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Abstract Autism spectrum disorder (ASD) is a neurodevelopmental disorder that is
characterized by a constellation of symptoms, including impairments in social com-
munication, restricted interests, and repetitive behaviors. Although sensory issues
have long been reported in clinical descriptions of ASD, only the most recent edition
of the Diagnostic and Statistical Manual of Mental Disorders (DSM-V) has included
differences in sensory processing as part of the diagnostic profile for ASD. Indeed,
sensory processing differences are among the most prevalent findings in ASD, and
thesedifferences areincreasingly recognized as acore component of ASD. Furthermore,
characterizing ASD phenotypes on the basis of sensory processing differences has
been suggested as a constructive means of creating phenotypic subgroups of ASD,
which may be useful to better tailor individualized treatment strategies. Although
sensory processing differences are frequently approached from the perspective of
deficits in the context of ASD, there are a number of instances in which individuals
with ASD outperform their neurotypical counterparts on tests of sensory function.
Here, the current state of knowledge regarding sensory processing in ASD is reviewed,
with a particular emphasis on auditory and multisensory (i.e., audiovisual) perfor-
mance. In addition to characterizing the nature of these differences in sensory perfor-
mance, the chapter focuses on the neurological correlates of these sensory processing
differences and how differences in sensory function relate to the other core clinical
features of ASD, with an emphasis on speech and language.
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12.1 Introduction

This chapter focuses on the behavioral and neural underpinnings of altered sensory
processing in autism spectrum disorder (ASD) by first looking at perception in audi-
tory (Sect. 12.1.1), visual (Sect. 12.1.2), and audiovisual (Sect. 12.1.3) processing by
comparing individuals with ASD and neurotypical (NT) development. Next, this
chapter explores how these differences in perception might be tied to both structural
and functional changes in the brain, first focusing on insights from magnetic reso-
nance imaging (Sect. 12.2.1) and then moving to electrophysiology (Sect. 12.2.2).
The chapter concludes by looking at the developmental trajectory of these populations
and connecting sensory processing to different clinical symptoms in ASD.

12.1.1 Perceptual Differences in Auditory Processing

A given auditory stimulus can be deconstructed into a number of dimensions, such
as amplitude (loudness), frequency (pitch) composition, and timbre. A great deal of
human psychophysical work has focused on better understanding how these various
stimulus attributes are processed by human observers. Intriguingly, in the process-
ing of some of these primary attributes, children with ASD have been shown to
exhibit superior performance (Remington and Fairnie 2017). For example, several
studies have noted superior pitch perception in children with ASD compared with
their NT peers (Heaton 2003; O’Riordan and Passetti 2006). This includes both the
perception of simple pure tones (Fig. 12.1A; Bonnel et al. 2003) as well as pitch
perception in the context of full sentences (Jirvinen-Pasley et al. 2008a, b).
Intriguingly, during adolescence, this advantage seems to disappear (Heaton et al.
2008; Jones et al. 2009). Somewhat paradoxically, older individuals with ASD who
retain this advantage in pitch perception are more likely to have significant language
difficulties (Bonnel et al. 2010).

Auditory thresholds, as measured by indices such as modulation depth discrimi-
nation, do not seem to differ in individuals with ASD compared with those who are
NT (Haigh et al. 2016). However, across multiple standard audiological measures,
individuals with ASD are more likely to show at least one abnormal finding, with a
common finding that they are more likely to be more sensitive to sounds (lower
behavioral threshold for rating a sound to be uncomfortable) than NT individuals
(Demopoulos and Lewine 2016). Other findings of note include reduced otoacoustic
emissions, which measure vibrations reflected backward from the cochlea in
response to sound and thus the integrity of the transduction process of the ear.
However, these reductions have been found only for specific frequencies but are
largely not different compared with NT individuals across most frequencies
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Fig. 12.1 Evidence for enhanced and impaired sensory processing in individuals with ASD. (A)
Individuals with ASD (clinical subjects) outperform matched NT individuals (control subjects) in
both the discrimination (/eff) and categorization (right) of differing tones. Adapted from Bonnel
et al. (2003), with permission. Error bars are £SD. (B) Individuals with ASD (“high-functioning”
autism [HFA]) outperform NT individuals in first-order (luminance-defined) grating discrimina-
tion but show deficits relative to the NT (typically developing [TD]) group when the gratings are
defined using second-order characteristics (texture). V and H, vertical and horizontal axes, respec-
tively, of the visual stripes. Error bars are SDs. *P < 0.05. Adapted from Bertone et al. (2005), with
permission

(Bennetto et al. 2017). Additionally, brainstem auditory evoked potentials, measuring
auditory activity from the cochlea through the earliest processing stages in the brain,
have longer latencies in a significant subset of children with ASD (Nagy and Loveland
2002; Ververi et al. 2015). Collectively, these findings of low-level differences
suggest that auditory processing is impacted in ASD at some of the earliest stages in
which auditory information is processed by the cochlea and brain.

Further along the processing hierarchy, different sound elements must be grouped
into auditory objects to perceptually bind information coming from individual
sources and filter background “noise” (Shinn-Cunningham et al. 2017). To do so,
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multiple acoustic features (spectral, temporal) must be integrated, a process that
involves a number of brain regions (Christison-Lagay et al. 2015). Here, individuals
with ASD have more difficulty than NT individuals in both integrating and parsing
auditory (as well as visual) scenes (Lin et al. 2017). ASD individuals show a reduced
ability to perceive auditory objects, particularly noted in the ability to filter out com-
peting auditory stimuli as measured by both behavioral and electrophysiological
methods (Lodhia et al. 2014). In contrast to the enhanced pitch perception for sen-
tences, when asked instead to judge the semantic content of the sentences, children
with ASD performed much worse than NT children (Jarvinen-Pasley et al. 2008a).
Furthermore, individuals with ASD show atyptical neural responses when per-
ceiving spatial cues like interaural time and level differences, which are used to
group auditory features into auditory objects (Lodhia et al. 2014, 2018). These
difficulties in utilizing auditory cues, especially for complex auditory stimuli like
speech, have been hypothesized as contributing to the overwhelming nature of
complex everyday sensory environments reported by many ASD individuals
(Markram and Markram 2010).

