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a  b  s  t  r  a  c  t

Interoception  refers  to  the  perception  of  the  physiological  condition  of the  body,  including  hunger,  tem-
perature,  and  heart rate. There  is  a growing  appreciation  that interoception  is  integral  to higher-order
cognition.  Indeed,  existing  research  indicates  an  association  between  low  interoceptive  sensitivity  and
alexithymia  (a difficulty  identifying  one’s  own  emotion),  underscoring  the link  between  bodily  and  emo-
tional  awareness.  Despite  this  appreciation,  the developmental  trajectory  of  interoception  across  the
lifespan  remains  under-researched,  with  clear  gaps  in our  understanding.  This  qualitative  review  and
opinion  paper  provides  a brief overview  of interoception,  discussing  its  relevance  for developmental
psychopathology,  and  highlighting  measurement  issues,  before  surveying  the available  work  on intero-
ception  across  four  stages  of development:  infancy,  childhood,  adolescence  and  late  adulthood.  Where
gaps  in  the  literature  addressing  the  development  of  interoception  exist,  we draw  upon  the association
between  alexithymia  and  interoception,  using  alexithymia  as a possible  marker  of atypical  interocep-
a
tion.  Evidence  indicates  that  interoceptive  ability  varies  across  development,  and  that  this  variance
correlates  with  established  age-related  changes  in  cognition  and with  risk  periods  for  the  development
of  psychopathology.  We  suggest  a theory  within  which  atypical  interoception  underlies  the  onset  of
psychopathology  and  risky  behaviour  in adolescence,  and  the  decreased  socio-emotional  competence
observed  in  late  adulthood.

©  2017  The  Authors.  Published  by  Elsevier  Ltd.  This  is  an  open  access  article  under  the  CC  BY license

(http://creativecommons.org/licenses/by/4.0/).
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s to be collectively referred to as the ‘interoceptive cor-
g, 2002; but see Damasio et al., 2012; Feinstein et al.,
cussed in more detail in Section 2). Accurate perception
l states is unsurprisingly important for their regulation,
ical interoceptive sensitivity (Garfinkel et al., 2015a; see

Glossary) being associated with conditions such as obe-
diabetes (Herbert and Pollatos, 2014; Pauli et al., 1991).
n to the importance of interoception for physical health,

search has suggested that interoception may  play a role in
der cognition, such as in emotional memory (Pollatos and
, 2008), and learning and decision making (Werner et al.,
spite increasing appreciation of the importance of intero-
ittle is known about how interoceptive ability develops,
ability across the lifespan. As research directly examin-
ception across development is scarce, the current article
s upon research examining developmental changes in the
e of alexithymia. Alexithymia is a sub-clinical condition

s traditionally been defined in terms of difficulties identi-
 describing one’s own emotions (Nemiah et al., 1976), but
idence suggests that alexithymia may  be characterised
al interoceptive sensitivity, rather than with specific dif-
n the affective domain (Shah et al., 2016; Gaigg et al., in
rbert et al., 2011; Brewer et al., 2016a,b; Longarzo et al.,
ring and Van der Staak, 1995). Accordingly, we  interpret

 in the prevalence of alexithymia at certain developmen-
 as likely markers of atypical interoception, but of course
iation between alexithymia and atypical interoception

e examined across development. While evidence using
 measures of interoception is clearly preferable, research
ymia is more common than that on interoception in the
ental literature. Rather than attempting to provide a full

 the adult interoception literature, therefore, the current
s to combine developmental research on interoception

thymia, in order to present a theory of how interoception
ge across development, from infancy to late adulthood,
ossible consequences of this change. Whilst we  do not

that alexithymia and impaired interoception are inter-
le terms, we do propose that where heightened rates of
ia are observed within a population then this should be
d a marker of atypical interoception.
n 2 of this article briefly defines interoception, outlines
to measure interoceptive ability, and argues for the impor-
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ss four stages of life: infancy, childhood, adolescence and

roception
article in
mediated
Critchley

efinitions of the terminology used in this paper are provided below.

Definition

nteroceptive
ion

A broad term referring to situations in which sub
states, neural activity, and ongoing cognition. Th
effects such as those on perception and memory
differing levels of physiological arousal (see text

teroceptive
ion

Conscious representation of interoceptive signal
detection of the onset or change of an interocept
of their intensity at higher levels.
Explicit interoceptive perception has been sugge
(see text), including interoceptive sensitivity, sen

tive
ity

Accurate detection and discrimination of interoc
Tracking Task.

tive
lity

An individual’s self-reported interoceptive abilit

tive
ess

A  metacognitive measure indexing the degree to
their interoceptive sensitivity.

tive Ability A ‘catch-all’ term encompassing all aspects of ex
nteroception Unusually high or low sensitivity, sensibility or a

typically observed in the general population.
ence 23 (2017) 45–56

hood. It is argued that cross-sectional evidence from both
 interoceptive tests and alexithymia measures indicates
roceptive ability may  decrease in adolescence and late
d, and that this change may  underlie the emergence of
ic disorders and emotion recognition difficulties across
ges, respectively. Section 4 outlines conclusions from this

 the literature and recommendations for future progress.

ception: characterisation, measurement, and
e  to health

idely agreed that interoception refers to the perception of
al state of one’s body; such a simple definition, however,

reat deal of uncertainty. Whilst early definitions included
internal) sensations only (e.g., Craig, 2002; Fowler, 2003),

 interoception has been broadened such that the defini-
equently taken to include certain bodily signals that do
ly meet the criteria to be considered internal (e.g., sen-
fective touch and tickle) but which are all processed using

 neural pathways as interoceptive information. Thus, more
finitions of interoception include any bodily information
nt either via 1) small diameter (unmyelinated) C-fibres
inated) A�-fibres, lamina I, the spinothalamic tract and
o the insula and anterior cingulate cortex (Craig, 2002),
ial nerves (vagus and glossopharyngeal) to the nucleus of
ry tract (Critchley and Harrison, 2013). Whilst the insula
rior cingulate cortex are thought to be the regions where
tive signals converge (e.g., Craig, 2002) and are therefore
r interoceptive awareness, a case study of one patient with
nsula damage questions this proposal. Despite their insula
the patient’s perception of pain, response to tickling, and
extent taste, remained relatively intact (Damasio et al.,
pical pain perception following damage to both the insu-
nterior cingulate cortex was  also reported in a separate
y of another patient (Feinstein et al., 2016). While clearly
istent with the proposal that intact insular and anterior

 cortices are necessary for interoception, interpretation of
dings is made difficult by the fact that the patients pre-
experienced typical interoceptive abilities for at least 28
or to insula or ACC damage. Therefore, while the precise

 of interoception and the neural regions supporting inte-

 remain a matter of debate, for the purposes of the current

teroception is defined as the perception of any bodily state
 by the neural pathways described above (Craig, 2002;

 and Harrison, 2013).

