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Abstract: While exteroceptive sensory processing is a hallmark of autism spectrum disorder, how interoceptive processing may
impact and contribute to symptomatology remains unclear. In this comprehensive narrative review on interoception in autism, we
discuss: 1) difficulties with assessing interoception; 2) potential interoceptive differences; 3) interactions between neural systems for
interoception, attention, sensorimotor processing, and cognition; and 4) potential differences in neural circuits involved in interocep-
tion. In general, there are mixed findings on potential interoception differences in autism. Nevertheless, some data indicate differences
in integration of interoceptive and exteroceptive information may contribute to autism symptomatology. Neurologically, interoceptive
processing in autism may be impacted by potential differences in the development, morphometry, and connectivity of key interoceptive
hubs (vagal processing, brainstem, thalamus, insula), though much work is needed on this topic.
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Introduction

Interoception refers to the sensation of internal bodily sensations and processes, such as the heartbeat, respiration, gut
sensations, and blood vessel activity.' ® Internal body stimuli classically consisted of input from the internal organs (eg,
heart and gut); however, more recently, some definitions also include skin-mediated interoception, such as thermosensa-
tion (perception of temperature, affective touch, and pain).””” Further, interoception is processed not only from afferent

input, but may also involve feedback and feedforward loops from the brain to the internal organs.'®'?

Interoception may also contribute to the genesis of one’s emotional states,>'*'*

which, in turn, give rise to feelings —
the conscious experience of emotions.'> Interoception is essential for feelings of malaise and maintaining homeostasis of
the body. In addition, interoception is thought to contribute to consciousness,' action understanding and imitation in early

17.18 sense of agency,'® spatial perspective-taking,° and social judgment.?! For example, our

infancy,'® decision making,
initial impressions of others tend to be influenced by visceral states, such as cardiac afferent signals.**** Thus,
interoception interacts with many other processes, including exteroception, cognition, and motor, social, and emotional
processing.>**>

While exteroceptive sensory processing differences such as visual and auditory hypo- or hyper-sensitivities are part of
the diagnostic criteria for autism in the DSM 5,>® how interoceptive processing is related to autism symptomatology
remains to be determined. However, recently, difficulties with interoception have been hypothesized to be related to, or
even underlie, some symptomatology in autism,”’ >* but the presence of interoception differences in autism remains
unresolved, due to mixed findings in prior studies.* Discrepancies may stem from measurement issues, lack of statistical
power, and variability in studied populations. In addition, high co-occurrence of mental and physical health conditions in
autism, such as anxiety and gastrointestinal issues, could alter interoceptive functioning and may act as confounding

variables in studies of interoception.*®>*
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Here, we aim to provide a neurobiological perspective to help better understand the potential association between
interoceptive processing and aspects of some autism symptomatology. To better explore these associations, we first
present a review of the literature related to interoception and autism. Second, we outline neurobiological models of the

interoceptive nervous system2’3’6’l3’39

and discuss their application to autism.

Potential Interoception Difficulties in Autism: Measurement Issues

To date, there is an inconsistency of evidence for a general interoceptive difference in autism.*>***!' Some studies
identify various interoceptive challenges faced by autistic individuals, including difficulties with awareness of hunger,
thirst, heartbeat detection, pain, and affective touch.>*>%34274¢ Other studies indicate interoceptive difficulties in autistic
children but not in adults,*’” while other studies do not find any differences.**>°

Discrepancies between studies may stem from issues with how interoception is measured. There are currently several
ways to assess interoceptive ability, including: behavioral accuracy (the correspondence between objectively measured
physiological events and an individual’s reported self measurement, i.e., heart rate); interoceptive attention (purposefully
attending to interoceptive signals when instructed), interoceptive sensibility (i.e., metacognitive self-reflections and self-
report measures), and attribution of a cause of interoceptive changes within the self, such as perceived threat.*>>!
However, all of these methods draw attention to one’s bodily states, which can change the amplitude of interoceptive
signals, thereby potentially augmenting or diminishing neural activation to interoceptive signals.”'