When taken as a whole, the enhanced abilities on the processing of low-level
auditory stimulus features contrasted with the weakness in perceptual grouping/
binding represent the cornerstone of several of the more prevalent neurobiologically
inspired theories of ASD. One that is strongly anchored in these data is weak central
coherence, which posits that whereas local connectivity within brain circuits is
either preserved or enhanced in autism, more global connectivity across brain
regions is compromised (Happé 1999; Peiker et al. 2015).

12.1.2 Perceptual Differences in Visual Processing

As for audition, many measures of simple visual processing show similar or supe-
rior performance in ASD individuals compared with their NT peers. For example,
individuals with ASD tend to have better performance on various visual search tasks
(Simmons et al. 2009). Using very short (160-ms) display times to focus on bottom-
up processing, Shirama et al. (2016) found that adults with ASD are both faster and
more accurate at finding visual targets embedded within a display of distractors.
However, there are some exceptions to this general improvement in the processing
of low-level stimulus features, including in the ability to exploit statistical features
of the stimuli over time. For example, individuals with ASD are poorer at detecting
systematic biases in the location of a visual target across a series of trials (Pellicano
et al. 2011) and appear to be less flexible in encoding the stimulus when it changes
location (Harris et al. 2015). The ability to focus on more local features seems to
result in less susceptibility to distracting features, such as surround suppression by
visual stimuli in the periphery (Flevaris and Murray 2014), which appears to paral-
lel the difference between local and global processing articulated in Sect. 12.1.1 for
auditory stimuli. Extending these findings, during the perception of visual motion
children with ASD show atypical patterns. Spatial suppression refers to the
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paradoxical finding that it is often more difficult to perceive the motion of large,
high-contrast stimuli compared with smaller stimuli (Pack et al. 2005), whereas
spatial facilitation refers to the relative boost in perceiving the motion direction of
large stimuli of low-contrast (Tadin and Lappin 2005). Children with ASD show a
reduction in spatial suppression (i.e., they show less of a performance decrement
perceiving motion with large vs. small, high-contrast stimuli) as well as an enhance-
ment of spatial facilitation (Foss-Feig et al. 2013; Sysoeva et al. 2017). One com-
mon feature in much of this work is the revelation of processing differences when
stimuli become dynamic, possibly reflecting challenges in temporal integrative pro-
cesses (a topic that is returned to in Sect. 12.4.2).

Although individuals with ASD are often superior at discerning distinct features
of a complex visual stimulus, much like for audition, the grouping of these sensory
cues into a single perceptual object seems to be weakened (Dakin and Frith 2005).
In an orientation discrimination task, Bertone et al. (2005) found that ASD individu-
als performed better than NT individuals for discriminating simple, “first-order”
(luminance-defined) orientations but worse for discerning more complex, “second-
order” (texture-defined) orientations, which are likely to be processed later in the
visual hierarchy (Fig. 12.1B). In a more “traits-based” approach to these questions,
the association between decreased perceptual grouping and autism features was also
found. Surround suppression, in which the proximity of objects to a target impedes
responses to that target, was found to be reduced in individuals without a diagnosis
of ASD but with higher scores on a measure of autism traits, the Autism Quotient
(AQ; Flevaris and Murray 2014).

The processing of biological motion, which combines both visually complex and
social information, also seems to be altered in ASD. Children with ASD spend less
time looking at biological motion (Annaz et al. 2012) and have worse performance
on tasks that rely on biological motion (Blake et al. 2003; Swettenham et al. 2013).
Difficulties with biological motion seem to be exacerbated when the task requires
the use of this motion to recognize emotions. For example, attempting to identify
the emotion (e.g., happy, angry) in the body language of a walking point light dis-
play (Nackaerts et al. 2012). Such a result underscores the weaknesses in the pro-
cessing of social information in ASD. Differences in performance on biological
motion tasks between individuals with ASD and NT seem to diminish in adulthood
(Murphy et al. 2009); however, there is evidence that this similar performance
between ASD and NT adults may be mediated by distinct cortical networks (McKay
et al. 2012).

As for auditory processing, the weight of the evidence in regard to visual pro-
cessing in ASD points toward selective enhancements in low-level abilities coupled
to processing weaknesses for more high-order stimuli. One illustrative and powerful
example of this comes from work using the embedded figures test, in which subjects
are asked to identify shapes that are embedded within larger illustrations (Fig. 12.2A).
Children with autism show performance advantages from processing the component
elements of a stimulus array but substantial deficits when asked to report on the
whole image (Fig. 12.2B; Pellicano et al. 2005; Plaisted et al. 1999).
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Fig. 12.2 Local and global perceptual processing in ASD. (A) Illustration of an image used in the
children’s embedded figures task (CEFT). (B) Performance on three different visual tasks for a
group of ASD and TD participants. The global dot-motion task is a two-alternative forced choice
(2AFC) task in which participants indicate the general direction of motion of a group of dots (up
or down) and taps measures of visual processing later in the visual cortical hierarchy (fop). Flicker
contrast sensitivity is a two-interval forced choice (2IFC) task that quantifies the contrast at which
participants can reliably identify (75% threshold) the interval with a Gaussian blob with a 10-Hz
sinusoidal flicker and measures low-level visual processing (center). The CEFT measures how
quickly participants can identify hidden features that, when assembled, result in a larger image
with different meaning (bottom). In the example shown, the clock (A) is made up of a number of
triangles. Note that whereas neither dot-motion thresholds nor flicker contrast sensitivity differ
between groups, there is a striking difference in the CEFT, with ASD children being much faster
to identify the number of components making up the whole image. Box plots are the distribution
of the middle 50% of the scores. Solid black lines, median of each box plot. Bars at top and bottom
of each box plot extend to include all of the data, excepting outliers, which are marked individually.
Adapted from Pellicano et al. (2005), with permission
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12.1.3 Perceptual Differences in the Integration of Auditory
and Visual Information

