
R

I

D
P
a

b

c

d

e

U
f

g

h

a

A
R
R
A
A

K
I
A
I
H
I

C

1

h
0

Int. J. Devl Neuroscience 52 (2016) 104–111

Contents lists available at ScienceDirect

International  Journal  of  Developmental Neuroscience

journa l homepage: www.e lsev ier .com/ locate / i jdevneu

eview

nteroception  in  Autism  Spectrum  Disorder:  A  review

enise  DuBois a,b, Stephanie  H.  Ameis c,d,e, Meng-Chuan  Lai e,f,g, Manuel  F.  Casanova h,
ushpal  Desarkar a,c,∗

Adult Neurodevelopmental Services, Centre for Addiction and Mental Health, University of Toronto, Toronto, Ontario, Canada
Rehabilitation Science Institute, University of Toronto, Toronto, Ontario, Canada
Temerty Centre for Therapeutic Brain Intervention, Centre for Addiction and Mental Health, University of Toronto, Toronto, Ontario, Canada
Research Imaging Centre, Campbell Family Mental Health Research Institute, The Centre for Addiction and Mental Health, Toronto, Ontario, Canada
Child and Youth Mental Health Collaborative at the Centre for Addiction and Mental Health and The Hospital for Sick Children, Department of Psychiatry,
niversity of Toronto, Toronto, Ontario, Canada
Autism Research Centre, Department of Psychiatry, University of Cambridge, Cambridge, United Kingdom
Department of Psychiatry, National Taiwan University Hospital and College of Medicine, Taipei, Taiwan
Department of Psychiatry and Behavioral Sciences, University of Louisville, Louisville, KY, USA

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 12 April 2016
eceived in revised form 10 May  2016
ccepted 11 May  2016
vailable online 3 June 2016

eywords:
nteroception
utism Spectrum Disorder

nternal sensation processing
omeostatic afferent pathway

nsula

a  b  s  t  r  a  c  t

Purpose:  This  review  article  summarizes  original  scientific  research  published  to  date  on interoception
in  individuals  with  Autism  Spectrum  Disorder  (ASD).  Sensory  processing  has  been  shown  to  be  atypical
in  ASD,  yet  physiological  processing  and  subjective  experience  of  internal  sensation  processing,  namely
interoception,  has not  been  reported  sufficiently  in  research  or clinical  settings.
Background: There  is a  small  but  growing  body  of  scientific  research  on  interoception  in  ASD,  which  is
relevant  to  understanding  the  behavioral  and  cognitive  characteristics  inherent  in  this  condition,  and
may  provide  a  foundation  for  clinical  interventions  such  as  biofeedback,  pain  management,  and  brain
stimulation  techniques.
Methods: A  literature  review  of  original  research  was performed  using  major  scientific  databases.
Results:  Interoception,  which  occurs  due  to multisensory  connections  and  integration  of  internal  afferents
in cortical  and subcortical  areas,  is atypical  in ASD,  but the  degree  and  directionality  of  this  abnormality
is  not  yet  clear  due to  the heterogeneity  of  the condition.  Between-group  interoceptive  differences  in
individuals  with  and  without  ASD  have  been  repeatedly  demonstrated,  with  a  slight  tendency  towards

hyporeactivity  in interoceptive  awareness  in  individuals  with  ASD.
Significance:  Multidimensional  research  combining  neuroimaging  with  psychophysiological  and  self-
report  measures  guided  by  a  clear  theoretical  model  is  necessary  to understand  how  interoceptive
differences  link  to the  behavioral  and  cognitive  characteristics  of  ASD.  Sensory  processing  models  and
autism  theory  should  also be  updated  to incorporate  these  recent  findings.
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. Introduction

When Sherrington (1906) first described interoception in 1906,
is definition reflected limited knowledge of basic reflexes and
isceral sensations in the central nervous system. As knowledge
f brain pathways has expanded over the past century, so has
nderstanding of how interoception is consciously experienced in
umans. Today, interoception represents a complex phenomenon
f visceral afferent information reaching conscious awareness and
he manner in which perception of these afferent signals may  affect
uman behavior (Cameron, 2002).