conscious processing of interoceptive signals impacts on bodily
is includes homeostatic regulation but also encompasses various

 for stimuli presented at different stages of the cardiac cycle, and at
).
s. Note that this broad definition would include, at the lowest level,
ive signal, and discrimination of interoceptive signals and knowledge

sted to be a three dimensional construct by Garfinkel and colleagues
sibility and awareness.

eptive signals on explicit interoception tasks such as the Heartbeat

y.

 which an individual’s interoceptive sensibility accurately reflects

plicit and implicit interoception.
wareness. Used to indicate an interoceptive profile that is not
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ifficulties in defining interoception are reflected in its
isation and measurement. For example, it has been sug-
at individual differences in interoceptive ability should
ered on three dimensions rather than one: objective
tive sensitivity (the degree to which an individual can
y perceive the state of their body); subjective interocep-
ibility (an individual’s beliefs about their interoceptive
sensitivity); and interoceptive awareness (a metacogni-

sure which reflects the degree to which an individual’s
y accurately reflects their sensitivity; Garfinkel et al.,
e Table 1: Glossary); with interoceptive sensitivity serv-

 core construct. It is worth noting that these dimensions
 refer to explicit interoception (conscious perception of, or
out, one’s internal state), but that interoception can also
it, for example during homeostasis, when subconscious
n of internal states allows regulation of the bodily state, or
conscious perception of internal states alters behavioural,

 bodily responses in the absence of conscious awareness.
 then that individual differences in ‘interoceptive ability’
product of, 1) the interoceptive signal itself (e.g. there may
ual differences in the extent to which individuals become

meaning that for some individuals there is a weaker inte-
 signal to be perceived), 2) differences in the transduction
eroceptive signal or its transmission to the central ner-
em (and there may  be developmental influences on this
Feng et al., 2013), 3) the degree to which unconscious
n of interoceptive states impacts on bodily states, neu-
y, and ongoing cognition (Azevedo et al., 2016a; Martins
4; Suzuki et al., 2013; Garfinkel et al., 2013, 2014; Fiacconi
16; Gray et al., 2009, 2010, 2012; which we  refer to as
nteroception’ within this paper), or 4) the degree to which
ls can consciously perceive, and recognise/differentiate,
tive signals (which we refer to as ‘explicit interoception’;

 1 for a Glossary).
rement  of explicit interoceptive sensitivity has relied
clusively on tasks assessing heartbeat perception, typi-

rtbeat tracking and heartbeat discrimination tasks (e.g.,
, 1981; Katkin et al., 1983; Whitehead et al., 1977). In the
articipants are required to count their heartbeats over a

 interval and their count is compared to the actual num-
rtbeats in that period. In the latter, participants hear two

stimuli, one in-phase with their heartbeat and one slightly
and are required to indicate which signal is in-phase.

 reliability of these tests has been well-established (e.g.,
d Kluvitse, 1988; Jones, 1994; Wildman and Jones, 1982),
ctors affect their suitability for research. First, the tests are
y insensitive at lower ability levels; approximately 30% of
ealthy individuals have no conscious awareness of their

 at all (Khalsa et al., 2009a). This insensitivity makes them
 to index interoceptive ability in populations that may  be
ised by reduced interoceptive ability caused by ill health
pmental stage. Second, heartbeat may  be perceived via
ptive) touch receptors due to the vibration of the chest
lsa et al., 2009a,b). The degree to which the heartbeat may
ved via this route depends on factors such as the percent-
y fat (Rouse et al., 1988), systolic blood pressure (O’Brien

8) and resting heartrate and heartrate variability (Knapp-
 Kline, 2005). Again, all of these factors may  change as

 of developmental stage (Umetani et al., 1998; St-Onge,
nklin et al., 1997; Yashin et al., 2006).
lmost exclusive use of cardiac-based measures of inte-

 reflects what is often an implicit assumption in the

(e.g.
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bert et al., 2012). Such an assumption is surprising when
are interoception to exteroception (the perception of the
world); one would not necessarily expect someone with
ring to have good visual acuity, for example. In contrast
ceptive information, however, interoceptive information
sed within broadly the same neural areas (Craig, 2002),
distinction may  be relevant for our understanding of the

 of interoceptive ability. The handful of studies assess-
egree to which interoceptive ability in one domain is

d with ability in another domain are inconclusive. Cer-
ies do support the assumption of a unitary interoceptive

 some degree: In two studies, for example, perception
heartbeat correlated moderately with the perception of
stension (r = 0.5; Whitehead and Drescher, 1980; Herbert
12). In contrast, other studies comparing interoceptive

 across cardiac and respiratory domains find a poor cor-
between sensitivity across these interoceptive domains
et al., 2016; Garfinkel et al., 2016). Such fractionation of
tive accuracy is supported by early research indicating no

hip between participants’ ability to discern the presence
e of high blood pressure, sweaty hands, or shortness of
teptoe and Vögele, 1992). At the neural level, electrical
on studies also indicate a certain degree of fractionation;
le of 5 epileptic patients, stimulation of distinct regions

r cortex was associated with distinct interoceptive sen-
Stephani et al., 2011). At present, therefore, the extent

 interoception can be considered a unitary phenomenon
nclear. Importantly, the issue of whether interoception is

 of direct theoretical relevance. Most models of the contri-
 interoception to higher-order cognition assume a unitary
, referring to interoception as a whole, as opposed to dis-
pecific domains such as cardiac-interoception (e.g. Seth,
attrocki and Friston, 2014). A unitary structure may  not
, even if it does in some populations, may not necessarily
uous over development, or in certain neurodevelopmental
hiatric conditions. The explicit investigation of interocep-
ss domains is, therefore, essential across developmental

 well as across atypical populations.
te ambiguity surrounding the definition and measurement
eption, the notion that interoception may  be fundamen-

ortant for higher order abilities has recently begun to gain
Interoception has been argued to underpin selfhood and
eness (Seth, 2013) and sociocognitive and socioaffective

