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A B S T R A C T

The sensing of internal bodily signals, a process known as interoception, contributes to subjective emotional
feeling states that can guide empathic understanding of the emotions of others. Individuals with Autism
Spectrum Conditions (ASC) typically show an attenuated intuitive capacity to recognise and interpret other
peoples’ emotional signals. Here we test directly if differences in interoceptive processing relate to the ability to
perceive emotional signals from the intonation of speech (affective prosody) in ASC adults. We employed a novel
prosody paradigm to compare emotional prosody recognition in ASC individuals and a group of neurotypical
controls. Then, in a larger group of ASC individuals, we tested how recognition of affective prosody related to
objective, subjective and metacognitive (awareness) psychological dimensions of interoception. ASC individuals
showed reduced recognition of affective prosody compared to controls. Deficits in performance on the prosody
task were mitigated by greater interoceptive awareness, so that ASC individuals were better able to judge the
prosodic emotion if they had better insight into their own interoceptive abilities. This data links the ability to
access interoceptive representations consciously to the recognition of emotional expression in others, suggesting
a crossmodal target for interventions to enhance interpersonal skills.

1. Introduction

Emotions fall into categories that are broadly differentiable by their
affective and motivational flavour and by their individual behavioural
response repertoires. These are underpinned by patterned changes in
both central neural responses and peripheral bodily physiology
(Kreibig, 2010; Tracy & Randles, 2011). Affective and physiological
representations undergo higher contextual and retrospective appraisal,
from which the specific emotional experience is ultimately constructed
(Barrett, 2017; Seth, Suzuki, & Critchley, 2011). Importantly, it has
been argued that the sensing of changes in bodily physiology shape and
inform subjective emotional feeling states (Lange, James, & Dunlap,
1967).

Interoception encompasses the afferent signalling, central proces-
sing, neural and mental representation of internal (visceral) bodily
signals (Critchley & Garfinkel, 2017). Interoception can be partitioned
according to channel (e.g. humoral or neural; spinothalamic/vagal) and
organ (e.g. cardiac, vascular, gastrointestinal). Moreover, at the

psychological level, interoception can be parsed into dissociable ob-
jective, subjective and metacognitive dimensions (Garfinkel, Seth,
Barrett, Suzuki, & Critchley, 2015). Objective measures of ‘inter-
oceptive accuracy’ can be derived from performance on behavioural
tests of interoception (e.g. tests of heartbeat perception). Subjective
interoception, ‘interoceptive sensibility’, reflects self-reported measures
of interoceptive experience, which can be quantified using ques-
tionnaires. Metacognitive interoception, ‘interoceptive awareness’, re-
fers to the level of insight of individuals into their own interoceptive
performance. This can be computed from the correspondence between
objective and subjective interoceptive measures (e.g. trial-by-trial
judgments of task performance accuracy and confidence). Across nor-
mative populations, these dimensions are dissociable (Garfinkel et al.,
2015). Relationships are reported between heightened interoceptive
accuracy and the intensity of subjective emotional experiences
(Pollatos, Traut-Mattausch, Schroeder, & Schandry, 2007; Wiens,
Mezzacappa, & Katkin, 2000). Moreover, the mismatch between sub-
jective / objective and the related metacognitive aspects of
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interoception are implicated clinically in the genesis of psychological
symptomatology (Garfinkel, Tiley et al., 2016; Yoris et al., 2015). More
broadly, the established relationships between interoceptive processing
and emotional experience (e.g. Barrett, Quigley, Bliss-Moreau, &
Aronson, 2004; Craig, 2003; Seth, 2013) support the notion that human
emotions encompass feeling states that draw upon interoceptive abil-
ities.

Autism Spectrum Conditions (ASC) are a set of pervasive neurode-
velopmental syndromes characterised by social and emotional impair-
ments, restrictive, repetitive behaviours, sensory abnormalities and
communication difficulties. Particular impairments are described in
identifying emotions in self and others (Hill, Berthoz, & Frith, 2004;
Hubert et al., 2007). Within the ASC population, explicit deficits in
empathy can occur in the presence of empathic bodily responses (Gu
et al., 2015), suggesting that ASC individuals have difficulty integrating
their intact (or even heightened) physiological responses to emotional
cues into overt emotional judgements and subjective empathy. At the
neural level, circuits involving the ‘viscerosensory’ insular cortex sup-
port the representation of autonomic and visceral information
(Critchley, Wiens, Rotshtein, Öhman, & Dolan, 2004; Harrison, Gray,
Gianaros, & Critchley, 2010) and, through the anterior insula, conscious
access to interoceptive signals and their integration with sensory re-
presentations in other modalities. By extension, the insular cortex is
considered a critical neural substrate for emotional awareness (Craig,
2009; Critchley et al., 2004; Harrison et al., 2010; Pollatos, Kirsch, &
Schandry, 2005; Singer, Critchley, & Preuschoff, 2009; Terasawa,
Shibata, Moriguchi, & Umeda, 2012). Insula reactivity is reported to be
abnormal in ASC individuals when engaged in processing emotional
and motivational information, including; the appraisal of social rewards
(Leung, Pang, Anagnostou, & Taylor, 2018); active inhibition of re-
sponses to affective stimuli (Duerden et al., 2013); interpretation of
bodily expressions (Hadjikhani et al., 2009), and; evaluation of incon-
gruent emotional information (Watanabe et al., 2012). ASC individuals
also show alterations in the intrinsic functional connectivity between
insular regions and other brain centres involved in emotion and sensory
processing (Anteraper et al., 2018; Cheng et al., 2017; Xu et al., 2018).
Together, these findings are consistent with the hypothesis that deficits
in emotional processing in ASCs may arise, in part, through neurobio-
logical differences in substrates for interoceptive representation, in-
tegration, and appraisal.

