1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Psychol Bull. Author manuscript; available in PMC 2016 March 01.

-, HHS Public Access
«

Published in final edited form as:
Psychol Bull. 2015 March ; 141(2): 311-363. doi:10.1037/a0038101.

Interoceptive Dysfunction: Toward An Integrated Framework for
Understanding Somatic and Affective Disturbance in Depression

Christopher Harshaw
Department of Psychological & Brain Sciences, Indiana University, Bloomington, IN 47405

Abstract

Depression is characterized by disturbed sleep and eating, a variety of other, nonspecific somatic
symptoms, and significant somatic comorbidities. Why there is such close association between
cognitive and somatic dysfunction in depression is nonetheless poorly understood. An explosion
of research in the area of interoception—the perception and interpretation of bodily signals—over
the last decade nonetheless holds promise for illuminating what have until now been obscure links
between the social, cognitive-affective, and somatic features of depression. This paper reviews
rapidly accumulating evidence that both somatic signaling and interoception are frequently altered
in depression. This includes comparative studies showing vagus-mediated effects on depression-
like behaviors in rodent models as well as studies in humans indicating both dysfunction in the
neural substrates for interoception (e.g., vagus, insula, anterior cingulate cortex) and reduced
sensitivity to bodily stimuli in depression. An integrative framework for organizing and
interpreting this evidence is put forward which incorporates (a) multiple potential pathways to
interoceptive dysfunction; (b) interaction with individual, gender, and cultural differences in
interoception; and (c) a developmental psychobiological systems perspective, emphasizing likely
differential susceptibility to somatic and interoceptive dysfunction across the lifespan. Combined
with current theory and evidence, it is suggested that core symptoms of depression (e.g.,
anhedonia, social deficits) may be products of disturbed interoceptive-exteroceptive integration.
More research is nonetheless needed to fully elucidate the relationship between mind, body, and
social context in depression.
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The close connection between mind, body, and depression? is a longstanding problem (e.g.,
Burton, 1621; Fuchs, 2005; Micali, 2011; Pollitt, 1965). A number of chronic medical
conditions, such as cardiac disease and pain are, for example, highly comorbid with
depression (e.g., Bair, Robinson, Katon, & Kroenke, 2003; Glassman, 2007; Katon, 2003).
Depression is also a common correlate of extreme homeostatic disturbance, as occurs in
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1AIthough much of the material reviewed in the present paper is relevant to Major Depressive Disorder (MDD), “depression” will be
used throughout to refer to the broad spectrum of depression phenotypes, as measured by tools such as the Beck Depression Inventory
(BDI; Beck et al., 1988; BDI-2; Beck, Steer, & Brown, 1996).
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starvation (Brozek, Guetzkow, Vig Baldwin, & Cranston, 1951; Fliederbaum, Heller,
Zweibaum, & Zarchi, 1979) and anorexia nervosa (e.g., Halmi et al., 1991). At the same
time, depression involves conspicuous somatic symptoms of appetite and weight change,
sleep disturbance, and sexual dysfunction (DSM-5; APA, 2013; Beck, 1967; Devlin &
Walsh, 1989; Paykel, 1977; Schuyler, 1974) as well as varied non-specific complaints such
as fatigue, dizziness, pain, and headache (Jain, 2009; Kapfhammer, 2006; Simon et al.,
1999). The latter are the primary indicators of depression in many cultures (Kim, 2010;
Kleinman, 2004; Simon et al., 1999; Yusim et al., 2010) and are among the more common
indicators of depression in children (McCauley, Carlson, & Calderon, 1991; Ryan et al.,
1987). Somatic symptoms can be the first sign of a depressive episode (Beck, 1967) and are
often the first and only symptoms presented in primary care settings (Kirmayer, 2001; Tylee
& Ghandi, 2005). In addition, the presence and disappearance of somatic symptoms often
correlates with the severity and remittance of depression (Beck, 1967; Casper et al., 1985;
Fava et al., 1997; Paykel et al., 1995).

Despite such close association, cognitive approaches have tended to privilege the cognitive
and behavioral over the somatic features of depression (e.g., Gotlib & Joormann, 2010).
Neurobiological and neuropsychiatric approaches have similarly tended toward strict
encephalocentrism—assuming that the most important causes of disorder necessarily
operate at the level of the brain and the neurons, circuits, and synapses therein—often to the
exclusion of large portions of the physiological systems of interest (cf. Blakely, 2001;
Kleinman & Becker, 1998; Kuo, 1967; Le Magnen, 1971). For example, the bulk of the
serotonin system can be found only below the neck—in the gut, enteric nervous system, and
vasculature (see Gershon, 1998). Serotoninergic theories of depression and antidepressant
drug action nonetheless focused almost exclusively on disruptions in serotonin functioning
in the brain (e.g., Elhwuegi, 2004; Ressler & Nemeroff, 2000; see Hale, Raison, & Lowry,
2013, for an exception).

Common to cognitive-behavioral and neuropsychiatric approaches is the assumption that in
the complex system of brain, body, and context, the seat of control and thus causal primacy
—the philosopher’s hegemonikon—is localizable squarely in the head.2 Such an assumption
is, however, out of sync not only with ecological views of perception and action (see
Gibson, 1979; Turvey, 1992; Warren, 2006), but with a number of other advances in
cognitive science (e.g., Chiel & Beer, 1997; Clark, 2008; E. Smith & Semin, 2007; Thelen
& L. Smith, 1994). Control is increasingly viewed as distributed or distributable across
brain-body-environment systems (e.g., Fernandez-Leon, 2012; Kirchhoff & Newsome,
2012) and cognition is increasingly viewed as embodied (e.g., Chiel & Beer, 1997; Clark,
1999; Lakoff & Johnson, 1999), situated (see E. Smith & Semin, 2007), and even extended
(see Clark, 1996, 2008). For example, bodies and effectors (e.g., muscles, limbs) provide
information, constraints, and “calculations” critical for generating adaptive behavior (e.g.,
Chiel & Beer, 1997; Thelen & L. Smith, 1994). Cognition is also “scaffolded” by and often
wholly offloaded to human-made artifacts, other social agents, and the affordances provided
thereby (Clark, 1996, 2008; Gigerenzer, 2000; E. Smith, 2008; E. Smith & Semin, 2007). At

2A view championed by Herophilus, Erasistratus, Hippocrates, and later Galen (see Gross, 1995; Rocca, 2003).
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the same time, somatic signals or “visceral factors” are increasingly viewed as playing a
critical role in social, affective, and decision-making processes in fields as diverse as social
psychology, neuroscience, economics, marketing, and law (e.g., Craig, 2003b; Critchley &
Harrison, 2013; Damasio, 1994; Danziger et al., 2011; Kang et al., 2011; Lamm & Singer,
2010; Loewenstein, 1996). Such approaches have, however, seen little application to
problems in clinical psychology and psychiatry (see Eigsti, 2013; Fuchs & Schlimme, 2009;
Michalak, Burg, & Heidenreich, 2012; for exceptions).

Accumulating evidence points to the centrality of the body in depression. This evidence is of
two kinds. The first comes from studies indicating that bodily signals significantly impact
depression-related symptoms. A number of recent studies have, for example, related both
gut microbiome and inflammatory manipulations to depression- and anxiety-like behavior in
mice—effects which in many cases are mediated by somatic signals transmitted to the brain
via the vagus nerve (e.g., Bravo et al., 2011; Lyte et al., 2006), one of the major neural
relays between brain and body (Zagon, 2001). VVagal nerve stimulation, in humans, has
moreover been found to significantly improve mood and to be an effective treatment for
refractory cases of depression (e.g., Elger et al., 2000; Sackeim et al., 2001). The second sort
of evidence comes from studies indicating abnormalities of interoception—the internal
sense of the condition of the body3—and in the neural systems underlying interoception in
depression. Interoception plays a central role in homeostasis, motivated behavior, and
emotional processing (e.g., Cameron, 2009; Craig, 2009; Critchley & Nagai, 2012; Herbert
& Pollatos, 2012; Wiens, 2005) and is assumed to be disturbed in many models of
depression, based on neural evidence alone (e.g., Andréasson, Arborelius, Erlanson-
Albertsson, Lekander, 2007; Krishnan & Nestler, 2010). For example, the insula, often
considered primary interoceptive cortex—responsible for translating “raw” somatic signals
into consciously accessible feelings (Craig, 2002, 2009)—is among the regions most
frequently associated with depression in imaging studies (Fitzgerald, Laird, Maller, &
Daskalakis, 2008; Sliz & Hayley, 2012).

The aim of this paper is to provide a needed review of this rapidly growing literature, while
putting forward a framework to guide future studies of interoceptive dysfunction (ID) in
depression. The framework is grounded in both developmental psychobiological systems
metatheory and a broad review of the literature on interoception and somatic perception. The
two overarching assumptions of the framework are that (a) social and regulatory systems?
are deeply interrelated in highly social species such as ours (Hart, 1988; Hofer, 1984) and
(b) the interpretation of somatic signals is both context-dependent and error prone (Cioffi,
1991; Mechanic, 1972). From this perspective, we rely on somatic signals to navigate the
vagaries of our social worlds (Damasio, 1994, 1999) and to guide our appraisals of external
stimuli generally (e.g., Cabanac, 1971). However, we also rely heavily on the environment

3n this paper “interoception” is used in its most inclusive sense, to refer to the perception of all stimuli originating within the body
(Craig, 2004). Coenesthesia, coenaesthesia, and Gemeingefihl occur in the older philosophical and psychiatric literature, often to
mean a general bodily sense, separate from the skin senses (Fuchs, 1995)—a meaning similar to the broad definition of interoception
advocated by Craig (2004). Coenestopathic and cenesthopathy similarly have meanings approximating the subjective consequences of
interoceptive dysfunction, as employed here. The latter terms remain current in the psychiatric literature, particularly as pertains to
schizophrenia (Graux, Lemoine, Gaillard, & Camus, 2011).

