
	0.35
	No

	Gonzalez-Gadea et al., 2015*
	2015
	43
	11.01
	auditory
	frequency
	complex tone
	-1.702
	0.224
	No

	Lindström et al., 2016
	2016
	23
	10.25
	auditory
	semantic
	speech
	-0.046
	0.162
	No

	Matsuzaki et al., 2017*
	2017
	33
	9.27
	auditory
	frequency
	complex tone
	-0.79
	0.184
	No

	Vlaskamp et al., 2017
	2017
	73
	11
	auditory
	frequency
	tone
	-0.255
	0.115
	No

	X. Wang et al., 2017
	2017
	31
	10.35
	auditory
	vowel, frequency
	speech, tone
	-0.115
	0.205
	No

	Yoshimura et al., 2017
	2017
	93
	4.94
	auditory
	semantic
	speech
	-0.385
	0.164
	No

	Charpentier et al., 2018
	2018
	28
	9.9
	auditory
	vowel
	speech
	-0.078
	0.131
	No

	Goris et al., 2018*
	2018
	54
	32.78
	auditory
	frequency
	tone
	-0.782
	0.144
	No

	Huang et al., 2018
	2018
	28
	9.55
	auditory
	frequency, vowel
	tone, speech
	-0.084
	0.104
	No

	Hudac et al., 2018
	2018
	133
	12.78
	auditory
	frequency
	tone
	0.053
	0.099
	No

	Lindström et al., 2018
	2018
	31
	10.25
	auditory
	frequency
	speech
	-0.129
	0.101
	Yes

	Nijhof et al., 2018
	2018
	48
	32.15
	auditory
	semantic
	one's own name
	-0.085
	0.207
	Yes

	Riva et al., 2018
	2018
	42
	1.03
	auditory
	frequency, duration
	tone
	0.292
	0.075
	No

	Grisoni et al., 2019
	2019
	42
	34.95
	auditory
	semantic
	speech
	-0.414
	0.165
	No

	Matsuzaki, Ku, et al., 2019
	2019
	25
	24.74
	auditory
	vowel
	speech
	-0.386
	0.243
	No

	Matsuzaki, Kuschner, et al., 2019
	2019
	46
	10.22
	auditory
	vowel
	speech
	-0.196
	0.218
	No

	Zhang et al., 2019
	2019
	32
	9.95
	auditory
	vowel, frequency
	speech, tone
	0.16
	0.042
	No

	Di Lorenzo et al., 2020*
	2020
	38
	14.17
	auditory
	duration, frequency
	tone
	-0.407
	0.035
	No

	Green et al., 2020*
	2020
	17
	7.92
	auditory
	vowel
	speech
	0.422
	0.098
	No

	Knight et al., 2020*
	2020
	40
	14.5
	auditory
	frequency
	tone
	-0.566
	0.087
	No

	Ruiz-Martínez et al., 2020
	2020
	31
	8.91
	auditory
	frequency
	tone
	-0.087
	0.056
	No

	Cary et al., n.d.
	2021
	26
	12.67
	auditory
	frequency
	tone
	-0.519
	0.166
	No

	Kadlaskar et al., 2021*
	2021
	28
	10.04
	auditory
	vowel
	speech
	13.93
	4.542
	No

	Piatti et al., 2021
	2021
	34
	3.13
	auditory
	frequency, vowel
	tone, speech
	-0.347
	0.11
	No

	Goris et al., 2022
	2022
	54
	35.63
	auditory
	frequency
	tone
	-0.183
	0.144
	No

	Haigh et al., 2022
	2022
	52
	28.6
	auditory
	frequency, vowel
	tone, speech
	-0.355
	0.069
	No

	Lassen et al., 2022*
	2022
	118
	11.82
	auditory
	frequency
	tone
	-1.03
	0.108
	No