In addition to the processing differences observed within individual senses like
audition and vision, there is growing evidence of changes in the processing and
integration of information across the different sensory modalities in individuals
with ASD (for a review, see Baum et al. 2015). Similar to the differences noted in
the processing of stimuli within the individual sensory modalities, changes to mul-
tisensory processing observed in individuals with ASD are manifold and differences
depend on a number of features, including both the type and complexity of the
stimuli that are combined.

One of the most salient cues for integrating multiple pieces of sensory information
is the temporal relationship between the stimuli from the different modalities (Welch
1999; Stevenson and Wallace 2013). Stimuli that occur at the same time are likely to
come from the same source and should be integrated, whereas stimuli that occur at
different times should remain segregated. Overall, individuals with ASD are less able
to accurately detect these multisensory temporal relationships than their NT peers
(Foss-Feig et al. 2010; de Boer-Schellekens et al. 2013a), and emerging work suggests
these differences may be particularly pronounced for speech stimuli (Stevenson et al.
2014a), perhaps serving as a foundation for the communication deficits that often
accompany ASD (Fig. 12.3). In addition to these difficulties in the temporal process-
ing of audiovisual speech, Foxe et al. (2015) observed that children with ASD are less
able to utilize visual speech information to improve speech comprehension, and that
this multisensory difference grows larger under noisy and more naturalistic condi-
tions. This paradigm builds off of the foundational evidence that the ability to see a
speaker’s mouth provides a large gain in intelligibility to the spoken signal (cf. Grant
and Bernstein, Chap. 3) and that these visually-mediated benefits grow larger under
noisy conditions (Sumby and Pollack 1954; Ross et al. 2006).

Illusions are commonly used as one means of studying multisensory integration,
where a number of audiovisual illusions have provided great insight into how audi-
tory and visual information are synthesized (cf., Lee, Maddox, and Bizley, Chap. 4).
For example, the sound-induced flash illusion consists of a single flash of light
paired with two or more auditory stimuli (beeps) in quick succession. The partici-
pant is then asked to report the number of flashes while ignoring the beeps, with the
task-irrelevant beeps often resulting in the illusory perception of several flashes
(Shams et al. 2000). Children with ASD appear less susceptible to perceiving this
illusion (Stevenson et al. 2014b), although they also seem to perceive the illusion
over a wider range of temporal asynchronies (i.e., delays between the flashes and
beeps) than their NT peers (Foss-Feig et al. 2010), providing further evidence for
temporally based multisensory processing differences. Another common illusion,
the McGurk effect, involves the presentation of an auditory syllable (e.g., /ba/)
paired with an incongruent visual syllable (e.g., /ga/), which frequently results in
the perception of a novel syllable (e.g., /da/), reflecting a synthesis of the auditory
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and visual cues (McGurk and MacDonald 1976). Many studies have found that
individuals with ASD are less susceptible to this illusion (Irwin et al. 2011;
Stevenson et al. 2014c). Recent work suggests that these differences in illusory per-
ception may be due to differences in top-down factors (i.e., decision criterion) as
opposed to differences in simple bottom-up stimulus integration (Magnotti and
Beauchamp 2015).

One of the challenges in studying multisensory processing and the possible dif-
ferences in ASD is teasing out the respective contributions of changes in unisen-
sory function from changes in the integration of information across the different
sensory modalities. As detailed in Sects. 12.1.1 and 12.1.2, there is substantial
evidence in support of unisensory processing differences in ASD, and these differ-
ences may be responsible for many of the apparent changes in multisensory abili-
ties. However, a number of studies have now attempted to dissociate these effects
and have shown in many cases that the deficits seen in multisensory processing go
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beyond what is predicted from performance on unisensory tasks (Brandwein et al.
2013; Stevenson et al. 2014b).

One of the most powerful approaches to this question is through the use of com-
putational models that endeavor to parse out the individual contributions of both the
individual sensory inputs as well as the actual process of integrating the individual
cues. In particular, Bayesian modeling is increasingly being applied to examine
sensory processing in ASD in an attempt to disentangle possible mechanisms for
these sensory and multisensory processing differences (Pellicano and Burr 2012;
Van de Cruys et al. 2014). Bayesian models of sensory processing formalize percep-
tion as statistical inference, where incoming information is combined with expecta-
tions and prior experience that ultimately results in the final percept, and these
perpetual experiences provide updates that inform the processing of subsequent
incoming information (cf. Shams and Beierholm 2010; Alais and Burr, Chap. 2).
One theory of ASD posits that internal representations of the world (so-called
Bayesian “priors”) are weak in ASD and thus provide a poor reference for incoming
information, resulting in an overweighting of incoming sensory evidence (Pellicano
and Burr 2012) and an overestimation of the volatility of this evidence (Lawson
et al. 2017; Palmer et al. 2017). By formalizing possible mechanisms of perception,
these models may help pinpoint how and where sensory perception diverges in ASD
with testable hypotheses. For example, ongoing work suggests that internal sensory
representations may actually be intact in individuals with ASD (Pell et al. 2016;
Croydon et al. 2017) or are specifically impaired only in social situations (Chambon
et al. 2017). Furthermore, some studies have shown that individuals with ASD can
learn from and update their representation of the environment appropriately based
on incoming sensory information in some contexts (Manning et al. 2017). Although
more work is needed to fully characterize and understand perceptual differences in
ASD, Bayesian models provide a powerful framework within which these different
mechanisms may be tested.