The basic process of interoception encompasses how sensory
ignals related to internal body experiences such as pain, tem-
erature, itch, sensual touch, muscular and visceral sensations,
asomotor activity, hunger, thirst, and ‘air hunger’ reach conscious
wareness (Craig, 2003, 2015). By integrating bottom-up afferent
ignals from the body and top-down predictive signals from higher
rder cortical structures in the frontal and sensorimotor regions,
he anterior insula plays a key role in interoceptive processes. It
cts as an integration center for physiological and emotional per-
eption. Neuroimaging studies of the insula have demonstrated
unctional connectivity during emotional and interoceptive aware-
ess in humans (Calì et al., 2015; Cox et al., 2012; Geliebter, 2013;
u et al., 2013, 2015; Stern, 2014). In addition, the size and volume
f the right anterior insula has been shown to directly correlate
ith subjective awareness of internal sensation (Garfinkel et al.,

013; Craig, 2004).
Atypical sensory processing is now a diagnostic criterion of ASD

ut the well-known examples of sensory symptoms in ASD (e.g.
yper- or hypo sensitivity to touch, pain, etc) relate to external sen-
ory inputs only. Thus, interoception and its potential relation with
linical symptoms remain a very important, yet poorly understood
rea of research.

.1. Interoception—theoretical underpinnings

Recently, Craig (2015) summarized the theoretical and phys-
ological underpinnings of interoception and how it pertains to
motions. Further advances in neuroimaging have led to updated
heories of how consciousness is perceived in the human mind.
lthough there are varying models to explain how the brain

ntegrates bottom up and top down information, generally most
omputational models of neuroscience suggest a predictive feed-
ack system. For instance, Craig’s discovery of the Homeostatic
fferent Pathway substantiated the James-Lange Theory of Emo-
ion and its predecessor Damasio’s Somatic Marker Hypothesis
Craig, 2009, 2015). These theorists suggest that previously expe-
ienced autonomic patterns lead to neural learning and predictive
ontrol of emotions, even precognitively (Craig, 2015).
 .  . .  . . .  .  .  . . . . . .  . .  .  . . .  .  .  . . . .  . . .  . . . . . . .  . . . . . . .  . . .  . . . .  . . . . .  .  . . . .  . .  .  .  .  .  .  . .  .  . . .  . . 110

The concept of interoception was  further delineated by Seth
et al. (2012), who  have suggested that interoceptive awareness is
reliant on the predictive coding of ascending interoceptive infor-
mation based on top-down and lateral inhibitory signals from the
sensorimotor and autonomic/motivational system. Within a pre-
dictive coding model, this hypothesis builds on a Bayesian model
whereby prediction and error correction act as a basic method
to understand how the brain operates. Top-down predictive sig-
nals continually operate to minimize discrepancy with incoming
bottom-up perceptual signals. Seth (2013) applies a predictive cod-
ing framework to self-related experiences originating from both
interoceptive and exteroceptive signals. The Experience of Body
Ownership relies on predictive multisensory integration. The laws
of free energy are to minimize top-down prediction error at each
hierarchical level. Thus, anterior brain regions form prior (predic-
tive) connections to lower level structures (i.e. anterior insula to
posterior insula to multiple thalamocortical regions). As an exam-
ple, Seth (2013) suggests that anxiety occurs when there is a
mismatch between the incoming interoceptive information and the
generative models sending top-down predictions.

A three-part neuropsychological model devised by Garfinkel
et al. (2013, 2015) separates interoceptive processes into three
measurable constructs, which can be distinguished from extero-
ception (external sensation) and proprioception (body position in
space). The first process, interoceptive accuracy, includes measur-
able, discriminant processes such as heart rate, bladder fullness, or
stomach distension. The second process, interoceptive sensibility, is
the subjective experience of internal processes and to date has been
measured by self-report questionnaires. The third process is termed
interoception awareness and is a metacognitive measure of intero-
ceptive accuracy, or to what extent one is aware of their ability to
accurately perceive internal processes (Garfinkel et al., 2013).