	Haigh et al., 2022
	2023
	52
	31.55
	auditory
	frequency
	tone
	0
	0
	No

	Irwin et al., 2021*
	2023
	47
	9.55
	auditory
	vowel
	speech
	1.193
	0.091
	Yes

	Kabil et al., 2023*
	2023
	120
	9.92
	auditory
	frequency
	tone
	-0.64
	0.162
	No

	Mayerle, 2023*
	2023
	68
	11.06
	auditory
	frequency
	tone
	0.234
	0.034
	No

	Cary et al., 2024
	2024
	26
	12.67
	auditory
	frequency
	tone
	0.513
	 
	No

	Sokhadze et al., 2009*
	2009
	22
	18.1
	visual
	shape
	letter
	-1.862
	0.187
	Yes

	Baruth et al., 2010
	2010
	30
	14.7
	visual
	orientation
	shape
	0
	0
	Yes

	E. Sokhadze et al., 2010* 
	2010
	28
	13.55
	visual
	shape
	letter
	-1.565
	0.289
	Yes

	Key & Stone, 2012*
	2012
	35
	0.75
	visual
	identity
	face
	-0.226
	0.126
	Yes

	Clery, Andersson, et al., 2013
	2013
	24
	11.42
	visual
	shape
	shape
	0.52
	0.088
	Yes

	Clery, Roux, et al., 2013*
	2013
	26
	25.21
	visual
	shape
	shape
	1.288
	0.256
	Yes

	Westerfield et al., 2015*
	2015
	32
	32.55
	visual
	shape
	shape
	0.926
	0.161
	Yes

	E. M. Sokhadze et al., 2017
	2017
	56
	13.5
	visual
	shape
	letter
	0.038
	0.157
	Yes

	S. Wang et al., 2017
	2017
	32
	5.45
	visual
	color
	cartoon
	-0.224
	0.119
	No

	Dwyer et al., 2019*
	2019
	32
	29.56
	visual
	orientation
	face
	-1.003
	0.099
	No

	Van der Donck et al., 2019
	2019
	46
	10.5
	visual
	emotion
	face
	0.545
	0.199
	No

	Kovarski et al., 2021
	2021
	34
	26
	visual
	emotion
	face
	-0.018
	0.167
	No

	Hecker et al., 2022
	2022
	35
	40.05
	visual
	frequency
	checkerboard
	0.043
	0.125
	No

	
* Studies denoted with asterisk indicate potential outliers as identified by model
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	Supplementary Table 6.1. Studies Used for Analysis

	Authors & Publication Year
	Study Type
	N Autism
	Mean Age
	% Male
	Modalities
	Stimulus Type
	Task Description
	Response Type

	Benaroya et al., 1977
	Intervention
	6
	--
	83
	auditory, visual, motor/kinesthetic
	complex social
	word learning
	sign language

	Gold & Gold, 1975
	Basic Research
	4
	--
	75
	auditory, visual
	simple
	target detection
	key press

	Barrera et al., 1980
	Intervention
	1
	4.5
	100
	auditory, visual, motor/kinesthetic
	complex social
	word learning
	sign language, verbal language

	Kaplan et al., 2006
	Intervention
	3
	43.33
	67
	visual, olfactory/gustatory, motor/kinesthetic
	complex non-social, complex social
	occupational therapy
	follow instructions

	Pares et al., 2005
	Basic Research
	90
	--
	--
	auditory, visual, tactile, motor/kinesthetic
	complex non-social
	self-directed play
	spontaneous behavior

	Oberman & Ramachandran, 2008
	Basic Research
	10
	9.7
	100
	auditory, visual
	complex non-social, complex social
	Bouba-Kiki
	verbal

	Fava & Strauss, 2010
	Intervention
	9
	37.8
	--
	auditory, visual, tactile, vestibular, olfactory/gustatory
	complex non-social, complex social
	caregiver interaction
	spontaneous behavior