.g., Quattrocki and Friston, 2014). For example, Quattrocki
n (2014) suggest that infants associate interoceptive sig-
rmth and satiety with their caregiver’s face, which in turn
achment behaviour and the development of endogenous
ention. In their model, aberrant interoception (a failure
eptive sensitivity) is theorised to prevent the contextu-
of interoceptive signals and impair associative learning
internal states and external cues. These authors suggest

 in turn results in a lack of integration between inte-
 signals and other sensory information, resulting in an
shed sense of self (the combination of interoception and
tive information is thought to be necessary in order to

t the self as a single entity, distinct from others), reduced
ttenuation, and ultimately social difficulties.
ificant role for interoception in higher-order cognition
ted by empirical evidence demonstrating that interocep-
y predicts competence in a variety of emotional domains
s in learning and decision-making. Within the affective
interoception appears to be necessary for all aspects of

l processing. Much of this evidence utilises an individ-
ences approach to demonstrate that, across individuals,
tive sensitivity is correlated with emotional stability

y, 1981), emotion regulation (Füstös et al., 2013), and
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 methods used to delineate psychiatric disorders into discrete
gories, recent research indicates substantial overlap between
rder categories, so much so that one factor − the ‘p-factor’1-
J. Murphy et al. / Developmental Cognitive Ne

l intensity (the tendency to experience more extreme
 with greater awareness and depth of experience; Füstös
13; Herbert et al., 2010; Pollatos et al., 2007a,b; Wiens
0). Indeed, the vast majority of current theories of emotion
hat both interoceptive signals and cognitive evaluation of
rnal and external environment contribute towards emo-
erience (Schachter and Singer, 1962; Critchley and Nagai,

rfinkel and Critchley, 2013; Gendron and Barrett, 2009;
3).
n learning and decision-making, most classic theories of
apportion a crucial role to signals of punishment and
e.g. within operant conditioning), making the accurate
n and recognition of these signals fundamental to learn-
Katkin and Wiens, 2001; Pollatos and Schandry, 2008;
t al., 2009). Equally fundamental are theories of value in
making − where the aim of decision-making is to select
n with the highest value. It is clear that value may  be

 by interoceptive state (the value of water is higher when
ed than when not), or be interoceptive in nature (as in the
primary reinforcers such as sex and food). Some theories

 more fundamental role to interoception, by suggesting
sion-making is guided by stored representations of the
nsequences of stimuli and responses. These stored repre-
s, provided they can be perceived, are a further source of
on when calculating the value of options (Damasio, 1994).
s of one’s theoretical standpoint, however, it is clear that

perception and recognition of interoceptive signals is nec-
 learning and decision-making.

wing body of evidence supports the relevance of inte-
 ability for risky decision-making. For example, Werner
09) found that scores on the heartbeat tracking task pre-
rformance on the Iowa Gambling Task, which relies on
y to learn which of four risky options are advantageous
h are disadvantageous. Data consistent with this finding
ained by Dunn et al. (2010), who used a modified ver-
e Iowa Gambling Task to demonstrate that when arousal
ured adaptive choices those with better interoception
ter choices, yet when arousal cues favoured maladaptive
dividuals with better interoception made worse choices

viduals with poor interoception. Finally, a study by Sokol-
t al. (2015) built upon previous work demonstrating that
l differences in physiological arousal are correlated with
l differences in loss aversion (the overweighting of losses
ect to equal gains) during risky decision-making. Sokol-

et al. (2015) predicted that the degree to which these
tive physiological signals of arousal can be perceived is
modulate the impact of arousal on loss aversion during
ision-making. Results confirmed their prediction, demon-
hat individuals with increased interoceptive sensitivity
re loss averse, providing further evidence of an impact of
tive awareness on risky decision-making.

ies and evidence supporting the role of interoception
l cognition highlight the potential relevance of atypical
tion for psychopathology, with ‘atypical interoception’
ssing both atypically high or low interoceptive ability (see
lossary). While certain conditions have long been associ-

 atypically low interoceptive sensitivity (such as Feeding
g Disorders: Pollatos et al., 2008; Klabunde et al., 2013),
quences for other disorders are only just being realised
sa and Lapidus, 2016; Brewer et al., 2015b; Brewer et al.,

 For example, Quattrocki and Friston (2014) presented
istic neurobiological model within a predictive coding
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rk to explain how an interoceptive failure may  give rise
 Spectrum Disorder (henceforth ‘autism’). This model

lenged by Brewer et al. (2015a), who argued that alex-
hich frequently co-occurs with autism (Berthoz and Hill

1 The ‘p-f
dependenc
conduct  di
ence 23 (2017) 45–56

t autism itself, is characterised by a general interoceptive
nt. The predictions of these competing models have been

ested by comparing the performance of groups of autis-
pical individuals with varying degrees of alexithymia on
beat tracking task described above (Shah et al., 2016), and
equiring interoception of arousal (Gaigg et al., in press).
ase alexithymia, not autism, was found to be associated
r interoceptive sensitivity (Shah et al., 2016; Gaigg et al.,

 which was not accounted for by differences in the mag-
 interoceptive signals (Gaigg et al., in press). These data
he findings of earlier studies demonstrating poor cardiac
y in typical individuals with high levels of alexithymia
et al., 2011) and higher self-reported interoceptive con-

 alexithymic individuals (Brewer et al., 2016a; Longarzo
15). The characterisation of alexithymia as a generalised
nt of interoception is also supported by research associat-
terior insula (the brain area in which interoceptive signals
g the state of the body converge) with both interoceptive
s (see Ibañez et al., 2010), and alexithymia. Structural and
l atypicalities of the anterior insula have long been associ-

 developmental alexithymia (e.g., Silani et al., 2008; Kano
3; Reker et al., 2010; Bird et al., 2010a; Feldman-Hall et al.,
rsci et al., 2009; Ihme et al., 2013; Bernhardt et al., 2014;
Dobre et al., 2014), and a recent study also identified dam-
terior insula as a cause of alexithymia in individuals with
c brain injury (Hogeveen et al., 2016). Equally consistent
servation that an increased prevalence of alexithymia is

 in individuals with a number of physical (e.g., diabetes,
nd psychiatric (e.g., eating disorders and depression) con-
.g., Topsever et al., 2006; Pinna et al., 2011; Cochrane et al.,
nkalampi et al., 2000) where poor interoception is also

