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Abstract

Although sensory processing challenges have been noted since the first clinical descriptions of 

autism, it has taken until the release of the fifth edition of the Diagnostic and Statistical Manual of 

Mental Disorders (DSM-5) in 2013 for sensory problems to be included as part of the core 

symptoms of autism spectrum disorder (ASD) in the diagnostic profile. Because sensory 

information forms the building blocks for higher-order social and cognitive functions, we argue 

that sensory processing is not only an additional piece of the puzzle, but rather a critical 

cornerstone for characterizing and understanding ASD. In this review we discuss what is currently 

known about sensory processing in ASD, how sensory function fits within contemporary models 

of ASD, and what is understood about the differences in the underlying neural processing of 

sensory and social communication observed between individuals with and without ASD. In 

addition to highlighting the sensory features associated with ASD, we also emphasize the 

importance of multisensory processing in building perceptual and cognitive representations, and 

how deficits in multisensory integration may also be a core characteristic of ASD.
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1 Introduction

Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder of strikingly 

high incidence that represents a major public health challenge. Recent evidence suggests that 

the incidence of ASD in the general population is now 1 child in every 68, with that number 
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being as high as 1 in 42 for boys (ADDM, 2014). This high incidence, coupled with the 

often-debilitating symptoms of ASD, result in substantial hardships at the individual, family, 

and societal levels.

The traditional core diagnostic and clinical features of ASD are weaknesses in social 

communicative abilities and the presence of restricted interests and repetitive behaviors. In 

addition, and as recently more formally recognized in the DSM-5, children with ASD also 

frequently suffer from disturbances in sensory function. Although these sensory deficits 

have only recently appeared in the diagnostic profile of ASD, they have been reported in the 

descriptions of autism dating back to the original writings of Kanner (Kanner, 1943). In fact, 

sensory abnormalities are one of the most prevalent symptoms of ASD, reported in up to 

87% of individuals (Le Couteur et al., 1989; Lord, 1995).

The historical absence of sensory features in the diagnostic definition of ASD, despite 

widespread acknowledgement of their presence, is likely a result of several factors, 

including difficulties in characterizing sensory function in a strongly empirical manner and a 

greater focus on the more readily apparent social and cognitive symptoms. Anecdotal and 

caregiver reports, however, are rife with descriptions of sensory problems in children with 

ASD, and structured questionnaires invariably identify the presence of processing challenges 

in a number of sensory domains (Baranek et al., 2006; Rogers et al., 2003; Watling et al., 

2001). Thus, the acknowledged high prevalence of sensory features in ASD, coupled with 

the emerging view that these “lower-level” sensory aspects may play an integral role in the 

better-characterized, “higher-order” differences (see below for more detail on this 

argument), demands a more empirical view into sensory contributions in ASD.

Although this examination of sensory processing in ASD must start with exploring 

differences in the processing of information within the different senses, it must also be 

extended to include the processing of information across the different senses. Indeed, it can 

be argued that such multisensory function is likely to be more strongly altered in ASD, given 

that many of the multisensory deficits observed in ASD go beyond what would be predicted 

by the individual unisensory performance. For example, deficits in multisensory integration 

are noted between children with ASD and their typically developing (TD) peers even when 

unisensory performance is unimpaired (Foxe et al., 2013; Stevenson et al., 2014c; Stevenson 

et al., 2014d, e). Furthermore, evidence for differences in connectivity between distant brain 

regions in children with ASD (Abrams et al., 2013; Assaf et al., 2010; Maximo et al., 2014; 

Plitt et al., 2015) would also suggest a propensity towards multisensory deficits. Such 

communication across regions of the cerebral cortex provides the substrate for multisensory 

processing and integration, given that it demands the coordination of information processing 

across different sensory domains (i.e., regions of visual, auditory and somatosensory cortex 

need to communicate and exchange information in order to accomplish multisensory 

integration).

The integration of information across the different senses is an essential process in the 

construction of healthy perceptual representations, and can be argued to represent one of the 

basic building blocks for the construction of cognitive representations and abilities (see 

Figure 1). Given that we live in a world in which we are continually confronted with 
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information conveyed via our different senses, an essential function of the nervous system is 

to combine and synthesize this information into a coherent perceptual whole. Whereas some 

of this information is reflective of a common source or event and needs to be integrated, 

much of it is unrelated and needs to be perceptually segregated. Failure to build an accurate 

and meaningful perceptual representation of the world around us is likely to cascade into 

higher order deficits, making it difficult to navigate and interact with our environment 

(Stevenson et al., 2014b).

Because of the importance of multisensory function for our perceptual abilities, the brain has 

a number of circuits and regions that are preferentially utilized for the combination and 

integration of information across the different senses. These multisensory regions are found 

throughout the spinal cord and brainstem and are widely elaborated within the cerebral 

cortex (Beauchamp et al., 2004; Perrault et al., 2005; Stein et al., 2014; Wallace and Stein, 

2007). Within these regions, neurons and neuronal circuits are specialized for the integration 

of information from the different sensory modalities, and frequently show marked non-

linearities in their response profiles that are associated with the active integration process 

(Beauchamp, 2005; Meredith and Stein, 1983, 1985; Stevenson et al., 2012; Stevenson et al., 

2014a; Wallace et al., 1998; Wallace et al., 1996). Rather than combining this information in 

an indiscriminant manner, these neurons and circuits appear to be strongly sensitive to the 

statistical relationships of the stimuli to one another. Thus, stimuli from the different senses 

that are spatially (Carriere et al., 2008; Ghose and Wallace, 2014; Krueger et al., 2009; 

Meredith and Stein, 1986a, 1996; Rohe and Noppeney, 2015; Royal et al., 2009) and 

temporally (Cappe et al., 2012; Cappe et al., 2009; Diederich and Colonius, 2015; Meredith 

et al., 1987; Rowland and Stein, 2014; Stevenson and Wallace, 2013; van Eijk et al., 2008) 

proximate generally result in large enhancements of neuronal response, whereas those that 

are more disparate in these domains generally fail to elicit these large enhancements, and if 

sufficiently far apart in space and/or time, can often result in dramatic depressions in 

neuronal response (Sarko et al., 2012; Senkowski et al., 2011; Senkowski et al., 2007; 

Stevenson et al., 2010; Stevenson and Wallace, 2013; Teder-Salejarvi et al., 2005; Wallace 

et al., 1996). Such a coding strategy makes a great deal of intuitive sense if we think of the 

brain as a statistical machine that is using this information to make probabilistic judgments 

about which stimuli belong together (Beck et al., 2008; Kording et al., 2007; Magnotti and 

Beauchamp, 2014; Magnotti et al., 2013; Shams, 2012).

The behavioral and perceptual benefits of multisensory integration have been shown to be 

quite impressive and to confer a highly degree of adaptive benefit (Calvert et al., 2004; 

Fetsch et al., 2010; Murray and Wallace, 2012; Stein and Meredith, 1993; Stevenson et al., 

2014a). One of the most straightforward ways to illustrate multisensory-mediated behavioral 

benefits is in the context of a simple reaction time task in which subjects are asked to press a 

button as quickly as they can when they detect a light, a sound, or a light-sound pairing. The 

speed of responses to the light-sound (i.e., multisensory) pairing is substantially faster than 

to either of the unisensory (i.e., visual alone or auditory alone) conditions, and is also faster 

than would be predicted based on pure probability summation (i.e., if one took the fastest 

response from each of the two distributions; Colonius and Diederich, 2004; Gondan et al., 

2004; Martuzzi et al., 2007; Miller, 1982; Murray et al., 2012; Schroter et al., 2007; Sperdin 

Baum et al. Page 3

Prog Neurobiol. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



et al., 2009; Todd, 1912). Such speeded responses that beat so-called “race model” 

predictions reinforce the concept that there is an active convergence and integration of the 

sensory information (Raab, 1962). Along with such behavioral advantages one can also see 

striking perceptual benefits under multisensory conditions. One of the most powerful and 

illustrative of these is the gain seen in speech intelligibility when the subject has the ability 

to see the lips of a speaker in a noisy environment (Fraser et al., 2010; MacLeod and 

Summerfield, 1987; Ross et al., 2007). Estimates suggest that the information gain in this 

situation is the equivalent of boosting the audible signal by up to 15 dB (Sumby and Pollack, 

1954).

Taking into account the importance of such multisensory integration for normal behavioral 

and perceptual processes, as well as the central role that such integration plays in social and 

communicative function (given the highly multisensory nature of our social and language 

cues), it seems plausible that disruptions in sensory function that extend beyond the 

individual modalities may be important in ASD (Stevenson et al., 2014b). In the current 

review, we present evidence for changes in both unisensory and multisensory function in the 

context of ASD, and relate these sensory-based changes to the more classical phenotypic 

and clinical features of ASD. Furthermore, we review the evidence for changes in 

neurobiological networks associated with these differences in sensory and multisensory 

processing, and attempt to frame these studies in the context of several of the prevailing 

theories of ASD. Finally, we present preliminary evidence that suggests that perceptual 

plasticity based approaches grounded in improvements in (multi)sensory abilities may hold 

promise as a remediation tool to be used in ASD treatment, and suggest that investigation of 

individual differences in sensory and multisensory function may provide valuable insights 

that will be ultimately useful in more individualized or personalized approaches to ASD 

treatment.

2 Atypical sensory processing in ASD

Despite the fact that many sensory processing issues have only been qualitatively reported 

via sources such as questionnaires and parent/caregiver reports, they have provided an 

important view into the prevalence of sensory symptoms and the broad nature of these 

changes. These sensory changes are typically not seen in just a single sensory modality 

(when examined), but rather appear to extend to multiple sensory systems including vision, 

hearing, touch, proprioception, taste, and smell (Baranek et al., 2006; Dawson and Watling, 

2000; Kasari and Sigman, 1997; Kern et al., 2007; Kientz and Dunn, 1997; O'Neill and 

Jones, 1997; Rogers et al., 2003; Talay-Ongan and Wood, 2000; Watling et al., 2001; Wing 

and Potter, 2002). Sensory processing issues in ASD can take many forms, and are generally 

divided into three main patterns: sensory hyper-sensitivity (negative reactions to low-level 

environmental stimuli generally considered to be innocuous), sensory hypo-sensitivity 

(diminished or absent responses to stimuli, including pain) and sensory seeking (strong 

desire for a particular kind of sensory experience) (Baranek et al., 2006). Furthermore, these 

sensory processing issues can be tied to the other core features of ASD, such that differences 

in sensory perception are often significantly correlated with symptom severity in other 

domains impacted in ASD such as social communication (Foss-Feig et al., 2012; Kern et al., 

2007).