1.2. Neurophysiological underpinnings of interoception

1.2.1. Typical interoceptive pathways and connections
In humans and primates, interoception occurs along the same

central nervous system pathways as pain and other conscious and
unconscious autonomic processes. In order to conceptualize how
interoception occurs in higher-order brain areas, one must consider
how internal sensation travels from a nerve ending (i.e. receptors
in the internal organs) through the peripheral and central nervous
systems.

Scientific work in rodents, primates, and humans over the past
century has provided a detailed organizational map  of the inter-
nal afferent pathways. Functional connections have been mapped

to autonomic, homeostatic, pain, and internal sensations (Cortelli
et al., 2013; Craig, 2003; Critchley, 2005). The homeostatic affer-
ent pathway (HAP) conveys internal sensations to the insula
and anterior cingulate cortex (ACC). Electro-chemical impulses
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Table  1
PRISMA chart.

99 records identified from all sources (CINAHL, PubMed, Embase)
34 duplicates excluded

63  titles & abstracts reviewed
49 Titles & abstracts excluded
11 Non-peer reviewed
38 Non-ASD population

16  full text records to be reviewed
0 items not available for review

16  full text records reviewed
11 Titles & Abstracts Excluded
3  Review/Theoretical articles
2 Non-ASD population
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Reporting on 5 original studies in review article

rom chemoreceptors, nociceptors and mechanoceptors, such as
acinian corpuscles and small C fibres, travel to lamina I in the
rigeminal or spinal dorsal horn, while parasympathetic affer-
nts ascend via the glossopharyngeal and vagal tracts (Roper,
013). Lamina I is a hub for ascending somato-visceral-autonomic
fferents and is also the only area that receives descending effer-
nt tracts from the hypothalamus (Craig, 2003). Homeostatic and
arasympathetic afferents also reach the nucleus of solitary tract
NTS), which provides reflexive control of circulation, respiration,
astrointestinal, and micturition functions (McGinnis et al., 2013).

The NTS and lamina I provide dense connections to the
arabrachial nucleus (PBN), the main integration centre for all
omeostatic afferent activity (Cortelli et al., 2013). These connec-
ions then transmit to both the periaqueductal gray area (PAG) and
he hypothalamus. The lamina I, NTS and the PBN connect directly
ia spinothalamic tracts to the ventral medial nucleus (VMN) of the
halamus and the ventral posterior somatosensory nuclei. Thalam-
cortical afferent projections link to the limbic motor and sensory
ortices, the ACC (motor), and the insula (sensory), respectively
Craig, 2003). Interoceptive activity ascends to the posterior insula
nd then is processed in the middle insula before proceeding to
he anterior insula. The anterior insula is involved in all subjective
eelings of self and other and is part of the Salience Network that
s responsible for the integration of external and internal events
Craig, 2009).

.2.2. Interoceptive pathways and connections in ASD
The use of resting state functional neuroimaging in individuals

ith ASD has repeatedly demonstrated group differences in func-
ional connectivity in brain structures thought to be involved in
nteroception. These studies have focused on functional relation-
hips between the insula and other primary sensory areas, as well as
ithin the Salience Network and Default Mode Network (Barttfeld

t al., 2012; Bernhardt et al., 2014; Ebisch et al., 2011; Uddin et al.,
013; Di Martino et al., 2014). For instance, a study published in
011 found there was a reduced response or complete disconnec-
ion between the bilateral posterior insula to the anterior insula,
nd between corresponding somatosensory and limbic regions in
dults with ASD (Ebisch et al., 2011). The posterior insula is consid-
red the primary interoceptive cortex (Craig, 2004).