 (Pauli et al., 1991; Herbert and Pollatos, 2014; Pollatos
8; Pollatos et al., 2009).
ally high interoception has been argued to characterise
ic disorder and anxiety syndromes (Ehlers, 1993; Clark,
ulus, and Stein, 2006). Indeed, individuals with height-
s of anxiety (and panic disorder) report greater awareness

 sensations (see Domschke et al., 2010 for a review) and
her interoceptive sensitivity on heartbeat tracking mea-
n typical individuals (e.g., Eley et al., 2004; Ehlers and
992; Domschke et al., 2010). Whilst early theories sug-
ersensitivity was a result of increased attention to bodily
hlers, 1993), more recent proposals suggest that anxiety
s arise from discrepancies between the individual’s actual
cted bodily state (i.e. greater prediction error; Paulus and
6). Despite differing proposals regarding the process that

ersensitivity to interoceptive information in anxiety disor-
majority of theories suggest that oversensitivity, coupled
as to interpret bodily signals in a negative manner, con-
o both the cognitive (e.g., worry) and behavioural (e.g.,
e) symptoms associated with these syndromes (Ehlers,
ulus, and Stein, 2006).
eoretical and empirical work described above demon-

e clinical relevance of atypical interoception, and suggests
ithymia is a marker of atypical interoception. Although
vidence is required, the relationship between alexithymia
ical interoception may  hold important implications for
nding psychopathology. Despite the current classifica-
actor’ model (Caspi et al., 2014) includes 11 disorders/symptoms: alcohol
e, cannabis dependence, dependence on hard drugs, tobacco dependence,
sorder, major depression, generalized anxiety disorder, fears/phobias,
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to underlie a number of conditions that are presently
to be isolated entities (Caspi et al., 2014; Laceulle et al.,
e p-factor subsumes the previous two-factor structure of
thology which incorporated an internalising and exter-
actor (e.g., Krueger et al., 1998) by demonstrating that
ese factors load onto a single factor. We  have recently pro-
t interoceptive ability constitutes the p-factor (for a more
iscussion see Brewer et al., 2016a,b), based on evidence of
tive difficulties in a broad range of psychiatric conditions.
ple, poor interoceptive sensitivity has been observed in
ls with depression (see Harshaw, 2015) and schizophre-
zi et al., 2016). Likewise, high obsessive compulsive traits
nical samples have been associated with reduced propen-
ilise internal bodily signals for gauging arousal (Lazarov
0). The contribution of atypical interoception to a num-
er disorders including addiction (see Verdejo-Garcia et al.,
qvi and Bechara, 2010), eating disorders, somatic symp-
ders and obsessive compulsive disorder (see Khalsa and

2016; Brewer et al., 2015b; Brewer et al., 2016a,b; Stern,
also well-recognised. In contrast, atypically heightened
tive sensitivity is associated with anxiety and panic disor-

us and Stein, 2006; Ehlers and Breuer, 1992). Alexithymia
found to co-occur with a number of disorders − including
disorders loading onto the externalising factor described
t al. (2014), such as alcohol (Rybakowski et al., 1988) and

e Abuse (Michael, 1990), and Conduct Disorder (Deborde
15), as well as conditions that load onto the internalis-
, such as Major Depressive Disorder (Honkalampi et al.,
xiety (Hendryx et al., 1991) Obsessive Compulsive Disor-
e et al., 2006) and Schizophrenia (Van’t Wout et al., 2007).
igh pattern of co-occurrence is not unique to alexithymia,
ings, together with the association between alexithymia

 interoception, are consistent with the idea that atypi-
ception may  be the ‘p-factor’ accounting for symptom
lities between psychiatric disorders. Under this model

interoception would contribute towards the emotional
s (such as emotion regulation, expression, recognition,

, and emotional lability), learning and decision-making
nts, and sensory symptoms (including affective touch,

 somatic symptoms) seen across a number of diagnostic
s.
odel is supported by several studies demonstrating the

f alexithymia on socio-cognitive ability, particularly in
tive domain, in both typical and atypical populations.
ody of research demonstrates that alexithymia impairs
recognition from both facial (Grynberg et al., 2012) and
aton et al., 2012) stimuli in typical individuals, while
udies suggest it is also responsible for the atypical emo-
ession, recognition, empathy, and eye-fixation seen in
ividuals with autism (Bird et al., 2010a 2011; Cook et al.,
aton et al., 2012; Oakley et al., 2016; Trevisan et al.,

d Feeding and Eating Disorders (Brewer et al., 2015b). If
case that alexithymia represents a general impairment
teroceptive domain, these findings suggest that intact
tive abilities are crucial for successful socio-emotional
ng. Together, research on the importance of interocep-
he development of typical cognition (in the emotional,
nd decision-making, sensory, and social domains) and its

 role in the aetiology and/or symptomatology of a number

If, a
unde
ciate
light
resil
ican
perio
and 

deve

3. In

R
but w
is co
that
their
alex
inco
sive 

deta
of th
gaps
anis
high

3.1.  