Baum et al. Page 4

Prog Neurobiol. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.1 Sensory function within the individual modalities in ASD

2.1.1 Visual processing—In addition to the sensory processing issues noted with these 

more qualitative methods, a growing number of studies are using more laboratory-based 

measures, and have noted examples of both enhancements and deficits in behavioral or 

perceptual performance in individuals with ASD (de Jonge et al., 2006; Iarocci and 

McDonald, 2006). For example, those with ASD have been reported to show behavioral 

improvements when perceiving simple, non-social sensory stimuli, yet to show deficits 

when perceiving more complex stimuli (Bertone et al., 2003, 2005; Bonnel et al., 2003; 

Minshew and Hobson, 2008; Mottron et al., 2006; Ristic et al., 2005; Vlamings et al., 2005). 

The evidence for these diverging results between simple and complex stimulus processing 

has perhaps been best established within the visual system (Cavanagh and Mather, 1989; 

Chubb and Sperling, 1988; Schofield, 2000). For example, individuals with ASD have been 

shown to be better in discriminating between visual stimulus orientations that are defined on 

the basis of changes in luminance (“first-order” features, characterized at each point of an 

image independently), but to show difficulties in perceiving differences when these 

orientations are defined on the basis of contrast or textural cues (“second-order” features, 

which require detecting relationships between points of an image; Bertone et al., 2005). In 

the same study, similar differences were found for visual motion detection, with difficulties 

only seen for moving stimuli defined on the basis of second-order cues. When viewed from 

the perspective of the underlying neurobiology, these observations provide hints as to where 

within the brain sensory processing differences may arise for those with ASD. Whereas the 

processing of first-order visual features is believed to be subserved by regions of primary 

visual cortex, second- and higher-order processing is suggested to be mediated by regions 

further up the processing hierarchy (Dumoulin et al., 2003).

In a related set of observations to this simple/complex dichotomy, a great deal of evidence 

suggests that individuals with ASD have either normal or enhanced performance in tasks 

that rely on the analysis of stimulus detail, but may have difficulties when this detail needs 

to be integrated in order to form a holistic image. One of the most powerful and frequently 

used tools in teasing apart these differences is the Embedded Figures Test (EFT; Bertone et 

al., 2005; de Jonge et al., 2006; Happé, 1996; Jolliffe and Baron-Cohen, 1997; Joseph et al., 

2009; Kemner et al., 2008; Minshew et al., 1997; O'Riordan and Plaisted, 2001; Shah and 

Frith, 1983; Shah and Frith, 1993). In the simplest example of this test, children are asked to 

report on the number of simple geometric objects (e.g., triangles) that are embedded within a 

holistic object (e.g., a clock). Children with ASD are often significantly better at counting 

the number of simple shapes within the larger image, but often show decreased performance 

in identifying the larger holistic image.

As is the case with much of ASD research, these results can be interpreted in a variety of 

ways and there is still significant debate surrounding these observations. Thus, although 

there is good consensus around the idea that individuals with ASD do indeed tend to focus 

on local visual detail, some suggest that attention may play an underappreciated role in 

contributing to the observed differences in sensory function. For example, when they are 

undirected, individuals with ASD tend to focus more on the local relative to the global 

aspects of a visual image when compared with their TD peers (Plaisted et al., 1999). This 
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can be seen in tasks that utilize composite letters where small letters (local element) are 

grouped to form a larger letter (global element; Navon, 1977). However, when explicitly 

directed to use global focus (i.e., identify the large letters), individuals with ASD perform 

the same as their TD peers (Deruelle et al., 2006; Mottron et al., 2003; Mottron et al., 2006; 

Plaisted et al., 1999; Wang et al., 2004), supporting the idea that some of these performance 

differences may be a result of differences in attentional scope as opposed to sensory 

processing per se.

An additional distinction that can be drawn in assessing visual function in ASD is the classic 

dichotomy between so-called “where” versus “what” processes (Ungerleider and Haxby, 

1994). In this traditional division, the dorsal visual stream (i.e., the where stream) begins 

within the magnocellular layers of the lateral geniculate nucleus (LGN) and continues 

through areas V1, V2, and then MT before projecting to regions of parietal cortex involved 

in spatial analyses. In contrast, the ventral visual stream (i.e., the what stream), which begins 

in the parvocellular layers of the LGN, projects to V1, V2 and then to V4 and finally areas 

of the inferotemporal cortex important in form and featural analyses.

In ASD, there is evidence for alterations in both dorsal and ventral stream functions, 

although there remains little consensus on the exact nature of these deficits. A great deal of 

research has focused on motion processing in ASD, a presumptive function of the dorsal 

stream. Several comprehensive reviews of visual function in autism (Dakin and Frith, 2005; 

Simmons et al., 2009) highlight the tremendous disparity in the results of studies designed to 

assess visual motion processing in ASD, with evidence ranging from no differences relative 

to TD controls (Bertone et al., 2003; Del Viva et al., 2006; Vandenbroucke et al., 2008), to 

significant changes on a series of motion coherence tasks (Milne et al., 2002; Pellicano et 

al., 2005; Spencer et al., 2000). One area of motion processing that appears to have the 

strongest evidence for differences is in the perception of biological motion. Although a 

number of these studies are suggestive of changes in motion processing networks (Blake et 

al., 2003; Freitag et al., 2008; Herrington et al., 2207), which likely link to the local versus 

global distinctions discussed earlier, it can extremely difficult to tease out the respective 

contributions of altered sensory function and elements associated with changes in social 

cognition. Furthermore, in a comparative analysis of visual motion versus form perception, 

it was found that although children with ASD indeed showed deficits in visual motion tasks 

(with the strongest changes being seen in biological motion processing), that a large portion 

of this could be accounted for by differences in higher-order cognitive factors (Koldewyn et 

al., 2010).

In a similar manner to that seen for the dorsal stream, the picture of ventral stream 

contributions to visual dysfunction in ASD remains complex and unresolved. The most 

notable focus of these studies has been in the realm of face processing (reviewed in 

Behrmann et al. (2006), Simmons et al. (2009)), where deficits in both patterns of gaze and 

face recognition have been well established. In order to establish these differences as a result 

of changes in ventral stream function, and not due to the high social valence of face stimuli, 

it is necessary to show that changes extend to stimuli beyond faces and that are processed by 

the ventral stream. Efforts to do this have focused on objects, and have indeed shown 

evidence for weaknesses in the processing of objects in children with ASD (Behrmann et al., 
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2006; Koldewyn et al., 2013). Once again, more work is needed in order to parse out 

whether these differences in ASD are a direct result of changes in visual sensory function, or 

whether they stem from differences in cognitive capacities such as attention and executive 

function and that consequently impact performance.

2.1.2 Auditory processing—Studies of auditory processing and perception in ASD show 

a pattern of results similar to those seen for visual perception, with difficulties appearing to 

manifest more as the complexity of the auditory information increases. Indeed, the pinnacle 

of this can be viewed as the processing of the most complex form of auditory information – 

social-communicative signals (O'Connor, 2012) – in which individuals with ASD are 

frequently impaired. In processing the simple features of an auditory signal, such as its 

loudness, children with ASD often show intact performance (Bonnel et al., 2010; Jones et 

al., 2009). Similar results (and perhaps a tendency toward enhanced performance relative to 

their TD counterparts) have been observed with other low-level auditory features such as 

frequency (Heaton et al., 1999; Jones et al., 2009; Mottron et al., 2000).

The dichotomy between the processing of simple and complex auditory information in ASD 

can perhaps best be seen in a trio of studies by Järvinen-Pasley and colleagues (Järvinen-

Pasley and Heaton, 2007; Järvinen-Pasley et al., 2008a; Järvinen-Pasley et al., 2008c). In 

this work, participants were presented with spoken sentences and asked to make a judgment 

on either the pitch or semantic content of the sentence. Individuals with ASD outperformed 

their TD peers on pitch perception, but underperformed on the perception of sentence 

content. In addition, when low-level features that are built on pitch but that are socially and 

communicatively relevant (such as in prosody) are examined, a striking decrease in 

perception in individuals with ASD emerges (Golan et al., 2006; Golan et al., 2007; 

Järvinen-Pasley et al., 2008b; Kleinman et al., 2001; Lindner and Rosén, 2006; Mazefsky 

and Oswald, 2007; Peppé et al., 2007; Philip et al., 2010). These decreases associated with 

the processing of socio-communicative auditory information can even be seen in simple 

orienting tasks, where individuals with ASD (though showing reduced orienting abilities to 

all stimulus types) show an exaggerated difficulty in orienting to socially relevant auditory 

stimuli including, but not limited to, speech (Dawson et al., 1998; Dawson et al., 2004; Kuhl 

et al., 2005; Paul et al., 2007). These studies highlight one of the complications in 

interpreting the results on complex auditory processing in ASD, since speech and language 

cues are laden with social information (in addition to the basic auditory content).

2.1.3 Processing within other exteroreceptive sensory modalities—Although 

much of the sensory research that has been conducted in ASD focuses on auditory or visual 

processing alone (perhaps because the connection to social communication function is most 

easily apparent), tactile processing plays a prominent role in social development (Myers, 

1984), suggesting that it may also be an important modality to examine for differences in 

ASD. Furthermore, abnormalities in tactile responsiveness are one of the most frequently 

reported sensory-processing challenges reported by parents of children with ASD (Rogers et 

al., 2003; Tomchek and Dunn, 2007). Therefore, studying and quantifying responses to 

tactile stimuli in a more empirical manner will provide important clues to understanding 

ASD neurobiology and symptomology.
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As with the visual and auditory modalities, examination of low-level tactile tasks in ASD 

has revealed some evidence for enhanced performance, including decreased detection 

thresholds to high frequency (200Hz) vibrations (Blakemore et al., 2006) and low frequency 

(33Hz) vibrations (Cascio et al., 2008). Other studies report no difference in tactile 

thresholds in children with ASD compared with TD (O'Riordan and Passetti, 2006), but 

have found a strong correlation between scores from the touch and emotional subsets of the 

Sensory Profile questionnaire (Guclu et al., 2007), suggesting a possible emotional 

component to sensory processing. Still other studies have reported that children with ASD 

show increased thresholds when asked to localize a static (no change in amplitude over 

time) stimulus, but no differences in thresholds for the detection of a dynamic (amplitude 

increasing over time) stimulus (Puts et al., 2014). Collectively this work reveals a mix of 

findings in regards to tactile function in ASD, which is likely due to wide variations in the 

type of stimuli used and the site of stimulation on the body. Future work needs to employ a 

more systematic approach to better characterize basic elements of tactile processing and 

perception in ASD.