ASC individuals are reportedly impaired at translating salient in-
teroceptive signals into higher order brain representations (Fiene &
Brownlow, 2015; Uddin, 2015). Sensory differences associated with
ASC extend to a reported hyposensitivity to interoceptive cues, im-
pairing accurate detection of internal bodily sensations (Elwin, Ek,
Schröder, & Kjellin, 2012). ASC individuals also manifest abnormalities
in the temporal binding of information across sensory modalities: there
is an expansion of audio-visual, visual-tactile and cardio-visual tem-
poral binding windows, referring to the temporal window over which
participant’s judge two events as occurring in synchrony (Noel, Lytle,
Cascio, & Wallace, 2018). This observation is relevant to the inter-
pretation of the heartbeat discrimination task commonly used to
quantify interoceptive accuracy from synchrony judgements between
heartbeat and external stimuli (Brener & Kluvitse, 1988; Whitehead,
Drescher, Heiman, & Blackwell, 1977). The wider temporal binding
window of ASC individuals suggests a core difference in higher-order
cross-modal sensory integration. Putatively, this difference may speci-
fically compromise emotional flexibility, in part through the sluggish
central integration of interoceptive signals with prior affective re-
presentations and/or new exteroceptive information. In ASCs, objective

interoceptive accuracy can be impaired in both adults (Garfinkel, Tiley
et al., 2016; Mul, Stagg, Herbelin, & Aspell, 2018) and children (Palser,
Fotopoulou, Pellicano, & Kilner, 2018). However, deficits in heartbeat
detection accuracy are not always observed (Nicholson et al., 2018;
Schauder, Mash, Bryant, & Cascio, 2015). Variability in interoceptive
accuracy reported across studies of ASC may be driven by variation in
symptom profiles, e.g. the extent of anxiety or, notably, the presence or
absence of alexithymia (Shah, Hall, Catmur, & Bird, 2016).

Simulation of neural and bodily states may underpin and facilitate
the recognition of (and empathy for) emotional states of other in-
dividuals (Gallese & Goldman, 1998; Jackson, Meltzoff, & Decety, 2005;
Lee, Dolan, & Critchley, 2008; Singer et al., 2009). There is evidence
within the visual domain for interoceptive facilitation of emotional
judgements, e.g. from facial expressions (Garfinkel et al., 2014; Gray
et al., 2012). However, in the auditory domain, the relationship be-
tween interoception and the discrimination of emotional intonation of
speech (affective prosody) is underexplored. Affective prosody refers to
the use of non-linguistic features of speech, for example varied pitch
and volume, to convey emotional information in support of adaptive
interpersonal communication and social exchange (Hubbard, Faso,
Assmann, & Sasson, 2017; Shriberg et al., 2001). Affective prosody is
distinct from pragmatic prosody, defined as the accenting of words or
syllables to convey meaning, and syntactic prosody, which refers to the
use of boundary markers or pauses or the segmentation of utterances
(Peppé, Cleland, Gibbon, O’Hare, & Castilla, 2011).

ASC individuals can manifest marked deficits in the production and
recognition of affective prosody. This is consistent with other emotional
processing deficits commonly associated with ASCs (Hadjikhani et al.,
2009; Hill et al., 2004). Possible basic mechanisms that have been
proposed to underlie these deficits include altered perceptual proces-
sing (Adolphs, Sears, & Piven, 2001; Williams, Goldstein, & Minshew,
2006), impaired multimodal sensory integration (Lerner, McPartland, &
Morris, 2013), impaired integration of perceptual information and so-
cial contextual information (Mottron, Dawson, Soulieres, Hubert, &
Burack, 2006), dysfunctional mirror neuron system (Dapretto et al.,
2006), atypical gaze and attention toward facially expressed emotions
(Black et al., 2017), and impaired theory of mind (Baron-Cohen, 1997).
Aberrant interoception may also provide a plausible account extending
evidence for impaired sensory integration in ASC to the interoceptive
(rather than exteroceptive) domain. Individuals with ASC may be im-
paired in sensing and integrating the affective information contained
within their own bodily responses when inferring the emotions of
others. The recognition of emotional prosody may thus rely on such
interoceptive reference.

Affective prosodic information is important to smooth social inter-
action (Wang & Tsao, 2015). For many individuals with ASC, prosodic
impairment may exacerbate awkward social communication. However,
difficulties in processing affective prosody vary across ASC individuals.
Correspondingly, some studies report marked impairments (Golan,
Baron-Cohen, & Hill, 2006; Lindner & Rosén, 2006; Peppé et al., 2011;
Rosenblau, Kliemann, Dziobek, & Heekeren, 2017), while others fail to
show significant differences between ASC individuals and controls
(Brennand, Schepman, & Rodway, 2011; Grossman, Bemis, Skwerer, &
Tager-Flusberg, 2010; Le Sourn-Bissaoui, Aguert, Girard, Chevreuil, &
Laval, 2013). Male-female differences may contribute to some of this
variability; observed gender specific dissociation (e.g. Rosenblau et al.,
2017; Schneider et al., 2013), is not always replicated (e.g. Hubbard
et al., 2017; McLennan, Lord, & Schopler, 1993; Rivet & Matson, 2011).
Other factors that may further account for this inconsistency include
small group size, methodological differences, wide variance in
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performance and study-particular features of research participants. We
also hypothesize that individual differences in interoception may be an
important contributing factor, wherein deficits in interpreting affective
prosody may be amplified when coupled to aberrant interoceptive
processing.

Here, based on the notion that the sensing and representation of
interoceptive bodily signals underpins emotional feeling states, and
hence the capacity to understand emotional information in self and
others, we investigated the relationship between affective prosody re-
cognition and interoceptive abilities in ASC individuals. We hypothe-
sized that ASC adults, relative to neurotypical controls, would show
reduced performance on a test of prosodic emotional discrimination.
Moreover, within a larger group of ASC adults, we hypothesized that
reduced prosodic accuracy would correspond with reductions in both
interoceptive accuracy and metacognitive interoceptive awareness.