“Regulatory” is used here and throughout to refer to the core systems involved in the maintenance of homeostasis (e.g., immune,
thermoregulatory, activity-rest, alimentary).
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outside our skins, particularly our social surrounds, to disambiguate our inner perceptual
worlds (cf. Cioffi, 1991; Schachter, 1959). This framework distinguishes itself from current
models by emphasizing both multiple pathways to ID and that ID is likely to be a function of
somatic and regulatory challenges faced across the lifespan, interacting with individual,
gender, and cultural differences in interoception. For example, psychophysiological findings
suggest that males and females often differ dramatically in their reliance upon and
sensitivity to changes in external cues used for disambiguating somatic signals (Pennebaker,
1995). A focus on interoception thus provides a novel means of elucidating not only the
poorly understood connection between mind, body, and psychosocial context but also the
gender bias in the epidemiology of depression.

Three distinct pathways through which ID is likely to arise in depression are suggested by
current literature. These include: (a) alteration of the neural substrates for interoception (e.g.,
by stress hormones, pro-inflammatory cytokines); (b), the loss of social and other
exteroceptive cues ordinarily used to disambiguate somatic signals; and (c) shifts in
attention, due to cognitive tendencies like rumination. Although particular forms of ID are
certainly transdiagnostic—anxiety and panic, for example, involve heightened interoceptive
sensitivity (e.g., Domschke, Stevens, Pfleiderer, & Gerlach, 2010; Stevens et al., 2011) and
ID is thought to play a role in a number of other disorders, including autism and
schizophrenia (e.g., Uddin & Menon, 2009; Wylie & Tregellas, 2010)—depression may
involve any or all of these pathways.

The review is divided into five sections. The first two are a primer on interoception and its
neural substrates, respectively; including definitions of relevant terminology, a taxonomy of
ID, and a brief review of the role of interoception in social and emotional cognition. The
central section reviews evidence implicating somatic signals and ID in depression. Next,
existing models of 1D in depression are reviewed and the three main pathways to ID
explicated. The final section integrates these with the broader literature on interoception,
focusing on the potential for individual, gender, and cultural differences in the presentation
of ID in depression.

Interoception and Interoceptive Dysfunction: An Introduction

Interoceptive-Exteroceptive Penetrance and Integration

The internal and external senses interact continuously. As illustrated in Figure 1, both
provide information to neuro-cognitive systems critical for mediating the relationship
between internal, bodily condition and outside world (e.g., attention, memory, decision-
making). Such systems necessarily rely on both interoceptive and exteroceptive inputs to
promote short-term survival and long-term homeostasis (Critchley & Harrison, 2013). That
is, the brain must continuously adjust to the ever changing needs of the body, to promote
adaptive responses to external stimuli, while at the same time somatic adjustments must be
made continuously, to ensure readiness for changing situational demands. Rather than being
entirely insulated, there is thus mutual influence or bidirectional penetrance between the
interoceptive and exteroceptive senses (see Stokes, 2012; Fig. 1).2 An apple or a juicy steak,
for example, is generally far more attractive after a 12 hr fast than after a large meal.
Likewise, a glass of water is ordinarily far more appealing after vigorous exercise than just
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after drinking several glasses of water. This modulation of the attractiveness of external
stimuli by the homeostatic condition of the body is termed alliesthesia (see Brondel &
Cabanac, 2007; Cabanac, 1971).

Numerous additional effects of interoception on exteroception are observable. A number of
classic “New Look” studies, for example, found that somatic signals can (a) affect detection
thresholds for and reaction times to orectic (need-related, appetitive) stimuli (e.g., Gilchrist
& Nesberg, 1952; Lazarus, Yousem, & Arenberg, 1953); (b) bias the interpretation of
ambiguous stimuli (e.g., Epstein, 1961; Levine, Chein, & Murphy, 1942; Sanford, 1936,
1937); (c) prime orectic thoughts and associations (e.g., Sanford, 1936, 1937), as well as
increase both (d) the recall of orectic words (e.g., Epstein & Levitt, 1962) and (e)
spontaneous production of orectic imagery (e.g., Giddan, 1966).6 Such findings have been
corroborated by a number of recent reports (e.g., Aarts, Dijksterhuis, & De Vries, 2001).
Hunger, for example, has been found to bias attention, such that food-related stimuli gain
preferential processing (e.g., Mogg et al., 1998; Piech, Pastorino, & Zald, 2010). Radel and
Clément-Guillotin (2012) similarly found that hunger altered perceptual sensitivity to food-
related words and Changizi and Hall (2001) found that thirst increased the probability that
ambiguous stimuli were perceived to be transparent or water-like. It has thus been
hypothesized that bodily information enters into visual processing even at early stages of
object identification, as it provides information critical for evaluating the homeostatic
relevance, value, or relative utility of exteroceptive stimuli (Barrett & Bar, 2009).”

On the other side of the coin, exteroceptive stimuli can influence and in some cases override
aspects of interoception. A friend laughs and I laugh, sometimes even if a joke is not funny.
A person across the table from me yawns and | yawn, often even if | didn’t previously feel
sleepy. Such instances of contagion are among the more mysterious features of social life
(Freedman & Perlick, 1979; Guggisberg, Mathis, Schnider, & Hess, 2010). Social contagion
can moreover take numerous forms, including emotional or mood contagion (e.g., Neumann
& Strack, 2000), goal contagion (e.g., Aarts, Gollwitzer, & Hassin, 2004), consummatory
mimicry (e.g., Hermans et al., 2012), itch contagion (Holle et al., 2012), and even pupillary
contagion, wherein the size of one’s pupils is modulated by that of a social partner (Harrison
et al., 2006). The ubiquity of contagion indicates not only that exteroceptive inputs penetrate
(or enter into) interoceptive processing, but that core neural systems rely upon integrated
interoceptive-exteroceptive representations (cf. Ainley, Tajadura-Jiménez, Fotopoulou, &
Tsakiris, 2012; Tsakiris, Tajadura-Jiménez, & Costantini, 2011) and these, in many cases,
automatically drive efferent responses (cf. Bargh & Chartrand, 1999).

When overt, visible behaviors are involved, “mirror neurons” and the “mirror neuron
system” are often invoked (see Gallese & Goldman, 1998). A mirror neuron, in the strictest
sense, is a neuron whose activity is specific to a particular action, regardless of whether the
action is produced by an individual themselves or observed, performed by another.

S“penetrance” is employed here and throughout to refer to the penetration or incursion of activity from one perceptual system into that
of another (see Stokes, 2012).
6AIthough Saugstad (1966) and others (e.g., Francis, 2012) have offered critiques of a number of such “New Look” studies, no studies
contradicting the main conclusions of these have appeared.

Stokes’ (2012) “orectic penetration hypothesis” bears some resemblance Barrett and Bar’s (2009) suggestion.
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Originally discovered in monkeys (Gallese, Fadiga, Fogassi, & Rizzolatti, 1996), neurons
with mirroring properties have now been repeatedly demonstrated in humans (e.g., Chong et
al., 2008; Zaki, Weber, Bolger, & Ochsner, 2009). The existence of neurons with a high
degree of specificity for particular actions nonetheless implies sophisticated mechanisms for
integrating exteroceptive and somatic information (see de Waal & Ferrari, 2010; Demiris,
Aziz-Zadeh, & Bonaiuto, 2014). Although little is known about how such integration is
achieved, mirroring activity has been found in an impressively large number of brain regions
in humans. A recent meta-analysis of 125 relevant fMRI studies, for example, showed
activation in 34 different Brodmann areas, including both motor regions and regions critical
for interoception and stimulus evaluation, such as the insula, cingulate, and amygdala
(Molenberghs, Cunnington, & Mattingley, 2012).

Social behavior appears to rely heavily on such mirroring. Mimicry of the posture, facial
expressions, and mannerisms of social partners, for example, occurs automatically, even
among strangers (e.g., Chartrand & Bargh, 1999; van Baaren, Holland, Kawakami, & van
Knippenberg, 2004; Y. Wang, Newport, & Hamilton, 2011). Such unconscious mimicry
may be essential to social reward and part of the “glue” of social bonding (e.g., Cacioppo et
al., 2014; Lakin, Jefferis, Cheng, & Chartrand, 2003). For example, the capacity for
spontaneous, unconscious mimicry is impaired in autism and schizophrenia (e.g., Mclntosh
et al., 2006; Oberman, Winkielman, & Ramachandran, 2009; Varcin, Bailey, & Henry,
2010) and diminished by negative mood induction (\Van Baaren et al., 2006). A recent study
moreover found that sensitivity to bodily signals, as measured via heartbeat perception
(described below), correlated positively with automatic mimicry of finger movements
(Ainley, Brass, & Tsakris, 2014). Such findings point to a potentially deep connection
between interoceptive-exteroceptive integration and social cognitive abilities (cf. Adolphs &
Damasio, 2001; Damasio, 1994).

Exteroception as Context for Interoception

Despite their importance, interoceptive stimuli are almost universally described as vague
and diffuse; lacking the discreteness, temporally and spatially, of external stimuli (e.g., Aziz
et al., 2000; Craig, 1996, 2004; Holzl, Erasmus, & Moltner, 1996).8 With few exceptions—
the tempo of breathing is, for example, perceptible via multiple senses—they also typically
lack the useful redundancy characteristic of exteroceptive stimuli (see Bahrick & Lickliter,
2012). A number of authors have thus argued that bodily stimuli are always interpreted
based on a combination of cognitive set (expectations, biases, schemas) and exteroceptive
context (cf. Barsky, 1992; Cioffi, 1991; Mechanic, 1972; Pennebaker, 1992, 1995). Cioffi
(1991), for example, writes that bodily sensations, “...are as often socially influenced
interpretations as they are the direct output of a biological system” (p. 25). Barsky (1992)
similarly writes that, “We infer what we are perceiving from what we think we ought to be
perceiving, and this depends largely on our circumstances...Situational context furnishes

8t is possible that spatiotemporally precise information may be present at lower levels of processing, yet remain inaccessible to
conscious awareness (see Vaitl, 1996). Holzl et al. (1996) nonetheless report that, at least in studies employing gastric distension,
spatial localization is only possible at stimulus intensities that also trigger conscious awareness, suggesting a fundamental difference
between interoception and exteroception.

Psychol Bull. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harshaw

Page 7

clues that are used to infer the meaning and to decide on the significance of a bodily
symptom” (p. 29).