Other work has revealed that sensory disturbances and difficulties also extend to the 

chemical senses. Taste aversions are a frequently reported symptom of individuals with 

ASD (Cermak et al., 2010; Kral et al., 2013). Common factors for food refusal that are 

greater in children with ASD compared with TD include texture/consistency, taste/smell, 

mixtures, brand, and shape (Hubbard et al., 2014). Using the sweet taste test, Damiano and 

colleagues found that individuals with ASD show the same sensitivity and pleasurable 

effects of sweet taste as individuals with TD, suggesting that taste aversions may be specific 

to certain kinds of flavors as opposed to overall gustatory function (Damiano et al., 2014). In 

the olfactory domain, individuals with ASD rate odors as less pleasant compared with 

individuals with TD (Hrdlicka et al., 2011). However, within a group of individuals with 

ASD, detection thresholds and identification accuracy were not correlated with ASD 

severity (Dudova and Hrdlicka, 2013).

2.1.4 Interoceptive processing—Finally, recent work suggests that a focus on the 

interoreceptive senses may reveal intriguing differences between those with ASD and those 

considered TD. Differences in vestibular and proprioceptive processing are a robust 

observation in the ASD literature (Ornitz, 1974), and are a major focus of sensory 

integration therapy (Ayres and Tickle, 1980; Smoot Reinert et al., 2014). Individuals with 

ASD seem to show a greater reliance on proprioceptive information (Haswell et al., 2009; 

Masterton and Biederman, 1983) but poor postural control (Minshew et al., 2004; Molloy et 

al., 2003). Furthermore, it has been shown empirically that children with ASD show an 

enhanced ability to track their own heartbeat over long internals compared with children 

with TD (Schauder et al., 2015a). These results, coupled with the social deficits observed in 

ASD, suggest that individuals with ASD may preferentially attend to internal, as opposed to 

external, sensory cues. Clearly, much more work is needed to explore how sensory function 

differs across different stimuli and individuals differences in perceptual styles in ASD.

2.1.5 Shared differences across sensory systems in autism—One of the 

outstanding questions in sensory research into autism is the specificity of the observed 
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deficits to a single sensory modality. Stated a bit differently, we can ask the question of 

whether the sensory deficits and/or processing alterations transcend modality distinctions. 

Such a perspective has critical mechanistic connotations, as a more multisensory account of 

ASD would shift the neurobiological focus away from the processing architecture of a 

particular sense and on to neurobiological networks regulating more global functions such as 

executive control, attention, and temporal processes.

Unfortunately, one of the major limitations of ASD research to date has been a traditional 

focus upon a single sense (reviewed in this sections above), limiting our ability to generalize 

across the different modalities. Indeed, such a pansensory perspective on ASD has been 

much of the driving force in studies that are increasingly focusing on examinations of 

multisensory function, and by extension, that are attempting to tease out the respective 

contributions of changes within and across the different sensory systems.

2.2 Differences in the integration of information across sensory modalities

The ubiquity of these sensory-processing differences in ASD, coupled with the evidence that 

these differences frequently span multiple modalities, suggest that we may want to 

conceptualize sensory issues in ASD from a broader and more “multisensory” perspective. 

In fact, emerging evidence strongly supports the presence of specific multisensory 

processing deficits in ASD that extend beyond those predicted on the basis of changes 

within the individual sensory modalities (Brandwein et al., 2012; Dunn et al., 2002; Foss-

Feig et al., 2010; Kern et al., 2006; Kientz and Dunn, 1997; Kwakye et al., 2011; Leekam et 

al., 2007; Ornitz et al., 1977; Ornitz et al., 1978; Rogers et al., 2003; Russo et al., 2010; 

Stevenson et al., 2014b; Stevenson et al., 2014c; Stevenson et al., 2014d, e; Watling et al., 

2001). For example, children with ASD do not benefit as much as children with TD from 

seeing the additional visual information provided by a speaker's face while performing a 

speech-in-noise task (Foxe et al., 2013). These differences in multisensory performance 

appear to be related to a reduced ability to perceptually bind individual pieces of sensory 

information into a coherent unified percept. Furthermore, Foxe and colleagues’ finding 

suggests that this difference in integration between individuals with and without ASD is 

largest in conditions where there is a low signal-to-noise ratio, the very conditions in which 

multisensory integration is most beneficial (Meredith and Stein, 1986b; Ross et al., 2011; 

Stevenson and James, 2009; Stevenson et al., 2015). Recent work in the realm of visual-

vestibular integration, however, suggests that individuals with ASD may be able to integrate 

information in an optimal fashion but have a poor tolerance for noise (Zaidel et al., 2015). 

Whether this is a more general feature of multisensory perception in ASD or unique to self-

motion perception is a matter of ongoing work.

Like the unisensory processing differences described above and in which individuals with 

ASD exhibit intact or even enhanced processing of simple stimuli and difficulties processing 

of more complex stimuli (Bertone et al., 2005; Minshew and Hobson, 2008), differences in 

processing capabilities in multisensory perception also vary according to stimulus type and 

complexity. One example of multisensory integration of simple stimuli can be seen in the 

sound-induced flash illusion (SIFI), where an individual is presented with a single flash of 

light paired with multiple beeps in rapid succession. The participant is asked to count the 
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number of flashes while ignoring the beeps, yet the ignored beeps frequently induce the 

illusory perception of multiple flashes (Shams et al., 2000). Importantly, this illusion uses 

simple, non-speech stimuli, and appears to be diminished in children with ASD (Stevenson 

et al., 2014e).

Speech, which is an inherently complex multisensory signal, shows a much stronger 

tendency to be differentially affected in ASD when compared with the processing of non-

speech stimuli (Bebko et al., 2006; Mongillo et al., 2008; Stevenson et al., 2014c). This 

difference in perceptual integration or binding can be readily demonstrated using the 

McGurk effect (McGurk and MacDonald, 1976), an audiovisual illusion in which an 

individual is presented with an auditory stimulus of a speaker uttering one syllable (e.g. 

“ba”) paired with a visual stimulus of the speaker articulating another syllable (e.g. “ga”). 

Subjects frequently perceive the speaker to be saying an entirely different syllable (e.g. “da” 

or “tha”), reflecting a perceptual synthesis of the auditory and visual channels. Most studies 

have concluded that individuals with ASD are less likely to report this perceptual fusion, 

with their choices typically reflecting the auditory stimulus (i.e., “ba” (de Gelder et al., 

1991; Irwin et al., 2011; Mongillo et al., 2008; Stevenson et al., 2014c; Stevenson et al., 

2014d; Williams et al., 2004), though this finding has not been universal (Iarocci et al., 

2010; Woynaroski et al., 2013).

Outside of the audiovisual domain, the rubber hand illusion is another multisensory illusion 

(relying on the integration of visual and tactile information), to which children with ASD 

show differential susceptibility, requiring a longer exposure to synchronous brushing of the 

real and rubber limb in order to perceive the illusory percept (Cascio et al., 2012a). In the 

spatio-temporal domain, children with ASD also show reduced illusory reversal of temporal 

order judgments in the crossed hand illusion (Wada et al., 2014). Thus, across both a number 

of both simple and more complex sensory illusions that rely on integration for the illusory 

percept, individuals with ASD seem to show multisensory integration to a lesser extent than 

their TD peers based on their reduced susceptibility to these illusions.

The temporal effect observed in the crossed-hand illusion reflects one of the core findings in 

regards to altered multisensory function in ASD. The processing of the temporal relations of 

sensory inputs across modalities, which is a strong cue as to which inputs should be 

integrated or bound, has reliably been shown to differ in individuals with ASD. Individuals 

with ASD are less likely than their TD peers to detect an asynchrony between an auditory 

and visual stimulus (Kwakye et al., 2011; Stevenson et al., 2014c) and less accurate at 

making audiovisual temporal-order judgments (de Boer-Schellekens et al., 2013). The 

perception of multisensory illusions such as the McGurk effect (Woynaroski et al., 2013) 

and the sound-induced flash illusion (Foss-Feig et al., 2010) are less influenced by temporal 

discrepancies between the auditory and visual presentations in ASD children when 

compared with their TD peers. Using eye tracking, researchers have shown that individuals 

with ASD do not show the typical gaze preference for synchronous over asynchronous 

audiovisual presentations (Bebko et al., 2006). Indeed, differences in eye movement patterns 

between individuals with ASD and TD present an important potential confound in 

interpreting sensory studies in ASD (Papagiannopoulou et al., 2014), as eye gaze patterns 

are known to differ in certain contexts (Guillon et al., 2014).
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Similar to the results from unisensory studies and studies of more general multisensory 

function, multisensory temporal acuity differences in ASD also appear to be shaped by the 

nature of the stimuli that are being combined. All studies save one (Grossman et al., 2009) 

agree that multisensory temporal processing differences are seen with speech stimuli (Bebko 

et al., 2006; de Boer-Schellekens et al., 2013; Grossman et al., 2015; Stevenson et al., 

2014c; Woynaroski et al., 2013). Results are in less agreement with non-speech stimuli, 

where some have found no difference between individuals with and without ASD (Bebko et 

al., 2006; Stevenson et al., 2014c) while others have found differences (de Boer-Schellekens 

et al., 2013; Foss-Feig et al., 2010; Kwakye et al., 2011). Perhaps most importantly, 

regardless of the stimuli used, studies have shown that individuals with ASD who show 

better multisensory temporal acuity show more typical patterns of speech perception 

(Stevenson et al., 2014c) and higher levels of receptive language functioning (Patten et al., 

2014), suggesting a strong link between low-level sensory processing and higher-level 

symptomology in ASD.

One of the key aspects of the multisensory work conducted to date in ASD have been efforts 

to parse whether changes in unisensory function are sufficient to account for the observed 

multisensory changes. Indeed, processing deficits within a sensory modality will 

undoubtedly result in processing changes when indexing multisensory function, and 

consequently can call into question claims of any degree of multisensory specificity 

regarding the documented changes. In large measure, most of the studies detailed above not 

only measure multisensory function, but also entail a battery of unisensory “control” 

experiments in an effort to describe both unisensory and multisensory deficits. Although 

some of these studies have shown little change in unisensory function despite substantial 

changes in multisensory performance (Foxe et al., 2013; Stevenson et al., 2014c; Stevenson 

et al., 2014d, e), others have illustrated a complex pattern of differences that are ultimately 

difficult to interpret (Brandwein et al., 2012; Kwakye et al., 2011; Russo et al., 2010).