2. Method

2.1. Participants

74 participants with a confirmed ASC diagnosis (38 male, 36 fe-
male; mean age 36.7; range 18–64 yrs) and 20 neurotypical controls (9
male, 11 female, mean age 34; range 22–51 yrs) took part in the study.
20 participants from the ASC group (mean age = 34.95, range 20–57
yrs) were age and sex matched to controls, with equal numbers of males
and females in each group, to allow for a direct comparison between
groups. All ASC participants were fluent English speakers, 6 were left
handed and the remaining 68 were right handed. None of the ASC

participants had a history of past head injury or organic brain disorders,
cognitive impairment or a learning disability (general mental impair-
ment); none had asthma/respiratory illnesses, epilepsy or evidence of
psychotic experiences. 10 ASC participants reported that they had
completed GCSE’s or similar, 16 A level or similar, 13 attended uni-
versity or business college but did not receive a degree, 23 had received
an undergraduate degree and 12 had received a postgraduate degree.

Control participants were recruited from the University of Sussex
and members of the local community. ASC participants were recruited
from the Sussex Partnership Neurobehavioral Clinic as well as through
advertisements placed on social media and via leaflets and posters. All
participants provided written informed consent with all procedures
approved by the local ethics committee at the University of Sussex,
School of Psychology, and the NHS Research Ethics Committee.

2.2. Materials and procedure

2.2.1. Prosody paradigm
The affective prosody protocol was designed using Paradigm

Experiments software (2016). All emotions were taken from the EU
Emotion stimulus set (O’Reilly et al., 2012) which comprises 507 audio
files and 166 photographs depicting 21 different emotions. The sti-
mulus set features a diverse balance of adults and children of both
genders and various races. All photographs and audio files have been
validated in three languages to confirm they represent their assigned
emotional labels (O’Reilly et al., 2016). Emotions included feature the
six basic emotions; happy, sad, disgusted, surprised, angry, afraid (Ekman,
1992). These were presented in two levels of intensity - regular and
mild. In addition, thirteen complex emotions were also included; bored,
kind, jealous, unfriendly, hurt, disappointed, interested, joking, ashamed,
proud, excited, frustrated and worried. The audio clips were content
neutral to ensure that emotion may only be detected through prosodic
cues. Any audio clips deemed to include semantic content were re-
moved and omitted from the study.

Three different trial types were utilised; matching voices to faces
(face-only), matching voices to emotion descriptors (text-only) and
matching voices to faces and emotion descriptors combined (face with
text) (Fig. 1). Each domain was further divided into positive and ne-
gative valence. In total 114 trials were completed (38 face-only, 38,
text-only and 38 face with text). Each of the 19 verbally expressed
emotions were presented twice for each domain but remained novel.
The presentations were randomised and no trials were repeated. Out of
114 trials, 72 were of a negative valence (24 out of each trial type).

Participants were first instructed to put on over-the-ear headphones
and were presented with on screen instructions explaining that they
would hear audio clips of different phrases and that they should “focus
on the tone of voice as much as possible”. After each audio clip, they were
presented with different emotion options in the form of facial expres-
sions (Fig. 2A, face only condition), words (Fig. 2B, text only condition)
or faces with words (Fig. 2C, face/text combined condition). Their task
was to decide which of the emotions best matched the tone of voice in
the clip that they had just heard. Once it was clear that participants
fully understood the task, they then progressed to the main experiment.
This comprised 114 trials, where the voice was played while the four
different emotion options were presented simultaneously on the screen
(Fig. 2). Depending on trial type, these were either in the form of face
only, text only or face/text combined, all four options remained on
screen until the user responded. The dependant variable was response
accuracy, measured as the correct selection of the matching emotion.

Fig. 1. Stimuli examples – face-only (A), text-only (B) and face with text (C). Each trial displayed one stimulus type with four different emotion choices.
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2.2.2. Interoceptive accuracy
Two measures were used to determine objective behavioural inter-

oceptive accuracy in the ASC group: the heartbeat-tracking task
(Schandry, 1981) and the heartbeat discrimination task (Katkin, Reed,
& Deroo, 1983; Whitehead et al., 1977). Participants’ heartbeat was
measured at rest using a medical-grade pulse oximeter (Nonin4600
pulse oximeter, Nonin Medical Inc. Plymouth MN USA) fitted with soft
finger cuff (not tension / spring-loaded). Importantly, the output of the
pulse oximeter was available as a waveform (75 Hz sample rate) for
accurate timing of tones on the discrimination task.

Participants first completed the heartbeat-tracking task, and were
required to concentrate on their heartbeat and without physically
checking, silently count how many heartbeats they felt in their body
from the time they heard “start” to when they heard “stop”. Six dura-
tions, presented in a random order, of 25, 30, 35, 40, 45 and 50 s were
used. After each trial, participants completed a visual analogue scale
(VAS), with a scale of 0–10, to signal confidence of their decision.

Previous research has demonstrated a positive relationship between
heartbeat-tracking performance accuracy with IQ (Mash, Schauder,
Cochran, Park, & Cascio, 2017; Murphy et al., 2018). Although years of
education and educational attainment provide a pragmatic measure for
general intelligence, only a subset of our participants had formal IQ
measures (N = 39). We therefore did not enter performance on the
heartbeat-tracking task into further analyses. Consequently, the present
study focused on results obtained from the heartbeat discrimination test.