12.2 Neural Correlates of Sensory Processing in Autism
Spectrum Disorder

12.2.1 Magnetic Resonance Imaging

Functional magnetic resonance (MR) imaging (fMRI) allows for the noninvasive
investigation of the neural circuitry involved in sensory and perceptual processes.
Although the hemodynamic response (i.e., changes in oxygenated and deoxygenated
hemoglobin) that is the basis of the fMRI signal is slow, it is highly localized, which
allows for a relatively high degree of spatial resolution (Glover 2011). In addition to
studying functional brain activity, MRI can also be used to investigate the underlying
structural networks (i.e., anatomical connectivity) that support various neural
functions (structural MRI).
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As highlighted in Sect. 12.1.1 in regard to perceptual differences in auditory
processing, individuals with ASD show similar behavioral performance to their NT
peers in the detection of simple tones. Brain imaging done during this task shows a
similar pattern of temporal (auditory) cortex activation between the ASD and NT
groups, including bilateral superior and middle temporal gyri (Brodmann areas 41,
42, and 22), but also a much broader set of activity extending into right prefrontal
and premotor cortices for the ASD individuals (Gomot et al. 2008). More tempo-
rally complex (frequency-modulated) sounds evoked enhanced responses in the pri-
mary auditory cortex in individuals with ASD but reduced responses in areas
surrounding the auditory cortex (Samson et al. 2011). Speech processing, which
involves complex and socially relevant auditory information, is an area where indi-
viduals with ASD are thought to be particularly affected. Although previous work
reported a lack of voice-sensitive regions in individuals with ASD (Gervais et al.
2004), emerging work suggests that these regions do exist but show atypical activity
during voice identity-recognition tasks (Schelinski et al. 2016). Intriguingly, chil-
dren with ASD show a response pattern where evoked responses are reduced in
response to spoken speech but look surprisingly similar to NT children when the
speech is sung rather than spoken (Sharda et al. 2015), indicating that speech might
be more affected in certain contexts. How these atypical neural networks and
response patterns contribute to altered auditory processing in ASD is currently
unclear.

Paralleling the behavioral findings of largely similar performance in tasks index-
ing low-level visual processing, a comprehensive study measuring visual contrast
sensitivity across a range of spatial frequencies found no difference in brain activa-
tion patterns between ASD and NT individuals (Koh et al. 2010). In contrast,
enhanced visual search has been a consistent finding of behavioral studies in ASD,
and these enhancements seem to be accompanied by greater activity in regions of
early visual cortex (Manjaly et al. 2007).

A large body of work in regard to visual processing in ASD has focused on face
processing. Several studies have shown weaker activation in the fusiform face
area in response to faces in individuals with ASD (Hubl et al. 2003; Corbett et al.
2009) whereas viewing pictures of inanimate items that are the focus of restricted
interests (e.g., trains, cars) elicits greater activity in this same area (Foss-Feig
et al. 2016). Furthermore, reductions in right fusiform face area activity in
response to faces have been shown to be correlated with symptom severity in ASD
(Scherf et al. 2015).

Structural and functional MRI have shown differences in the connectivity and
lateralization of sensory networks in the brains of those with autism, including
changes in the white matter integrity of auditory, language (Nagae et al. 2012;
Berman et al. 2016), and visual (Thomas et al. 2011; Yamasaki et al. 2017) net-
works. In fact, these differences in network structure appear to be present well
before ASD can be diagnosed. A large-scale study of infant siblings of children with
ASD (and thus who are at elevated risk for being later diagnosed with autism) just
found that those infants who were later diagnosed with ASD showed an enlarged
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cortical surface area across a range of regions of interest, including auditory and
visual cortices, as early as 6—12 months old (Hazlett et al. 2017).

These differences in the structure of neural networks are also mirrored in func-
tional connectivity findings. Reduced functional connectivity has been observed
during traditional paradigms in ASD research such as theory-of-mind tasks that
probe the ability to infer intentions from others’ actions (Fig. 12.4A; Kana et al.
2014). Additionally, increased ASD symptom severity in regard to sensory features
is correlated with reduced interhemispheric connectivity in auditory (Heschl’s gyrus
and superior temporal gyrus) cortices (Linke et al. 2018). Furthermore, differences
in functional connectivity in voice-selective regions of the posterior superior tempo-
ral sulcus (pSTS) and other nodes in the reward system are predictive of social com-
munication skills as indexed by both the Autism Diagnostic Observation Schedule
(ADOS) and Autism Diagnostic Interview (Fig. 12.4B; Abrams et al. 2013).
Although ASD has traditionally been thought of as a disorder of hypoconnectivity,
ongoing work has provided evidence for both hypo- and hyperconnectivity (Hull
et al. 2017). Furthermore, both short- and long-range connectivity differ across the

A.

Fig. 12.4 Differences in functional connectivity between brain regions is a common feature of
ASD. (A) Evidence for weaker functional connectivity while attributing causal explanations to the
actions of others. Top, some of the actions that were explored in this study; bottom, strength of
connectivity between several brain regions during the causal explanation task (both numbers and
width of the lines reflect connectivity strength). Sample stimulus item from an experimental condi-
tion in the intentional causality vignette is depicted, with subjects being asked to choose the intent
of the subjects after viewing the sequence depicted in a, b, and ¢ (correct answer is ¢). Adapted
from Kana et al. (2014). (B) Reduced connectivity in language areas correlates with communica-
tion subtest scores of the Autism Diagnostic Observation Schedule (ADOS) and Autism Diagnostic
Interview (ADI). Figure depicts connectivity strength between a seed in the posterior superior
temporal sulcus (pSTS) region and a number of brain regions in the reward network. Yellow circles,
brain regions of interest; red lines, functional connectivity between them, with the numbers show-
ing the strength of the connectivity. Adapted from Abrams et al. (2013), with permission
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developmental trajectory in individuals with ASD, revealing an age by distance
interaction (Long et al. 2016).