Part of the challenge in this regard is determining the proper combinatorial model to predict 

multisensory function from the respective unisensory correlates. For example, if there is a 

10% difference in auditory performance and a 10% difference in visual performance 

between groups, what is the expected resulting audiovisual performance? This question is 

still largely undetermined and likely affected by both task constraints and stimulus 

properties, but the problem is being made increasingly tractable with the development of 

sophisticated models of multisensory function which help tease apart the relative 

contributions of sensory inputs and integration processes.

3 Theories of altered sensory and cognitive functioning in ASD

Since the first clinical descriptions of autism in the 1940's, much work has been done in an 

effort to provide an overarching theory that would link the multifaceted set of symptoms that 

accompany ASD. Given the heterogeneity of ASD symptomology, a cogent model should 

explain how such diverse symptomology can be encompassed under a single mechanism or 

set of mechanisms, how ASD differs from other developmental disabilities, and, for the 

purpose of the current review, how the increasingly recognized sensory and multisensory 

changes can be captured by the model. Highlighting the complexity of the disorder and 
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perhaps the changes in diagnostic criteria, though a number of theories have been put forth 

to date, no strong consensus yet exists as to a “unifying” theory or view on ASD. 

Nonetheless, each of these theories (several of the most popular of which are detailed below) 

has interesting components that provide insight into ASD neurobiology. Although these 

theories are often espoused as distinct theoretical and mechanistic viewpoints, many of these 

views have marked commonalities with one another.

In the following sections we provide a brief description of several of the prevailing and best-

established theories of ASD, and try to frame these theories through the lens of sensory 

function. As highlighted earlier, the benefit of viewing ASD through such a filter is that 

sensory differences are one of, and to date the most common, issue observed in ASD, and 

much of our cognitive and social representations are built upon sensory input. For example, 

to infer sarcasm (which is often difficult for individuals with ASD), one must not only 

analyze the incoming auditory information to understand the literal meaning of the words, 

but also be able to process the shifts in frequency and prosodic cues that are layered with 

linguistic content. Visual information in the form of facial movements and body “language” 

such as gesture and posture provide additional information. In many circumstances, touch 

adds additional information to the signal. Thus, the integration of information across the 

different senses serves as a bridge between sensory processing and the resultant sensory 

representations and the higher-order social and cognitive abilities and representations.

3.1 Theory of mind

One of the most highly espoused theories of ASD revolves around the concept of Theory of 

Mind (ToM) (ToM, Baron-Cohen, 1989). This theory suggests that those with ASD have a 

diminished ability to imagine motives and feelings outside of their own mind, and thus have 

profound deficits in social communicative interactions. Within such a framework, those with 

ASD have great difficulty inferring information about the feelings and thoughts of those 

with whom they should be interacting. The initial evidence for this theory came from the 

“transfer of false belief test,” in which a story is told about a doll who believes that an item 

is in a location that the participant knows is false. The vast majority (i.e., 80%) of children 

with ASD were unable to correctly assess what the doll knew about the location of the item. 

While the results of the original study may have been accounted for partially by differences 

in verbal mental age (Happé, 1995), additional research has shown that this finding holds 

even when accounting for such individual differences (Happé, 1994).

Neuroimaging studies that have examined the neuronal correlates of ToM tasks frequently 

reveal active regions of the upper bank of the superior temporal sulcus (STS, associated with 

biological motion perception; Blake et al., 2003), as well as inferior frontal regions 

(including the putative ‘mirror neuron’ system), and the anterior cingulate cortex/medial 

prefrontal cortex (Frith and Frith, 1999; van Veluw and Chance, 2014). One area that has 

been strongly implicated in ToM abilities is the temporoparietal junction (TPJ). For 

example, in TD adults Gallagher and colleagues found significant activation of TPJ 

bilaterally when participants were viewing stories and cartoons that required ToM abilities 

compared to control cartoons and stories that did not require ToM abilities (Gallagher et al., 

2000). In comparison, the evoked neural response in the medial prefrontal cortex and right 
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TPJ to ToM cartoons is reduced in children ASD, and these differences in activation patterns 

also correlate with ASD symptom severity (O'Nions et al., 2014). Both reduced functional 

connectivity and reduced white matter integrity has been observed in individuals with ASD 

in multiple ToM associated areas (Kana et al., 2014), further supporting the connection 

between weakened ToM abilities and the observed neuronal processing of such ToM tasks 

in individuals with ASD.

When framed in the context of sensory function, compromised ToM abilities could be a 

result, at least in part, of changes in sensory and multisensory function. The ability to infer 

the actions of others is a result of the collective processing and integration of sensory 

information from a number of sensory modalities. Thus, if the integrity of the early sensory 

processing streams, or the later integration across these different streams is altered in ASD, 

then such alterations could weaken ToM processes. Two of the presumptive brain regions 

mediating ToM function, the STS and TPJ (see above), receive convergent input from a 

variety of sensory domains and have been shown to play important roles in the integration of 

this information (Beauchamp et al., 2012; Downar et al., 2000, 2001; James et al., 2011; 

Shulman et al., 2003; Stevenson et al., 2007; Stevenson and James, 2009). Failure to register 

and appropriately integrate incoming sensory inputs, particularly inputs conveying social 

content, would make inferring the feelings and thoughts of others very difficult.

3.2 Weak central coherence

An alternative hypothesis regarding the neurobiology of ASD is a concept known as weak 

central coherence (WCC; Burnette et al., 2005; Frith and Happé, 1994). Across both lower-

level sensory and higher-level cognitive and perceptual processing, meaning is built through 

the active integration of information across wide swaths of the processing hierarchy. For 

example, understanding the meaning of a complex visual scene is based not on the 

individual components but rather on the holistic processing of these components into a 

meaningful image (Oliva and Torralba, 2006). The theory of WCC is built on observations 

that individuals with ASD often focus on local details rather than the global picture (for a 

review see Happé, 1999). Harkening back to some of the sensory findings presented earlier 

in this review, evidence for this theory comes from performance on tasks like the Embedded 

Figures Test (EFT), in which those with ASD often outperformed neurotypical subjects 

when focused on counting the number of figures that make up the larger image, but in which 

these individuals are impaired in the holistic level processing (Witkin et al., 1971). 

Furthermore, initial work suggested that individuals with ASD might be less susceptible to 

visual illusions, which also generally occur as the result of Gestalt processing (Bolte et al., 

2007; Ropar and Mitchell, 2001). However, work by Brosnan and colleagues have shown 

that individuals with ASD may actually be just as susceptible to visual illusions, but that the 

key in revealing this is in how the question is framed in the task. For example, on the 

Müller-Lyer illusion, individuals with ASD report the illusory percept when asked which 

line looks longer, but are not susceptible when asked which line is longer (Brosnan et al., 

2004) .

Neuroimaging evidence in support of WCC has come in several different forms. In 

functional magnetic resonance imaging (fMRI) study, Lee and colleagues found that 
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children with ASD performing the EFT showed activation in only a subset of the cortical 

network observed in children with TD (Lee et al., 2007b). Among the inactive regions in 

children with ASD was the left dorsolateral and medial prefrontal cortex, as well as the 

bilateral ventral temporal cortex, which was interpreted as supporting a model of weak top-

down control in perception. A later fMRI study of the EFT found not only reduced 

activation of the same visuospatial network, but also reduced connectivity between frontal 

areas and visuospatial areas (Damarla et al., 2010). A consistent finding in neuroimaging 

work in ASD research is indeed changes in connectivity, with many studies showing 

reduced long range connectivity in individuals with ASD (Glazebrook and Wallace, 2015; 

Kikuchi et al., 2015). This further supports the role of connectivity in atypical perceptual 

processing in ASD.

As for ToM, the WCC model can also be seen as partly reflective of changes in sensory 

function, most notably in the context of multisensory integration. Thus, at its core, WCC 

suggests limited communication and connectivity between regions of the brain that should 

be strongly linked and whose coherence is necessary for more holistic level processing.

3.3 The predictive-coding hypothesis

A theory of ASD that is rapidly gaining credibility is the notion that individuals with ASD 

do not have a robust historical representation of the world. This lack of a probabilistic 

“map” of the world makes it difficult for those with ASD to predict upcoming events, and 

this lack of predictive coding thus limits interactions with the external environment 

(Pellicano and Burr, 2012; Sinha et al., 2014; van Boxtel and Lu, 2013; Van de Cruys et al., 

2014).

A framework for understanding how sensory inputs and past experience interact has been 

formally defined using approaches grounded in Bayesian statistics, where a generative 

model is built that specifies inputs, a mechanism for internal probabilistic perception, and a 

behavioral (or neural) output (Pizlo, 2001; Pouget et al., 2003). In a Bayesian framework, 

poor predictive coding can be thought of as having a weak (flat) prior probability 

distribution (Lawson et al., 2014) – that is, the individual does not know how likely an event 

is to occur in the real world. In this view, sensory-based performance differences may arise 

not from changes in the fidelity of the incoming sensory information, but rather from 

weaknesses in the ability to compare the incoming sensory stream with a statistical model of 

the world.

Although the predictive coding theory is a fairly new idea in ASD research, existing 

behavioral studies can be readily interpreted with this model in a way that provides a 

unifying mechanism across domains. For example, a common observation of children with 

ASD is an insistence on sameness and repetitive behaviors. Within a predictive coding 

framework, these behavioral patterns can be interpreted as a way of limiting contact with an 

endlessly novel world. Repetitive behaviors like stimming could be explained as an 

intentional act to limit novel sensory input. Furthermore, difficulties in inferring mental 

states can similarly be traced to errors in predicting current states based on past experience. 

Pellicano and colleagues utilized an adaptation paradigm called the face-identity aftereffect 

where exposure to a particular face identity biases subsequent perception towards a different 
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face identity (Pellicano et al., 2007). This can be seen as evidence of updating our world 

representation with past experience, which is then compared to incoming sensory 

information. In this study, children with ASD showed a reduced face-identity aftereffect, 

indicating that they were less affected by previous sensory experience. Additional evidence 

for this reduced impact of past sensory experience can be found in studies of mismatch 

negativity (MMN), where the enhanced response to the deviant stimulus in an oddball 

paradigm is absent or weaker in children with ASD, and has been observed with tone bursts 

(Abdeltawwab and Baz, 2015), emotional voices (Fan and Cheng, 2014), and words and 

pseudowords (Ludlow et al., 2014). In an MEG study of resting state activity in individuals 

with ASD and TD, analysis of the active information storage (AIS), defined as mutual 

information in successive time points in a signal, found reduced AIS in the hippocampus in 

individuals with ASD compared with TD (Gomez et al., 2014), indicating that neural 

information was less predictable in individuals with ASD.