It
infan
vidu
arou
are a
their
rese
tive 

poss
inati
phas
tion
pref
This
men
abili
to w
uli (M
high

D
in in
impl
ple, 

old 

and 

unm
inter
a bo
tary
early
atric conditions, make understanding the development
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alexithymia, across the lifespan an urgent research goal.
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 propose, interoception does represent the ‘p-factor’,
nding why  heightened and impaired interoception is asso-
th distinct pathologies (e.g., anxiety, depression) may  shed
he mechanism by which interoception confers risk and

 to pathology. In addition, identifying periods of signif-
elopmental change in interoceptive ability may  explain
f enhanced risk for the development of psychopathology,
some individuals develop symptoms despite prior typical
ent.

ception across the lifespan

rch on the development of interoception is not plentiful,
e it exists we  provide an overview below. Where research
tely lacking, such as in infancy, we  outline the measures
d be used to make progress, and the issues surrounding
. Where data are available that rely upon measures of
ia rather than explicit tests of interoceptive ability, we
te this evidence in order to provide a more comprehen-
w of the existing evidence subject to the assumptions

in Section 2. Identifying the gaps in our understanding
velopment of interoception will, we hope, lead to these
g addressed, and to an understanding of the causal mech-
y which interoception contributes to the development of
der cognition.

oception in infancy

mmediately apparent that research on interoception in
ust adopt very different methods to research in older indi-
xisting tests of interoceptive sensitivity for heartbeat and
ely on verbal comprehension and report − participants

 to report the number of heartbeats in a given period or
ective degree of arousal. Such methods are not available to
rs working with pre-verbal infants, necessitating alterna-
ods of assessing interoceptive ability. We  suggest that one
est would be to employ an implicit interoceptive discrim-
sk whereby stimuli (tones/flashes) are presented either in
out of phase with the infant’s heartbeat or rate of respira-
roceptive sensitivity could then be established using visual
e methods or rate of sucking on non-nutritive pacifiers.
icit discrimination task could then be used to test develop-
odels linking interoception to the development of social

.g. Quattrocki and Friston, 2014) by assessing the degree
 interoceptive ability predicts orientation to social stim-
on and Johnson, 1991), for example, in infancy, as well as
der cognition at subsequent developmental stages.

te  a lack of explicit interoception tests suitable for use
y, there is evidence consistent with the notion that
nteroception emerges early in development. For exam-
urst et al. (2014) noted heart rate deceleration in 9 month
ts in response to caregiver stroking when it was light
edium velocity (∼3 cm per second), the speed at which
ated C-tactile fibres responsible for the transmission of
tive information respond (Löken et al., 2009). Similarly,
f research indicates that taste sensitivity, and alimen-
oception (including hunger, thirst and satiety) emerges
evelopment (e.g., Harshaw, 2008). Whilst such evidence

 that implicit interoception is present early in develop-
e age at which explicit awareness of such interoceptive
velops, and when interoceptive signals can be differenti-

or recognised, remains unclear (see Harshaw, 2008).
er question to address is whether implicit measures such

hich we  propose above would measure the same ability
by the explicit tests of interoceptive awareness used in
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ividuals. It is well established in adults that presenting
nchronously with the systolic phase of the cardiac cycle
s perceptual processing and memory (e.g., Azevedo et al.,
artins et al., 2014; Suzuki et al., 2013; Garfinkel et al., 2013,
cconi et al., 2016; Gray et al., 2009, 2010, 2012) and that
t is mediated by the insula (Salomon et al., 2016; Gray et al.,
ore recent evidence also suggests a positive association
interoceptive arousal (heartrate acceleration) induced by
motive stimuli (e.g., a disgusted face) and metacognitive
(Allen et al., 2016). These results are consistent with the
n that adults have an implicit awareness of at least one
tive signal (heartbeat), and that it impacts upon higher-
nition. However, questions remain as to the relationship
such implicit interoceptive perception and explicit inte-

 perception. Although some studies report a correlation
explicit and implicit measures (e.g., Azevedo et al., 2016a;

 et al., 2013; Suzuki et al., 2013) others have found no asso-
.g., Salomon et al., 2016; Azevedo et al., 2016b). Whilst task
es are likely to contribute to discrepant findings, it remains
xactly how the two are related, how explicit interoception
es to the development of social cognition (Quattrocki and
014), and how implicit and explicit interoception con-

 the development of the concept of the ‘self’ (Seth, 2013).

oception in childhood

it  interoception has been examined in children between
ears using cortical measurement of the Heartbeat Evoked

 (HEP; Immanuel et al., 2014). The HEP is an electrophys-
Event Related Potential occurring over somatosensory
al/prefrontal regions approximately 200–600 ms  follow-
-peak of the Electrocardiogram waveform and is thought

 cortical processing of cardiac information. Such activ-
een observed in the absence of explicit instruction to

 one’s heartbeat (e.g., Immanuel et al., 2014; Montoya
3; Schandry et al., 1986; Shao et al., 2011; Schulz et al.,

d a reduction in the magnitude of this component has
ed in the presence of another interoceptive signal (e.g.,
o et al., 2011). As such, the HEP may  represent implicit
tive perception and/or the transmission of interoceptive
on independent of attentional allocation or conscious per-
f one’s heartbeat (e.g., Schulz et al., 2013; Schandry et al.,
cussed also by Garfinkel et al., 2015b; Pollatos et al.,
eed, the magnitude of the HEP has been demonstrated to

 explicit interoceptive sensitivity in adults (Pollatos and
, 2004; Schandry et al., 1986; Katkin et al., 1991; but see

 et al., 1993) and can be modulated by interoceptive train-
ndry and Weitkunat, 1990). The HEP’s relationship with
teroceptive sensitivity (although currently only demon-

 adulthood) means it may  be a viable means to investigate
tion in younger infants as well as children, but as yet the
ot been investigated in infancy. Future work examining

itude of this component across development may  shed
he stability of implicit interoceptive perception across the

 knowledge the youngest age at which explicit interocep-
easured by heartbeat tracking tasks, has been examined
rs of age. While no single study has directly compared
nce on the heartbeat tracking task in adults and chil-
a from large studies (N = 1350) in children (age range
rs) indicate equivalent performance to adults (Koch and
014a). The assessment of alexithymia in children is much
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te, therefore, that while alexithymia measures designed
ren are reliable (Rieffe et al., 2006), discrepancies arise

 parent- and child-report measures (Griffin et al., 2015).
ee to which self-reported alexithymia can serve as an
interoceptive ability in childhood is therefore currently
. Interestingly, improved interoceptive sensitivity, at least
asured over longer time intervals, has been observed in
with autism (Schauder et al., 2015), which is known to

 with alexithymia (Berthoz and Hill, 2005; Griffin et al.,
his result truly reflects greater interoceptive ability, rather
eased task adherence (Shah et al., 2016), then the results
onsistent with the relationship between alexithymia and
tive sensitivity in adults (Herbert et al., 2011; Shah et al.,

ring and Van der Staak, 1995), making investigation of this
elationship in children a priority.
t deal of evidence supports the predictive ability of mea-

nteroception for physical and mental health in childhood.
ed heartbeat evoked potentials (atypical implicit intero-
have been observed in children with sleep disordered