.3. Clinical implications of interoceptive research in ASD

As previously stated, sensory symptoms are a defining char-
cteristic of ASD, yet research to date has primarily focused on

xternal sensory processing. Thus, interoception and its potential
elation with clinical symptoms remain a very important, yet poorly
nderstood area of research. Additionally, the co-morbid presence
f physical conditions associated with a higher incidence of pain
Empathic Definition
No measurement of Interoception

or discomfort in people with ASD is remarkable. Autism has been
associated with gastrointestinal symptoms (Mazurek et al., 2013),
low muscle tone and joint hypermobility (Sinibaldi et al., 2015),
migraines (Casanova, 2008), Chiari malformation (Jayarao et al.,
2015), Ehlers Danlos syndrome (Baeza-Velasco et al., 2015), tuber-
ous sclerosis (Curatolo et al., 2015; Millan, 2013; Seri et al., 1999),
and even seizure disorders (Silver and Rapin, 2012). At this point
the potential relationship between interoceptive disturbances and
social-communication symptoms of ASD is poorly understood. Bet-
ter understanding the interoceptive experiences in individuals with
ASD and concurrent self-stimulatory behaviours could have sig-
nificant treatment implications, specifically for pain and abnormal
sensation management.

2. Methods

2.1. Literature search

A systematic search strategy was  conducted to identify rele-
vant literature from the following scientific databases: PubMed,
CINAHL, and EMBASE. Searches were limited to English pub-
lications from January 1980 to December 2015. Search terms
included: interoception, interoceptive, insula, Autism Spectrum
Disorder, Autistic disorder, Asperger’s, and Pervasive Develop-
mental Disorder. Ninety-nine articles were found including 34
duplicates (Table 1). Only original empirical studies published in
peer-reviewed journals were considered (Table 2).

2.2. Study selection

Inclusion and exclusion criteria for this review article were
i) Study population: Individuals (aged 0–65 years) with Autism
Spectrum Disorder. Studies were included as long as a subset of
participants was  identified as having a diagnosis of ASD (or pre-
vious DSM diagnoses included in the search terms), ii) Subject
Matter: Due to the dearth in research papers specifically dis-
cussing interoception, related subject matter was  also searched
to ensure a comprehensive review. Thus, searches of the insular
and pain pathways in ASD were also completed to ensure rele-
vant studies had been included. Given that a review article of this
topic has not been completed, and to provide a thorough critical
analysis of interoception within the context of ASD, all empirical
studies were included. Studies were included if their definition
reflected Craig’s description of interoception as the physiological
awareness of internal sensation, and provided a clear method for

measuring this process. Studies were excluded if they focused on
socio-emotional constructs such as perspective-taking or affective
empathy (e.g. Bernhardt et al., 2014; Cox et al., 2012). This exclusion
criterion was determined in order to provide a clearer distinc-
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tion between empathic or socially-mediated internal sensations
(i.e., pain experienced when watching another human experienc-
ing pain) versus physiological processes related to self-mediated
homeostatic internal sensations (i.e., stomach distension, temper-
ature, sensual touch).

2.3. Data extraction

All titles and abstracts were independently extracted by the lead
author (DD) and relevant articles were selected and reviewed by
all authors (DD, PD, M-CL, SHA and MFC). Though references of
retrieved articles were reviewed, no further articles were included.
Five studies met  inclusion criteria for consideration.

3. Results

Of the five studies that met  inclusion criteria for the present
review, one study measured interoception using functional mag-
netic resonance imaging (fMRI) during an interoceptive task, one
study used self-report questionnaires, two  studies used a physio-
logical test of interoception (heart rate paradigm), and one study
used qualitative analysis (Table 2).