Within the context of alterations in predictive coding, it is easy to extend this concept to 

sensory and multisensory function. Indeed, some of the most characteristic symptoms of 

ASD include hyper- (Gomot et al., 2002) and hypo-sensitivity to sensory cues, which could 

readily result because of a constantly unpredictable world. In such a scenario, even if the 

incoming sensory information is relatively normal, it is being combined with central 

representations that are poorly matched to the incoming signals, and thus that may result in 

either an extreme or absent response.

3.4 Reduced sensory precision and reliability

A related model to the predictive coding concept is grounded in reliability, and suggests that 

those with ASD may have greater variability (i.e., less reliability) in their behaviors and 

perceptions, and that these changes in reliability are related to changes in the variability of 

neural response patterns (Perez Velazquez and Galan, 2013). Thus, this model posits that 

differences in sensory processing occur in the actual representation of the sensory inputs 

themselves instead of a weak statistical representation of the world, as in the predictive 

coding model. While much of the neuroimaging work in ASD has focused on relative 

differences of activation (over or under) in individuals with ASD across different brain 

networks, more recent work has also investigated the possibility that differences in ASD 

may not be necessarily found in only differences in activation, but also may be associated 

with differences in the reliability of behavioral performance (Geurts et al., 2008) or evoked 

neural responses (Coskun et al., 2009; Dinstein et al., 2012; Haigh et al., 2014; Milne, 

2011). This work suggests the importance of not only characterizing response magnitudes 

across the brain to different tasks, but also the distribution of responses across trials as an 

important facet of neuronal and behavioral responses.

Although not necessarily restricted to sensory systems, these changes in reliability may 

begin as early as the initial sensory processing streams, and may actually be amplified as 

one adds additional noise at each level of the processing hierarchy. One possible mechanism 

that may underlie such internal noise is an imbalance of excitatory and inhibitory neural 

responses, which is in itself an account of ASD.
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3.4 Imbalance in excitatory and inhibitory processes

As in all homeostatic systems, within the brain excitation and inhibition exist in a 

competitive balance that confers varying degrees of adaptive plasticity and stability on the 

organism. One suggestion in ASD is that the normal balance between excitation and 

inhibition is changed, with the prevailing view that excitation may be increased (greater 

glutamateric signaling) and inhibition may be reduced (less GABAergic signaling; 

Rubenstein and Merzenich, 2003). Because glutamatergic and GABAergic signaling are 

involved in a wide array of cortical functioning (including sensory, social, and emotional 

systems), these global changes in excitation and inhibition could help explain the wide array 

of deficits observed in ASD. In general, hyper-excitability in the cortex would lead to poor 

differentiation of cortical maps, which would impair processing across a number of neural 

systems. Furthermore, abnormal excitability may help explain hypersensitivity in sensory 

processing—if a sensory input evokes an abnormally large cortical response, the experience 

may be overwhelming for individuals with ASD. Using simple sensory (auditory and visual) 

stimuli, Green et al. (2013) found increased activation in individuals with ASD in both 

primary sensory cortices as well as in the amygdala, hippocampus, and orbital-frontal 

cortex, suggesting that changes in sensory function have a cascading impact on brain regions 

involved in social, emotional and cognitive processing. Furthermore, the level of activity in 

these areas was positively correlated with sensory over-responsivity scores and behavioral 

anxiety ratings.

Techniques such as magnetic resonance spectroscopy (MRS) now allow for the in vivo 

measurement of various biochemical compounds like neurotransmitters and their 

metabolites in human subjects. These MRS studies in children with ASD have found 

reduced GABA (the major inhibitory neurotransmitter) levels in auditory and motor cortex 

(Gaetz et al., 2014) and frontal cortex (Kubas et al., 2012). However, these studies have yet 

to link these changes in neurotransmitter levels to phenotypic characteristics such as social 

communication.

Consistent with the concept of a shift in the excitation/inhibition balance toward greater 

excitability, there is a high degree of comorbidity between ASD and epilepsy. Thus, studies 

have shown that approximately 30% of individuals with ASD reporting seizures (Gillberg 

and Billstedt, 2000), and that 50-70% of children with ASD show abnormal electrical 

activity during sleep (Lewine et al., 1999).

Because of the fundamental importance of excitation and inhibition for normal sensory 

function, it is easy to reconcile changes in this balance with changes in sensory function. 

Indeed, excitation and inhibition work in concert in order to build the filter sets that are 

critical in not only shaping the nature of the incoming sensory streams, but also in creating 

the features that are best represented within specific cortical regions. Even a small 

imbalance in the excitatory/inhibitory ratio could have dramatic impact on these filters and 

the representations built from them (Foss-Feig et al., 2013; Snijders et al., 2013).

Baum et al. Page 16

Prog Neurobiol. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.5 Temporal binding hypothesis

Another brain-based explanation of ASD, and which has many unifying features with other 

theories such as ToM and WCC is the temporal binding hypothesis (Brock et al., 2002). This 

hypothesis proposes that the processes used to synchronize activity within neural networks, 

specifically synchronization of high-frequency gamma oscillations, are impacted in ASD. 

Disruption in such neural integration across brain regions may account for many of the 

experimental findings in ASD with the specific prediction that cognitive abilities that require 

integrated action across brain regions will be impacted. This theory is particularly germane 

in the context of multisensory function, which by definition entails the communication and 

synchronization of information transfer across broad regions of the cerebral cortex. One 

hypothesized mechanism for this information transfer across broad regions is the phase reset 

and synchronization of ongoing oscillatory activity (Diederich et al., 2012; Fries, 2005; 

Lakatos et al., 2007; Mercier et al., 2013; Varela et al., 2001), which may be impacted in 

ASD (Buard et al., 2013; Khan et al., 2013; Milne et al., 2009). Perturbations in these 

communication processes, particularly within the temporal domain, could have strong 

negative impact on the network functions that serve to bind the features of the sensory world 

into a unified and coherent perceptual construct.

4 Evidence for alterations in neural processing relevant to sensory function 

in ASD

4.1 Using functional MRI to probe altered neuronal circuits in ASD

In an effort to understand the brain basis of ASD, a number of neuroimaging approaches 

have been employed to investigate the underlying neuronal differences in individuals with 

ASD compared with TD, and to link those findings to the different behavioral patterns 

represented in ASD symptomology. One of the most powerful of these is magnetic 

resonance imaging (fMRI), which has been used to understand some of the structural and 

functional differences between the autistic brain and the neurotypical brain, and to relate 

these differences to the observed symptoms in ASD. A benefit of MRI studies is the 

excellent spatial localization of the signal, allowing a high-resolution view into the impacted 

brain areas. Because of the number of MRI studies that have been done in ASD, and because 

of the nature of the current review, we will focus the following on MRI studies with a strong 

sensory emphasis or that relate in some way to differences in sensory function.

4.1.1 fMRI studies of visual processing in ASD—A number of neuroimaging efforts 

have focused on examining vision and visual cortical processing in ASD. In terms of basic 

organization of visual space (ratio of central vs. peripheral representation) in the visual 

cortex, individuals with ASD appear very similar to individuals with TD (Hadjikhani et al., 

2004). However, receptive fields in extrastriate cortex (V2, V3, and V4) appear to be larger 

in individuals with ASD (Schwarzkopf et al., 2014). Intriguingly, in this study the size of the 

receptive fields were positively correlated with autistic traits (as measured by the Autism 

Quotient questionnaire), but not with behavioral measures like orientation and direction 

discrimination.
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Echoing behavioral findings of visual performance in individuals with ASD, evidence for 

deficits in both the “where” and “what” pathways of visual processing can also be found in 

neuroimaging data. In terms of simple visual processing like motion coherence, Robertson 

and colleagues found reduced activation in two areas of the dorsal visual stream, primary 

visual cortex as well as the middle temporal area, in individuals with ASD despite similar 

performance to individuals with TD (Robertson et al., 2014), which was interpreted as 

reflective as global differences in the neural circuitry underlying visual perception. Whether 

these global changes are indicative of more or less efficient processing is not immediately 

clear. In a visual change detection task, adults with ASD performed at the same level as 

adults with TD, but showed greater activity in bilateral occipital cortex, but decreased 

activity in frontal (superior and middle frontal gyri bilaterally) cortex (Clery et al., 2013). In 

a meta-analysis of ASD visual processing fMRI studies, Samson and colleagues found 

overall greater activity across a number of occipital, temporal, and parietal regions in 

individuals with ASD in face, object, and word perception studies (Samson et al., 2012).

Perhaps the greatest area of focus in neuroimaging (and perceptual) work in the domain of 

vision has been on face processing. In addition to the well-established deficits in behavioral 

and perceptual studies of face processing (Boucher and Lewis, 1992; Harms et al., 2010; 

Papagiannopoulou et al., 2014), numerous imaging studies have shown reduced activation in 

the fusiform face area (FFA) in individuals with ASD (Corbett et al., 2009; Hubl et al., 

2003; Pierce et al., 2001), indicating changes to the ventral visual stream. Indeed, individual 

differences in the severity of autistic symptoms have been shown to correlate with activation 

of the FFA, with greater symptom severity negatively correlated with right FFA activity 

(Scherf et al., 2015). A robust finding in these studies is a reduction in the amount of 

repetition suppression seen in response to the repeated presentation of faces, again 

suggestive of altered activation in visual cortical regions involved in face processing 

(Ewbank et al., 2014; Fiorentini et al., 2012). Additional work has extended these results to 

show that altered neural processing of faces is also related to individual differences in social 

communication (Pellicano et al., 2007).

In addition to the FFA, the posterior STS (pSTS) is also an integral node in the face-

processing network, and in ASD has been shown to have atypical functional responses to 

faces (Pierce et al., 2001), including faces conveying social information (Zilbovicius et al., 

2006). This functional difference in pSTS response to visual faces in ASD is further backed 

by findings of differential functional connectivity (Just et al., 2004; Koshino et al., 2005; 

Koshino et al., 2008), anatomical structure (Boddaert et al., 2004; Boddaert and Zilbovicius, 

2002; Boddaert et al., 2009; Brunelle et al., 2009; Levitt et al., 2003), and structural 

connectivity (Boddaert et al., 2004; Conturo et al., 2008; Lange et al., 2010; Lee et al., 

2007a). Because the pSTS is also a key node in the multisensory integration network, future 

studies should examine both multisensory and social stimulus processing in the pSTS.