	Foss-Feig et al., 2010
	Basic Research
	29
	12.6
	81
	auditory, visual
	simple
	flash-beep illusion
	key press

	Russo et al., 2010
	Basic Research
	17
	10.36
	--
	auditory, visual, tactile
	simple, complex non-social
	watch movie
	none

	Kwakye et al., 2011
	Basic Research
	35
	12.21
	86
	auditory, visual
	simple
	temporal order judgment
	key press

	David et al., 2011
	Basic Research
	15
	35
	60
	auditory, visual
	complex non-social
	discrimination
	key press

	Magnée et al., 2011
	Basic Research
	23
	22.7
	100
	auditory, visual
	complex social, simple, complex non-social
	detection, addition
	key press

	Paton et al., 2012
	Basic Research
	17
	32.06
	82
	visual, tactile
	complex non-social
	rubber hand illusion
	written

	Cascio et al., 2012
	Basic Research
	21
	11.9
	76
	visual, tactile
	complex non-social
	rubber hand illusion
	written

	Russo et al., 2012
	Basic Research
	14
	15.8
	93
	auditory, visual
	complex non-social
	discrimination
	key press

	Brandwein et al., 2011
	Basic Research
	22
	9.2
	86
	auditory, visual
	simple
	detection
	key press

	
	Basic Research
	24
	13
	79
	auditory, visual
	simple
	detection
	key press

	Collignon et al., 2013
	Basic Research
	19
	24.5
	84
	auditory, visual
	simple
	discrimination
	key press

	DePape et al., 2012
	Basic Research
	27
	14.6
	100
	auditory, visual
	complex social
	McGurk illusion
	verbal

	Boer et al., 2013
	Basic Research
	16
	19.2
	67
	auditory, visual
	simple, complex non-social, complex social
	temporal order judgment
	key press
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	Charbonneau et al., 2013
	Basic Research
	32
	21
	94
	auditory, visual
	complex social
	discrimination
	key press

	Woynaroski et al., 2013
	Basic Research
	18
	12.33
	89
	auditory, visual
	complex social
	McGurk illusion
	key press

	Occelli et al., 2013
	Basic Research
	20
	11
	95
	auditory, visual
	complex non-social, complex social
	Takete-Maluma phenomenon
	pointing

	
	Basic Research
	15
	13
	73
	auditory, visual
	complex non-social, complex social
	Takete-Maluma phenomenon
	pointing

	Foxe et al., 2015
	Basic Research
	84
	10.82
	
	auditory, visual
	complex social
	discrimination
	verbal

	de Boer-Schellekens et al., 2013
	Basic Research
	16
	18.8
	
	auditory, visual
	simple
	temporal order judgment
	key press

	
	Basic Research
	35
	18.2
	
	auditory, visual
	simple
	discrimination
	key press

	Stevenson et al., 2014
	Basic Research
	30
	12.1
	80
	auditory, visual
	complex social
	McGurk illusion
	key press

	Stevenson, Siemann, Schneider, et al., 2014
	Basic Research
	32
	11.8
	91
	auditory, visual
	simple, complex non-social, complex social
	simultaneity judgment, temporal order judgment, McGurk illusion
	key press

	Stevenson, Siemann, Woynaroski, et al., 2014
	Basic Research
	31
	12.1
	84
	auditory, visual
	simple
	flash-beep illusion
	key press

	Wada et al., 2014
	Basic Research
	10
	11.8
	80
	visual, tactile
	complex non-social
	crossed-hands illusion
	key press

	Brandwein et al., 2015
	Basic Research
	43
	11.2
	87
	auditory, visual
	simple
	detection
	key press

	Schelinski et al., 2014
	Intervention
	14
	28.93
	71
	auditory, visual
	complex social
	pair learning
	key press

	Schauder et al., 2015
	Basic Research
	18
	12.75
	91
	visual, tactile
	complex non-social
	rubber hand illusion
	motor