 (Immanuel et al., 2014), while poor explicit interoceptive
y has been associated with obesity and disordered eating
r across a 1-year period (Koch and Pollatos, 2014b). Con-
typically high explicit cardiac sensitivity in children has
ciated with both positive and negative outcomes includ-
sed physical activity (Georgiou et al., 2015), and panic and
ymptoms (Eley et al., 2004), respectively. This is in line
positive relationship between fitness and cardiac intero-
e.g., Borg and Linderholm, 1967), and panic disorder and
teroception (Van der Does et al., 2000), in adulthood. The

 both adulthood and childhood, therefore, converge to
hat both high and low interoceptive sensitivity are asso-
th distinct outcomes. In addition, levels of alexithymia in
d, as measured by child appropriate questionnaire mea-
effe et al., 2006), are associated with glycaemic control
x et al., 2010), with difficulty describing feelings predict-
emic control at follow up two years later (Housiaux et al.,
gh levels of alexithymia are also associated with somatic
s (Rieffe et al., 2006) and negative mood (Nasiri et al.,
hildren. Again, these findings are consistent with research
ult population (Luminet et al., 2006; Taylor et al., 1992;
d Simonsson-Sarnecki, 2001) and highlight the potential

ning the association between these factors and objective
nteroception (rather than self-report measures of alex-
in the future.
proposal that atypical interoception is the common fac-
rlying a range of psychiatric disorders is correct, then
nding interoception and the aetiology of atypical intero-
n childhood may  be crucial. Evidence from twin studies

 a substantial proportion of the variance associated with
t awareness in children (Eley et al., 2007) is accounted
n-shared environmental factors. Indeed, consistent with
sed relationship between alexithymia and interoception,

 heritability pattern for alexithymia has been observed
 (Jørgensen et al., 2007). Whilst it is unclear what these
ed environmental factors are, it is possible that for both
ia and interoception, childhood adversity accounts for a

f this unexplained variance. Increased rates of psychiatric,
 physical, disorders have been associated with a number
e experiences in childhood including abuse, neglect (e.g.,
n et al., 2001; Kaplow and Widom, 2007) and poor family
ent (see Repetti et al., 2002). Whilst individual differences

c interoception have not yet been associated with spe-

hood experiences, certain types of atypical interoception,
ltered pain perception in adulthood, have been associ-

h childhood abuse (e.g., Fillingim and Edwards, 2005).
this maltreatment is associated with structural network



urosci

changes 

cingulate
increased
with the 

Kench an
the assoc
life exper
represent
proportio
roception
relationsh
ing alexit
the trajec
determin
or influe
Karukivi 

ability ov
2008), lon
stability o
ther stud
early in d
studies a
abilities d
tion wou
between 

bility of a
examined

3.3. Inter

Adole
of pubert
(Coleman
as neurol
2010; Bla
tial psych
the capac
reflective
(Blakemo
transition
with incr
Steinberg
of develo
(Paus et a
impact o
esis that 

psychopa
atypical i
a  dearth o
tive meas
consisten
reduced h
sity, altho
any mean
sitivity it

Surpri
ral corre
without 

directly c
in adults
cents (15
(29–55 y
reactivity
the behav
terior ins

tudie
being
ed n
th. Fo
elate
onse
nal s
s of t
erwe

 mak
ern o
gado
isor
nsua
) an
inter

 is c
ocep
olog
emal
lopm

icipa
 bre
al an

 age.
ocep
hich
ikely
escen

 con
ption
escen

 an in
preva
en e
een 

., 201
kalam
ease
; Ga
alen
, such
ld be
esen
ent o

 ado
ical,
ukivi

 (Ho
., 200
uct 

ptom
l inv
culty
ent o
ukivi
een 

ption
typic
oble
ed p
J. Murphy et al. / Developmental Cognitive Ne

to interoceptive regions such as the insula and anterior
 cortex (e.g., Teicher et al., 2014). It is notable also that

 rates of alexithymia in adulthood have been associated
many of the same adverse childhood experiences (e.g.,
d Irwin, 2000; Berenbaum, 1996; Aust et al., 2013). Given
iation between alexithymia, interoception, and adverse
iences, examining whether these experiences, and others,

 the non-shared environmental factors that account for a
n of individual differences across other domains of inte-

 is a question for future research. Furthermore, given the
ip between alexithymia and interoception, understand-

hymia in childhood may  be important in understanding
tory of interoception across early development, and in
ing whether childhood interoceptive abilities are stable,
nced by adversity (e.g., Martínez-Sánchez et al., 2003;
and Saarijärvi, 2014). Whilst the stability of interoceptive
er time remains an unanswered question (De Peuter et al.,
gitudinal studies over an 11-year period indicate relative
f alexithymia in adulthood (Tolmunen et al., 2011). Fur-

ies in childhood that consider environmental influences
evelopment, however, are urgently required. In particular,
ssessing the environmental influences on interoceptive
uring childhood using objective measures of interocep-
ld shed further light on the nature of the relationship
alexithymia and interoception, and allow the relative sta-
lexithymia and interoception across development to be
.