While self-report tools are commonly used to assess interoceptive sensibility or perceived accuracy,’” their effec-
tiveness in gathering accurate information from autistic individuals presents unique difficulties.” Previous studies have
reported challenges with self-evaluation in autism, as autistic individuals may have limited insight into their anxious
thoughts and feelings, leading to difficulties in accurately identifying and reporting internalizing symptoms.**>*3°
Additionally, it may be that, similar to exteroception, autistic individuals may have hyper- or hypo-interoceptive
reactivity, or combined patterns, making it difficult to interpret a mean score.*>*® Thus, when assessing interoceptive
accuracy, it has been suggested to incorporate multiple measures.*>>

Moreover, in autism, there is an increased co-occurrence of alexithymia, a subclinical condition characterized by
challenges in recognizing, interpreting, and describing one’s emotions (see Kinnaird et al, for a review).”’ Reduced
interoceptive accuracy may contribute to alexithymia in autistic individuals that could overestimate or underestimate the
bodily sensations, which could further contribute to difficulties in recognizing and expressing their own emotions.*®%->
Additionally, alexithymia is significantly associated with difficulties in processing and associating bodily sensations with
emotions, leading to a disparity between objective and subjective experiences of bodily sensations.*’ Additional research
is needed to better understand the relationship between interoception and alexithymia in autism.

To summarize, there is a great deal of inconsistency in data exploring potential interoception difficulties in autism.
Measurement issues and sample differences (i.e., age range, intelligence, sex, and co-occurring conditions) are perhaps
the largest source of these discrepancies. Thus, studies with stratification by age and validated tools with multiple
measures are needed.’>*° Also, Crucianelli et al® suggest that interoception at perceptual levels should be investigated as
a set of independent processes rather than a single construct. Specifically, they suggest that the capacity to perceive
different kinds of interoceptive signals (eg, cardiac, thermosensory, nociceptive) may vary within an individual and thus

distinct interoceptive submodalities may need to be probed separately.

Models of the Interoceptive System
As behavioral measurement is an issue in understanding potential differences in interoception in autism, neural
differences related to the interoceptive system may be another avenue to explore for better understanding. Here, we
first describe different models of the interoceptive system.

The interoceptive system is a network of neural structures that includes viscerosensory, autonomic, peripheral, and
central components that continuously monitor and regulate the body’s visceral internal state.°'**> The unique anatomical
structures and physiology of the interoceptive system are believed to play a critical role in the generation of feelings, the
conscious mental events that represent the body’s states as it undergoes homeostatic regulation.'” Feelings can be
spontaneously internally generated as a result of interoceptive regulation processes, which are called homeostatic feelings
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(i.e., hunger, thirst and pain, well-being, malaise, desire). Alternatively, emotional feelings may be largely prompted by
external conditions (i.e., fear, anger, disgust, or joy)." Therefore, interoception is a key factor in determining the nature
and content of feelings, regardless of whether they arise from internal or external sources.

Changes in the body’s state trigger both automatic physiological reactions and mental experiences.> These processes
may occur via action programs or physiological mechanisms that are largely instinctual and stereotypical, primarily
without the need for conscious experience.® Specifically, when we experience homeostatic feelings like thirst, hunger, or
pain, our body prompts us to engage in behaviors that address those needs. Further, the addition of conscious feelings
increases behavioral flexibility and facilitates learning by allowing the organism to associate specific circumstances with
changes in body states, and this knowledge can be applied to adapt to future situations.”'”

One model of interoception proposes an integration of aspects of somatosensory perception (pressure, temperature,
and pain) and visceral information.>’ For example, some exteroceptive signals, such as affective touch, can be mapped
also by interoceptive structures, specifically by unmyelinated C-fibers in cutaneous skin.”> This suggests that the
perception of affective touch and the processing of internal bodily sensations are interconnected, blurring the distinction
between interoceptive and the exteroceptive senses.” Additionally, proprioception and vestibular sensation may also
contribute to interoception processes.’®

Recently, some have proposed that interoception should also include regulating signals from the brain.'®'? This
model of interoception has been integrated with prediction coding (Embodied Predictive Interoceptive Coding
[EPIC]).****% From a Bayesian perspective that inferences and predictions of interoceptive processes regulate body
states, the EPIC model posits that the brain forms a prediction-sensation loop that minimizes exteroception/interoceptive
unexpectedness, contributing to homeostasis.’>**>°® The prediction-sensation loop can be divided into three parts: (1)
interoceptive and exteroceptive information (from internal organs, and external sensory organs); (2) body regulation — the
process of executing actions that affect the internal state of the body (eg, hormone release, motor commands, adjusting
feedback loops); and (3) the prediction of the future consequences of bodily actions, known as forecasting.®> This
regulative system is based on processing of current interoception and exteroception signals and comparing them to past
experiences.®® The predictions are then tested against incoming sensory and interoceptive signals, and the brain adjusts
its predictions accordingly (prediction error). However, whether these interoceptive predictions occur and, if so, how they
function remain debated. Some of the empirical research on predictive processing models has focused on algorithmic
theories, and still needs more work to evaluate the adequacy and explanatory power of these algorithms.®’