	Patten et al., 2014
	Basic Research
	23
	4.62
	83
	auditory, visual
	complex non-social, complex social
	watch movie
	none

	Grossman et al., 2015
	Basic Research
	30
	11.83
	
	auditory, visual
	complex social
	watch movie
	none

	Zaidel et al., 2015
	Basic Research
	14
	15.3
	100
	visual, vestibular
	complex non-social, simple
	discrimination
	key press

	Poole et al., 2015
	Basic Research
	18
	29.8
	89
	tactile, visual, auditory
	simple
	discrimination
	key press

	Ross et al., 2015
	Basic Research
	58
	10.8
	79
	auditory, visual
	complex social
	discrimination
	verbal

	
	Basic Research
	15
	11.9
	
	auditory, visual
	complex social
	discrimination
	verbal

	Greenfield et al., 2015
	Basic Research
	29
	12.64
	94
	visual, tactile
	complex non-social
	discrimination
	verbal

	Sabatos-DeVito et al., 2016
	Basic Research
	19
	8.9
	79
	auditory, visual
	complex non-social
	look at pictures
	none
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	Scroggins et al., 2016
	Intervention
	1
	7
	100
	auditory, motor/kinesthetic, visual, tactile, vestibular
	complex non-social, complex social
	yoga
	none

	Noel et al., 2017
	Basic Research
	26
	12.3
	92
	auditory, visual
	complex social, complex non-social, simple
	simultaneity judgment
	key press

	Chmielewski et al., 2016
	Basic Research
	20
	14.8
	85
	auditory, visual
	complex social
	go/no-go
	key press

	Poole et al., 2017
	Basic Research
	18
	31
	78
	auditory, visual, tactile
	simple
	temporal order judgment
	verbal

	Gedek et al., 2018
	Basic Research
	16
	23
	88
	auditory, visual
	complex social
	rating
	key press

	Patten et al., 2016
	Basic Research
	15
	4.81
	93
	auditory, visual
	complex social
	watch movie
	none

	Stevenson et al., 2017
	Basic Research
	25
	10.8
	84
	auditory, visual
	complex social
	discrimination
	key press

	Stevenson et al., 2018
	Basic Research
	38
	12.3
	86
	auditory, visual
	simple, complex social
	temporal order judgment, discrimination, McGurk illusion
	key press

	Bao et al., 2017
	Basic Research
	20
	18.75
	80
	auditory, visual
	simple
	flash-beep illusion
	key press

	Beadle-Brown et al., 2018
	Intervention
	22
	9.16
	82
	auditory, visual, tactile, motor/kinesthetic
	complex social
	structured play
	spontaneous behavior

	Noel et al., 2018
	Basic Research
	23
	22
	87
	auditory, tactile
	simple
	simultaneity judgment
	key press

	Bolton et al., 2018
	Basic Research
	15
	21.15
	100
	auditory, visual
	complex social
	watch movie
	none

	Noel et al., 2018
	Basic Research
	46
	14.1
	76
	auditory, visual
	complex social
	simultaneity judgment
	key press

	Poole et al., 2018
	Basic Research
	22
	30.9
	
	visual, tactile
	simple
	discrimination, temporal order judgment
	key press

	Feldman et al., 2019
	Basic Research
	18
	12.42
	89
	auditory, visual
	complex social
	simultaneity judgment, McGurk illusion
	key press

	Smith et al., 2017
	Basic Research
	20
	14.55
	90
	auditory, visual
	complex non-social, complex social
	discrimination, simultaneity judgment
	key press

	Novakovic et al., 2019
	Intervention
	40
	23.7
	73
	visual, olfactory/gustatory, tactile, auditory, vestibular
	complex non-social
	self-directed play
	spontaneous behavior

	Mul et al., 2019
	Basic Research
	22
	27
	64
	visual, tactile, motor/kinesthetic, auditory
	complex non-social, complex social
	avatar illusion
	key press, written

	Supplementary Table 6.1., Cont.