These differences in both structural and functional connectivity between individu-
als with ASD and NT are highly likely to impact multisensory processing, which
relies on communication across both local and long-range networks. However, to
date, little has been done that focuses exclusively on multisensory function and its
associated brain networks. In a recent study, Ross et al. (2017) studied NT adults who
had an autism risk-associated gene variant of CNTNAP2 and explored whether this
genetic variant mediated individual differences in multisensory gain as measured in
a speech-in-noise task. The results showed that multisensory gain was diminished in
those with the risk-associated allele, who also had overall lower fractional anisotropy
(FA), a measure of the structural integrity in white matter tracts, in clusters in right
precentral gyrus, and continuing into the superior longitudinal fasciculus as well as
in the left corona radiata and the right superior temporal gyrus. An interesting func-
tional corollary to this finding was that the effect of this genotype on multisensory
gain was mediated by FA in the right precentral gyrus. Counterintuitively, it was
found that decreased FA was linked to increased audiovisual gain. The authors sug-
gest that although stronger structural and functional connectivity of the motor sys-
tem is typically associated with improvements in speech perception (Du et al. 2014),
this is usually in the case of typical development where language function is left
lateralized. Reduced lateralization in language function, which has been a frequent
observation in autism (Floris et al. 2016), may then explain a greater reliance on the
right hemisphere and reduced performance. Much more work is needed in both the
functional and structural imaging realms to clarify the differences in multisensory
circuits in those living with ASD.

12.2.2 Electrophysiology

The neural underpinnings of ASD have also been investigated using electrophysio-
logical techniques including electroencephalography (EEG), which, unlike MRI,
allows for temporal resolution on a millisecond-level timescale but lacks a high
degree of spatial resolution (Lee et al. 2014). EEG allows for investigations into the
temporal dynamics of neural activity, which can help pinpoint when atypical brain
activity emerges while processing a sensory stimulus. This information may prove
useful as a biomarker for both humans and animal models of ASD (for a review, see
Modi and Sahin 2017).

In the auditory domain, EEG can be particularly powerful because of the high
temporal precision of the auditory system and because studies can be conducted
without the loud noises of the MRI scanner as a possible confound. Paralleling the
behavioral results, differences in auditory processing in ASD have been found at
very early stages using EEG. For example, for the classic mismatch negativity
(MMN) seen in response to an auditory oddball (an infrequently presented variant
of a repeated stimulus), reduced amplitudes were seen in response to tone bursts
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(Abdeltawwab and Baz 2015) in those with ASD. In an adaptation of the standard
MMN paradigm, Lepistd et al. (2009) created a version of the task that either
required auditory stream segregation (segregated condition) or not (integrated con-
dition) and found a reduced MMN in individuals with ASD but only for the segre-
gated condition. These reductions in the auditory MMN seem to be especially
pronounced with speech stimuli compared with nonspeech sounds with similar
spectral and temporal content (Fan and Cheng 2014) and have been interpreted as a
deficit in the ability to accurately predict incoming inputs and map these on to
expectations. These data can be interpreted from the perspective of weaknesses in
predictive coding that have been hypothesized to play an important role in ASD
(Van de Cruys et al. 2014).

Similar to the results seen in the auditory system, examining visual activation
patterns using EEG in ASD reveals both similarities and differences to NT counter-
parts. For example, simple visual features such as retinotopic organization can be
derived from EEG and have been found to be similar in the central visual field of
ASD and NT individuals but to differ for the peripheral visual field (Frey et al.
2013). Other aspects of low-level visual brain activation patterns that differ in ASD
include boundary detection (Vandenbroucke et al. 2008), spatial acuity (Pei et al.
2014), and visual oddball detection (Baruth et al. 2010). In addition to these differ-
ences that largely manifest as differences in response amplitude (the strength of
some aspect of the EEG signal), differences in the lateralization of responses have
also been noted, with the general finding of a shift toward less lateralization in ASD
(Pei et al. 2014).

In addition to these changes seen in EEG markers of early visual function, there
is also growing evidence for differences in more complex aspects of visual process-
ing. For example, there is ample evidence for differences in motion processing, and,
in particular, differences in the perception and processing of biological motion have
been a common observation (Kroger et al. 2014). Furthermore, the ability to learn
regularities in a visual scene over repeated exposure (visual statistical learning) is
known to be impaired in ASD, and differences in event-related potential (ERP)
amplitudes can account for these performance differences in those with ASD (Jeste
et al. 2015). Additionally, neural processing of explicitly social visual stimuli like
faces is also atypical in ASD. For example, differences in the lateralization of EEG
responses to faces is observed in children as early as 12 months and can predict
ADOS scores at 36 months of age (Keehn et al. 2015). These differences seem to
continue through to adulthood, where adults with ASD show less differentiation of
ERP responses to upright versus inverted faces (Webb et al. 2012) as well as a
reduction in the preferential processing of one’s own face compared with the face of
others (Cygan et al. 2014).