It should be noted that predictive processing models were first suggested for motor and exteroceptive processes (eg,

“Forward Model”;()g “Free Energy Principle”69,70

). In particular, a large focus for these predictive models and experi-
mental validation has been based on the visual system where it is thought that there is a predominant top-down prediction
of visual processing,”' or, for example, at the cognitive level, for actively predicting the actions and intentions of
others.”> We note that the interoceptive system, however, may be widely different from the visual and motor system in
many aspects, including the mode of signal transmission, blood-brain barrier, and neurotransmitters/neuromodulators.”
For example, interoceptive neurons tend to be slow and unmyelinated, as opposed to the exteroceptive and motor
system’s highly myelinated fast neurons.” Additionally, interoception is associated with neurotransmitters such as
monoamines (ie, dopamine, noradrenaline, serotonin), acetylcholine, and neuropeptides, many of which are involved
in emotional regulation, attention, learning, and autonomic functions. By contrast, exteroception, movement, and
cognition are associated with neurotransmitters such as glutamate and GABA, excitatory and inhibitory neurotransmit-
ters. These neurobiological differences indicate that it may be difficult to transfer models of predictive modeling designed
for the exteroceptive/motor systems to the interoceptive system.

Nevertheless, it is widely accepted that the interoceptive system orchestrates automatic responses through efferent
signals, ensuring that the body can adapt and respond appropriately to maintain its well-being.>*> Thus, Chen et al'' posit
that it is necessary to include body regulation as a component of the interoceptive system, recognizing the interconnect-
edness of regulatory signals.'” Still, in the literature, some have considered interoception and body regulation as separate
concepts,'! and further work is needed. In summary, there is a debate on what stimuli constitute interoceptive responses,
how interoception and exteroception may interact neuronally, whether predictive models may exist for interoception as
they do for exteroception, and how regulatory systems may be integrated into interoceptive systems.
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Interoceptive Processing and Autism

There are several theories of how interoceptive processing may be different in autism. First, scholars have suggested that
individuals with autism have a reduced ability to integrate interoceptive stimuli. Specifically, Hatfield et al”* apply the
interoceptive system to the weak central coherence theory (difficulty seeing the whole picture and focusing instead on
individual elements of a stimulus).”* They posit that the physiological state of thirst, for example, can only be inferred by
integrating several distinct interoceptive sensations, such as dry mouth, increased heart rate, and a feeling of discomfort
that are combined to form a coherent understanding of thirst. They propose that autistic individuals have a weakened
global interoceptive integration, leading to difficulties in recognizing and addressing their thirst, suggesting they may
have a heightened awareness of internal signals but difficulties interpreting and integrating them. However, this
hypothesis has not been tested with empirical research yet.

Further, autistic individuals may have difficulties in accurately perceiving the timing of sensory signals.>® These
temporal-binding windows are more prominent when the pairings of stimuli involve both external and internal sensory
information, suggesting a lack of temporal acuity and disrupted integration of exteroceptive and interoceptive signaling.*?
Additionally, autistic individuals might show a stronger focus on their own exteroceptive and interoceptive sensations
with less habituation.”>’® Such differences may cascade downstream as social processing differences,”® and may be
compounded by disrupted behavioral regulation (eating and sleeping patterns).?’ Thus, there is some evidence for poor
integration of exteroceptive and interoceptive signals in autism.>

In line with the latter idea, Proff et al*® proposed a unified theoretical framework of differences in autistic perception, which
integrates interoceptive and exteroceptive domains, such as visceral, visual, and tactile. They propose that divergent patterns of
sensory processing in autism can be explained by difficulties in integrating and interpreting these various exteroceptive and
interoceptive sensory information. Utilizing a bottom-up and a top-down predictive model, they suggest that weak neural
synchronization and an atypical perceptual inference of interoceptive and exteroceptive signals may give rise to difficulties in
both interpreting bodily needs and alexithymia. This could lead to an overestimation or underestimation of the bodily sensations,
which could further contribute to difficulties in recognizing and expressing their emotions. The authors suggested that in autism,
there is an increased focus on sensory error signals in both exteroceptive and interoceptive domains, which may be inferred as an
increased influence of error signals when generating predictions based on sensory input.”*’” However, as previously discussed,
predictive models remain untested and debated for the interoception (and also debated for exteroception in autism; see Sapey-
Triomphe et al;"® Cannon et al;”® Finnemann et al;** Ward et al®"). Thus, this unified theoretical framework remains empirically
untested.