	Poole et al., 2017
	Basic Research
	13
	30.46
	
	visual, tactile
	simple
	discrimination
	verbal

	Stickel et al., 2019
	Basic Research
	18
	30.72
	61
	olfactory/gustatory, auditory, visual
	complex non-social
	discrimination
	key press

	Ostrolenk et al., 2019
	Basic Research
	20
	19.21
	80
	auditory, visual
	simple
	detection
	key press

	Hense et al., 2019
	Basic Research
	33
	
	85
	tactile, auditory
	simple
	temporal order judgment
	key press

	
	Basic Research
	34.3
	
	82
	visual, tactile
	simple
	discrimination
	key press

	de Moraes et al., 2020
	Basic Research
	50
	11.3
	76
	motor/kinesthetic, visual
	complex non-social
	interception
	key press, motor

	Tietze et al., 2019
	Basic Research
	16
	39.5
	81
	auditory, visual
	complex social
	discrimination
	key press

	Webster et al., 2020
	Basic Research
	20
	18.7
	
	auditory, visual
	complex non-social
	detection
	key press

	Pegado et al., 2020
	Basic Research
	22
	22.5
	100
	auditory, visual
	complex social
	discrimination
	key press

	Molholm et al., 2020
	Basic Research
	45
	9.4
	89
	auditory, visual
	simple
	detection
	key press

	Kawakami et al., 2020
	Basic Research
	15
	28.13
	60
	auditory, visual
	simple
	temporal order judgment, flash-beep illusion
	key press

	Feldman et al., 2020
	Intervention
	4
	9.5
	75
	auditory, visual
	complex social
	simultaneity judgment
	key press

	Dunham et al., 2020
	Basic Research
	11
	10.68
	64
	auditory, visual
	complex social
	discrimination, simultaneity judgment, McGurk illusion
	key press

	Segers et al., 2020
	Basic Research
	39
	12.3
	77
	auditory, visual
	complex non-social, complex social
	watch movie
	none

	Stefanou et al., 2020
	Basic Research
	17
	12.97
	64
	auditory, visual
	simple
	detection
	key press

	Noel et al., 2020
	Basic Research
	26
	25.65
	54
	visual, tactile
	simple
	detection, discrimination
	key press

	Ainsworth et al., 2021
	Basic Research
	23
	11.91
	
	auditory, visual
	simple
	detection
	key press

	
	Basic Research
	22
	19.05
	
	auditory, visual
	simple
	detection
	key press

	Cham et al., 2021
	Basic Research
	24
	27.9
	71
	auditory, vestibular, visual
	simple
	detection, discrimination
	key press

	Wada et al., 2020
	Basic Research
	11
	28.4
	82
	visual, tactile
	complex non-social
	temporal order judgment
	key press

	Noel et al., 2021
	Basic Research
	20
	21.3
	
	visual, tactile
	simple, complex social
	detection
	key press

	Feldman et al., 2022
	Basic Research
	18
	12.58
	89
	auditory, visual
	complex social
	McGurk illusion
	key press, verbal

	Feigin et al., 2021
	Basic Research
	18
	12.1
	100
	visual, vestibular
	simple
	discrimination
	key press

	Matsuzaki et al., 2022
	Basic Research
	13
	10.92
	100
	auditory, visual
	complex non-social
	watch movie
	none

	
	Basic Research
	10
	10
	100
	auditory, visual
	complex non-social
	watch movie
	none

	Galigani et al., 2021
	Basic Research
	25
	13.12
	76
	visual, tactile
	complex non-social
	rubber hand illusion
	verbal

	Kim & Park, 2022
	Intervention
	3
	6.3
	67
	auditory, visual
	complex non-social
	self-directed play
	spontaneous behavior

	Supplementary Table 6.1., Cont.