The idea that social and situational cues, along with the top-down influence of beliefs,
thoughts, and expectations, have a powerful influence on the interpretation of bodily signals
and physical symptoms is a cornerstone of many theories of emotion (e.g., Gross &
Thompson, 2007; Russell, 2003) and also important in cognitive approaches to anxiety (e.g.,
performance anxiety) treatment which focus on teaching reappraisal of the situational and
somatic correlates of arousal (see Webb, Miles, & Sheeran, 2012). This view is also
supported by data from both classic “misattribution” (e.g., Brodt & Zimbardo, 1981; Dutton
& Aron, 1974; Schachter & Singer, 1962) and excitation-transfer (Cantor, Zillmann, &
Bryant, 1975; Zillmann, 1988, 1996) paradigms, as well as modern placebo and nocebo
studies (see Benedetti, 2013).9 For example, nocebo responses are common in medical and
psychiatric settings (e.g., Mitsikostas, Mantonakis, & Chalarakis, 2014) and occur when an
inert or sham treatment induces undesirable side-effects purely as the result of expectations
about the occurrence of such symptoms (Benedetti, 2013).

Interoception as Context for Exteroception

At the same time that we rely on social and other contextual cues to disambiguate somatic
signals (Cioffi, 1991; Mechanic, 1972), we appear to rely heavily on internal signals to
navigate our social worlds (Anderson et al., 1999; Ariely & Loewenstein, 2006; Damasio,
1994, 1996). Projection bias as seen in the hot-cold empathy gap, in which people are better
at empathizing with and thus predicting the behavior of those who are experiencing a similar
state (e.g. hunger, thirst, fatigue, arousal) as themselves—including their own future
behavior—provides one example of this principle (e.g., Loewenstein, 1996; 2005; Nordgren,
van der Pligt, & van Harreveld, 2006, 2007). For example, Nordgren et al. (2007) found that
when participants were hungry, fatigued, or aroused, they were more likely to excuse the
impulsive behavior of those in a similar state. Participants also appear to rely upon and
project their current states of hunger and thirst when making predictions about others’
experiences of deprivation from food and water (O’Brien & Ellsworth, 2012; Van Boven &
Loewenstein, 2003).

Such penetrance generally occurs outside of conscious awareness (Bargh & Chartrand,
1999; Critchley & Harrison, 2013; Loewenstein, 1996). For example, a simple thermal
manipulation—having participants hold either a warm or a cold cup during a short elevator
ride—significantly impacted participants’ judgments about the personality of a social target,
as well as their likelihood of making a prosocial decision (Williams and Bargh, 2008).
ljzerman and Semin (2009) found that thermal manipulations (e.g., holding a warm or cool
cup) impacted both social proximity and relational language use. A number of studies have
similarly found that both hunger and glucose depletion can modulate prosocial decision-
making, resulting in less altruistic behavior (e.g., Briers, Pandelaere, Dewitte, & Warlop

9Although there are certainly many caveats to specific points argued by Schachter and Singer (1962) and in other classic attribution
work—including that unexplained physiological arousal tends to be experienced as inherently negative (e.g., Marshall & Zimbardo,
1979) and that the precise timing of events matters a great deal for misattribution effects (see Zillmann, 1996)—the general point that
arousal can intensify emotional reactions depending on available situational cues and top-beliefs and expectations is well-supported by
the literature (see Reisenzein, 1983; Zillmann, 1988, 1996).
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2006; DeWall, Baumeister, Gailliot, & Maner, 2008; although cf. Aarge & Petersen, 2013).
Danziger, Levav, and Avnaim-Pesso (2011) moreover found that judges in a set of parole
cases were more likely to rule against defendants immediately before than after each of their
daily food breaks. Judges and lawyers alike were unaware of this, despite the large
magnitude of the effect!0 (Danziger et al., 2011).

Interoceptive-Exteroceptive Integration: A Summary

Based on the evidence reviewed, the human brain appears to contain circuitry highly
permissive of interoceptive-exteroceptive penetrance, particularly in the domains of
motivated behavior and social-emotional cognition (cf. Damasio, 1994; Nauta, 1971; Seth,
2013). Bodily stimuli are clearly capable of modulating the representation and apprehension
of outside stimuli, likely beginning at early stages of processing (cf. Barrett & Bar, 2009;
Stokes, 2012). Such penetrance gives rise to alliesthesia, the hot-cold empathy gap, and a
host of other nameless effects, often viewed as “noise” or “extraneous influences” from a
traditional, dis-embodied view of cognition (e.g., Danziger et al., 2011). Exteroceptive
stimuli can also modulate the perception and interpretation of somatic signals (cf. Cioffi,
1991; Mechanic, 1972) and can override such signals, as occurs in contagion (e.g., Aarts et
al., 2004; Holle et al., 2012). Meta-analytic results suggest that large portions of the brain
participate in interoceptive-exteroceptive integration (e.g., Molenberghs et al., 2012)—a
function long ascribed to “limbic” (Mayberg, 1997) and related regions, such as the basal
ganglia and interoceptive cortex (Alexander, DeLong, & Strick, 1986; Craig, 2009;
Critchley et al., 2002, 2004; Seth, Suzuki, & Critchley, 2012). Arguments have been made
that such integration is both central to the perception of “self” and feelings of body
ownership (e.g., Craig, 2010; Seth, 2013) and subserves critical aspects of social cognition
(e.g., Damasio, 1994; Dijksterhuis, 2005; Lakin et al., 2003).

Anatomy and Function of the Interoceptive Nervous System

Interoception begins with the body. Somatic stimuli affect the CNS—giving rise to
interoception—via detection by free nerve endings, specialized receptors (e.g., nociceptors,
chemoreceptors), and the hypothalamus and circumventricular organs (see Cameron, 2002,
2009; Critchley & Harrison, 2013). Nevertheless, the transmission of somatic information to
and its processing and representation by the brain, its integration with exteroceptive sensory
channels and influence on reward and decision-making systems, as well as higher-level
disambiguation and interpretation of somatic information are also important facets of
interoception (cf. Cioffi, 1991; Mechanic, 1972; Vaitl, 1996). The major neuroanatomical
structures and circuits underlying interoception—here referred to collectively as the
Interoceptive Nervous System (INS)—and their known functionality are depicted in Figure
2.

10There was an approximately 65% chance, on average, of a favorable ruling for the defendant at the beginning of each decision
period, compared to a 0-10% chance of a favorable ruling at the end of each period (i.e. prior to the two food breaks and at the end of
the day; Danziger et al., 2011).
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The Vagus Nerve and Interoception

Among the many nerves that relay bodily signals to the brain, the vagus figures prominently,
as it carries “broadband” information from nearly every somatic tissue to the brainstem
(Cameron, 2002; Zagon, 2001). This includes a veritable plethora of signals (Leichnetz,
1972), including information about mechanical and chemical stimulation (Powley &
Phillips, 2002), inflammation and sickness (e.g., Holzer, 2009), pain and temperature (e.g.,
Busch et al., 2013), hunger and satiety (e.g., Li, Wu, & Owyang, 2004), as well as signals
modulating sleep and arousal (e.g., Pefialoza-Rojas, Barrera-Mera, & Kubli-Garfias, 1969).
Vagal afferents terminate at the nucleus of the solitary tract (NTS), from which second-order
neurons project widely to a number of brainstem, forebrain and limbic structures, including
the thalamus, amygdala, and hippocampus (Cameron, 2002, 2009; Vaitl, 1996). These
afferents also project to a number of prefrontal areas, including the anterior cingulate
(ACC), medial prefrontal (mPFC), orbitofrontal (OFC), and insular cortex (Cameron, 2002,
2009).

Interoception and the Brain

Hippocampus—Most well known for its role in learning, memory, and spatial cognition,
the hippocampus is also involved in aspects of interoception, particularly “contextualizing,”
or the use of interoceptive signals as contextual cues for memory storage and retrieval (e.g.,
state-dependent memory; e.g., Mclintyre et al., 1985). As aptly stated by Kennedy and
Shapiro (2009), “Motivational states arising from interoceptive cues provide an internal
context that modulates the relative significance, meaning, or organization of events in
memory...motivational states such as hunger and thirst define internal, contextual cues that
can specify behavioral goals and inform memory retrieval” (p. 10805). For example, bodily
states such as hunger can function as Pavlovian occasion setters, modulating the strength of
CS-US associations (e.g., Davidson, 1987; 1998, 2000). The hippocampus is central to this
process (e.g., Davidson, 1993; Davidson et al., 2010; Kennedy & Shapiro, 2009) and plays a
role in the utilization of hunger and other motivational signals as contextual cues for the
regulation of ingestion (e.g., Jarrard, 1973; Kennedy & Shapiro, 2004; Lathe, 2001; Tracy,
Jarrard, & Davidson, 2001).

Anterior cingulate cortex—The cingulate gyrus borders the corpus callosum, the
prominent white matter tracts connecting the two halves of the brain. The anterior cingulate
cortex (ACC) is a structurally and functionally heterogeneous hub, densely connected with
limbic, paralimbic, and frontoparietal regions—with more cognitive and more affective-
visceral subdivisions (Koski & Paus, 2000; Margulies et al., 2007). The ACC is thus
involved in a large number of processes, including attention, motivation, response initiation,
and goal-directed behavior (e.g., Devinsky, Morrell, & Vogt, 1995). The ACC is also part of
a stimulus evaluation or salience network, including the medial prefrontal cortex (mPFC),
insula, and amygdala (e.g., Chaudhry et al., 2009; Devinsky et al., 1995). This network
appears to be heavily involved in assessing stressful or negative, fear- and pain-related
stimuli (e.g., J. Fan et al., 2011). The subgenual ACC (sgACC), in particular, sends and
receives projections to and from numerous regions, including the OFC, mPFC, insula,
amygdala, and entorhinal-parahippocampal cortices (Hamani et al., 2011), and is
prominently implicated in sadness and depression (e.g., Greicius et al., 2007; Mayberg et al.,
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1999). In addition to stimulus evaluation, the ACC (particularly dorsal ACC or dACC) and
mPFC are involved in generating both internal autonomic and overt expressive emotional
responses (e.g., Gianaros et al., 2005).