EEG can also be used to investigate brain rhythms (i.e., oscillations), which
appear to be critical indices of information flow through cortical circuits. In particu-
lar, abnormal oscillatory power in a variety of frequency bands has been consis-
tently identified in ASD (Simon and Wallace 2016). For example, power in the
gamma band (>30 Hz), which is thought to play a key role in perceptual integration
(Keil et al. 1999), has been found to be diminished in individuals with ASD
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(Snijders et al. 2013; Peiker et al. 2015). Alpha band (8- to 14-Hz) abnormalities
have also been observed, with reduced power observed in individuals with ASD
(Milne 2011; Murphy et al. 2014). These reductions in alpha power, which are typi-
cally thought to reflect a reduced ability to inhibit task-irrelevant information
(Klimesch et al. 2007), may represent the neural correlates of deficits in sensory
filtering. Furthermore, these alterations in oscillatory dynamics can be tied to ASD
symptomology. For example, differences in both gamma and theta (4- to 7-Hz)
activity in response to speech can predict the degree of verbal deficit and symptom
severity in individuals with ASD (Jochaut et al. 2015). Differences in oscillatory
power also seem to change based on task demands. Indeed, although gamma power
is typically reduced in individuals with ASD during sensory processing, it is
increased relative to NT individuals during the resting state, i.e., when subjects are
not performing an explicit task (Cornew et al. 2012; Wang et al. 2013).

The presence of these differences in oscillatory function in ASD become
increasingly important as knowledge grows concerning the central role of these
oscillatory processes in information encoding and transfer. Perhaps most impor-
tantly in the context of prevailing theories of autism is the fact that these oscilla-
tions are indexing processes at various levels of the processing hierarchy, with a
simple framework that the higher the frequency of the oscillation, the more local
the neural process that underlies it. Thus, high-frequency (i.e., gamma) oscillations
are generally thought to reflect processes within very local circuits, whereas those
in the lower frequency bands are reflective of processes that are indexing communi-
cation across broad regions. Further complicating matters, these oscillatory frequen-
cies are not independent of one another, and changes within one frequency band
almost invariably results in changes across other frequency bands, through processes
described as phase-phase coupling and phase-amplitude coupling (Canolty and
Knight 2010). Hence, changes in one frequency band generally propagate through-
out the oscillatory network.

In the context of sensory processing, an important finding has been the seeming
importance of oscillations and oscillatory coupling to facilitate communication
across the senses (cf. Keil and Senkowski, Chap. 10). Studies have shown that, even
in the earliest regions of the sensory cortex (e.g., primary auditory cortex), input from
other senses has the capacity to change the nature of the oscillations in that region
(Thorne et al. 2011; Romei et al. 2012). For example, through a process known as
phase reset, it has been shown that visual inputs have the ability to reset ongoing
oscillations in the primary auditory cortex, thus changing the nature of information
exchange at the earliest stages of auditory cortical processing. Although yet to be
firmly established, such cross-modal phase resetting can provide valuable predictive
information about the nature of a multisensory stimulus. For example, the articula-
tory movements of the mouth (i.e., visual speech) happen before the audible speech
signal. If such visual information has early access to the auditory cortex, it then has
the ability to provide predictive information about the auditory information that is
about to arrive and thus the ability to boost (or suppress) the gain of the signal. Such
findings may have important implications because there is ample evidence for oscil-
latory dysfunction (Simon and Wallace 2016; Larrain-Valenzuela et al. 2017), multi-
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sensory temporal deficits (Brock et al. 2002; Stevenson et al. 2014a), and weaknesses
in speech comprehension (Woynaroski et al. 2013; Stevenson et al. 2017) in indi-
viduals with ASD.

12.3 Developmental Trajectory of Sensory Processing
in Autism Spectrum Disorder

12.3.1 Infancy and Early Childhood

ASD cannot currently be reliably diagnosed in children younger than 2 years of age
(Lord et al. 2006; Luyster et al. 2009). Therefore, younger siblings of children with
ASD, who are at a higher risk of being later diagnosed with ASD, provide a useful
avenue of research for assessing early signs of ASD and the development of poten-
tial biomarkers for the progression to autism (Ozonoff et al. 2011). Sensory function
and the associated brain networks undergo dramatic changes in early life, and the
detailing of neurotypical developmental trajectories provides an opportunity to
delineate when maturation begins to deviate from the typical developmental pattern
to patterns characteristic of disorders such as autism.

In the auditory domain, infants who are at high risk for ASD at 9 months show
reduced habituation and sensitivity in evoked EEG responses to repeated pure tones in
an auditory MMN paradigm (Guiraud et al. 2011). In a similar paradigm using conso-
nant-vowel stimuli (used to assess the processing of more speech-related stimuli), high-
risk infants showed hypersensitivity to the standard but similar responses to the deviant
as infants at a low risk of being diagnosed with ASD (Seery et al. 2014). Although
high-risk infants show a similar developmental progression to low-risk infants in regard
to a specialization toward processing native speech sounds as they grow older, they do
not show the same left-lateralized response to speech as is seen in low-risk infants
between 6 and 12 months (Seery et al. 2013). This lack of left-lateralized responses to
language is also observed in somewhat older children (i.e., 12—24 months old), and this
pattern appears to worsen with age (Eyler et al. 2012). Another early auditory warning
sign in infants who are later diagnosed with ASD is a failure to orient to their own name
as early as 9 months of age (Miller et al. 2017). Indeed, this lack of response, generally
captured within the domain of hyporesponsivity, is often one of the earliest concerns
many parents report concerning their child.

In the visual domain, gaze-tracking studies have been conducted with infants at
risk for being diagnosed with ASD as a means of assessing sensory attention and as
an early marker for how infants interact with their environment (Falck-Ytter et al.
2013). A preference for looking at nonsocial images, as measured by fixation time
and number of saccades, seems to emerge as early as 15 months of age in children
who will progress to autism (Pierce et al. 2016). In a longitudinal study tracking
gaze to faces in infants, fixation to the eye region of a face stimulus declined in infants
ages 2—6 months who would later be diagnosed with ASD (Jones and Klin 2013).
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As with atypical lateralization for language observed in high-risk infants, a similar
pattern emerges in face perception, where high-risk infants show left hemisphere
lateralization for faces while low-risk infants show more of right hemisphere later-
alization (Keehn et al. 2015). In a study measuring resting-state EEG at multiple
time points in the first 2 years of life, spectral power was lower in high-risk infants
across the delta, theta, alpha, beta, and gamma frequency bands but eventually con-
verged with low-risk infants in all frequency bands by 24 months. (Tierney et al.
2012). A possible confound in these studies is the relative difference in signal-to-
noise ratio between low- and high-risk infants; however, these differences have not
been systematically characterized.