3.1. Measuring brain activity patterns during interoception

Barttfeld et al. (2012) used fMRI to study interoception in adults
(n = 24) with ASD compared to controls. While undergoing fMRI,
participants underwent three tasks: an auditory oddball paradigm
which represented an “exteroceptive” state, a “resting state” with
eyes closed, and an interoceptive state where participants focused
on breathing and heart rate. During the interoceptive state, connec-
tivity patterns increased in those with ASD compared to controls.
An opposite effect was found in the exteroceptive task, with con-
trols having increased connectivity compared to those with ASD.
In addition, while the control group’s functional connectivity was
fairly stable across exteroception and interoception tasks, the ASD
group’s connectivity fluctuated significantly across states. The func-
tional networks in the ASD group also showed more compact
connectivity during the interoceptive condition, particularly within
the cingulo-opercular, fronto-parietal and Default Mode networks.
The authors also found a positive correlation between increas-
ing levels of hyperconnectivity in the interoceptive state and ASD
symptom severity as measured by the Autism Diagnostic Observa-
tion Schedule (ADOS). They concluded that unlike controls, brain
network connectivity in ASD increased when participants were
asked to concentrate on internal processing, and decreased when
attention was  directed outwards to the environment (Barttfeld
et al., 2012).

3.2. Measuring interoceptive awareness

To measure interoceptive awareness in males with ASD (n = 18),
Garfinkel et al. (2016) tested their three-part model of intero-
ception. To measure interoceptive accuracy, authors utilized a
heartbeat monitoring task. Subjects were also asked to rate if an
auditory tone was synchronous with their heartbeat. Individuals
with ASD had significantly impaired interoceptive accuracy based
on tracking scores. A discrepancy score between actual heartbeat
and perceived performance, reported as a heartbeat error score,
was also calculated to measure interoceptive awareness. No statis-
tical differences were found between the ASD and control groups
on this measure. Interoceptive sensibility was measured through a

subsection of Porges Body Perception Scale (PBPQ), which included
questions on sensitivity to internal sensations (e.g. stomach and
gut pains). Individuals with ASD scored significantly higher on
this measure than controls. Authors suggest this demonstrates an
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ncreased belief in interoceptive aptitude, which did not predict
ccuracy on heartbeat monitoring.

The authors also included an interoceptive trait prediction error
ITPE) to test their hypothesis that individuals with ASD present
ith an impaired ability to objectively detect bodily signals and

n over-inflated subjective perception of bodily sensations. Opera-
ionally defined as the difference between objective interoceptive
ccuracy and subjective interoceptive sensibility, the heartbeat
racking score, heartbeat detection score, and awareness sub-
ection of the PBPQ were used to create two discrepancy scores
or each participant. Positive scores indicated an over-estimation
f interoceptive ability, and negative scores indicated an under-
stimation. The ITPE values significantly differed between groups.

hile individuals with ASD demonstrated higher interoceptive
ensibility and lower interoceptive accuracy, the opposite was
ound for control participants. Measures of anxiety, autism sever-
ty, and empathy were also collected. The ITPE scores in the ASD
roup predicted both state and trait anxiety scores and a signifi-
ant relationship was found between empathy and the heart rate
asks.

.3. Measuring interoceptive accuracy

An earlier study measured interoceptive accuracy in children
ith ASD (n = 21) and controls (n = 24). Schauder et al. (2014) used

 heart rate detection task to test interoceptive awareness, defined
n this study as the conscious perception of internal bodily cues such
s heartbeat and breathing, which will be termed interoceptive
ccuracy based on Garfinkel and Critchley’s model (Garfinkel et al.,
015). The participants were asked to monitor their heartbeat using

 mental tracking method over four time durations. Actual heart
ate was measured using a pulse oximeter and finger transducer.
nly children who could detect their heartbeat were included in the

tudy, which accounts for the differing sizes in groups. This study
eported that children with ASD included in the trials did not dif-
er significantly from typically-developing control children in their
nteroceptive ability to accurately detect and monitor heart rate,
ut were able to sustain attention to heart rate more accurately than
ontrols in the longest trial (i.e., 100 s). That is, there was no effect
etween groups, but the performance of the ASD group across four
ime durations was more constant than controls. The authors sug-
est that this sustained mental tracking demonstrates a heightened
bility in children with ASD to sustain attention to internal infor-
ation. Since earlier research has revealed that sustained attention

ifferences in ASD are related to motivation (Schauder et al., 2014),
nternal sensory stimuli may  have a particular salience for children

ith ASD.