The heartbeat discrimination task involved the presentation of a
periodic external stimulus and participants were tasked with identifying
whether the tones were presented synchronous or asynchronous with

their own heartbeat. Participants were presented with 10 auditory
tones, 20 times to form 20 trials. Tones were presented at 440 Hz with a
100 ms duration. In the heartbeat discrimination task, tones were
triggered at the rising edge of the pulse pressure wave, representing mid
ventricular systole, on synchronous trials. On the delayed trials, tones
were triggered 300 ms after the rise of the pulse pressure wave, re-
presenting early diastole. Adjusting for an average pulse transit time of
250 ms, these tone timings corresponded to 250 ms or 550 ms after the
ECG R-wave, putatively the time of peak perceptual differentiation. At
the end of each trial, participants reported whether the tone was syn-
chronous or asynchronous with their heartbeats, and then provided a
confidence rating using the VAS scale. The auditory tones were always
presented at the participant’s own heart rate, hence the participant was
unable to use the tempo of tones or knowledge about their own heart
rate to inform their response (Garfinkel et al., 2015).

2.2.3. Interoceptive sensibility
All participants in the ASC group completed the awareness section

of the Porges Body Perception Questionnaire (Porges, 1993). The scale
comprises of 45 questions pertaining to bodily sensations and partici-
pants indicate their awareness of each sensation using a five-point scale
ranging from ‘never’ to ‘always’. ASC participants also completed the
Multidimensional Assessment of Interoceptive Awareness (MAIA)
(Mehling et al., 2012). Confidence judgments were also taken after each
trial in both the heartbeat tracking and heartbeat discrimination tasks
to determine confidence in task performance accuracy.

Fig. 2. Example baseline trials of face only (A), text only (B) and face/text combined (C) stimuli.
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2.2.4. Interoceptive awareness
Interoceptive awareness, also termed interoceptive insight (Khalsa

et al., 2018) and interoceptive metacognition (Garfinkel, Manassei
et al., 2016) is a metacognitive measure derived from confidence-ac-
curacy correspondence (Garfinkel et al., 2015). For the discrimination
task, interoceptive awareness was quantified using receiver operating
characteristics (ROC) curve analysis (Green & Swets, 1988) for con-
fidence-accuracy correspondence. ROC analysis indexes the strength of
correspondence between confidence (measured by VAS) and a binary
state variable, i.e. correct or incorrect asynchrony judgements during
heartbeat discrimination. Confidence judgements were divided by hit
rate, the proportion of correct trials on which confidence was high, and
the false alarm rate, the proportion of incorrect trials on which con-
fidence was high. The ROC curve then gives a measure of the extent to
which confidence reflects accuracy, independent of the participant’s
propensity to report high confidence (Garfinkel et al., 2015).

2.2.5. Questionnaires
In addition to completing the awareness sub-scale of the BPQ and the

MAIA, participants in the ASC group also completed the Autism Quotient
(AQ) (Baron-Cohen, Wheelwright, Skinner, Martin, & Clubley, 2001), the
State-Trait Anxiety Inventory (STAI) (Spielberger, Gorsuch, & Lushene,
1970), the Patient Health Questionnaire (PHQ-9) (Kroenke, Spitzer, &
Williams, 2001) and the Toronto Alexithymia Scale (TAS-20) (Bagby,
Parker, & Taylor, 1994). Participants in the control group completed the
AQ and the STAI. For each questionnaire, the total score was computed
and used in the analysis. For the MAIA, each sub-scale was scored as the
average score of each question included in that category.

2.3. Data analysis

Group differences in age, anxiety and AQ scores were determined
using independent sample t-tests. Between-group differences in per-
formance of the prosody task were assessed using a 2 × 3 ANOVA with
group as the between-subjects factor (ASC, control) and trial type as the
within-subject factor (face, face with text, text). We also tested for ef-
fects of emotional valence and emotional complexity by conducting 2
mixed 2 × 2 × 3 ANOVAs with group as the between-subjects factor
(ASC, control) and trial type (face, face with text, text) and emotion
(positive vs negative / basic vs complex) as within-subject factors. State
and trait anxiety were subsequently entered as separate covariates to
check that group differences could not be ascribed to individual dif-
ferences in anxiety symptomatology.

The relationship between interoception and prosody was investigated
in the larger ASC sample (N = 74) by separately entering the three di-
mensions of interoception, accuracy, sensibility and awareness, as cov-
ariates into a one-way ANCOVA, with trial type as the within-subject
factor. A separate ANCOVA was run on each sub-scale of the MAIA. We
also examined the effect of emotional valence and emotional complexity
by conducting 2, 2 × 3 ANCOVAs (with emotion – positive vs negative /
complex vs basic, and trial type as within-subject factors) and subse-
quently entering the three dimensions of interoception as covariates.
Significant effects pertaining to interoceptive awareness and emotional
prosody were followed up with correlational analyses to explore the effects
of sex. The significant differential relationship between interoceptive
awareness and prosody accuracy in males versus females was ascertained
by computing a Fisher’s r to z transformation so z scores could be com-
pared and analysed for statistical significance (Lenhard & Lenhard, 2014).

Within-group individual differences in prosody performance were
examined and AQ scores, TAS-20 scores, trait anxiety and depression
scores were added individually to each ANCOVA to understand the
relative contribution of ASC, alexithymia and affective symptomatology
to prosodic accuracy. Heart rate was controlled for in all ASC analyses
not involving the control group by entering mean BPM as a covariate (3
participants had missing BPM data so were not included in these ana-
lyses). Significant interactions were further explored using paired
sample t-tests and bivariate Pearson’s correlations.

To better understand the contribution of interoception to affective
prosody recognition, and to demonstrate the relative contribution of
each variable while controlling for the influence of the other factors, a
multiple regression analysis was performed. Interoceptive accuracy and
awareness scores, mean BPM, average confidence ratings, AQ scores,
STAI (trait), TAS-20 scores, age, sex and the interaction between sex
and interoceptive awareness were entered as predictor variables.

3. Results

3.1. Demographic data

Twenty participants from the ASC group were age (t(38) = 0.244, p =
0.808) and sex matched to neurotypical controls. ASC participants had
significantly higher state (mean 45.85; SD 9.6) (t(37) = −2.843, p =
0.007) and trait (mean 57.1; SD 8.3) (t(37) = −5.080, p < 0.001) an-
xiety scores compared to controls (mean 36.26; SD 11.42; mean 41.9; SD
10.33 for state and trait respectively). As expected, AQ scores were sig-
nificantly higher in the ASC group (mean 35.05; SD 6.2) compared to
controls (mean 14.65; SD 5.7) (t(38) = −10.825, p < 0.001).