As mentioned earlier, recent definitions of interoception include skin-mediated stimuli, such as pain and affective
touch.”® Atypical pain perception, expression, and difficulties in pain assessment have been previously described in
autistic people.**"*27%5 These may manifest as allodynia (extreme sensitivity to normal non-painful tactile stimulation
that causes intense pain), paradoxical heat sensation (where gentle cooling is perceived as hot or burning), or abnormal
sensitivity to pain (altered pain responses or lower thresholds to thermal or pain stimuli).***¢ One biological theory of
these discrepancies suggests that autistic people experience most stages of pain processing differently (pain perception,

42.76.83 and these differences may relate to unmyelinated small

transmission, expression, modulation, and/or suppression),
fiber density®’” and attenuated thalamocortical signaling. Such pain processing differences may significantly affect their
perception of and responses to somatosensory stimuli, such as hypoesthesia (reduced sensitivity to touch).** In autism,
pain processing differences have been found for pain processing, pain coping, and attenuation of pain.”®**%° Attenuation
of pain, in particular, is an important element of the interoceptive-visceromotor loop, an aberrance on this loop could lead
to downstream attentional, social and behavioral symptomatology.***® Thus to summarize, there is evidence for pain

processing differences in autism, and such differences may have cascading effects, though further work is needed.

Interoceptive Neural Processing

Here, we first discuss specific neural pathways for interoception, and then describe potential differences in these pathways in
autism. The interoceptive system has poorly myelinated fibers which can lead to slower nerve transmission and localized
gaps in the blood-brain barrier. These allow for ephaptic transmission, synchronization of membrane potential across
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neurons, detection of subthreshold potentials, chemosensation along the axonal trunk, and direct exposure to metabolites and
blood-borne proteins (for more on this topic, see Damasio & Carvalho;® Carvalho & Damasio?).

The neural networks involved in interoception are summarized in Figure 1. Much of interoceptive processing,
including first-order integrated maps of interoceptive signals from the entire body, is completed at the level of the
brainstem.® Indeed, lesion studies show that interoceptive perception is intact even without the insula, further indicating
that interoception may be largely processed in non-cortical neural regions.®

Bottom-up interoceptive signals, important for sensing homeostatic change, primarily originate from internal organs,
such as from the bladder for detecting bladder stretch and coordinating urination.” The first pathway consists of C and A8
fibers that carry information related to various body states, and these afferents converge in the spinal cord and the
trigeminal nucleus. The vagus nerve and the spinothalamocortical pathway then transmit the interoceptive information to
the central nervous system. Viscerosensory inputs are carried to brainstem structures, including the nucleus tractus
solitarius, parabrachial nucleus, and periaqueductal gray (PAG).®' The upper brainstem plays a crucial role in assembling
and integrating this interoceptive afferent information.

Also, in the brainstem, the deep layers of the superior colliculus receive inputs from different sensory modalities,
including visual, auditory, and somatosensory information. This unique arrangement suggests that both exteroceptive and
interoceptive information converge in the superior colliculus to form an integrated sensory map of internal and external
afferent information.®® Inputs to the PAG are linked to motivated behaviors (i.e., appetitive and aversive control) and
gating autonomic visceromotor activity (i.e., escape behavior).”*?! Further processing is sent from the brainstem to the
thalamus and the insular cortex, which we discuss next.

Thalamus
The intralaminar nuclei of the thalamus, which are immediately rostral to the brainstem, play a role in orienting and
attention while the midline nuclei of the thalamus are responsible for arousal and visceral sensation.”>* Specifically,
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Figure | Interoceptive pathways, adapted from Damasio & Carvalho (2013),° involve two main routes that run alongside for conveying information from the body’s internal
environment to the central nervous system; lamina | and vagus.