.4. Measuring interoceptive sensibility

Two studies provided information about how interoceptive pro-
esses are subjectively experienced by individuals with ASD. First,
n online survey attempted to directly assess differences in the sub-
ective perception of body and thirst awareness in individuals with
nd without ASD (Fiene and Brownlow, 2015). Adults with ASD
n = 74) and neurotypical controls (n = 228) were asked to complete
he Body Awareness Questionnaire (BAQ) (Shields et al., 1989). The
AQ measures one’s beliefs about their ability to identify inner
ensations and to discern subtle homeostatic, non-emotive bodily
rocesses on a 7-point Likert scale. The BAQ has been used in previ-
us research and has adequate psychometric properties (Mehling
t al., 2009). On the other hand, the Thirst Awareness Questionnaire

TAQ) included in this study is still undergoing item refinement
nd factor analysis. On both measures, a higher total score denotes

 greater subjective sensitivity to bodily processes, which would
epresent high interoceptive sensibility in Garfinkel and Critchley’s
science 52 (2016) 104–111

and model (Garfinkel et al., 2015). These results point to decreased
interoceptive sensibility in ASD participants (Fiene and Brownlow,
2015). They had significantly decreased scores when compared to
controls on both measures representing a large effect d = −1.26,
P < 0.001; TAS; d = −1.02, P < 0.001. In addition, when results on the
TAQ were compared to self-reported levels of fluid intake, those
with ASD were just as likely to consume large amounts of fluid
(more than 20 glasses per day) if they reported very low thirst
awareness, or to consume very low amounts of fluid (1–3 glasses
per day) if they reported higher awareness. The authors suggest
that their results are in line with the theory that an underconnected
anterior insula demonstrates a brain area unable to initiate higher
order brain responses to salient interoceptive signals.

One qualitative study also focused on interoceptive sensibility
by analyzing the autobiographies of individuals with ASD from
excerpts related to sensory symptoms including interoceptive
abnormalities (Elwin et al., 2012). The majority of the partici-
pants reported hyposensitivity to interoceptive cues and difficulty
detecting internal sensations such as pain. Hyposensitivity was
categorized into either no or indistinct registration of stimuli,
decreased discrimination and recognition of stimuli, and strong
cravings for specific stimuli. This interoceptive hyposensitivity was
reported to be long-standing, or persistent throughout the lifespan.

4. Discussion

It is clear from this review that interoception is an aspect of
a sensory processing abnormality found in ASD that has not yet
received much clinical or neuroscientific attention. Between-group
differences of individuals with and without ASD in interoceptive
processing have been repeatedly demonstrated, yet whether the
brain structures and functional connections responsible for intero-
ception are either hypo- or hyperconnected in ASD has not been
confirmed. In fMRI studies, hypoconnectivity in the insular cor-
tices and related functional networks has generally been found in
adults and across experimental designs targeting socioemotional
processes, while evidence of hyperconnectivity has been noted in
experimental designs focused on internal processing. In addition,
other study designs using questionnaires and heart rate monitor-
ing also reveal heterogeneity in results, with a slight bias towards
hyporeactivity to internal sensation processing in individuals with
ASD. It should be noted that most sample sizes were under 50 par-
ticipants which limits generalizability. In addition, individuals with
comorbidities of ASD and a developmental disability (DD) have
been excluded from all studies to date, although in the general pop-
ulation possibly more than half of individuals with ASD also have
an DD (Baio, 2012).