4.1.2 fMRI studies of auditory processing in ASD—Functional MRI studies of 

auditory function in ASD have revealed striking differences in activation patterns across a 

wide range of auditory stimuli. In an auditory detection task using simple tone stimuli, 

individuals with ASD performed equivalently to their TD peers, and fMRI showed similar 

activation in temporal cortex but greater activation of right prefrontal and premotor cortex as 
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well as left inferior parietal cortex in individuals with ASD during the detection task (Gomot 

et al., 2008). In another study, evoked responses to complex (i.e., frequency modulated) 

non-social sounds were diminished in non-primary auditory cortical regions (anterolateral 

and posterior superior temporal gyrus (STG)) in individuals with ASD (Samson et al., 

2011). Moving up the complexity hierarchy, children with ASD showed reduced responses 

in the STS (an area of robust activation voices in TD individuals) in response to a social 

auditory stimulus (voice), but similar responses to their TD counterparts with non-vocal 

(environmental) sounds (Gervais et al., 2004). Finally, in a study comparing the perception 

of language versus songs in children with ASD, reduced activation was observed in the left 

IFG and STG for speech stimuli, but greater activation was observed during song perception 

relative to TD controls (Sharda et al., 2014).

4.1.3 fMRI studies of tactile processing in ASD—In a study focused on tactile 

perception, individuals with ASD were shown to exhibit reduced responses for pleasant or 

neutral textures presented to the hand, but displayed a greater response to stimulation with 

an unpleasant texture in the posterior cingulate and insula (Cascio et al., 2012b). Together, 

these sensory studies suggest that different types of stimuli may utilize neural networks 

differently, prompting the need to explore multiple stimulus types to fully understand and 

characterize sensory processing in ASD.

4.1.4. fMRI studies of social stimuli in ASD—In addition to these studies that have 

focused on the processing of simple sensory stimuli, the processing of more complex social 

stimuli has also been of great interest, given the social communication deficits observed in 

ASD. As previously highlighted, much of this work has focused on speech and the 

processing of faces, but additional studies have also shed important light on differences in 

cortical activation patterns in response to social stimuli. For example, in response to 

socially-awkward situations, reduced activation of the right TPJ and pSTS , areas implicated 

in ToM processes (see above), has been observed in individuals with ASD (Pantelis et al., 

2015). While children with ASD are less accurate in detecting sincerity or irony, they 

exhibit greater activation of the right IFG, and many temporal regions bilaterally, interpreted 

as reflecting the additional effort required for individuals with ASD to intuit mental states 

(Wang et al., 2006).

4.1.5 fMRI studies of multisensory processing in ASD—Surprisingly little work 

has been done to examine multisensory networks and multisensory integration using fMRI 

in individuals with ASD. Doyle-Thomas and colleagues used an emotion-labeling task and 

found that teens with ASD were impaired at correctly identifying emotional faces (visual 

only condition), but showed intact performance for emotional voices (auditory only 

condition) and face/voice pairs (audiovisual condition; Doyle-Thomas et al., 2013). 

Although both teens with ASD and their TD peers showed greater activation in the 

multisensory condition compared to the unisensory condition, individuals with ASD seemed 

to activate a different network than the individuals with TD, suggesting alternate processing 

networks are utilized for certain tasks despite similar performance. Future work will need to 

systematically test differences in activation in network function for multisensory compared 
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to unisensory input, and to relate these differences back to differences in performance at the 

behavioral level.

4.1.6 Functional and structural connectivity studies in ASD—As highlighted in 

the earlier section on theories concerning the brain basis of ASD, one of ideas strongly 

based in neuroimaging data is that it is a connectivity disorder. That is, the observed deficits 

in ASD arise from poorly connected neural networks (Hughes, 2007), with nodes unable to 

effectively transfer and integrate information. Some of this work has come from task-based 

functional connectivity studies, where task evoked activity is examined and the correlation 

of response between regions is examined. The reduced network connections observed in 

individuals with ASD include those between the FFA and inferior frontal and ventral and 

middle temporal area during visuospatial and face processing. (Kleinhans et al., 2008), 

Studies have also found reduced connectivity between the pSTS and regions implicated in 

reward circuitry (including ventral tegmental areas, nucleus accumbens, insula, and 

orbitofrontal cortex) suggesting that some kinds of social stimuli do not evoke the same 

rewarding response in individuals with ASD as they do in individuals with typical 

development (Abrams et al., 2013). In addition to task-specific connectivity, further work 

has shown that the default mode network (DMN), which is active when the brain is not 

performing an explicit task and is a commonly associated with intact connectivity (Greicius 

et al., 2003), may be impacted in ASD. For example, individuals with ASD fail to fully 

deactivate the DMN, a sign of weak neural coherence between disparate brain regions, 

during speech processing (Hesling et al., 2010).

In addition to studies of functional connectivity, structural connectivity of white matter 

tracts can also be imaged using an MRI technique known as diffusion tensor imaging (DTI). 

In these studies, fractional anisotropy, a measure of the organization of fiber bundles, has 

been shown to be reduced in ASD compared to TD in regions including the STG (Lee et al., 

2007a), fronto-striatal tracts (Langen et al., 2012), and parieto-occipital tracts (Chang et al., 

2014). These changes on the structural level mirror the findings of reduced functional 

connectivity, suggesting that decreases in connectivity are a core and consistent feature of 

ASD.

4.1.7 Resting-state studies of ASD—One of the imaging methods of choice in ASD 

has been resting state fMRI (i.e., spontaneous, non task-evoked activity; Biswal et al., 1997), 

because it does not entail a task and hence is not fraught with some of the practical problems 

seen with more traditional task-based fMRI studies (most notable task compliance). Many of 

these studies focus on the DMN. In individuals with ASD, functional connectivity between 

regions in the DMN network show reduced connectivity (Cherkassky et al., 2006), and the 

magnitude of connection strength between DMN nodes is inversely correlated with the 

severity of social and communication difficulties (Assaf et al., 2010). Studies of resting state 

connectivity consistently show reliable differences between ASD and TD, but have yet to 

surpass behavioral measures as a diagnostic tool (Plitt et al., 2015).

Unfortunately, many resting state fMRI studies are plagued with interpretational confounds. 

Motion can spuriously increase correlations between areas because movement across the 

head is correlated. Therefore, much work has been done to attempt to ameliorate the effects 
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of motion in resting state fMRI that analyze functional connectivity. However, these efforts 

to reduce the effects of motion can actually introduce artifacts into the data. In the case of 

resting state fMRI, certain kinds of data scrubbing have been shown to artificially increase 

short-range connectivity and decrease long range connectivity (Gotts et al., 2013). Because 

these findings align nicely with some theories of ASD, special caution must be taking when 

interpreting resting state studies of functional connectivity with individuals with ASD.

4.2 EEG studies of ASD

EEG studies of sensory processing have also provided a good deal of insight into how 

sensory processes differ between individuals with and without ASD. Furthermore, EEG 

studies are relatively practical in this population; unlike fMRI, EEG does not require the 

same levels of stillness or exposure to loud scanning noises, which can be quite a challenge, 

particularly in children with ASD. EEG studies also have the benefit of high temporal 

fidelity, allowing an experimenter to assess at which processing stage atypical sensory 

processing takes place.

4.2.1 EEG studies of visual processing in ASD—Studies of visual processing in 

ASD using EEG reveal a series of varied and occasionally divergent results. Individuals 

with ASD show stronger responses to high spatial frequency stimuli, but weaker responses 

to low spatial frequency stimuli (Vlamings et al., 2010). Those with ASD also show atypical 

N170 responses to faces, specifically when the faces are attended (Churches et al., 2010). 

Also, individuals with ASD exhibit increased inter-trial variability in visual evoked 

potentials (Haigh et al., 2014), suggesting that not only the amplitude but also the reliability 

of the evoked neural response to sensory stimuli may contribute to sensory issues.

Because of the high temporal resolution of EEG, in addition to traditional event related 

potential (ERP) analyses, time-frequency analyses can also shed light on differences in 

neural processing between groups. In general, oscillations at different frequency bands 

observed in EEG are thought to reflect the ability of the brain to coordinate the 

communication of information across separate populations of neurons. This synchronization 

of activity through oscillatory activity has been proposed to facilitate the binding of 

information across a number of perceptual and cognitive processes (Basar et al., 1999; 

Herrmann et al., 2015; Klimesch, 1999; Pulvermuller et al., 1997). Thus, in addition to 

changes in visual evoked potentials, the overall coherence of neural activity between early 

visual areas is also reduced in ASD (Isler et al., 2010), and abnormal gamma-band 

oscillations, thought to be involved in perceptual binding of sensory information, is atypical 

in individuals with ASD in response to both face (Grice et al., 2001) and non-face stimuli 

(Brown et al., 2005). In addition to atypical gamma-band power, differences in the alpha 

band, thought to be important in cognitive processing, have also been observed, including 

decreased inter-trial alpha-band phase coherence during a visual spatial discrimination task 

(Milne, 2011), and decreased alpha-band power in a cued intersensory attention task 

(Murphy et al., 2014). Overall, these findings support the view that individuals with ASD 

are less able to bind information, a crucial function for not only sensory but also perceptual 

and cognitive processing.
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4.2.1 EEG studies of auditory processing in ASD—Studies using EEG have been 

most heavily applied in the auditory domain (for a review see Marco et al. (2011)). 

However, much as what has been seen in behavioral, perceptual and neuroimaging work, 

these studies have provided conflicting results. At the level of the auditory brainstem 

response (ABR), a derivative method of EEG that focuses on the ascending auditory 

pathway, a number of studies have found differences between children with and without 

ASD. Some of the reported findings include longer III–V interpeak latency (Kwon et al., 

2007; Rosenhall et al., 2003) and decreased wave III amplitude (Källstrand et al., 2010) in 

individuals with ASD, suggestive of changes in the auditory brainstem and midbrain. 

However, a number of studies have failed to replicate these differences (Courchesne et al., 

1984; Courchesne et al., 1985; Dunn et al., 2008). Surprisingly, even at the level of the 

brainstem, individuals with ASD show atypical patterns of activity in response to complex 

stimuli when compared with simple stimuli (Russo et al., 2009; Russo et al., 2008), 

reflecting the behavioral performance differences discussed earlier.

Studies of auditory evoked potentials (AEP), reflecting the processing of sound in auditory 

cortical regions, have also produced disparate results. Whereas several of these studies have 

shown faster AEP latencies in those with ASD (Ferri et al., 2003; Martineau et al., 1984), 

others have shown the opposite pattern (Bruneau et al., 2003; Cardy et al., 2008). 