Note: Adapted from Damasio A, Carvalho GB. The nature of feelings: evolutionary and neurobiological origins. Nat Rev Neurosci. 2013;14(2):143—152, Springer Nature.®
Abbreviations: PAG, periaqueductal grey; SC, superior colliculus; AP, area postrema; PBN, parabrachial nucleus; NTS, nucleus tractus solitarius.
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thalamic nuclei and subthalamic nucleus modulate cardiorespiratory activity.”* In addition, pain and temperature
information is transmitted from lamina I from the C and AS$ fibers directly to the thalamus without a synapse in the
brainstem.® It has been suggested that this direct pathway from lamina I to the thalamus (and then to the anterior
cingulate cortex [ACC]) may play a role in mediating the emotional experience of pain.”® The thalamus is also involved
in nociceptive discrimination. It is responsible for distinguishing ascending signals evoked by both innocuous or noxious
heat. In tandem with the PAG and the amygdala, the thalamus triggers a descending inhibitory pathway that reduces pain
(see You et al, for a review).”> Additionally, the combination of excitatory and inhibitory thalamocortical interactions can
dynamically shape large-scale cortical dynamics, which are important for regulating arousal levels in the brain. For
example, during sleep there is an increased connectivity between the thalamus and sensorimotor networks.”®

Insula

The insula is a major cortical hub for finer-grain late interoceptive processing such as the integration of interoception,
feelings, and cognition, for top-down cognitive control.* Specific to interoception, the insula is involved in developing
controlled action plans® in response to interoceptive stimuli (eg, the experience of cardiac pain leads one to call the
doctor). Thus, the insula has a modulatory role in the processing and experience of the body state and integrating
interoception with feelings and other cognitive processes.

The insula receives multiple sensory (exteroceptive and interoceptive) information about the body’s internal state,
such as visceral, pain, temperature, vestibular, gustatory and somatosensory (related to touch and pressure) information.
The posterior insula is mainly responsible for processing the perception of visceral/bodily signals while the anterior
insula may integrate bodily sensations with subjective feelings and awareness.”””® The anterior insula cortex and the
ACC have Von Economo neurons (VENs) which are unique cells found only in these areas. It is hypothesized that their
function is to relay information from the insula and ACC to frontal and temporal regions and are related to the ability to
make adaptive responses to changing environmental conditions.”

The left anterior insula commonly shows convergent coactivation patterns with the dorsal ACC and bilateral
thalamus, together constituting the mid-cingulo-insular “salience network”.'>'°*"'% The anterior insula also strongly
interacts with other functional brain networks including the medial frontoparietal “default mode network™ and lateral
frontoparietal “central executive network”.'”" These findings suggest that the large-scale connectivity of the insular
cortex plays a critical role in integrating internal and external multisensory stimuli in the service of initiating higher-order

control functions, acting as a gatekeeper to other brain regions and networks.'"!

Efferent Pathways

Regulatory top-down signals of interoception may be transmitted through both non-neural and neural pathways. Non-
neural pathways include the blood and lymphatic system. Neural pathways can be either spinal (sympathetic) or vagal
(parasympathetic) efferents. The sympathetic chain ganglia are specifically involved in the body’s fight-or-flight
response, preparing the body to respond to stress or danger, and may be considered part of the top-down pathway for
the interoceptive system. Vagal efferents, also known as parasympathetic efferents of the autonomic nervous system,
travel through the nodose or jugular ganglia bundles, helping to regulate interoceptive signals and organ functions (e.g.,
regulating rest and digestion).'""'? Further, subcortical brain regions including the amygdala, nucleus accumbens, ventral
striatum, and ventral pallidum are involved in generating homeostatic actions, such as valence modulation and the

triggering of motor behaviors.*®!

Neural Characteristic of Autism: Implications on Interoception

There have been limited studies on potential differences in the interoceptive nervous system in autism. To investigate
differences, one could look for differences in afferent tracts from the viscera (e.g., vagus nerve), efferent parasympathetic
processing, and/or changes in the brainstem or other interoceptive system tracts. With regard to afferent visceral tracts,
there is ample evidence that signaling by the vagus nerve may be impacted by microbial and metabolite differences
commonly found in autism (see Chernikova et al;'*® Taniya et al'®, for reviews). Such signaling differences from gut