4.1. Measuring interoceptive awareness—methodological
limitations

Based on the three-dimensional model of interoception pro-
posed by Garfinkel et al. (2015, 2013), the studies highlighted in this
review largely demonstrate a one-dimensional measure of intero-
ceptive accuracy (i.e. Schauder et al., 2014; Barttfeld et al., 2012)
or interoceptive sensibility (i.e. Fiene and Brownlow, 2015). Only
one study attempted to analyze interoceptive awareness (Garfinkel
et al., 2016). The authors did not provide age or IQ of the partici-
pants. In addition, it could be argued that the measures used for the
ITPE discrepancy score should specifically reflect the physiological
process being measured (i.e. heart rate), yet the self-report measure

was a general measure of body awareness. In addition, it may  be
that the model as posited by these authors, should be theoretically
expanded to incorporate the ITPE as a subconstruct of interoceptive
awareness.
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Schauder et al. (2014) also completed a heart rate monitoring
ask in children with ASD. However, children who could not detect
heir heartbeat (potentially demonstrating very low interoceptive
ensibility) were excluded from participating in this study, which
ay  limit the study findings. A control task was  introduced part
ay through the study, which may  have impacted results and also

emonstrates a potential limitation to utilizing a heart rate count-
ng task in an ASD population. If a heart rate task is to be used in
he future, the following factors should be considered and reported
n order to allow for the measurement of interoceptive aware-
ess in ASD: hypo- or hyperresponsivity baseline sensory patterns,
escriptive and quantitative measures of participants’ perception
f their heart rate, and recording of ECG data at baseline and during
he task.

There are a handful of self-report questionnaires, such as the
ody/Thirst Awareness Scale (BAQ) (Shields et al., 1989; Fiene
nd Brownlow, 2015), the Autonomic Perception Questionnaire
Mandler et al., 1958), and Porges Body Perception Questionnaire
Porges, 1993), all of which aim to measure interoceptive sen-
ibility. Only one study attempted to measure body and thirst
wareness in ASD using the Body/Thirst Awareness Scale (Fiene
nd Brownlow, 2015). The reliability and validity of the BAQ have
nly been reported twice in the scientific literature. Furthermore,

n this online survey study, the ASD sample was defined based on
 self-disclosed previous diagnosis of ASD and the authors did not
learly report how the sample was recruited. Other more recent
uestionnaires such as the Multidimensional Assessment of Inte-
oceptive Awareness (Mehling et al., 2012) and the Self-Awareness
uestionnaire (Longarzo et al., 2015) have not yet been tested in

ndividuals with ASD. Moreover, to fully understand body aware-
ess, interoception, and sensory processing, which likely represent
verlapping constructs, the relationship between sensory process-

ng assessment measures, such as the Sensory Processing Quotient
Tavassoli et al., 2014), the Sensory Processing Scale (Schoen et al.,
014), the Sensory Profile (Dunn, 2001) and body awareness ques-
ionnaires might also provide a more detailed understanding of
n individual’s perception of both exteroceptive and interocep-
ive sensory processes. In addition, similar to self-awareness in
raumatic brain injury, a proxy-report measure may  be useful to
ompare an individual’s subjective experiences to that of a care-
iver or significant other to measure discrepancy in awareness of
xperience.

The functional imaging study also presented some methodolog-
cal challenges. Barttfeld et al. (2012) had a small sample size, and
here was a seven-point group difference in IQ between the ASD
nd control groups. Authors also did not report on co-morbid con-
itions or medication history within their sample. That being said,
his was the first study to implement a feasible method to measure
nteroception in real time while collecting functional connectivity
ata in individuals with ASD.