Preliminary evidence also suggests that AEP differences may be predictors of language 

function (Bruneau et al., 2003; Cardy et al., 2008). Greater AEP amplitudes originating from 

the right temporal cortices (N1c) are correlated with increased verbal and non-verbal 

communicative skills (Bruneau et al., 2003), and latency of the right hemispheres AEP 

(particularly the M50 component) are accurate predictors of language impairment. These 

results further support the idea that sensory processing, even at subcortical and early cortical 

levels, may be significantly related to higher-order impariments in ASD.

4.2.3 EEG studies of tactile processing in ASD—Very little work has been done to 

examine evoked responses to touch with EEG. Using median nerve stimulation, Miyazaki 

and colleagues found that some children with ASD showed abnormal somatosensory evoked 

potentials (Miyazaki et al., 2007). Furthermore, they observed a greater disturbance in the 

response when stimulating the left vs. right median nerve, suggesting increased hyperactivity 

in the right vs. left hemisphere. With an oddball paradigm, a greater P3 response to novel 

somatosensory stimuli was observed in children with ASD compared to children with 

typical development, ADHD, or dyslexia (Kemner et al., 1994). Future work should utilize 

both traditional psychophysics as well as EEG to examine the neural correlates of potentially 

heightened evoked sensory responses in ASD.

4.2.4 EEG studies of multisensory processing in ASD—In addition to this EEG 

work focused on the processing of information within specific senses, several studies have 

also used EEG methods to focus on the integration of information across the different 

senses. Given that ERPs have such high temporal fidelity, one of the most relevant questions 

posed in EEG studies is where in the stages of sensory integration deficits emerge. Children 

with ASD show decreased multisensory integration as early as 100 ms post stimulus 

presentation, and appear to recruit different neural networks to accomplish this integration 
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(Brandwein et al., 2012). Through contrasting semantically congruent and incongruent 

audiovisual presentations, it was determined that the differences in integration in ASD were 

the result of differences in early perceptual processing as opposed to later semantic 

operations (Russo et al., 2012). These perceptual differences were linked to changes in 

latency as well as in the networks recruited to support the perceptual processing. Indeed, this 

concept of individuals with ASD using a different network of brain regions than their TD 

peers to perform auditory and visual tasks, known as differential recruitment, has been a 

common one (Samson et al., 2012). Furthermore, changes in early multisensory integration 

as measured through EEG (between 100-130 ms post stimulus) have been significantly 

correlated with clinical severity of ASD, suggesting that integrative abilities may be 

intrinsically linked to core symptomology (Brandwein et al., 2015). While differences in 

integration measured with EEG have primarily focused on audiovisual integration, similar 

results have also been found in auditory-somatosensory responses, with individuals with 

ASD showing weaker and delayed neural signatures of integration around 175 ms post 

stimulus (Russo et al., 2010).

5 Plasticity and remediation therapies in ASD

Although little consensus exists as to the precise neurobiological substrates impacted in 

ASD (likely a result, at least in part, of the marked heterogeneity of the disorder), it should 

be clear from the above that sensory features frequently accompany ASD, and that these 

sensory issues may play an important and underappreciated role in domains of dysfunction 

such as social communication. With this as a backdrop, it is interesting to consider how 

efforts to change sensory performance might impact higher-order functional domains. Stated 

a bit differently, if diminished sensory abilities contribute to higher-order differences in 

social communication, could improvements in sensory abilities result in improvements in 

these domains?

A great deal of work has been done within this area of sensory or perceptual plasticity in 

neurotypical populations, and has successfully shown that marked performance 

improvements can be achieved through training. The vast majority of this work has been 

carried out within individual sensory systems, and has shown that very simple sensory-based 

judgments and abilities, such as Vernier acuity (vision), frequency discrimination (auditory) 

and two-point discrimination (tactile), can be greatly improved using training approaches in 

which subjects are receiving feedback on the basis of their ongoing judgments (Kaas et al., 

2013; Lev et al., 2014; Zaltz et al., 2010; Zhou et al., 2006). Although fascinating, these 

studies have also reinforced that these training-based improvements rarely extend beyond 

the trained task. For example, improvements in Vernier acuity do not transfer to 

improvements in any other tasks of visual spatial acuity (Mckee and Westhe, 1978). These 

findings have greatly limited the larger applicability of these sensory training regimens, 

since their ability to transfer or generalize to more real-world functions are generally absent.

Recently however, we have found that such lack of generalization is not the case following 

multisensory training and feedback. Thus, we found that when subjects (typically developed 

young adults) are asked to perform a simultaneity judgment on paired audiovisual stimuli, 

but in the presence of feedback, marked improvements in temporal acuity were seen, not 

Baum et al. Page 23

Prog Neurobiol. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



only in the trained task and stimuli (i.e., simultaneity judgment regarding the timing of 

flashes and beeps), but also in different temporally-constrained tasks using different stimuli 

(e.g., the McGurk effect and the sound-induced flash illusion). Furthermore, multisensory 

performance also improved following training within an individual sensory system (i.e., 

vision), suggesting that unisensory changes can cascade into multisensory representations 

(Stevenson et al., 2013). Such results suggest that the limitations of transfer may not apply 

to multisensory systems, possibly because multisensory tasks are deliberately indexing 

communication across wide regions of the cortical network. Indeed, follow up neuroimaging 

studies have identified a network of brain regions, that include regions of auditory and visual 

cortices, and that appears to be orchestrated by the pSTS, an area commonly implicated in 

audiovisual integration (Beauchamp et al., 2008; Hein and Knight, 2008; Hocking and Price, 

2008; James et al., 2009; James and Stevenson, 2012; James et al., 2012), as the key nodes 

whose activity is altered following such multisensory training (Powers et al., 2012).

The presence of such generalization provides hope for the application of multisensory 

methods toward improving sensory function in ASD, for if we can train children with ASD 

to integrate audiovisual stimuli over shorter temporal intervals, these improvements in 

temporal integration may cascade up into higher-order networks. If we think about the 

practical applications of such a set of results, audiovisual temporal training might result in 

the construction of stronger and more accurate speech representations. Ongoing work is 

examining the feasibility of such multisensory-based training approaches. If this work 

proves promising, a future goal would be to add (multi)sensory training regimens into the 

behavioral toolbox that is used for skill building in children with ASD.

It is vitally important that these plasticity-based conceptual approaches toward ASD 

treatment be grounded in a rigorous empirical foundation. Thus, although sensory 

integration therapy (SIT) is one of the most commonly employed approaches used in ASD 

treatment and therapy, it is strongly founded in the subjective judgments of the occupational 

therapists administering the training. Furthermore, SIT training is based on a somewhat 

different conceptual foundation than that presented above, with the major emphasis being 

exposure to a wide array of sensory information in an effort to improve how this information 

is integrated with cognitive representations. Although such an approach makes a great deal 

of practical sense, it also often precludes the ability to draw strong empirical conclusions 

because of the highly individualized nature of the caregiver judgments and consequent 

treatment decisions. Here we argue for a more empirically-based approach in which children 

are administered a battery of sensory and multisensory tasks to characterize performance, 

and which will provide the clearest possible picture as to how sensory and multisensory 

factors contribute to the puzzle of ASD. We believe that such a base characterization can 

then be used to tailor individual treatment approaches, as the task battery will specifically 

identify areas of weakness that can then be targeted for more directed improvement. Such a 

personalized or precision approach to ASD treatment would mimic contemporary advances 

that are being made in cardiovascular health and cancer therapy (Morini et al., 2015; Santos 

et al., 2015).
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6 Conclusions and future directions

As should be clear from the contents of this review, much more needs to be done to further 

our views as to the neurobiological underpinnings of ASD. The purpose of this review is to 

place an emphasis on better understanding the sensory contributions to this complex and 

heterogeneous disorder, which to date have been both poorly recognized and poorly 

characterized. Although there is now increased recognition and appreciation for a role for 

sensory dysfunction in the context of ASD, this work is still in its earliest stages, and better 

empirical characterization of sensory function and dysfunction in ASD is sorely needed.

While a growing number of studies have begun to examine sensory processing in ASD, they 

often continue to focus on a single task or small subset of tasks within a specific sensory 

modality. Future work needs to expand this paradigm such that we are measuring a number 

of facets of unisensory (i.e., vision alone, audition alone, touch alone) and multisensory 

function within the same children. Only with such an approach will we be able to dissect out 

the sensory-specific changes from the more amodal (domain general), supramodal (cross 

domain), or multisensory changes. In addition, only with a rigorous characterization of the 

changes within the senses will we be able to tease out the specificity of the changes for 

integration across the different sensory systems.

This work to understand the respective contributions of unisensory and multisensory 

function in ASD will also greatly benefit from the application of sophisticated 

computational and modeling approaches. Indeed, using modeling frameworks such as 

Bayesian approaches to cue combination (Seilheimer et al., 2014), the unique impact on 

multisensory function can begin to be assessed by building models based on changes in 

unisensory performance. The benefit of using such an approach would allow for the ability 

to model hidden, internal states of an observer, as opposed to response probabilities alone, 

which are often unable to distinguish between multiple possible differences in sensory 

processing mechanisms. For example, the predictive coding model of ASD proposes a 

dramatically different sensory processing and integration strategy (flat prior, high precision 

in sensory representation) compared to the variability model of ASD (same prior distribution 

as individuals with TD, poor precision in sensory representation). Here Bayesian approaches 

can begin to tease apart differences in prior distributions vs. high noise in representations of 

sensory inputs. Furthermore, possible changes in the combination of cues (i.e. suboptimal 

integration) can also be tested.

In a similar fashion, neuroimaging-based research into ASD needs to acknowledge the 

contribution of sensory networks to the broader patterns of change in functional activation 

and connectivity patterns. Future work therefore should not only focus upon activity changes 

in individual brain regions and networks that are known to be central for the higher-order 

areas of weakness seen in ASD (i.e., areas instrumental in social communication such as the 

amygdala, pSTS, and TPJ), but also attempt to better elucidate how sensory brain regions 

are communicating with these regions. These functional (and structural) connectivity-based 

approaches are being increasingly employed in the study of ASD, but still often focus on 

higher-order networks

Baum et al. Page 25

Prog Neurobiol. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In addition to focusing upon changes in sensory and multisensory function, future work also 

needs to be more expansive in regards to relating changes in sensory perception and 

performance to changes in domains of acknowledged clinical weakness such as social 

communication and repetitive behaviors. Thus, as described earlier, although some work has 

shown intriguing relationships between changes in multisensory temporal function and 

changes in speech and language abilities, these types of relational studies need to be greatly 

expanded. Such work can be very powerful when viewed from the perspective of relating 

performance on a battery of tasks to evaluate sensory function with a battery of tasks for 

evaluating clinical and cognitive performance. The correlational analyses derived from such 

comparisons across these tasks will likely shed important light on how various facets of 

sensory performance underpin higher cognitive abilities.