	Unwin et al., 2022
	Intervention
	41
	8
	80
	auditory, visual, tactile
	complex non-social
	self-directed play
	spontaneous behavior

	Basadonne et al., 2021
	Intervention
	8
	24.8
	62
	auditory, visual
	complex non-social
	occupational therapy
	follow instructions

	
	Intervention
	13
	5.57
	77
	auditory, visual
	complex non-social
	occupational therapy
	follow instructions

	Feldman et al., 2022
	Intervention
	32
	14.27
	78
	auditory, visual
	complex social
	detection, discrimination
	key press

	Noel et al., 2022
	Basic Research
	31
	15.2
	84
	auditory, visual
	simple
	discrimination
	key press

	
	Basic Research
	22
	17.32
	
	auditory, visual
	simple
	discrimination
	key press

	Crosse et al., 2022
	Basic Research
	44
	8.1
	84
	auditory, visual
	simple
	detection
	key press

	
	Basic Research
	33
	11.4
	61
	auditory, visual
	simple
	detection
	key press

	
	Basic Research
	29
	14.7
	72
	auditory, visual
	simple
	detection
	key press

	
	Basic Research
	33
	24.8
	70
	auditory, visual
	simple
	detection
	key press

	Dwyer et al., 2022
	Basic Research
	36
	12.8
	92
	auditory, visual, tactile
	simple
	detection
	key press

	Feldman et al., 2022
	Intervention
	15
	14.2
	73
	auditory, visual
	complex social
	McGurk illusion, temporal order judgment
	key press

	
	Basic Research
	15
	14
	67
	auditory, visual
	complex social
	McGurk illusion, temporal order judgment
	key press

	Weiland et al., 2023
	Basic Research
	75
	44.1
	47
	auditory, visual
	simple
	simultaneity judgment
	key press

	Todd & Bahrick, 2023
	Basic Research
	21
	4.26
	95
	auditory, visual
	complex non-social, complex social
	watch movie
	none

	Ainsworth & Bertone, 2023
	Basic Research
	32
	12.31
	84
	auditory, visual
	simple
	simultaneity judgment
	key press

	Dunham et al., 2023
	Basic Research
	18
	14.2
	61
	auditory, visual
	complex social
	simultaneity judgment
	key press

	Feldman et al., 2022
	Basic Research
	20
	9.71
	65
	auditory, visual
	complex social
	McGurk illusion
	key press

	Hoffmann et al., 2023
	Basic Research
	18
	36.72
	78
	auditory, visual
	complex social
	discrimination
	key press

	Poole et al., 2024
	Basic Research
	31
	32.8
	58
	auditory, visual
	complex social
	simultaneity judgment
	key press

	Toumaian et al., 2024
	Basic Research
	23
	25.7
	87
	auditory, visual
	simple
	detection
	key press

	Ross et al., 2024
	Basic Research
	41
	19.51
	61
	auditory, visual
	complex social
	discrimination, watch movie
	verbal

	Liu et al., 2024
	Intervention
	24
	4.96
	
	auditory, visual, motor/kinesthetic
	complex social, complex non-social
	dance therapy
	dance

	Jertberg et al., 2024
	Basic Research
	496
	44.9
	37
	auditory, visual
	complex social
	McGurk illusion
	key press
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	Regener et al., 2024
	Basic Research
	26
	26.62
	100
	auditory, visual
	simple, complex non-social, complex social
	simultaneity judgment, temporal order judgment
	key press

	Purpura et al., 2024
	Basic Research
	35
	7.8
	67
	visual, tactile
	complex non-social
	discrimination
	verbal

	De Domenico et al., 2024
	Intervention
	10
	4.08
	80
	auditory, visual, tactile, olfactory/gustatory
	complex non-social
	occupational therapy (sensory exploration, gross motor skill development)
	spontaneous behavior

	Stefanou et al., 2024
	Basic Research
	15
	13.03
	67
	auditory, visual
	complex social
	discrimination
	key press
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