3.2. Prosody accuracy in ASC vs controls

Participants in the ASC group were significantly impaired in affective
prosody recognition relative to control participants across all trial types, as
signified by a main effect of group (F(1, 38) = 5.283, p = 0.027). Within-
subject effects revealed a main effect of trial type (F(2, 76) = 21.464,
p < 0.001) although no interaction effect between trial type and group
was observed (F(2, 76) = 0.097, p = 0.784). Thus all participants, irre-
spective of whether they had an ASC diagnosis, were significantly poorer
at matching emotional prosody for face alone stimuli relative to both face
with text (t(39) = −6.009, p < 0.001) and text alone (t(39) = −4.762,
p < 0.001) (Fig. 3). The main effect of group was maintained when both
trait and state anxiety were separately entered as a covariate (F(1,
36) = 7.101, p = 0.011 and F(1, 36) = 5.394, p = 0.026, respectively),
indicating that the reduction in prosody performance in the ASC group
was not driven by elevated anxiety levels.

There was no main effect of emotional valence (F(1,38) = 0.102, p =
0.751), but emotional valence significantly interacted with trial type (F(2,
76) = 3.738, p = 0.028). Here, negative emotions were recognized sig-
nificantly better than positive emotions for text trials (t(39) = −2.35,
p = 0.024), while no negative emotion advantage was conferred to either

Fig. 3. Mean prosodic accuracy scores in the ASC and control groups across
each trial type; face, face with text, and text. A main effect of group signified
that the ASC group was impaired for all types of stimuli and the main effect of
trial type revealed all participants performed worse on face vs text trials and
face vs face with text trials. * Significant at the 0.05 level, ** significant at the
0.01 level.
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face trials (t(39) = 0.97, p = 0.34) or face with text trials (t(39) = 0.80,
p = 0.43). A significant main effect of emotion complexity was identified
(F(1, 38) = 26.139, p < 0.001) but no interaction effect was observed
between emotion and group (F(1, 38) = 0.615, p = 0.438). Thus, re-
gardless of an ASC diagnosis, all participants were significantly poorer at
identifying complex emotions compared to basic emotions (t(39) = 5.138,
p < 0.001). Emotional complexity also interacted with trial type (F(2, 76)
= 17.670, p < 0.001) indicating all participants were worse at identifying
complex emotions on face trials (t(39) = 6.461, p < 0.001) and on text
trials (t(39) = 4.360, p < 0.001) but not on face with text trials (t(39) =
−0.944, p = 0.351).

3.3. Interoception in ASC: relationship with prosody

Accuracy: We observed no main effect of interoceptive accuracy (F(1,
68) = 2.129, p = 0.149) suggesting interoceptive accuracy did not reliably
influence the accuracy with which ASC individuals judged affective pro-
sody. No significant interactions were identified between emotional valence
and interoceptive accuracy (F(1. 68) = 1.138, p = 0.290), interoceptive
accuracy and trial type (F(2, 136) = 0.663, p = 0.517) or emotional com-
plexity and interoceptive accuracy (F(1, 68) = 3.432, p = 0.068).

Sensibility: Interoceptive sensibility scores, from both the BPQ and
the MAIA, revealed no main effect of the BPQ (F(1, 59) = 0.568,
p = 0.568) on prosody accuracy. While there was no main effect of
MAIA total score (F(1, 54) = 2.123, p = 0.151), significant main effects
of the noticing sub-scale (F(1, 54) = 9.138, p = 0.004) and the atten-
tion regulation sub scale (F(1, 54) = 4.909, p = 0.031) were observed.
No significant interactions were identified between emotional valence,
emotional complexity, trial type and interoceptive sensibility. There
was no main effect of average confidence and all interactions also did
not meet threshold significance.

Awareness: Interoceptive awareness scores revealed a main effect of
metacognitive interoceptive awareness on the discrimination task (F

(1,68) = 4.077, p = 0.047) suggesting prosodic accuracy varied as a
function of interoceptive awareness. This relationship between overall
prosody accuracy and interoceptive awareness was significant in the
overall sample (r = 0.238, p = 0.047) (Fig. 4A) and in males (r = 0.384,
p = 0.021) (Fig. 4B), but not females (r = −0.144, p = 0.422) (Fig. 4C).
The correlations in males and females differed significantly (p = 0.023).

Interoceptive awareness did not significantly interact with emotional
valence (F(1, 68) = 0.450, p = 0.505), emotional complexity (F(1,
68) = 0.046, p = 0.831) or trial type (F(2, 136) = 0.618, p = 0.540).

3.4. Emotional prosody deficits in ASC: related factors

We investigated the relationship between prosody performance and
individual differences between ASC individuals. In the extended sample
of ASC participants (N = 74), performance did not differ across emo-
tion categories, as reflected by a non-significant effect of emotional
valence (F(1, 69) = 0.123, p = 0.727), and a non-significant effect of
basic vs complex emotions (F(1, 69) = 1.823, p = 0.181). Accuracy
scores significantly differed across trial types (F(2, 69) = 4.072,
p = 0.019) indicating ASC participants were significantly worse at
identifying prosodic emotion on face vs text (t(73) = −8.380,
p < 0.001), face vs face with text (t(73) = −8.541, p < 0.001) but
not face with text vs text (t(73) = 1.939, p = 0.056) trials. There was
no interaction effect between emotional valence and trial type (F(2,
138) = 0.809, p = 0.447), nor between emotional complexity and trial
type (F(2, 138) = 0.346, p = 0.708), suggesting that neither positive vs
negative nor basic vs complex emotions provided a consistent re-
cognition advantage across trial types.