oception in adolescence

scence  is the period of development following the onset
y characterised by many hormonal and physical changes

 and Hendry, 1990; Feldman and Elliott, 1990), as well
ogical changes (see Crone et al., 2016; Blakemore et al.,
kemore and Choudhury, 2006). There is also substan-
ological change throughout adolescence; self-awareness,
ity for strategic thought, cognitive flexibility and self-
ness all develop, in addition to notable changes in identity
re and Choudhury, 2006; Rutter and Rutter, 1993). This

 from childhood to adulthood is also, however, associated
eased risk taking, accidents and criminal behaviour (e.g.,
, 2007; Crone et al., 2016). Additionally, it is the period
pment where many psychiatric disorders have their onset
l., 2008; Kessler et al., 2005), and is argued to have a strong
n mental and physical health later in life. The hypoth-
atypical interoception may  underpin the emergence of
thology would therefore be supported by evidence of
nteroception during adolescence. Unfortunately, there is
f research into interoception in adolescence using objec-
ures of interoceptive sensitivity. A single study reported,
t with evidence across other stages of development, that
eartbeat awareness was associated with adolescent obe-
ugh a relatively small sample precluded observation of
ingful effects of adolescence on heartbeat perception sen-

self (Mata et al., 2015).
singly, although many studies have investigated the neu-
lates of interoceptive ability in adolescents with and
psychopathology, we are aware of only one study that
ontrasts neural activity evoked by interoceptive signals

 and adolescents. May  et al. (2014) compared adoles-
–17 years), young adults (20–28 years), and mature adults
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s  examining the relationship between interoception and
 in adolescence suggest that atypical interoception-

eural activity is associated with poor mental and physical
r example, in overweight adolescents, insula activation

s positively with one’s self-reported tendency to eat in
 to external cues (e.g., the sight or smell of food rather than
ignals of hunger), whilst the inverse was found for adoles-
ypical weight (Mata et al., 2015). Atypical insula activation
ight adolescents has also been associated with risky deci-
ing, specifically the period preceding a risky choice, a
f results that was  not observed in those of a typical weight
-Rico et al., 2013). Similarly, adolescents with substance
ders (alcohol or cannabis) show a reduced insula response
l touch (a positive interoceptive signal; Migliorini et al.,

d an enhanced insula response to breathing load (an aver-
oceptive signal; Berk et al., 2015).
lear that knowledge of how the neural correlates of
tion change as a result of development, irrespective of

y, is urgently required. A very recent study with typi-
e adolescents by Li et al. (2016) highlights an interesting
ental trajectory. During a gastric regulation task, in which

nts were required to control their gut responses using
athing exercises, interoception-related activation of the
terior insula (but not posterior insula) increased linearly

 We suggest that additional studies of the development of
tive ability, providing further understanding of the way

 interoceptive abilities develop in the typical population,
 to shed light on how and why  atypical interoception in
ce might be related to the development of psychopathol-

trast with the lack of research explicitly investigating inte-
 in typical adolescence, research on alexithymia in typical
ce is more plentiful. Large population-based studies indi-
creased prevalence of alexithymia in adolescence: whilst
lence of alexithymia in adults is approximately 8–10%
t al., 1995; Salminen et al., 1999), rates of alexithymia
the ages of 11–18 years are approximately 18% (Gatta
4; Säkkinen et al., 2007; but see Joukamaa et al., 2007;
pi et al., 2009), although the prevalence of alexithymia

s and remains stable in late adolescence (Säkkinen et al.,
tta et al., 2014; Karukivi et al., 2014a). If an increased

ce of alexithymia does indeed suggest atypical interocep-
 a spike in adolescence, particularly in earlier adolescence,

 consistent with the idea that interoceptive impairment
ts a risk factor for, or is causally associated with, the devel-
f psychopathology during this period.
lescence, alexithymia is associated with a number of

 psychiatric and social impairments, including anxiety
 et al., 2010b), delinquency (Zimmermann, 2006), depres-
nkalampi et al., 2009), social difficulties (Honkalampi
9), severe disruptive behaviour (Manninen et al., 2011),
disorder (Deborde et al., 2015) and eating disorder
atology (Karukivi et al., 2010a). In a 4 year-long longitu-

estigation, a particular aspect of alexithymia (specifically
 identifying one’s feelings) was found to predict the devel-
f anxiety symptoms in late adolescence/early adulthood

 et al., 2014b). The extent to which the relationship
these factors and alexithymia is attributable to poor inte-

 remains an outstanding question.
al interoception during adolescence may  also be related

matic cognition typically seen during this period. As high-
reviously, adolescence is a period characterised by an
 incidence of risky behaviours such as binge drinking
e et al., 2004), risky driving (e.g., Jonah and Dawson, 1987),
ted sex, an increased number of sexual partners (Fergus
7; Kan et al., 2010) and substance abuse (e.g., Gfroerer,
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nsistent with this is the fact that rates of automobile
 (Jonah and Dawson, 1987), sexually transmitted infec-
instock et al., 2004) and fatal accidents (e.g., drowning;

 Nelson-Mmari, 2004) are significantly increased during
lopmental period. The work highlighted above in Sec-
monstrating the role of interoception in learning and
making, particularly risky decision-making, makes the
roception seen in adolescence a candidate mechanism
creased incidence of risky behaviours in adolescence. The
l evidence for a link between interoception and all aspects
n processing in Section 2, also raises the possibility that
nteroception underlies the emotional difficulties some-
served in this population (e.g., Thomas et al., 2007; Van
f et al., 2014; Larson et al., 2002).
ailable research suggests that future studies of interocep-
olescence should consider development with respect to
n addition to chronological age. Alexithymia appears to

 across late adolescence (Karukivi et al., 2014b) suggest-
f interoceptive changes occur they may  emerge earlier in
ent, and possibly follow the onset of puberty. Whilst inte-

 across this period of development remains unexamined,
ectly compared, significant differences in the prevalence
ymia are observed between early and late adolescence

 et al., 2007), with prevalence twice as high in those
13 (21.1%) in comparison to those aged 15–17 (12.7%).
propose, alexithymia does indicate the presence of poor
tion, it is likely that puberty is a sensitive period for inte-

 learning as it is characterised by many bodily changes,
which may  be unexpected and undesirable (Zvolensky
s, 2007). If associative learning is integral in infancy for
xtualisation of interoceptive cues (Quattrocki and Friston,
s possible that during puberty, a period replete with bodily
associative learning may  be crucial for the contextualisa-
w, unexpected, visceral sensations. Atypical interoceptive
uring this period, however, may  result in poor contextu-

of bodily signals and ultimately psychopathology. Thus,
 infancy is typically highlighted as a key developmental
r interoception, adolescence and possibly other stages
pment where bodily changes occur, such as pregnancy
sociation with post-natal depression) and the menopause

is period’s association with higher levels of alexithymia;
ma and Sugimoto, 1993), may  be equally important.