Furthermore, as with differences in connectivity, differences in EEG power noted
for individuals with ASD may be more nuanced than a mere reduction or enhance-
ment of spectral power. For example, reduced power in the alpha band at frontal
electrodes seems to predict worse expressive language (Levin et al. 2017), whereas
increased power in the theta band at frontal electrodes is associated with greater
sensory hyporesponsiveness (Simon et al. 2017). Clearly, much more work is
needed to better understand how sensory development differs between ASD and NT
infants, and to clarify how these differences relate to later differences in cognitive
abilities. Additionally, little work has extended these studies into the multisensory
arena to see if changes in multisensory function may serve as more sensitive indices
of risk for progression to autism.

12.3.2 Adolescence and Young Adulthood

Many of the same patterns of neural processing differences between ASD and NT
individuals persist into adolescence and young adulthood, particularly with regard
to social stimuli such as speech and faces. Reduced left lateralization in language is
present in adolescents and young adults with ASD across a wide range of tasks
(Herringshaw et al. 2016), and individual differences in lateralization are tied to
performance deficits in language tasks like letter fluency, which measures word
knowledge and the ability to retrieve words (Kleinhans et al. 2008). Reduced spe-
cialization for native speech sounds also persists through adolescence (DePape et al.
2012). Furthermore, differences in functional connectivity between children, ado-
lescents, and young adults with ASD and their NT peers are noted in language-
processing areas across all three age groups (Lee et al. 2017).

Gaze differences observed in infancy seem to continue throughout develop-
ment. School-age children with autism look at faces less in videos of social scenes
(Rice et al. 2012) as well as in live social interactions (Noris et al. 2012),
Furthermore, children with ASD frequently do not shift their gaze within the con-
text of a social scene, such as following a back-and-forth conversation between
two speakers (Hosozawa et al. 2012). Reduced fixation time on the eyes is also
observed through adolescence and young adulthood in individuals with ASD
(Sasson 2006; Frazier et al. 2017) and may instead be shifted toward the mouth
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Fig. 12.5 Differences in
gaze characterize in ASD.
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(Fig. 12.5; Neumann et al. 2006). These differences in gaze processing appear to
continue into adulthood (Zalla et al. 2016).

In regard to multisensory function, much work is still needed to delineate the
developmental trajectories associated with both ASD and NT development. Initial
work has suggested that these trajectories show some convergence in adolescence
(de Boer-Schellekens et al. 2013b; Beker et al. 2018), but it is unclear how the rela-
tionship between multisensory integration and autism symptomology changes over
the lifetime. In typical development, aspects of multisensory function such as audio-
visual temporal acuity mature as late as adolescence or early adulthood (Hillock-
Dunn and Wallace 2012). Such a delayed developmental trajectory may be of great
interventional utility because it suggests that multisensory plasticity remains quite
robust well into adolescence, thus providing great opportunity to strengthen multi-
sensory abilities through training-based approaches.

12.4 Connecting Sensory Processing to Clinical Symptoms

12.4.1 Atypical Sensory Processing Patterns

Historically, sensory processing issues in individuals with autism have been treated
as unrelated to impairments in the other core domains of ASD (Rogers and Ozonoff
2005). This seems shortsighted because these domains are heavily dependent on the
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integrity of the incoming sensory information processing. Furthermore, a better
understanding of sensory features will benefit clinical assessment of ASD, includ-
ing both diagnosis and treatment strategies (Schaaf and Lane 2015).

Abnormal sensory processing in individuals with ASD is typically broken down
into three broad patterns: hypersensitivity, hyposensitivity, and sensory seeking
(Baranek et al. 2006; Ben-Sasson et al. 2009). It is important to note that these dis-
tinctions and divisions have historically been made on the basis of survey and obser-
vational data but that there is a growing emphasis on more rigorous empirical
characterization of sensory function using psychophysical and behavioral task bat-
teries. These patterns can be seen across multiple sensory modalities even within the
same individual and have been noted not only in ASD but also in other clinical
groups characterized by developmental delays such as Down syndrome (Boyd et al.
2010). Furthermore, many of these abnormalities persist into adulthood (Crane
etal. 2009), although individuals with ASD seem to “catch up” by adulthood to their
NT peers on a subset of tasks (Beker et al. 2018).

Recent work has sought to bridge between sensory function and the more classic
domains of clinical dysfunction (i.e., social communication and restricted interests
and repetitive behaviors) and strongly suggests that abnormalities across these core
domains of ASD are related, at least in part, to differences in sensory function. For
example, in children with ASD, sensory hyperresponsiveness is correlated with an
increased presence of repetitive behaviors (like stereotypical hand flapping),
whereas sensory seeking is associated with the presence of ritualistic behaviors and
routines (Boyd et al. 2010). In a large-scale study by Mayer 2017, the presence of
abnormal sensory processing patterns was compared with specific autism traits as
measured by the AQ. Across both NT and ASD adults, greater levels of abnormal
sensory processing (failure to register sensory stimuli, sensory seeking, and sensory
sensitivity) were correlated with lower functioning in multiple subdomains of
autism symptomology (social skills, attention switching, and communication). In a
more specific example that links directly to auditory function, difficulties in focus-
ing on an auditory stream of interest in the presence of distractors (termed auditory
filtering) has been connected to cognitive problems in the classroom (Ashburner
et al. 2008). The Short Sensory Profile (McIntosh et al. 1999) characterizes auditory
filtering by asking the caregiver how well the child performs day-to-day activities in
the presence of noise; 50% or more caregivers of children with ASD marked
“always” or “frequently” to items like “doesn’t respond when name is called but
you know the child’s hearing is OK” and “is distracted or has trouble functioning if
there is a lot of noise around.” More recent work has framed these perceptual differ-
ences as an increased capacity for processing sound, which carries both advantages
(e.g., superior pitch perception) and disadvantages (such as a higher propsensity for
sensory overload; Remington and Fairnie 2017). This study highlights an increasing
awareness in sensory perception research in ASD that focuses on both the deficits
and the benefits associated with differences in sensory abilities.