AQ: Analysis of AQ scores revealed no significant effect of AQ on
prosody accuracy (F(1, 66) = 1.640, p = 0.205) suggesting that prosodic
accuracy did not differ as a function of autism severity (as reflected by AQ
scores). There were also no interactions between AQ and emotional va-
lence (F(1, 66) = 0.001, p = 0.979), emotional complexity (F(1,

Fig. 4. Relationship between overall prosody
accuracy and interoceptive awareness
(r = 0.238, p = 0.047) (A). This was driven by
a significant relationship between prosody ac-
curacy and interoceptive awareness in (B)
males (r = 0.384, p = 0.021), a relationship
not seen in (C) females (r = −0.144,
p = 0.422). The correlations in males and fe-
males differed significantly (p = 0.023).
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66) = 2.586, p = 0.113), or trial type (F(2, 132) = 0.595, p = 0.553).
Alexithymia (TAS-20): No main effect of alexithymia was observed

(F(1, 67) = 3.735, p = 0.058). No significant interactions were found
between alexithymia and trial type (F(2, 134) = 0.895, p = 0.411),
emotional valence (F(1, 67) = 3.203, p = 0.078) or emotional com-
plexity (F(1, 67) = 1.186, p = 0.280).

Affective symptoms (PHQ-9 and STAI_T): No main effect of depression
(F(1, 52) = 2.977, p = 0.090) or anxiety (F(1, 63) = 2.141, p = 0.148)
was found. No significant interactions were found between depression
and emotional valence (F(1, 52) = 2.057, p = 0.157), emotional com-
plexity (F(1, 52) = 0.007, p = 0.932) or trial type (F(2, 104) = 2.540,
p = 0.084). There were also no significant interactions between anxiety
and emotional valence (F(1, 63) = 2.150, p = 0.081), emotional com-
plexity (F(1, 63) = 3.177, p = 0.079) or trial type (F(2, 126) = 0.804,
p = 0.450) See also Table 1 below for a correlation matrix demon-
strating the relationship between interoception and affective sympto-
matology.

3.5. Regression analysis

The regression model was not significant for prosodic accuracy (F
(10, 65) = 1.870, p = 0.070, R² = 0.254). However, the contribution
of metacognitive interoceptive awareness was the only predictor vari-
able to prevail as significant for the heartbeat discrimination model, p
= 0.044, providing evidence of its contribution to affective prosody
recognition. A summary of the predictor variables can been seen in
Table 2 below.

4. Discussion

Recognition of emotion from the intonation of speech (affective
prosody) was significantly impaired in ASC participants, compared to
neurotypical controls, as demonstrated by reduced performance accu-
racy on a novel prosody paradigm. In a larger ASC sample, prosody
performance was linked to the degree of metacognitive interoceptive
awareness during the heartbeat discrimination task. Thus, those in-
dividuals with better interoceptive insight (on this task) had enhanced
prosody recognition. This relationship between affective prosody and
interoceptive awareness provides a fresh perspective into brain-body
interactions in ASC individuals, where the capacity for conscious in-
sight into one’s perception of interoceptive signals appears to facilitate
the recognition of emotional prosody.

Influential ‘peripheral’ theories of emotion relate the sensing of in-
ternal physiological states of bodily arousal to the emotional experience
(Damasio, Everitt, & Bishop, 1996; Lange et al., 1967). Successful car-
diac interoception is moreover an important factor in the perception,
regulation and expression of emotional information (Critchley &
Garfinkel, 2017; Garfinkel et al., 2014). Even low-level afferent signals
concerning cardiac arousal (arterial baroreceptor firing with each in-
dividual heartbeat) influence the detection and experience of emotional
facial expression (Garfinkel et al., 2014). However, the results of the
current study did not find a simple and reliable relationship between
prosody and objective measures of interoceptive accuracy. In fact, our
findings highlight an effect of a higher-level representation of inter-
oceptive state: metacognitive interoceptive awareness.

Metacognitive interoceptive awareness is, unlike interoceptive
performance accuracy, an expression of higher-order conscious access
to interoceptive signals (Garfinkel et al., 2015). The current findings
suggest that understanding emotional information, in the form of
emotional prosody, is functionally dependent upon understanding and
interpreting one’s own physiological state rather than being accurately
(but potentially pre-consciously) guided by the physical sensation of
interoceptive signals. Notably, other types of emotion processing (e.g.
intensity ratings) are directly associated with interoceptive accuracy
(Wiens et al., 2000), yet emotional prosody recognition and inference is
arguably more complex, incorporating discrete and interacting pro-
cessing channels, including pitch, volume and duration, which draw
upon distinct neural networks (Buchanan et al., 2000). Affective pro-
sody recognition thus aligns with an interoceptive dimension that is
more connected to higher-order conscious access of interoceptive in-
formation. Our findings within this autistic sample emphasize the need
to quantify interoceptive insight to derive mechanistic insight into the
processing of socially relevant emotional information conveyed through

Table 1
Correlation matrix to demonstrate the relationships between the three psychological dimensions of interoception during heartbeat discrimination and their re-
lationship with affective symptomatology. The first number denotes the r value, the second number denotes the p value.

Heartbeat discrimination Awareness Mean confidence AQ Trait anxiety TAS total BPQ (awareness section) Mean BPM

Heartbeat discrimination 1
Awareness 0.182

0.120
1

Mean confidence 0.375**

0.001
0.158
0.178

1

AQ 0.088
0.462

0.192
0.107

−0.153
0.201

1

Trait anxiety 0.094
0.441

0.086
0.482

−0.061
0.618

0.100
0.413

1

TAS total 0.150
0.206

0.120
0.311

−0.092 0.441 0.375**

0.001
0.140
0.251

1

BPQ (awareness section) 0.216
0.085

0.003
0.982

−0.122
0.332

0.095
0.453

0.346**

0.006
−0.063
0.617

1

Mean BPM −0.122
0.311

0.204
0.088

−0.296*

0.012
−0.090
0.461

−0.078
0.532

0.097
0.425

−0.053
0.683

1

* Significant at the 0.05 level.
** Significant at the 0.01 level.