dysbiosis may impact not only interoceptive processes, but also socio-emotional processes.'’
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Further, autistic individuals show differences in physiological responses in the autonomic nervous system. A recent
meta-analysis investigated the physiological response in autistic individuals in comparison to a non-autistic group,
focusing on two key factors: (a) the type of physiological measure used, particularly its connection to the autonomic
nervous system branches (sympathetic and parasympathetic); and (b) the social context in which the measurements were
taken.'” The findings revealed significant differences between groups, particularly in relation to the activity of the
parasympathetic nervous system and the combined activity of the sympathetic and parasympathetic systems during social
interactions. Specifically, respiratory sinus arrhythmia, a common measure of peripheral nervous system activity, showed
reduced activity during exposure to environmental stimuli. This may suggest that in autism, there may be differences in
inhibitory mechanisms needed to reallocate physiological resources in response to external factors.'’® Along this line, in

both autistic and non-autistic children, Bufo et al'®’

collected autonomic parameters during gentle tactile stimulation in
two skin regions, one corresponding to high-intensity C fibers (forearm), and the other to low-intensity C fibers | (palm of
the hand). In response to tactile stimuli on both skin regions, non-autistic children had an increase in pupil diameter and
skin conductance, along with a decrease in heart rate. However, autistic children exhibited reduced autonomic responses
overall, and their baseline autonomic nervous system activity was significantly different to non-autistic children. These
findings suggest autonomic dysregulation and lower tactile autonomic evoked responses in autistic children in response
to affective stimulation.

With regard to the brainstem, several studies indicate differences in autism.'® """ These include significant differ-

199 and lower white matter volume.''* "> Additionally,

116,117

ences in brainstem volume,''? brainstem gray matter volume,
studies have shown that impairments in the superior colliculus have been observed in autistic individuals.
Furthermore, a longitudinal study found that youth with autism displayed atypical brainstem development.''’
Longitudinal, histology, psychophysiology and neuroimaging studies have shown atypical brainstem development in
autism though differences in autism may be attenuated with age.''®'"" Burstein et al''® posit that early life brainstem-
mediated markers related to autonomic/arousal regulation, sleep-wake homeostasis, and sensorimotor integration and
reactivity (including interoception), may contribute to the early autism symptomatology. Furthermore, it is posited that
differences in neuromodulation by the brainstem (which releases neuromodulators such as dopamine, norepinephrine,
and serotonin) may also contribute to autistic symptomatology.''®

In addition, in autism, changes in the development of the brainstem during early life stages could have a cascading
effect on the formation of the cortex and cerebellum.''""'" Epidemiology findings and data from animal models of
autism provide support for this hypothesis, particularly during the peak formation of the brainstem’s monoaminergic
centers.'' These differences in brainstem development and maturation may be related to specific autistic symptoms, such
as atypical sensorimotor features. Specifically, a diffusion-weighted imaging (DWI) study examined the sensory-
brainstem relationship in 133 children between the ages of 6 and 11, including 61 autistic children and 72 non-autistic
children. In autistic children, sensory hypo-responsiveness and heightened response to touch were specifically associated
with the microstructure of white matter in brainstem tracts.'? However, other studies have not found any significant
brainstem differences in autism.'?""'*? Discrepancies between studies may arise from the vast age ranges of participants
studied'?! or the inclusion of only adults.'** Taken together, some studies indicate brainstem differences in autism, and
that they may play a role in the behavioral responses of autistic children to sensory stimuli. How these may also relate to
interoceptive processing, however, remains to be determined.