Insular Cortex—Tracing the somatosensory cortex downward, into the Sylvian fissure, the
island of tissue known as insular cortex or the insula can be found, hidden beneath portions
of the parietal and temporal cortices (a.k.a. operculum). The insula has long been known to
be involved in visceromotor processes—giving rise both to somatic and visceral sensations
as well as autonomic adjustments (e.g., Penfield & Faulk, 1955). The insula is comprised of
neurons responsive to every known class of interoceptive stimulus (Ibafiez, Gleichgerrcht, &
Manes, 2010). This includes neurons whose activity correlates with proprioception (Karnath
& Baier, 2010), arousal (e.g., Critchley et al., 2000; Georgiadis & Holstege, 2005; King,
Menon, Hachinski, & Cechetto, 1999), temperature (e.g., Craig, Chen, Bandy & Reiman,
2000; Olausson et al., 2005), pain (e.g., Ploghaus et al., 1999), itch (Darsow et al., 2000),
and air hunger (i.e., the need for oxygen; Liotti et al., 2001). Insular neurons also respond to
flavor and other qualities of food (e.g., de Araujo & Rolls, 2004; King et al., 1999; Small,
2010), in addition to alimentary signals of hunger and thirst (e.g., de Araujo, Kringelbach,
Rolls, & McGlone, 2003; Hollis et al., 2008; Siep et al., 2009; Tataranni et al., 1999). The
insula is thus massively multimodal and, with portions of the operculum, considered
primary interoceptive cortex (Craig, 2003a; Ibafiez et al., 2010). Grey matter volume
(GMV) and activity in the right anterior insular cortex (AIC) and operculum, for example,
correlate with measures of sensitivity to interoceptive stimuli (Critchley et al., 2004). The
insula also plays a role in the seemingly disparate domains of episodic memory (Xie et al.,
2012), temporal perception (e.g., Wittmann, van Wassenhove, Craig, & Paulus, 2010),
music appreciation (e.g., Blood & Zatorre, 2001), emotional experience (e.g., Zaki, Davis, &
Ochsner, 2012), and social cognition (e.g., Y. Fan et al., 2011; Lamm & Singer, 2010;
Singer, Critchley, & Preuschoff, 2009; Wicker et al., 2003).

There are a number of competing theories of insula function. Most view the insula as
underlying the generation of conscious feelings and subjective awareness (Ibafiez et al.,
2010; Seth, et al., 2012; Singer et al., 2009). Craig (2002, 2009, 2010) has nonetheless put
forward the most comprehensive model of insula function. In Craig’s model, bodily stimuli
are processed by the insula—with lateral differences—in a posterior-to-anterior direction:
posterior insula being the locus for primary interoceptive representations, mid-insula being
involved in the integration of these with information from other brain regions, and AIC
being the locus of further integrated re-representations of interoceptive information (Craig,
2009). The latter neurons, particularly in the right AIC, instantiate a unified representation
of all feelings at a given moment that is taken to underlie the conscious, subjective
experience of an embodied “self” (Craig, 2004, 2010; cf. Damasio, 2003b). Craig’s model
also posits that AIC neurons serve as a kind of experiential or phenomenological buffer, in
which a finite number of successive “emotional moments” are stored, including
representations of both current and prior moments, as well as predictions about future
moments (see Craig, 2009; cf. Seth et al., 2012). This model can thus account for insula
involvement in temporal and musical perception, episodic memory, and error detection and
anxiety (see Craig, 2009; Seth, 2013; Singer et al., 2009).
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Orbitofrontal cortex—Located above the eye sockets, the orbitofrontal cortex (OFC) is
intimately connected to adjacent PFC and plays a role both in the computation of the
subjective incentive value of stimuli (e.g., Chaudhry et al., 2009; Padoa-Schioppa & Cai,
2011; Roberts, 2006) as well as behavioral flexibility (Reekie, Braesicke, Man, & Roberts,
2008; Roberts, 2006). In general, insula activity is associated more with the intensity of
stimuli whereas OFC and ACC activity is associated more with the pleasantness or reward-
value of stimuli (e.g., Yanagihara, 2012; cf. Lorenz, Minoshima, & Casey, 2003). For
example, OFC activation correlates with ratings of the subjective pleasantness of foods and
liquids (de Araujo et al., 2003; Kringelbach et al., 2003) as well as with aesthetic judgments
more generally (Brown et al., 2011). Food deprivation and gastric distention also cause
state-dependent changes in OFC and a number of other regions, including parahippocampal
gyrus, ventral striatum, insula, and amygdala (e.g., Goldstone et al., 2009; LaBar et al.,
2001; Morris & Dolan, 2001; Rolls, Sienkiewicz, & Yaxley, 1989; Tataranni et al., 1999; J.-
G. Wang et al., 2008). Collectively, these facts implicate OFC—particularly medial OFC—
and ACC in alliesthesia (see Brown et al., 2011; Kringelbach, 2005; Kringelbach, Stein, &
van Hartevelt, 2012; Small et al., 2007).

Ventromedial prefrontal cortex—The ventromedial prefrontal cortex (vmPFC) has long
been seen as ideally suited for the integration of interoceptive and exteroceptive information,
as well as a likely source for interoceptive influence on decision-making processes (see
Damasio, 1994; Nauta, 1971). Early studies found that PFC damage resulted in mood and
personality changes, deficits in error processing and goal-directed behavior, and abnormal
perseverative tendencies (Nauta, 1971). More recently, vmPFC has been characterized as a
component of the stimulus valuation network—with the ventral striatum, hippocampus,
medial OFC, and posterior cingulate (PCC)—which automatically generates reward values
for encountered stimuli (Lebreton et al., 2009; Peters & Biichel, 2010). The vmPFC is thus
critical for social and moral cognition. For example, the vmPFC plays a role in social
contagion and mimicry (e.g., Lebreton et al., 2012; Nahab, Hattori, Saad, & Hallett, 2009)
and connectivity between right vmPFC and dorsolateral PFC (dIPFC) appears to underlie
compliance with social norms (Baumgartner et al., 2011). A large literature also links
vmPFC damage to disturbed social and moral cognition; for example, deficits in skills such
as empathy and theory of mind (e.g., Eslinger, Flaherty-Craig, & Benton, 2004; Shamay-
Tsoory et al., 2005) as well as moral reasoning (e.g., Thomas, Croft, & Tranel, 2011) are
common, particularly if damage is sustained early in development (e.g., Anderson et al.,
1999; Young et al., 2010).

Antonio Damasio’s (1994, 1996, 1999) somatic marker hypothesis is the most well known
attempt to explicate the relationship between the vmPFC, somatic representation, and social-
emotional cognition (cf. Critchley, 2005). The hypothesis has its origins in observations of
patients with vmPFC damage, including a reanalysis of the case of Phineas Gage (H.
Damasio et al., 1994). Despite an apparently full recovery from his accident, for example,
the once reliable and hard working Gage floundered in his everyday decision-making, as do
many vmPFC-damaged patients (Damasio, 1994). Such deficits, in Damasio’s view, are the
result of an inability of individuals with PFC damage to call upon representations of bodily
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signals when weighing out and choosing between alternatives (Damasio, 1996; cf. Nauta,
1971).

Interoception, Emotion, and Social Cognition

The dual role of the vmPFC in social and emotional cognition is representative of the INS as
a whole. For example, the vagus is linked to both emotion and sociality (e.g., Porges, 1997,
2009, 2011; Porges et al., 1994) and has been characterized as a core component of a social
engagement system, responsible for regulating both outward displays of affect and
autonomic adjustments (see Porges, 2007, 2011). The AIC is similarly implicated in both
consciously accessible feelings of emotion (Craig, 2008; Critchley et al., 2004) and core
facets of social cognition, such as empathy and contagion (e.g., Carr et al., 2003; Ernst et al.,
2013; Holle et al., 2012; Jabbi, Swartz, & Keysers, 2007; Jackson, Meltzoff, & Decety,
2005; Lamm & Singer, 2010; Mazzola et al., 2010; Singer et al., 2009). The ACC likewise
plays an important role in both emotional and social cognition (e.g., Allman et al., 2001;
Somerville, Heatherton, & Kelley, 2006). ACC damage is, for example, associated with
aberrant social behavior, including sociopathy (Devinsky et al., 1995). Insular damage
likewise results not only in cardiac and other autonomic abnormalities (Cechetto, 1994) but
deficits in both the subjective experience and identification of emotions such as disgust in
others (see Ibafiez et al., 2010). Individual empathy scores have also been found to correlate
with AIC and adjacent frontal operculum activity during emotion observation (e.g., Jabbi et
al., 2007). These same regions (AIC and ACC) are also active during both the first-person
and vicarious experience of disgust and pain (e.g., Jackson et al., 2005; Wicker et al., 2003).
Such findings suggest broad overlap in circuitry underlying the representation of our own
bodily states and the “simulation” and apprehension of such states in others (see Bar-On,
Tranel, Denburg, & Bechara, 2003; Decety, 2011; Jabbi et al., 2007; Keysers & Gazzola,
2006; Keysers, Kaas, & Gazzola, 2010; Lamm & Singer, 2010; Oberman & Ramachandran,
2007; Singer et al., 2009).

A Taxonomy of Interoceptive Dysfunction

Interoception is neither a unitary nor a simple sixth sense (cf. Zagon, 2001), as it involves
the transduction and processing of numerous and diverse signals (Cameron, 2002).
Dysfunction may occur across any of these, involving any number of the structures
described above. A full taxonomy of interoceptive dysfunction (ID) would thus have to
include at least the fourteen facets of interoception outlined in Table 1, along with
abnormalities in the major classes of somatic signals (i.e., hormones, cytokines, etc.). A
number of terms are currently used in the literature to refer to particular domains in which
ID is thought to occur, particularly deficits in “awareness” and “sensitivity,” as well as
problems with the “contextualization” and “amplification” of somatic signals. Nevertheless,
these terms are often poorly defined and inconsistently employed. A review of the most
common and important of these follows.