Table 2
Regression table to demonstrate the relative contribution of each predictor
variable to individual differences in prosody accuracy.

Prosody accuracy

B SE B β t p

AQ −0.001 0.002 −0.115 −0.821 0.415
Trait anxiety 0.001 0.001 0.144 1.031 0.307
Alexithymia −0.002 0.001 −0.252 −1.922 0.060
Interoceptive accuracy 0.027 0.081 0.046 0.333 0.740
Confidence −0.002 0.005 −0.058 −0.406 0.686
Interoceptive awareness 0.680 0.329 0.832 2.065 0.044*

Mean BPM −0.001 0.001 −0.104 −0.664 0.510
Age −0.001 0.001 −0.158 −1.048 0.299
Sex 0.187 0.120 1.061 1.568 0.123
Sex * Interoceptive awareness −0.307 0.208 −1.175 −1.481 0.144

* Significant at the 0.05 level.
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speech, which appears to recruit higher level, metacognitive processes.
Interestingly, our results provide evidence to show that the asso-

ciation between interoceptive awareness and prosodic accuracy is most
strongly driven by the male participants in our sample. Male/female
differences have been a particular topic of investigation in studies of
ASC, driven by influential theoretical considerations (Baron-Cohen,
Richler, Bisarya, Gurunathan, & Wheelwright, 2003; Baron‐Cohen,
2009). Sex differences in brain structure may be attenuated in ASC (e.g.
Beacher et al., 2012), yet sex differences in brain function, behaviour
and symptomatology are recognised (e.g. Lai et al., 2011; Rivet &
Matson, 2011); for example, females show relative preservation in their
perception and understanding of emotional information both beha-
viourally (McGillivray & Evert, 2018) and at the neural level (Schneider
et al., 2013; Schulte-Rüther, Markowitsch, Shah, Fink, & Piefke, 2008).
Indeed, even in healthy populations, females report greater attention to
bodily sensations yet actually perform worse than males on the heart-
beat-counting task (Grabauskaitė, Baranauskas, & Griškova-Bulanova,
2017). It should be noted, however, that the effects of sex were not
significant in the main regression analysis linking effective prosody and
interoceptive awareness, presumably due to shared variance with other
factors. Thus, our results provide tentative evidence that males may
require greater conscious awareness of their internal bodily sensations
in order to comprehend affective prosody.

To date, research on the psychology of interoception has focused
either on subjective reports (indexed by questionnaires) or on more
objective behavioural measures, e.g. performance accuracy during the
heartbeat detection task. Historically, the term awareness was used to
refer to both subjective and objective measures of interoceptive sensi-
tivity. However, drawing on advances in the cognitive psychology of
consciousness awareness, recent terminology equates awareness to
metacognition. Correspondingly, there is a paucity of research referring
to metacognitive aspects of interoception (e.g. Canales-Johnson et al.,
2015; Ewing et al., 2017; Khalsa et al., 2008), and its relative con-
tribution to emotional processing is not fully explored. The mechanisms
required to appraise one’s own internal bodily sensations may be fun-
damental to the understanding of emotional information in self and
others (Singer et al., 2009). This builds upon previous work that
highlights the role of more automatic measures, such as physiological
resonance and contagion (Cooper et al., 2014; Harrison, Wilson, &
Critchley, 2007; Konvalinka et al., 2011). As the state of others can be
mirrored in the observer, interoceptive insight into one’s own bodily
signals can also shape understanding of the state of others. Corre-
spondingly, people with alexithymia (an inability to perceive and de-
scribe one’s own emotions), are also impaired in the perception and
recognition of emotional expressions (Lane et al., 1996; Parker, Taylor,
& Bagby, 1993; Prkachin, Casey, & Prkachin, 2009). Thus, the capacity
to understand one’s own emotions facilitates the accurate perception of
emotion in others. Neuroimaging findings also indicate a sharing of
neural architecture during both personal experience of emotion and
judging the emotions of others. In particular, the insula, a key structure
involved in interoception and emotional processing, shows increased
activation both when observing another person’s disgust and when
experiencing disgust directly (Wicker et al., 2003). Engagement of in-
sular cortex is characteristic of social emotional processing (Lamm &
Singer, 2010), particularly empathy (Jackson et al., 2005; Singer et al.,
2009).

Alexithymia is extremely common in ASC, but it is not (when sub-
jectively rated) an obligatory, defining attribute of this diagnosis (Bird
et al., 2010; Cook, Brewer, Shah, & Bird, 2013; Shah et al., 2016). Since
alexithymia is characterised by an inability to identify and describe
emotions, the relative contribution of alexithymia to prosodic impair-
ment was also investigated in this study. While we observed a corre-
lation between AQ scores and TAS-20 scores conforming a relationship
between ASC and alexithymia (Shah et al., 2016), we saw no reliable
relationship between reported levels of alexithymia and affective pro-
sody recognition. Thus, impaired prosodic accuracy in ASC individuals

appears to be driven by interoceptive metacognition, and not alex-
ithymia. This represents a potential avenue for intervention, and future
work may usefully explore whether individual differences in metacog-
nitive interoceptive awareness predicts sensitivity to emotional prosody
in neurotypical populations or if this association is more specific to
ASC.

Our finding of impaired emotional prosody recognition adds to lit-
erature concerning affective prosody deficits in ASC individuals. We
observed a more pronounced impairment on trials that also required
face processing. This is perhaps unsurprising, consistent with pre-
viously-described difficulties in face processing in ASCs (Dalton et al.,
2005; Lynn et al., 2018; Rigby, Stoesz, & Jakobson, 2018). In fact, all
participants, irrespective of ASC status, showed a reduced performance
on ‘face-only’ trials, relative to trials with accompanying text that
specified the possible emotion.