Atypical sensory processing has also been linked to symptom severity in the
social, cognitive, and communication domains (Linke et al. 2018) and to self-
injurious behavior (Duerden et al. 2012). Furthermore, these connections are found
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not only in individuals with ASD but also in individuals who do not have ASD but
score high on measures of autistic traits (Mayer 2017). This suggests that the rela-
tionship between abnormal sensory processing and autistic symptoms occurs not just
within the autism spectrum but also across the full range of clinical and subclinical
autism symptomology.

12.4.2 Speech and Communication Skills

Several studies have shown that abnormal sensory processing also affects how indi-
viduals with ASD communicate and interact with their environment. For example,
hyporesponsiveness is associated with increased severity on measures of social
communication (Watson et al. 2011). In a study that combined both laboratory and
live social interaction, facial recognition was a significant predictor of measures of
playing alone and with others (Corbett et al. 2014). In particular, higher scores on a
delayed recognition-of-faces task were associated with lower levels of self-play and
playing on playground equipment alone and with higher levels of playing with oth-
ers. Finally, a growing body of work has begun to show the presence of strong links
between audiovisual temporal function and clinical measures of speech perception
(Woynaroski et al. 2013; Stevenson et al. 2014b) and receptive language function-
ing (Patten et al. 2014). One illustration of these links was seen by examining the
relationship between audiovisual temporal function and reports of the McGurk illu-
sion (cf. Sect. 12.1.3). Here, a strong negative relationship was found between
audiovisual temporal acuity (as measured by the size of the temporal window of
integration) and reports of the McGurk illusion, suggesting that those with larger
windows combine visual and auditory speech signals differently from those with
smaller windows (Fig. 12.6; Stevenson et al. 2014a).

12.5 Summary and Future Directions of Research

Changes in auditory and multisensory (i.e., audiovisual) processing and the associ-
ated brain networks are a common feature of ASD. Although only recently added
to the formal diagnostic framework for ASD, the presence of sensory features has
been a long-recognized but poorly understood characteristic of the autism pheno-
type. Recent work has begun to establish links between sensory function and the
more classic characteristics of autism, with the largest body of evidence showing
strong relationships with social communication. The presence of such links makes
great intuitive sense because higher order constructs such as communication skills
and social interactive abilities create a scaffold on a sensory and multisensory
foundation where the integrity of sensory information processing and the proper
synthesis and integration across the sensory streams is key to social communicative
development.
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Fig. 12.6 Connections between temporal acuity and multisensory illusory perception. (A)
Children with ASD and TD children show differences in their perception of a multisensory speech
illusion (i.e., the McGurk effect). TD children report the illusory percept /da/ more often than
children with ASD. Error bars are SEs of the mean. *P < 0.05. (B) Differences in susceptibility to
the McGurk effect are associated with differences in multisensory temporal acuity (i.e., size of the
temporal binding window [TBW]) in ASD for flashbeep (P < 0.05), tool (P < 0.03), and speech
(P < 0.001) stimuli such that larger TBWs (worse temporal acuity) are associated with reduced
susceptibility of the McGurk effect. Note the strong negative relationship for speech stimuli, in
which large TBWs are associated with less reporting of the McGurk illusion. Data are from the
ASD children. Adapted from Stevenson et al. (2014a), with permission

From a neurobiological perspective, a great deal of additional work is needed to
better understand the circuit and network changes within sensory areas in ASD and
how these changes relate to changes in brain regions supporting more cognitive
abilities such as social communication. Although much of the prior neurophysiolog-
ical and neuroimaging work in ASD has focused on differences in brain regions
supporting these “higher order” abilities, there is a growing corpus of work oriented
toward better elucidating differences in sensory regions of the brain in individuals
with autism. Much like the behavioral research that has begun to establish strong
associations between sensory function and social communication, these studies now
need to address how processing differences in sensory regions and circuits impact
the changes that are seen in brain regions responsible for more cognitively directed
functions. Key nodes in this analysis will likely be multisensory regions that sit at
the transition between unisensory domains of the auditory and visual cortices and
regions of the parietal, temporal, and frontal cortices and that have been implicated
in higher order functions including attention, executive control, and social cognition.
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Two of the most intriguing of these regions are the pSTS (cf. Beauchamp, Chap. 8)
and areas along the intraparietal sulcus. In addition to being strongly implicated in
the integration of auditory, visual, and tactile information, these areas are also cen-
trally involved in processes integral for speech comprehension (Venezia et al. 2017)
and attentional allocation (Corbetta and Shulman 2002), respectively.

Finally, greater knowledge of sensory processing in autism is likely to play an
important role in intervention and remediation. Perhaps more important than ame-
liorating the altered sensory characteristics seen in ASD is the potential for this
work to have cascading effects on domains such as social communication. The core
question here is whether sensory-based training approaches focused on strengthen-
ing aspects of sensory function will have secondary effects on processes dependent
on the integrity of this sensory information and the manner in which it is integrated.
There is a strong developmental emphasis to this point because the maturation of
brain regions responsible for sensory processes takes place before the maturation of
those regions more integral for cognitive abilities, and early intervention focused in
the sensory realm may set the stage for improving the developmental trajectory of
these higher order regions.
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