Interoceptive sensitivity—Interoceptive sensitivity refers to the threshold at which an
interoceptive stimulus of a particular intensity is detected. Importantly, sensitivity (i.e.,
“there is a stimulus present,” “something is happening”) is not equivalent to accuracy
identifying a stimulus (Cioffi, 1991; Vaitl, 1996). This is the sense in which interoceptive

Psychol Bull. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harshaw

Page 13

sensitivity is used in the psychophysiological literature, and heartbeat perception (HBP)
tasks are widely employed as measures of interoceptive sensitivity (e.g., Barrett et al., 2004).
Several variants of HBP tasks have been employed (e.g., Jones, 1994; McFarland, 1975;
Schandry, 1981; Whitehead, Drescher, Heiman, & Blackwell, 1977; Wiens & Palmer,
2001). The most common is the Schandry (1981) method, which involves participants
tracking their own heartbeats over a series of fixed temporal intervals without exteroceptive
aid (e.g., feeling their own pulse), while an objective measure is also obtained (e.g., via
electrocardiogram). An individual error score is then calculated by subtracting the counted
from the actual number of beats and then dividing this by the actual number of beats
(Schandry, 1981). The method of constant stimuli, in contrast, involves a periodic pulse of
light or a tone delivered at various delays following the R-wave of the participants’
heartbeat. Participants then judge whether the pulse is synchronous with their heartbeat
(Whitehead et al., 1977; Yates, Jones, Marie, & Hogben, 1985).11

A perennial question is whether HBP tasks can be taken as objective measures of sensitivity
to somatic stimuli, given that the intensity of the stimulus—the beating heart—cannot be
varied systematically, as would be typical in a psychophysical paradigm (e.g., Eichler &
Katkin, 1994; Herbert et al., 2010). Studies have nonetheless found significant correlation
between HBP performance and accuracy detecting gastrointestinal stimuli, which have been
varied systematically (Herbert, Muth, Pollatos, & Herbert, 2012; Whitehead & Drescher,
1980). HBP tasks thus appear to provide a valid measure of general sensitivity to somatic
stimuli (but see Pennebaker, 1982). This argument is bolstered by findings indicating that (a)
increases in autonomic arousal following isometric exercise and mental stress correlate with
right AIC/ACC activity (Critchley et al., 2000) and (b) both GMV (Critchley et al., 2004)
and right AlC-opercular activity during HBP tasks correlate positively with HBP accuracy
(Critchley et al., 2004; Pollatos, Schandry, Auer, & Kaufmann, 2007).12 As will be
discussed later, there are large individual, gender, and potentially cultural and age
differences in sensitivity to somatic stimuli (see Jones, 1994; Ma-Kellams et al., 2012;
Pennebaker, 1995).

Interoceptive awareness—The concept of abnormal interoceptive awareness has its
origin in early work on anorexia nervosa and developmental obesity (Bruch, 1961, 1969).
Bruch employed the term to refer to a deficit that was both perceptual and conceptual in
nature—the former referring to difficulty detecting, identifying, and distinguishing somatic
signals of hunger and satiety from other somatic and affective signals; the latter involving
interpreting and responding to such signals (e.g., Bruch, 1961). In recent literature,
“interoceptive awareness” nonetheless refers only to a score on the Interoceptive Awareness
(1A) subscale of the Eating Disorders Inventory (EDI), a self-report scale measuring
confidence in interoceptive and emotional abilities (Garner, Olmstead, & Polivy, 1983).
“Interoceptive awareness” is also often used, incorrectly, to refer to abilities measured by
HBP tasks (e.g., Critchley et al., 2004; Pollatos, Gramann, & Schandry, 2007), which

11Important differences have been noted between these two paradigms (e.g., Knoll & Hodapp, 1992). For example, a recent study
found that cold-pressor stress increased accuracy in the Schandry task but reduced accuracy in the Whitehead task (Schulz et al.,
2013), possibly because attention is partially diverted to an exteroceptive stimulus in the latter (Pennebaker, 1982; Schulz et al., 2013).
12Critchley et al. (2004) employed a signal detection paradigm similar to the Whitehead paradigm, whereas Pollatos et al. (2007)
employed the Schandry (1981) method.
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involve a manipulation rather than measure of awareness. There are thus several distinct
uses of interoceptive awareness in the literature,13 none of which adequately capture the
meaning conveyed when the term is undefined—as it often is—something akin to general
“consciousness of and/or proneness to direct attention toward bodily stimuli.” Applying
such a definition, an individual with low interoceptive awareness would be someone who, in
the course of daily life, only rarely attends to or has their attention drawn to somatic stimuli.
145 interoceptive awareness is defined in this way then neither the 1A scale of the EDI nor
HBP tasks can be taken as direct measures of the construct, although the IA and similar
scales such as the Body Perception Questionnaire (BPQ; Porges, 1993) may correlate with
awareness. 1>

Attention and distraction—Somatic stimuli are generally thought to attract attention
only if and when they are more salient than other available stimuli (e.g., Herbert et al., 2010;
Vaitl, 1996). Under conditions of health, the vast majority of bodily signals thus go
unnoticed (cf. Critchley & Harrison, 2013). Although relatively little is known about how
attention affects interoception (cf. Barrett et al., 2007), interoceptive and exteroceptive
stimuli are often thought to utilize and compete for the same limited attentional resources
(Vaitl, 1996). Matthias, Schandry, Duschek, and Pollatos (2009), for example, found that
HBP correlated with visual selective and divided attention performance. Recent studies
comparing attention to interoceptive and exteroceptive stimuli have nonetheless found the
two types of attention to be dissociable (Farb, Segal, & Anderson, 2013; Wiebking et al.,
2014). For example, posterior insula activity appears to better predict internally oriented
attention whereas AIC activation appears to better predict externally oriented attention (Farb
et al. 2013; cf. Sliz & Hayley, 2012).

Attention can also amplify the perceived intensity of pain and other somatic sensations (e.g.,
Aziz et al., 2000; Bantick et al., 2002). For example, Pennebaker and Lightner (1980) found
that manipulations of both attention and external cues altered perceptions of fatigue and
other physical symptoms during running—increasing and decreasing somatic perceptions
when attention was directed inwardly and outwardly, respectively. Perception of alimentary
signals like hunger is also modulated by both attention (e.g., Hebb, 1949; Herman, Ostovich,
Polivy, 1999) and exposure to external cues (Fedoroff, Polivy, & Herman, 1997; Herman et
al., 1999; Rogers & Hill, 1989). Herman et al. (1999), for example, found that manipulating
attentional focus via exposure to videos that contained palatable food cues vs. content that
was simply cognitively engrossing significantly increased and decreased, respectively,
participants’ ratings of hunger. Brunstrom and Mitchell (2006) similarly found that
distraction affected the rate at which negative alliesthesia for a food being consumed

13Given the several uses of “interoceptive awareness” in the literature, when reviewing the literature | employ the terminology laid
out here rather than that employed by the authors of the particular studies in question. The similar, though less rigorously delimited,
notion of “body awareness”—referring to a combination of sensitivity and attentiveness to bodily signals—has gained in popularity in
recent years, particularly in the context of mindfulness-based therapies (see Mehling et al., 2009; Ginzburg, Tsur, Barak-Nahum, &
Defrin, 2014).

This is a distinctly different construct from (a) confidence in interoceptive ability; (b) interoceptive sensitivity; and (c) reactivity or
Eroneness to overreact to somatic signals and/or interpret them in a negatively biased way (e.g., Barsky et al., 1988).

Sln general there appears to be little to no correlation between self-report measures of confidence in interoceptive ability and

objective measures of interoceptive sensitivity (Ehlers & Breuer, 1992; Pollatos et al., 2008; Whitehead et al., 1977), which is not
surprising given that the former provide only an indirect measure of awareness rather than sensitivity.
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developed. Such evidence indicates that attention and context are both powerful modulators
of interoception, with attention modulating the “gain” or intensity of interoceptive stimuli
(Farb et al., 2013) and exteroceptive cues serving as information about internal states
(Cioffi, 1991).

Anatomy and Function of the INS: Summary and Implications for Depression

In summary, interoception is central to the regulation of bodily homeostasis and thus to
motivated behavior, emotion, and sociality. Each of the neural structures highlighted can be
characterized as mediating some form of adaptive penetrance or interoceptive-exteroceptive
integration (see Fig. 1). That is, these structures orchestrate the simultaneous tuning of
cognition to the needs of the body and the readiness of the body for meeting situational
demands. Core components of the INS, such as the insula and ACC thus play a role both in
stimulus valuation or salience determination and the triggering of rapid, autonomic
adjustments; others, such as the OFC and hippocampus play roles in alliesthesia and state-
dependent memory, respectively. As illustrated in Figure 2, the circuitry underlying
interoception is complex, involving feedback loops at multiple levels (see Craig, 2003a).
Pathology can occur at any level of the INS, producing a large array of potential deficits (see
Table 1). Despite the paucity of terms currently in use, there are thus numerous possible
forms of ID with varied and distinct consequences for cognition, affect, and decision-
making—not simply deficits in sensitivity and awareness. With these facts in mind, we are
in an excellent position to approach the question of ID in depression.

Evidence Implicating Somatic Signals and Interoceptive Dysfunction in

Depression

Somatic symptoms and comorbidities (see Beck, 1975; Glassman et al., 2007; Jain, 2009)
provide prima facie evidence that depression often involves ID. Rapidly accumulating
evidence not only supports this claim, but suggests that such symptoms and comorbidities
are correlated with abnormalities in key components of the INS (cf. Avery et al., 2014). As
stated at the outset, this evidence is of two broad kinds. The first consists of evidence of
abnormalities in somatic signals (e.g., cytokines, stress hormones), and the second, in
evidence of INS dysfunction in depression. Both of these will now be reviewed.