Previous work has not always demonstrated clear deficits in pro-
cessing affective prosody in ASC individuals compared to neurotypical
controls (Brennand et al., 2011; Golan et al., 2006; Grossman et al.,
2010; Le Sourn-Bissaoui et al., 2013; Peppé et al., 2011; Rosenblau
et al., 2017), but discrepancies may reflect the varied methodologies
employed. Some studies only employed stimuli conveying ‘basic’
emotions (Globerson, Amir, Kishon‐Rabin, & Golan, 2015; Grossman
et al., 2010), which are arguably easier to detect (Brennand et al., 2011;
Smith, Montagne, Perrett, Gill, & Gallagher, 2010). Other studies vary
in the type of stimuli used to assess prosody (Chevallier, Noveck,
Happé, & Wilson, 2011; Grossman et al., 2010; Kujala, Lepistö,
Nieminen-von Wendt, Näätänen, & Näätänen, 2005; Peppé, McCann,
Gibbon, O’Hare, & Rutherford, 2007, 2011) and some studies have used
stimuli containing semantic information thus giving emotional in-
formation that is non-dependant on prosodic cues (see Wang & Tsao,
2015). The current study accounted for these methodological dis-
crepancies by using semantically-neutral prosodic cues, by combining a
range of complex and basic emotions (e.g. Golan et al., 2006) and by
employing three different trial types; face only, face with text and text
only trials. Our stringent methodology may therefore encourage the use
of more robust paradigms to assess the processing of affective prosody.

Notably, we quantified interoceptive dimensions using two different
tasks that access both shared and distinct mechanisms (Schulz, 2016),
although we focused our examination on only the heartbeat dis-
crimination task. Strong correlations in performance accuracy between
these heartbeat-tracking and discrimination tasks are not always ob-
served especially within small samples (Ring & Brener, 2018). The
heartbeat tracking task is arguably influenced by prior knowledge
about heart rate (Ring, Brener, Knapp, & Mailloux, 2015) and the
heartbeat discrimination task requires the integration of interoceptive
and exteroceptive information (Garfinkel, Tiley et al., 2016). Recogni-
tion of affective prosody may itself be an internal-external integration
task, particularly if internal bodily changes elicited by external affective
prosody guide correct comprehension and appraisal processes. Indeed,
our results suggest a relationship between interoception and prosody, as
measured by the cross-modal discrimination task, manifesting in the
metacognitive domain only, thus indicative of a higher-level processing
deficit.

The observed relationship between prosody and interoceptive
awareness highlights the value in investigating interoceptive con-
tributions to adaptive emotional behaviours and clinical symptoma-
tology. Given the impaired recognition of emotional prosody that we
observed in ASC individuals, and the role that interoceptive awareness
plays in this impairment, targeted interventions aimed at improving
interoceptive awareness may be useful to improve emotional processing
in this group who are at higher risk of anxiety and mood disorders.
Support for this notion lies in the memory domain, wherein better
memory performance is associated with a more accurate judgement of
one’s own performance, a relationship not observable for the inter-
oception tasks (Meessen et al., 2016). One proposed reason of this
difference is the availably of feedback: information about the accuracy
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of memory performance is common in everyday situations, yet feedback
about interoceptive performance is not. Therefore, provision of per-
formance feedback during interoceptive tasks, could be used to train
ASC individuals to increase interoceptive awareness, and by association
to improve emotional prosody recognition. Moreover, individuals who
possess good metacognition may be more able to allocate attentional
resources to functional domains, e.g. interoception, on which they
perform poorly (Schooler et al., 2011). There may thus be synergistic
benefits in improving interoceptive metacognition.

There are limitations to the current study that should be addressed
in future work. Firstly, the heartbeat discrimination task served as the
primary outcome interoceptive measure used. For this task, studies vary
in the number of index trials, although it has been claimed that 40–60
trials are needed to ensure robust reliability on this measure of inter-
oceptive performance accuracy (Kleckner, Wormwood, Simmons,
Barrett, & Quigley, 2015). Moreover, ROC fit is also enhanced with
more trials, and thus this may have also impacted our calculations of
interoceptive awareness. Since the task employed here consisted of only
20 trials, this can be considered a limitation. Additionally, due to the
design of the prosody paradigm we were unable to examine the effect of
interoception on discrete basic emotions, since each basic emotion was
only presented 6 times; we were thus underpowered to test this re-
lationship. The absence of a significant relationship between prosodic
accuracy and AQ suggests that the prosodic deficits may not be driven
by core ASC symptomatology, but instead they may represent a specific
feature coupled to aberrant interoceptive processing. However, inter-
oceptive dimensions were not measured within the neurotypical control
group. We therefore cannot conclude whether or not the relationship
between interoceptive awareness and prosody is specific to autism, nor
whether this coupling reflects a core relationship that can be extra-
polated to other individuals. Future research should investigate the
relationship between prosody and interoception in normative popula-
tions to see if the manifestation of prosodic deficits are also driven by
reduced interoceptive awareness. Further studies are also needed to test
if the interoceptive metacognitive skill required to recognise affective
prosody is modality-specific, i.e. does it solely rely on interoceptive
awareness, or does the metacognition of knowing when you understand
another person’s emotions also affect accuracy in labelling emotional
cues from speech. Ultimately, a more comprehensive understanding of
metacognitive interoceptive awareness is needed to better understand
its contribution to emotion and of its presentation in clinical disorders.

The results of the current study provide a novel contribution to
understanding affective prosody deficits in ASC individuals, relating
low-level processing of social/emotional cues to higher-level appraisal
of one’s own ability to process physiological changes in one’s body. The
relationship between interoception and emotions remains pertinent:
improved detailed knowledge of their association will enhance insight
into the mechanisms underlying core ASC symptomatology and enable
targeted strategies to mitigate psychological distress within this popu-
lation.
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