Other studies on the neural correlates of autism indicate differences in thalamic connectivity in autism. For example,
resting state fMRI studies comparing neural activity in infants with high likelihood (have an older sibling with autism; HL)
and low likelihood of autism (no siblings with ASD; LL) indicate increased thalamo-limbic connectivity between the
bilateral thalamus and the hippocampus, parahippocampus, left amygdala, and left olfactory cortex at 1.5 months of age
compared to the lower likelihood (LL) group. In addition, at 9 months, the HL group showed thalamo-cortical hypocon-
nectivity with several prefrontal regions, including the medial prefrontal cortex (mPFC) and motor areas.'?® These results
indicate alterations in functional thalamic networks involved in sensory processing may be present in the first nine months
of life in HL infants. These results are consistent with Nair et al,'** which also found reduced connectivity between: 1) the
prefrontal cortex and the anterior/dorsal nuclei of the thalamus; 2) thalamic-occipital regions; and 3) thalamic-motor
regions in HL infants relative to LL group. Further, at 6 weeks of age, aberrant thalamocortical connectivity, at both the
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functional and structural level, predicted atypical social development assessed with eye-tracking and clinical measures
between 9 and 36 months of age. Taken together, these studies seem to indicate that HL infants may be on a delayed and/or
differential maturational neural trajectory for thalamocortical connectivity and sensory responsivity as early as 1.5 months
of age, though more work is needed to verify these findings and connect them to potential differences in interoception.'?*:!%*
Furthermore, evidence suggests that the thalamocortical and thalamo-subcortical pain-processing pathways play a role
in reduced pain awareness in autistic individuals.®* During aversive sensory stimulation, autistic individuals also exhibit
attenuated thalamocortical connectivity between the thalamus and the cortex. However, there is enhanced connectivity
between the thalamus and subcortical areas such as the putamen, hippocampus, and amygdala. These results suggest that
modified thalamus connectivity may contribute to attributing pain to benign tactile stimuli in autistic individuals.®®
The insula is a “hub” for coordinating brain network dynamics. In autism, structural and functional changes in the
insula, as well as alterations in connectivity, have additionally been observed.'>>'?® Specifically, hyperconnectivity has
been observed in the anterior insula and ACC, which are both part of the salience network.'*® This hyperconnectivity
pattern can differentiate autistic children from typically developing children and can also predict the severity of
symptomatology, such as restricted and repetitive behaviors.'*® Indeed, many connectivity differences have been
found in autism, including between network connectivity (DMN, salience-executive network and fronto-parietal

99,126,130,131 132-134
network); 7

and aberrant connectivity in attention networks (ventral and dorsal attention networks).
These results are in line with the proposals that autism may, in part, arise from differences in neural connectivity, with
atypical connections between and within multiple intrinsic functional networks involved from salience, to sensory, to
attentional, to cognitive and socio-emotional processes.'>* !¢

Taken together, there is limited work on how neural differences are specifically related to potential differences in the
interoceptive nervous system in autism. However, there is indication that many hubs of the interoceptive nervous
system — vagal processing, brainstem, thalamus, and insula, may have differences in development, morphometry, and
connectivity, all of which may impact interoceptive processing and intero-exteroceptive sensory integration and inter-

pretation in autism. Nevertheless, much more research on this topic is needed.

Conclusion

Here we aimed to explore the potential relationships between interoceptive processing in autism. Interoception plays
a central role in normative functioning by providing the brain the internal sensory states of the body. Additionally, the
interoceptive network interplays bidirectionally with exteroceptive sensory, motor, and cognitive networks. A crucial
characteristic of interoception is its intrinsic valence and arousal that have influence in attention allocation, shaping how
individuals perceive and interact with the world around them.®

There still remains a debate about whether or not there are differences in interoceptive processing in autism.
Measurement issues remain as one of the greatest barriers, making it difficult to assess potential differences in autism.
To better understand different levels of interoceptive processing, it may help to divide the concept of interoception into
different components, including attention, discrimination, accuracy, insight, and integration.>'3>%137-13% Thijs would
lessen the burden of metacognitive ability and alexithymia on current measures of interoception. In addition, methodol-
ogy for the study of non-conscious interoceptive processing may be an important step in future autism research and
different kinds of interoceptive signals (e.g., cardiac, thermosensory, nociceptive) may be probed separately. Further,
there remains a need to better understand how interoceptive and exteroceptive signals are integrated and how this process
may differ in autism.

Neurobiologically, we discussed how afferent pathways from the viscera may have aberrant signaling from microbial
and metabolite differences common to autism.'® In addition, brain regions, such as brainstem nuclei, the thalamus, and
insula implicated in interoceptive processing show differential integrity, activity patterns, and/or connectivity patterns in
autism 5310111123124 Thege patterns have been correlated with sensory sensitivities, but further studies on their
relationship to interoceptive ability remain to be determined. Additionally, in autism, differences in the thalamocortical
and thalamo-subcortical pathways may lead to differences in interoceptive processing such as pain and/or attributing pain
to sensory experiences.®® Future research on interoception at early processing levels, such as the function of peripheral
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small fibers and the relation to the autonomic regulation, could also contribute to the understanding of some behavioral
and social symptomatology experienced by autistic individuals.'®”-'4°

In conclusion, there still remains a debate on the differences in interoception in autism. In this narrative review, we
provide evidence to explain why there are discrepancies in past research and suggestions for future research directions to
help scholars obtain a better understanding of behavioral and neurobiological impacts of interoceptive processing across

the autism spectrum.
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