Evidence of Interoceptive Dysfunction at the Level of the Vagus

Sickness, cytokines, and depression—Cytokines are a class of somatic signal
increasingly recognized as significant to depression (see Dantzer & Kelley, 2007; Raison &
Miller, 2013). Studies of cytokines have even given rise to a uniquely somatocentric theory
of depression—malaise theory—which argues that inflammation-induced malaise and its
behavioral correlates constitute the biological core of depression (Charlton, 2000).
Cytokines are chemical messengers—released by immune cells in response to pathogens,
damage, and stress—that trigger a suite of adaptive responses (Hart, 1988; Steptoe, Hamer,
& Chida, 2007). On the physiological side, this typically includes fever, reduced plasma iron
levels, hypothalamus-pituitary-adrenal (HPA) axis activation, increased heart rate, and
lowered heart rate variability (Dantzer, 2009; Fairchild et al., 2011; Hart, 1988). The
behavioral side of the response, known as sickness behavior, includes reduced grooming,
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eating, and fluid intake, social withdrawal, sleep alterations, anhedonia (e.g., reduced
sucrose consumption), as well as reductions in sexual responsivity that are specific to
females (Avitsur & Yirmiya, 1999; Hart, 1988; Larson & Dunn, 2001). In humans, sickness
includes most of these symptoms plus malaise or fatigue, lowered mood, and impaired
memory and concentration (DellaGioia & Hannestad, 2010). Sickness behavior thus
overlaps substantially with the symptomatology of depression (see DellaGioia & Hannestad,
2010; Hart, 1988; Slavich & Irwin, 2014). Cytokines reach the brain and trigger such
responses via peripheral nerves such as the vagus (e.g., Hansen, Taishi, Chen, & Krueger,
1998) and receptors in the circumventricular organs and choroid plexus of the brain
(Dantzer, 2009). Severing or otherwise inactivating the vagus thus blocks many of the
effects of intraperitoneally administered lipopolysaccharide (LPS)—a molecule that tricks
the body into mounting an inflammatory response—including changes in eating and social
behavior (e.g., Bluthé et al., 1994; Bret-Dibat et al., 1995; Hansen et al., 1998; Marvel et al.,
2004).

Sickness has been remarkably well validated as a model for the somatic or “vegetative”
features of depression (cf. Dantzer et al., 2008). For example, meta-analyses find a reliable,
positive correlation between inflammatory markers (e.g., interleukin-6, tumor necrosis
factor-a) and depressed mood in humans (see Howren, Lamkin, & Suls, 2009). Heart rate
variability has moreover been shown to predict inflammatory response to LPS, suggesting
bidirectional interplay between vagal and immune function (Marsland et al., 2007). A
number of studies have, additionally, found elevated levels of inflammatory markers in
otherwise healthy persons with MDD (e.g., DellaGioia & Hannestad, 2010; Dowlati et al.,
2010). The causal implications of such correlations have been confirmed in studies
employing LPS and vaccine injections (see Schedlowski, Engler, & Grigoleit, 2014).
Immune-activating injections result in significant decrements in mood, feelings of social
connectedness, and social interest—changes that correlate with the magnitude of immune
response (e.g., Eisenberger, Inagaki, Marshal, & Irwin, 2010; Hannestad et al., 2012;
Reichenberg et al., 2001; Wright, Strike, Brydon, & Steptoe, 2005). For example,
Reichenberg et al. (2001) found that LPS injection resulted in significant increase in anxiety
followed by significant increase in depressed mood in healthy participants. Given the close
relation between inflammatory response and depressive symptoms it has been suggested that
depression may, in cases, derive from abnormally prolonged or severe inflammatory
processes in the body (see Charlton, 2000; Dantzer, 2009; Viljoen & Panzer, 2005).

Given the role of interoception in bodily homeostasis, it is not surprising that cytokines
modify the activity of many cortical components of the INS (see Wan et al., 1995). A
number of studies, for example, have found that experimentally induced inflammation
modifies activity in insular and cingulate cortices—particularly right AIC, right ACC,
dACC, and sgACC (Capuron et al., 2005; Hannestad et al., 2012; Harrison et al., 2009a,
2009b). Interestingly, whereas mood changes following injection have been found to be
predicted by sgACC activity during the viewing of emotional faces (Harrison et al., 2009a),
changes in social interest were found to be predicted by insula activation, with participants
showing the least change in insula activation showing the greatest changes in social interest
(Hannestad et al., 2012). In another study, inflammatory markers were found to correlate
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with bilateral AIC and posterior insula, as well as MPFC and dmPFC activation during
social exclusion; right AIC and left posterior insula activity, in particular, were found to
correlate with depressed mood (Eisenberger et al., 2009).

Gut-brain axis and depression—~Paralleling knowledge of brain-immune interaction,
the gut-brain axis and gut-brain signaling are increasingly recognized as playing an
important role in cognition, emotion, and even psychopathology (Cryan & O’Mahony, 2011;
Dinan & Cryan, 2013; Forsythe et al., 2010; Foster & Neufeld, 2013; Gershon, 1998;
Goehler, Lyte, & Gaykema, 2007; Mayer, 2011). Bidirectional interplay between anxiety
and gastrointestinal (Gl) disorders is well known (e.g., Mayer & Tillisch, 2011; Wilhelmsen,
2000). The impact of the gut microbiome—the massive community of microbes inhabiting
the gut—on cognition and behavior is a newer and rapidly growing field of research (see
Dinan & Cryan, 2013; Farmer, Randall, & Aziz, in press). It is becoming increasingly clear
that gut microbiota can impact immune regulation and inflammatory response (Béckhed et
al., 2005; Cebra, 1999), influence HPA-axis programming (see Dinan & Cryan, 2012), and
alter critical aspects of brain and behavior (see Borre et al., 2014; Collins, Surette, & Bercik,
2012; Dinan & Cryan, 2013).

Microbiome-HPA-axis interaction is characterized by bidirectional influence; stress can
adversely impact the microbiome (e.g., Bailey et al., 2010; Bendtsen et al., 2012) and
increase circulating inflammatory markers (e.g., Bailey et al., 2011), whereas probiotics
(e.g., Lactobacillus rhamnosus) appear to blunt HPA-axis responsivity to stress (e.g., Ait-
Belgnaoui et al., 2012). A number of measures of anxiety- and depression-related behavior
in rodent models, including behavior on the elevated plus maze, stress-induced
hyperthermia, and forced-swim—a measure of proneness to adopt passive responding and
“give up” attempts to escape an aversive situation—are thus affected by the makeup of the
microbiome (e.g., Bravo et al., 2011; Neufeld et al., 2011). Mice raised in the complete
absence of microbiota (i.e., germ free) paradoxically exhibit both HPA-axis
hyperresponsivity (Sudo et al., 2004) and reduced anxiety (e.g., Heijtz et al., 2011; Neufeld
et al., 2011) as well as deficits in social behavior that appear to be specific to males
(Desbonnet et al., 2014). Probiotics have been found to decrease anxiety- and depression-
like behaviors (e.g., Bravo et al., 2011; Desbonnet et al., 2009, 2010) as well as visceral pain
(e.g., McKernan, Fitzgerald, Dinan, & Cryan, 2010). Bravo et al. (2011), for example, found
that administration of L. rhamnosus modified both HPA-axis reactivity to stress and
GABAergic expression in a number of brain regions (e.g., cingulate cortex), while reducing
anxiety and depression-like behavior in mice. Acute Gl infection (e.g., Campylobacter
jejuni), in contrast, has been shown to increase anxiety- and depression-like behavior in
rodents, even in the absence of elevated cytokines and other overt signs of sickness (e.g.,
Goehler et al., 2005, 2008). Such effects appear to be mediated in large part by vagal
afferents (Lyte et al., 2006). For example, in mice, application of L. rhamnosus to the
surface of the gut significantly increases the firing of vagal afferents (Perez-Burgos et al.,
2013) and severing the vagus reverses many of the effects of microbiome manipulation and
Gl infection on brain and behavior (e.g., Bercik et al., 2011; Bravo et al., 2011; X. Wang et
al., 2002).
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Knowledge of gut-brain communication and its relevance to depression and anxiety in
humans is currently limited, but nonetheless the focus of a rapidly growing field. For
example, a recent study reported significant gut microbiome abnormalities in clinically
depressed persons as compared to healthy age- and gender-matched controls (Naseribafrouei
et al., 2014). Probiotics also appear to improve anxiety and symptomatology in IBS and
chronic fatigue syndrome (Rao et al., 2009; Silk et al., 2008) and have been found to
improve depression and anxiety in non-clinical samples (Messaoudi et al., 2011; Owen et
al., 2014) and mood in a general population sample, specifically in participants who
displayed low mood upon entering the study (Benton, Williams, & Brown, 2007). In another
line of research, altered gut-brain feedback in Crohn’s disease (CD)—an inflammatory
bowel disease with high anxiety and depression comorbidity (Graff, Walker, & Bernstein,
2009)—nhas been found to up-regulate the intensity of negative emotions (Vianna et al.,
2006). Specifically, individuals with active CD experienced more intense negative affect
while viewing negative, emotionally charged film clips than both controls and individuals
with inactive CD (Vianna et al., 2006). Phillips et al. (2003) similarly found that non-painful
esophageal stimulation fused with negative emotional context (the presentation of fearful
faces), amplifying both the discomfort experienced as a result of the procedure and feelings
of anxiety, which appeared to be mediated by heightened dACC, AIC, and PCC activity.

Vagal tone and heart rate variability in depression—A number of additional
sources of evidence point to vagal dysregulation in depression. For example, an extensive
literature links cardiac vagal control and vagal tone or tonic parasympathetic activation to
anxiety and depression (see Porges, 2011). The most common measures employed in these
studies are heart rate variability (HRV) and respiratory sinus arrhythmia (RSA). Low HRV
and RSA have been linked to poorer (a) emotion regulation (see Thayer & Lane, 2009;
Thayer & Brosschot, 2005; Thompson, Lewis, & Calkins, 2008); (b) self regulation (e.g.,
Reynard et al., 2011); and (c) social functioning (e.g., Egizio et al., 2008; Patriquin, Lorenzi,
Scarpa, & Bell, 2014; Porges, 2011); as well as (d) higher rates of unexplained somatic
symptoms (e.g., Tak et al., 2010) and (e) increased risk for depression (e.g., Gentzler,
Santucci, Kovacs, & Fox, 2009; Porges, 2007; Vaccarino et al., 2008). For example, HRV
correlates with a number of aspects of responsivity to faces, including emotion recognition
(e.g., Park et al., 2012, 2013). Depression appears to involve lower RSA and HRV (e.g.,
Kemp et al., 2010; Rottenberg, Clift, Bolden, Salomon, 2007) and these moreover have been
found to predict treatment response (see Taylor, 2010).