All studies to date have focused on mostly male populations with
ormal intelligence. For instance, those individuals in the Elwin
t al. (2012) study likely have normal intelligence since they had
ritten extensive autobiographies, but neuropsychological results
ere unavailable in this qualitative study. Due to the obvious diffi-

ulty in measuring internal processing in children and adults who
re non-verbal or have comorbid developmental disability, it might
eem reasonable that most research on interoception has focused
n verbal ASD participants who do not have a developmental dis-
bility. Findings therefore cannot be easily generalized to a larger,
eterogeneous ASD population.
.2. Future methodological considerations

There is currently no appropriate methodology to test inte-
oception, as the subjective experience of internal sensation
science 52 (2016) 104–111 109

processing, in individuals with ASD who  have low IQ and communi-
cation abilities. Garfinkel et al. (2013) have provided a sound model
upon which to test interoception in many psychiatric conditions,
however, the ability to provide self-report of internal experiences
is central to their method. Their model may  be appropriate for
individuals with a mild developmental disability who  can commu-
nicate. Advances in communication technology have demonstrated
that many individuals with autism who  are non-verbal may be able
to provide feedback about physiological processes, if adapted to
meet their communication and sensory needs (Arthur-Kelly et al.,
2009). Incorporating the use of communication aids and provid-
ing adapted communication strategies such as pictures and visual
scales should be included in future self-report paradigms. Yet, for
those individuals who  cannot participate in self-report due to mod-
erate to severe developmental disabilities, other more complex
study designs will be required.

Comparative studies of neurotypical and ASD participants using
quantitative tests of biological processes (e.g. ECG halter moni-
tor, ultrasonogram) while measuring behavioural responses (e.g.
facial expression, motor stereotypies) is a feasible methodology
appropriate for use across a greater spectrum of cognitive and
communication abilities. Once established, these physiological-
behavioral tasks can be combined with neuroimaging to further
explore how interoceptive processing maps onto neural pathways.
To date most designs have used heartrate tasks which repre-
sents only one specific type of interoceptive sensibility, which may
be subthreshold much of the time. More clinically-relevant data
may  be garnered from interoceptive cues of evolutionary salient
processes such as hunger, thirst, urgency to void, or internal dis-
comfort.

For instance, a recent study published in a typical population
demonstrates how to integrate functional neuroimaging, physio-
logical data, and verbal report to measure interoceptive awareness
of an evolutionarily salient process. Jarrahi et al. (2015) completed a
real-time analysis of functional connections during viscerosensory
stimulation of the bladder in seven female participants. The authors
were able to map  distinct functional connections when a partici-
pant had an empty bladder, at the moment of warm water injection
(bladder fullness), and when participants consciously felt bladder
urgency. Authors noted that at the moment participants were con-
sciously aware of a full bladder, a ‘connectional switch’ occurred
from Salience structures to motivational-arousal-affective systems
in order to regulate and maintain homeostasis. Analyzing connec-
tional ‘switching’ in an ASD population during an evolutionarily
salient process described in this study may  elucidate functional
connectivity patterns that have a clear impact on everyday func-
tioning.

Conducting well-designed multidimensional studies by simul-
taneously measuring brain patterns, physiological processes,
and subjective experiences of interoceptive processes will aid
us in understanding brain and body connections, which may
allow for individualized, curative treatment such repetitive
transcranial magnetic stimulation, deep brain stimulation, medi-
cation/hormone therapy, desensitization therapy, and biofeedback
applications. In addition, devices that may  be useful in a mul-
tidimensional experimental design, such as real time heart rate
monitors may  also hold clinical promise as a real time biofeedback
device (Kushki et al., 2015; Anagnostou and Taylor, 2011). The evo-
lution of wearable technology and smartphone applications could
makes this a feasible clinical treatment technique in the near future.
5. Conclusions

This review paper summarized the five papers to date, which
have measured interoceptive differences in individuals with and
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ithout ASD. The limited research available on this topic supports
urrent neuroscientific theory that prediction errors in interocep-
ive processing systems may  occur in ASD. The results of this
eview are limited in size and are not entirely generalizable to all
ndividuals with ASD. Yet, they provide preliminary support that
nteroception in ASD may  be abnormal, and could underlie other

ajor symptoms inherent in this disorder. However, to become
ore clinically relevant, the extent of these internal sensation pro-

essing abnormalities and how they relate to clinical symptoms
equires further study. Potential interventions may  then be eluci-
ated for a condition that still lacks effective treatment options.
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