oception in late adulthood

dulthood is described as the period from approximately
ars of age until the end of life, with the phase of 60–65

ed as a transitional period from middle to late adulthood
inson, 1978). This period of development is associated
mber of physical and cognitive changes (see Whitbourne,
cluding interoceptive ability. Ageing is associated with

 heartbeat awareness (Khalsa et al., 2009b), as well as
 rates of alexithymia, likely indicative of general intero-
ifficulties (Mattila et al., 2006; Joukamaa et al., 1996; but
elmann, 2002). Interoceptive sensitivity in those aged 63
e, however, is yet to be examined with objective tests, and
f longitudinal data means that it remains a possibility that
ence reflects a cohort effect rather than a true effect asso-
th ageing. Nevertheless, these data are consistent with the
ia increasing, and interoceptive ability declining, in late

d.
g is associated with a number of other physical difficulties
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likely underpinned by, or represent, atypical interocep-
e include an increased risk of dehydration (Silver, 1990),
n temperature sensitivity (Clark and Mehl, 1971), reduced
sation (Stevens et al., 1995), and changes to pain thresh-

2006; Jou
roception
alexithym
inverted 
ence 23 (2017) 45–56

tolerance levels (see Gagliese, 2009). All of these signals
oceptive in nature, and difficulties with their detection
ition would lead to negative health outcomes. Whether

ficulties are caused by impaired transduction, transmis-
eption, or recognition of interoceptive signals is, however,

 unclear. A reduction in a generalised ability to consciously
and recognise bodily signals may underlie, or at least
te, physical changes which negatively impact upon the
tion or transmission of interoceptive signals (see Feng
3). The atypical interoception hypothesis may  also explain
antial individual differences among older adults within
ains. Interoceptive ability, and the degree to which it has

acted by normal ageing, may  underlie the large individual
es observed in pain sensitivity in older adults (Gagliese,
d age related changes in taste sensitivity (Stevens et al.,
r example.
ect, this hypothesis is likely to be of significant clinical
or example, older adults are at a greater risk of dehy-

which is associated with adverse health outcomes and
 (Waikar et al., 2009; Warren et al., 1994). As many as
e older adults may  be dehydrated and systematic identifi-
at-risk individuals is in its infancy (Fortes et al., 2015). One
y is that older adults with atypical interoception are at a
isk of dehydration as thirst is considered to be an intero-
ignal (see Khalsa and Lapidus, 2016). Therefore, objective
teroceptive ability may  prove to be useful for the identifi-
older adults at risk of dehydration. Even quick self-report

 of interoceptive ability or alexithymia may  prove to be
reening tools for the identification of dehydration risk in
ly.
d explicit measures of interoception, as in other develop-

tages, alexithymia in late adulthood has been associated
r physical and mental health. For example, alexithymia
s with a number of factors that confer cardiovascular risk
ody fat, blood pressure response to provocation, trait anx-
r, depression, perceived stress and lower levels of social
Waldstein et al., 2002), and depression severity in those
r 50 (Bamonti et al., 2010) and diabetes (Hintistan et al.,
ven the significant health risks associated with these con-
onfirmation of the role of atypical interoception (presently

 due to links with alexithymia) is a priority for future

er notable change in late adulthood is increasingly
 emotion recognition, although significant individual dif-
are observed and there are mixed findings as to whether
lts have a generalised emotion recognition impairment

man et al., 2008) or whether their difficulties are spe-
ertain emotions (e.g., Horning et al., 2012; West et al.,
ssels et al., 2014; Isaacowitz et al., 2007; Moreno et al.,
number of factors have been found to predict age related
in emotion recognition and memory for emotional faces,

 personality (Grady et al., 2007), cognitive ability (Suzuki
ama, 2013; Horning et al., 2012) and processing speed
al., 2012). There is some evidence that rates of alexithymia
ount for difficulties older adults experience with memory
depicting negative emotions (Grady et al., 2007), but no
to our knowledge has examined the contribution of alex-
r interoception to emotion recognition in older adults.

er adults, evidence suggests a relationship between poor
recognition and both high levels of alexithymia (Cook

13) and low levels of interoception (e.g., Terasawa et al.,
ven age related changes in both alexithymia (Mattila et al.,

kamaa et al., 1996; but see Gunzelmann, 2002) and inte-

 (Khalsa et al., 2009b) it remains possible that rates of
ia and/or changes in interoceptive sensitivity explain the

U-shaped curve in emotion recognition ability seen across
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usions and future directions

rticle focussed on interoception across the lifespan,
ting what we currently do and do not know about
roceptive ability changes across development. We  have

 current methods to define and measure interoception,
 that the almost exclusive use of cardiac-based measures
eptive ability across development is problematic, particu-
e study of groups of individuals that may  be characterised
al interoception. We  also argued that interoception is
t for typical higher-order cognition, particularly in the
realm, and in learning and decision-making. We  suggested
ical interoception may  represent the ‘p-factor’, a general
ility to psychopathology. After providing this context, we

 data on the development of interoception and its impact
al and mental health across four stages of development:
hildhood, adolescence and late adulthood. In the absence
le data explicitly concerning interoception, we drew upon
iation between alexithymia and interoception to present
f how changes in interoceptive ability may  underpin psy-
l changes from childhood to late adulthood. This review
important foci for future research, presented here in no
r order. The first refers to the association between intero-
nd alexithymia, and the extent to which alexithymia can
ered a proxy for interoceptive ability across interocep-

ains and developmental stages. The second relates to the
e and development of interoception in infancy, and the
ip between interoceptive and social abilities in this age

e third focus for future research should be to establish how
 adversity influences interoception, and whether adver-
nts for the non-shared environmental factors identified
udies of interoceptive ability. Fourth, it is crucial to exam-

rty-related changes in interoception, and whether these
redict the onset of psychiatric disorders, risky behaviour,
l difficulties in adolescence. Such research will also bear
estion of whether interoception is the p-factor underly-

ptibility to psychopathology. Fifth, whether interoceptive
derlies age-related changes in emotional awareness in
hood should be investigated, and whether simple mea-
teroceptive ability can be used as clinical screening tools

tes, dehydration, and other interoception-related diffi-
 this developmental stage. Finally, a vital initial step in
ork is the development of reliable methods to examine
tion across the lifespan in order to facilitate longitudinal
ental studies.
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