A number of rodent models of depression have also found that HRV and RSA changes
correlate with depression-like behavior (e.g., Grippo, Beltz, & Johnson, 2003; Grippo,
Moffitt, & Johnson, 2008; Grippo et al., 2009, 2012). For example, Grippo et al. (2003)
found that four weeks of chronic mild stress in rats induced anhedonia (i.e., reduced sucrose
intake), reduced motor activity, reductions in HRV, and elevated sympathetic tone. Social
isolation results in both RSA/HRYV changes and depression-like behavior in voles and rats
(Carnevali et al., 2012; Grippo et al., 2011; Grippo, Cushing, & Carter, 2007; Grippo, Lamb,
Carter, & Porges, 2007)—changes which are blocked by administration of the hormone
oxytocin (Grippo et al., 2007). Such findings indicate a close coupling between the social
milieu, vagal regulation, and depressive symptomatology (cf. Porges, 2011). In support for
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this, a recent study in humans found that depressed participants with high RSA reported
fewer symptoms of depression than those with low RSA six months post-evaluation only
under conditions of high social support (Hopp et al., 2013). A number of treatment studies
have also investigated RSA and HRV biofeedback—an approach that has produced
significant improvement in both anxiety and depression (Beckham et al., 2013; Karavidas et
al., 2007; Siepmann et al., 2008).

Vagal nerve stimulation—Direct stimulation of the vagus nervel® (Vagal Nerve
Stimulation; VNS) was originally developed as a treatment for otherwise untreatable
epilepsy (see Terry, Tarver, & Zabara, 1990). However, epileptic patients who received
VNS showed unexpected improvements in mood (Elger et al., 2000; George et al., 2000)
and VNS was subsequently tested in treatment-resistant depression (TRD; e.g., Rizvi et al.,
2011; Rush et al., 2000; Sackeim et al., 2001; Schlaepfer et al., 2008). A number of studies
have established the efficacy of VNS for TRD (see Table 2). For example, in a meta-
analysis of six prospective studies including over 1,000 patients receiving VNS plus
standard treatment and 400 patients receiving standard treatment, VNS significantly
improved treatment response and remission rates for TRD (Berry et al., 2013). In rodent
models, VNS similarly has antidepressant-like effects (Krahl, Senanayake, Pekary, & Sattin,
2004) and has been shown to increase neurogenesis and hippocampal plasticity (e.g., Biggio
etal., 2009).

In humans, VNS has been found to have salutary effects on HPA-axis functioning
(O’Keane, Dinan, Scott, & Corcoran, 2005) and result in a number of changes in brain
regions upstream of the vagus (Nahas et al., 2006; Pardo et al., 2008). The latter includes the
thalamus, hypothalamus, hippocampus, amygdala, as well as orbitofrontal, cingulate,
insular, and temporal cortices (e.g., Bohning et al., 2001; Conway et al., 2006, 2012b; Henry
etal., 1998, 2004; Kosel et al., 2011).17 Changes in cortical components of the INS appear
moreover to mediate the beneficial effects of VNS in depression. For example, a
longitudinal study of depressed persons receiving VNS found decreased right AIC activity
over time, which correlated with changes in severity of depression (Nahas et al., 2007). In
another longitudinal PET study, baseline glucose metabolism in AIC correlated positively
and in OFC correlated negatively with response to VNS treatment (i.e., change in HAM-D
score) after 12 months (Conway et al., 2012a).18

Evidence of Interoceptive Dysfunction at the Level of the Brain

Beyond the vagus, every major component of the INS has been found to exhibit abnormal
morphology and/or functionality in depression. This includes the hippocampus (e.g., Du et
al., 2012; MacQueen et al., 2003; Sheline et al., 1996), ACC (e.g., Auer et al, 2000; Bora,
Fornito, Pantelis, & Ylicel, 2012; Du et al., 2012; Skaf et al., 2002), OFC (e.g., Bremner et

16Eectrical stimulation of the cervical portion of the left vagus, generally via an implanted, pacemaker-like device (Terry et al.,
1990). A trans-cutaneous approach to VNS has also been developed (Kraus et al., 2007).

The specific parameters of the electrical pulses (e.g., frequency, intensity, pulse duration) delivered to the vagus have a significant
impact on which brain regions are affected (e.g., Lomarev et al., 2002; Mu et al., 2004).

Acute VNS has also been found to result in deactivation of the right AIC in mild to moderate depression, but higher activation of
the AIC in more severe depression, suggesting a qualitative shift in central response to somatic input in more severe depression
(Nahas et al., 2007) that may explain some of the variation in interoceptive sensitivity tied to severity of depression (Dunn et al.,
2007).
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al., 2002; Lacerda et al., 2004), vmPFC (e.g., Portella et al., 2011), and insula (e.g., Bora et
al., 2012; Cullen et al., 2009; Giesecke et al., 2005; Herwig et al., 2010; Sprengelmeyer et
al., 2011; T. Takahashi et al., 2010; Wiebking et al., 2010). The insula is in fact one of the
regions most consistently associated with depression in imaging studies (see Fitzgerald et
al., 2008). Lai and Wu (2014), for example, found significantly reduced left insular and
frontal GMV in cases of medication-naive, first-episode depression compared to controls.
Insula GMV has also been found to predict depression relapse (Soriano-Mas et al., 2011).
Avery et al. (2014) reported reduced dorsal mid-insula activation in persons with MDD in a
task requiring attention to interoceptive signals. In addition, dorsal mid insula activity during
this task was negatively correlated both with depression severity and severity of somatic
symptoms (Avery et al., 2014). Given the large number of studies indicating insula
abnormalities in depression (see Sliz & Hayley, 2012, for a review), a representative
sampling of these are shown in Table 3.

The anterior insula and anterior cingulate form a closely connected circuit, nearly always
being co-activated in studies of emotion (see Craig, 2009, 2010; Medford & Critchley, 2010;
Taylor, Seminowicz, & Davis, 2009). Altered functioning of the ACC-AIC circuit is thus
likely to play a role in any ID involving the insulae (e.g., Horn et al., 2010; Mayberg et al.,
1999). Mayberg et al. (1999), for example, found that inducing sadness in healthy volunteers
caused increased sgACC and AIC activation, and that recovery from MDD was associated
with a lowering of activation in both regions. Lane et al. (2013) similarly found high
correlations between RSA changes during an emotional Stroop task and sgACC and left AIC
activity in healthy subjects, but not in depressed participants.

A number of meta-analyses of emotion- and pain-related neural functioning indicate AIC-
ACC involvement in depression. Hamilton et al. (2012), for example, performed a meta-
analysis of fMRI studies examining the processing of negative emotional stimuli in
depression, finding greater activity in the pulvinar nuclei of the hypothalamus during the
resting state, and greater activity in the amygdala, dACC, insula, and superior temporal
gyrus during exposure to negative emotional stimuli. In a similar meta-analysis of studies
examining the processing of positive and negative stimuli, Groenewold et al. (2013) found
that relative to controls depressed persons exhibited increased activation of the mid
cingulate and ACC while processing negative emotional stimuli and decreased ACC, insula,
striatum, and thalamus activation while processing positive emotional stimuli. Mutschler,
Ball, Wankerl, and Strigo (2012) performed a combined meta-analysis of studies of pain
processing in healthy individuals and emotional processing in MDD. Depressed persons
exhibited increased pain-related processing as well as a shift, within the insula, toward
processing emotional stimuli using the dorsal AIC—the area maximally associated with pain
processing in healthy participants (Mutschler et al., 2012).

Such studies suggest a connection between the negative cognitive-affective biases
characteristic of depression and disturbances in interoceptive and reward-related regions of
the brain. In a remarkably thorough study indicating connections between INS components
and affective and social disturbances in MDD, Sprengelmeyer et al. (2011) found reduced
GMV in depressed persons in a number of areas, including the amygdala, insula, ventral and
medial temporal lobes, and parahippocampal and hippocampal cortices. GMV in bilateral
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insula, ACC, inferior frontal gyrus, middle temporal gyrus, and parahippocampal gyrus
moreover correlated negatively with depression severity, as measured by the BDI 11 and
Hamilton Depression Rating Scale (Hamilton, 1960). Impaired recognition of facial
expressions of disgust was also found in participants with MDD—the magnitude of which
correlated with GMV in bilateral AIC and mPFC (Sprengelmeyer et al., 2011). In a healthy,
nondepressed sample, Wiebking et al. (2014) found that change in insula activation during
HBP correlated negatively with scores on the Beck Hopelessness Scale.

Interoceptive Dysfunction at the Level of Sensitivity and Awareness

Given the reviewed evidence indicating INS dysfunction, changes in sensitivity to and/or
awareness of bodily signals might be expected in depression. Comparatively few studies
have addressed this question. There is some evidence that depressed persons have reduced
confidence in their interoceptive abilities, as measured by the IA subscale of the EDI (e.g.,
Fava et al., 1997; Kopp, 2009; C. Smith & Steiner, 1992). However, such results say little
about interoceptive sensitivity and awareness (Pollatos et al., 2008). One study, employing
the BPQ—which contains a set of questions focused on general awareness of bodily
symptoms and autonomic responsivity (Porges, 1993)—found that depression appears to
involve heightened awareness of somatic signals (Wiebking et al., 2010). The Body
Awareness scale of the BPQ is nevertheless not highly correlated with interoceptive
sensitivity (see Fairclough & Goodwin, 2007; Schulz et al., 2013). Furthermore, heightened
awareness of bodily stimuli does not imply accuracy interpreting and responding to such
stimuli, particularly under noisy, real-world conditions (cf. Cioffi, 1991; Wilhelmsen, 2000).

A number of studies have examined interoceptive sensitivity in depression using variants of
the Schandry (1981) HBP task (see Table 4). Ehlers and Breuer (1992), for example, found
that depressed persons displayed poorer HBP performance than did patients with panic
disorder and generalized anxiety. Anxiety and panic nonetheless involve abnormally
heightened HBP (Domschke et al., 2010; Stevens et al., 2011), so these represent poor
reference groups for assessing interoception in depression. VVan der Does, Van Dyck, and
Spinhoven (1997) obtained similar results, but additionally found that depressed persons had
poorer HBP—although not significant so—than a control sample.19 Mussgay, Klinkenberg,
and Riddel (1999) compared performance on a modified HBP task across a number of
psychiatric diagnoses, and found significantly reduced performance in comparison to
controls only in personality disorders; depressed participants exhibited somewhat poorer
performance than controls, though the difference, again, was not statistically significant.