In addition to these correlational analyses within the various phenotypic domains and the 

neuroimaging work to understand differences in brain function and connectivity, future 

work needs to attempt to link between these large areas of research emphasis, and also to 

relate these findings to the genetic diversity that characterizes ASD. Thus, although efforts 

have been made to look at genotype-phenotype relations in ASD (Bruining et al., 2014; 

Chang et al., 2015; Schauder et al., 2015b; Veatch et al., 2014), and to relate structural and 

functional imaging features to either genotype or phenotype (Hedrick et al., 2012; Raznahan 

et al., 2012; Wiggins et al., 2012; Wiggins et al., 2014), little has been done to bridge across 

these three areas, and even less has been done to incorporate sensory features and sensory 

networks into these analyses. Although such work will be laborious and resource intensive, 

it will only be with such an integrated approach that we will be able to reveal new and 

important relationships that provide key insights into the marked heterogeneity that 

characterizes ASD. Given the complex grouping of symptoms observed in ASD, the most 

powerful characterization of this disorder will likely come from a multifaceted profile of 

performance across a wide variety of tasks within individual subjects. Deconstructing this 

heterogeneity using individual differences across a wide range of domains will also likely be 

crucial for advancing treatment and therapeutic strategies in ASD.

Finally, much more work is necessary to examine the shared characteristics of autism with 

other neuropsychiatric conditions. Indeed, recent emphases in psychiatric research have 

advocated a shift away from a slavish adherence to strict diagnostic criteria and have instead 

suggested a more nuanced dimensional-based perspective toward elucidating the 

mechanistic underpinnings of psychiatric disease. This Research Domain Criteria (RDoC) 

framework, advocated by the National Institutes of Mental Health (Insel et al., 2010), 

focuses on specific characteristics or phenotypic traits that may be shared across conditions 

but that may be grounded in a common neurobiological process.

Examples of conditions that share common characteristics with autism range from dyslexia 

to schizophrenia. In the context of dyslexia, a profound reading disability, there appear to be 

shared deficits in the temporal acuity within which audiovisual stimuli are integrated, a 

finding that may map on to common circuit changes across these conditions (Wallace and 

Stevenson, 2014). For schizophrenia, the distinctions are more complex, but each disorder 

has elements of a disturbed sense of self, which may relate to differences in multisensory 

constructs such as the representation of peripersonal space. Indeed, autism and 
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schizophrenia may represent opposing ends of a continuum of self-representation, and in 

which the former is characterized by greater weighting of self (versus other) and the latter is 

characterized by a greater weighting of factors beyond the self (and thus the propensity to 

hallucinations, etc.). Such examples serve to illustrate the power of the dimensional 

approach, as these opposing extremes may represent the ends of a continuum spectrum 

linked to a common set of neurobiological processes (Eicher and Gruen, 2015; Wible, 

2012).

Ultimately, application of these more dimensional approaches, in addition to revealing 

mechanistic commonalities that cross diagnostic borders, offers great promise in advancing 

our understanding of the neurobiology of autism, given that such an emphasis greatly 

expands the palate of experimental approaches that bear on the pathophysiology of autism.

Abbreviation list

ASD Autism Spectrum Disorder

DSM-5 Diagnostic and Statistical Manual of Mental Disorders

EFT Embedded Figures Test

TD Typically developing

SIFI Sound Induced Flash Illusion

ToM Theory of Mind

WCC Weak Central Coherence

STS Superior temporal sulcus

TPJ Temporal parietal junction

fMRI Functional magnetic resonance imaging

AIS Active Information Storage

GABA γ-Aminobutyric acid

MRS Magnetic resonance spectroscopy

FFA Fusiform face area

STG Superior temporal gyrus

IFG Inferior frontal gyrus

DMN Default mode network

DTI Diffusion tensor imaging

EEG Electroencephalography

AEP Auditory evoked potentials

SIT Sensory Integration Therapy

SERT Serotonin transporter
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Box 1: Animal models of ASD

As highlighted by the name, Autism Spectrum Disorder represents a complex and 

heterogeneous developmental disability of multifactorial etiology. A great deal of work 

has focused on identifying genetic risk factors for ASD, and the list of susceptibility 

genes now numbers well over 100, with many of these coding for proteins critical in 

developmental processes such as synapse formation and maintenance (De Rubeis et al., 

2014). Familial and twin studies have illustrated the complex heritability patterns 

associated with ASD. Thus, in a recent study of over 2 million children in Sweden, the 

cumulative probability at age 20 of being diagnosed with ASD ranged from 12.9% for 

individuals with a full sibling who also had a diagnosis of ASD to 59.2% for 

monozygotic twins (Sandin et al., 2014). These numbers were in stark contrast to an 

incidence rate of 1.2% for individuals without a family history of ASD.

Despite this emphasis on autism genetics, it is almost certain that environmental factors 

play an important role in the pathophysiology of autism. Although little consensus exists 

as to these factors, it is generally accepted that only with an understanding of the 

complex interplay between genes and environment that we will be able to make great 

strides in elucidating the pathophysiology of ASD (Hallmayer et al., 2011; Hertz-

Picciotto et al., 2006).

The complexity of autism and the mysteries in regards to its pathophysiological bases has 

spurred tremendous interest in the development of animal models that recapitulate 

various aspects of ASD. Many of these models are structured so as to examine the 

contribution of specific genes to phenotypic behavioral features, such as repetitive 

behaviors, social interactions and communicative function. Because of the powerful 

molecular genetic tools now available, much of this work has been carried out in rodent 

models (Esclassan et al., 2015; Oguchi-Katayama et al., 2013; Wohr and Scattoni, 2013).

One example of these animal-model directed studies has focused on the transporter for 

the neurotransmitter serotonin. Hyperserotonemia (elevated levels of circulating 

serotonin) is found in 30% of children with ASD, and rare variants of the serotonin 

transporter (SERT) have been associated with autism (Sutcliffe et al., 2005). The most 

common of these variants, known as SERT Ala56, was found to be overtransmitted in 

autism protobands, and was associated with both rigid-compulsive behavior and sensory 

aversions (Veenstra-VanderWeele et al., 2012). A mouse model of this SERT variant has 

been created, and has served as powerful tool in teasing out the biochemical and 

behavioral impacts of altered serotonin signaling and homeostasis. Most strikingly, these 

SERT Ala56 mice exhibit changes in social interactions, stereotypic behaviors, and 

communication signaling that map back on to the major clinical categories of dysfunction 

in ASD. Such work establishes an animal model with both construct and face validity and 

that will allow mechanistic insights into ASD pathophysiology that lay the groundwork 

for the development of novel treatments.

In an effort to evaluate sensory contributions in the context of this model, our laboratory 

has recently developed a multisensory behavioral assay for mouse that seeks to explore 

sensory and multisensory function (Siemann et al., 2014). In this work, mice are trained 
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to detect and approach auditory and visual targets, and the pairing of audiovisual stimuli 

results in marked improvements in task accuracy. Ongoing work is now examining how 

visual, auditory and audiovisual function is altered in SERT Ala56 mice. If changes are 

seen in the multisensory behavior of these animals, this will further amplify the validity 

of this model, and creates the opportunity for neurophysiological experiments structured 

to identify circuit-based differences in multisensory function.
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Box 2: Sensory Integration Therapy- lack of empirical evidence

One of the most frequently employed clinical treatment approaches for ASD is sensory 

integration therapy (SIT). Based on the historical foundation of theory and work of Jean 

Ayres and her colleagues (Ayres and Mailloux, 1983; Ayres and Tickle, 1980; Slavik et 

al., 1984), the approach is firmly grounded in Ayres model of sensory integration, which 

highlights the importance of combining information from the different senses for 

activities of daily life, including learning, motoric behavior and emotional regulation. 

The theory has become a practical foundation for the field of occupational therapy (OT), 

whose practitioners are important caregivers and treatment providers in those with ASD.

In SIT protocols, children are often placed in rich sensory environments, where treatment 

regimens are structured in a highly individualized manner in order to appropriately target 

the child's sensory processing challenges. A frequent emphasis of these treatments is on 

the domains of vestibular and proprioceptive function, with exercises structured to 

improve balance, coordination and sensorimotor function. In addition, touch is a 

frequently targeted sensory system, and SIT protocols often involve deep pressure in an 

effort to ameliorate sensory and regulatory dysfunction.

Although increasingly practiced in children with ASD, SIT approaches continue to sit on 

a weak empirical foundation. Part of this is a function of the highly individualized 

treatment approaches and protocols, which are tailored toward the specific challenges of 

the child and which are frequently adapted based on the judgments and clinical 

observations of the occupational therapist. Although such customized treatments make a 

great deal of sense within the framework of the child's specific problems, they also 

greatly limit the ability to draw broader conclusions about the efficacy of SIT in a larger 

context and the generalizability of the results across children. Furthermore, the choice of 

treatment options in generally made on the basis of clinical observations, with limited use 

of more objective measures.

Future efforts within this arena should seek to combine the clinical expertise of the OT 

community with more empirically based evaluative processes and treatment protocols 

derived from our psychophysical and neurobiological knowledge bases in ASD. Efforts 

to manualize SIT treatment approaches are currently underway, and should seek to 

incorporate, wherever possible, psychophysical and neuroimaging assessment. This 

synthetic approach could not only better tailor treatment regimens based on objective 

sensory measures, but could also provide a powerful tool to evaluate the efficacy of these 

therapeutic endeavors.

Baum et al. Page 49

Prog Neurobiol. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

-Although sensory processing problems are common in ASD, they are poorly 

characterized.

– There is increasing recognition of the prevalence and importance of multisensory 

processing changes in ASD.

-Sensory and multisensory representations form the building blocks of higher-order 

cognitive representations.

- Hence low-level sensory changes in ASD are likely to impact domains such as 

social communication.

- Remediation approaches that focus on sensory function may hold promise in ASD 

treatment.
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Figure 1. 
Conceptual view of the relationship between sensory processing and ‘higher-order’ 

perceptual and cognitive processes. Sensory representations form the building blocks for 

multisensory representations, which in turn are built upon for perceptual and cognitive 

representations. Social communication and language, both of which are impacted in ASD, 

rely on the convergence of these representations. Thus, examining sensory and multisensory 

representations in addition to cognitive representations will be necessary to fully tease apart 

the mechanisms behind social and language deficits in ASD.
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