A number of recent studies employing improved designs have found evidence of a deficit in
interoceptive sensitivity in depression. Dunn, Dalgleish, Ogilvie, and Lawrence (2007), for
example, examined HBP and self-reported awareness of bodily signals using the Body-
Consciousness Questionnaire (BCQ; Miller, Murphy, & Buss, 1981) in a moderately
depressed community sample (BDI = 22.2 + 1.9),20 a clinically depressed group (BDI =

19whereas nearly

10% of controls and 30% of panic disorder patients were classified as accurate perceivers, 0% of the depressed

sample were classified as such. Similarly, whereas nearly 24% of controls and 4% of PD patients with panic were classified as “non-
responders” (subjects who reported not feeling any heartbeats), roughly 37% of depressed persons were classified as such (Van der

Does et al., 1997).

All values in parentheses are means + standard errors.
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28.3 £ 2.1), and controls (BDI = 4.3 £.7). No differences in BCQ scores were found;
however, the moderately but not severely depressed group showed significantly poorer HBP
than controls. Further analysis revealed an inverted-U relationship between HBP and BDI
score: intermediate BDI scores were associated with impaired HBP whereas high and low
scores were associated with better HBP (Dunn et al., 2007). Furman et al. (2013) argued that
a high rate of anxiety comorbidity (greater than 50%) in Dunn et al. (2007) may have
produced the null finding in Dunn et al.’s clinically depressed sample. Furman et al. (2013)
thus measured HBP and BDI-2 both in a clinical sample with MDD and no anxiety
comorbidity (BDI = 25.0 £+ 1.8) and a healthy sample with no history of depression (BDI =
3.1 £.5), finding significantly poorer HBP in the depressed sample than controls. Terhaar,
Viola, Bér, and Debener (2012) similarly examined a moderately depressed sample—
comparable to that used in Dunn et al. (2007)—diagnosed with MDD and no comorbid
panic (BDI = 22.6 + 2.5) and healthy controls (BDI = 2.31 + .7). Terhaar et al. (2012)
measured HBP and performance on an exteroceptive tone counting task, while also
obtaining heartbeat-evoked potentials (HEP) using EEG. Depressed persons were found to
exhibit significantly reduced HEP and significantly poorer HBP than controls, but did not
differ on the exteroceptive tone counting task (Terhaar et al., 2012).

A number of studies have examined the correlation between depression and interoceptive
sensitivity in non-clinical samples. For example, Pollatos et al. (2009) examined the
relationship between depression, anxiety, and HBP in a non-depressed college sample
(BDI-2 = 3.49 £ .3) and found a significant (a) negative correlation between BDI and HBP
performance (r = -.19, p <.05), (b) positive correlation between anxiety and HBP (r = .18, p
<.05) and (c) positive correlation between anxiety and depression (r = .33, p <.001).
Employing a similar sample of healthy college students (BDI-2 = 3.52 + .3), Herbert,
Herbert, and Pollatos (2011) replicated the finding of a significant negative correlation (r =
-.21, p <.05) between BDI-2 and HBP scores. Furman et al. (2013) similarly found a trend
toward a significant negative correlation between HBP and BDI in their control sample (r =
-.32, p =.056). In contrast, Dunn et al. (2010) examined HBP in a community sample that
included a number of mild to moderately depressed and anxious individuals (BDI = 8.8 +.7)
and found no significant relationship between HBP and either BDI or anxiety measures.
Instead, a complex interaction between anxiety, anhedonia, and HBP was found: high
anhedonia being associated with poorer HBP, irrespective of anxiety status (cf. Ferguson &
Katkin, 1996), and lower levels of anhedonia associated with progressively better HBP
performance in individuals with higher levels of anxiety (Dunn et al., 2010).

Taken together, studies of interoceptive sensitivity in depression present a complex, yet
increasingly coherent picture: several studies indicate that depressed persons show
moderately impaired interoceptive sensitivity, particularly in the range of mild to moderately
severe depression (Dunn et al., 2007; Ehlers & Breuer, 1992; Mussgay et al., 1999; Pollatos
et al., 2009; Terhaar et al., 2012; Van der Does et al., 1997). Other studies suggest that
severely depressed persons may exhibit equivalent or even improved HBP relative to
controls—similar to the superior HBP typically found in anxiety and panic (e.g., Critchley et
al., 2004; Ehlers & Breuer, 1992)—and thus that there is U-shaped relationship between
depression severity and interoceptive sensitivity (Dunn et al., 2007). Such complexity
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appears to be mediated, in part, by the fact that anxiety and depression—although correlated
and highly comorbid—have opposite associations with interoceptive sensitivity (e.g.,
Pollatos et al., 2009). Studies reporting more complex relationships between interoceptive
sensitivity and depression have generally failed to control for anxiety status (e.g., Dunn et
al., 2007, 2010). Studies that have controlled for anxiety have more consistently reported
significantly lower interoceptive sensitivity in depression (Furman et al., 2013; Terhaar et
al., 2012). Additional support for reduced interoceptive sensitivity in depression is provided
by negative correlations between HBP and BDI scores in non-clinical samples (Furman et
al., 2013; Herbert et al., 2011; Pollatos et al., 2009).

There are additional issues to consider when interpreting the available studies, including the
variable medication status of depressed participants. Few studies to date have examined the
effects of SSRIs and anxiolytics on somatic sensitivity. Mussgay et al. (1999), for example,
found no significant effect of medication status (collapsing all medications) on HBP of
depressed persons, although there was a trend toward poorer HBP when on medication—a
finding difficult to interpret given that medication status likely covaries with depression
severity. Terhaar et al. (2012) similarly found no significant difference in HBP between
medicated and unmediated depressed persons, but did not likely have enough statistical
power for such a comparison.2! In contrast, a number of studies have examined the effects
of SSRIs (e.g., fluoxetine, paroxetine) on brain activity using fMRI or PET, finding both that
SSRis result in decreased insula activation (e.g., Arce et al., 2008; Kennedy et al., 2001;
Kraus et al., 2014; Mayberg et al., 2002, 2009; Simmons et al., 2009) and that changes in
insula activity (in addition to decreases in SgACC and hippocampus, and increases in ACC,
PFC, and PCC) correlate with response to drug treatment (Ernst et al., 2014; Mayberg et al.,
2009).22 Combined with the fact that serotonin is vasoactive and directly impacts the
cardiovascular system, it is thus likely that SSRIs impact measures of interoceptive
sensitivity (Mayberg et al., 2009).

Somatic and Interoceptive Dysfunction in Depression: A Summary

In summary, accumulating evidence implicates abnormal somatic signaling and ID in
depression. Inflammatory cytokines and gut signals are, for example, increasingly
recognized as capable of inducing core affective, cognitive, and behavioral features of
depression (see Dantzer & Kelley, 2007; Dinan & Cryan, 2013; Foster & Neufeld, 2013).
All of the major components of the INS highlighted in Figure 2, including the vagus, insula
(see Table 3), and ACC moreover show changes in morphology and/or functioning in
depression. For example, measures of vagal tone such (e.g., HRV and RSA) are reliably
associated with anxiety and depression (see Porges, 2011) and the vagus has proven to be a
valuable point of intervention for the treatment of refractory cases of depression (see Table
2). In addition, studies employing HBP paradigms are beginning to converge on finding
significantly reduced interoceptive sensitivity in depression, when anxiety comorbidity is

21Terhaar et al. (2012) fail to report sufficient information to calculate the actual power of the t-test they performed; however, the fact
that the comparison involved 11 medicated and 5 unmedicated depressed persons, all else equal, would entail that the study had
sufficient power to detect a only very large effect of medication status on HBP.

Comparable results, particularly with respect to hippocampal and insular deactivation, were found in a study examining the neural
consequences of fluoxetine administration in rats subject to forced swim (Jang et al., 2009).
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controlled (see Furman et al., 2013). The latter finding is predicted from neuroimaging
results, given that insula GMV correlates with HBP (Critchley et al., 2004) and depression
appears to involve reduced insula GMV (e.g., Lai & Wu, 2014; T. Takahashi et al., 2010).
Taken as a whole, this evidence provides support for the thesis that depression is often
characterized by disturbed somatic signaling and ID.

Models of Interoceptive Dysfunction in Depression

Not surprisingly given the evidence, a number of neurobiological models of depression take
interoceptive dysfunction as a given—something that requires explanation and integration
with other data on depression. In general these models fail to specify what role(s)
interoception and 1D might play within the overall constellation of symptoms characteristic
of the disorder (e.g., Andréasson et al., 2007; Krishnan & Nestler, 2010; Mayberg, 2009). A
few models nonetheless explicitly relate 1D to specific features of depression (see Table 5).
For example, Paulus (2007) speculated that disturbed somatic processing could result in
altered valuation of exteroceptive stimuli, contributing to anhedonia and decision-making
deficits in depression. Paulus and Stein (2010) argue that individuals at risk for anxiety and
depression experience a reduced signal-to-noise ratio in interoceptive processing—
essentially, that bodily signals are noisier in depression, rendering them more difficult to
detect and interpret. The Paulus and Stein (2006, 2010) model also posits altered alliesthesia
for external stimuli, as well as amplification of and exaggerated emotional responses to
bodily signals, based on beliefs about and top-down attempts to control such signals. Paulus
and Stein (2010) avoid outlining specific causal pathways (p. 458) and make few
predictions, except that anxious and depressed persons with 1D should show communicative
deficits (i.e. alexithymia) and impairments on tasks requiring the use of somatic signals,
such as the lowa Gambling Task (e.g., Must et al., 2006).

Northoff, Wiebking, Feinberg, and Panksepp (2011), in contrast, attempt to account for both
interoceptive and exteroceptive changes in depression. Reduced sensitivity to flavors and
odors have, for example, been documented in depression—changes which both correlate
with depression severity (see Canbeyli, 2010) and are associated with reduced insula
responsivity (Croy et al., 2014). The Northoff et al. (2011) model, illustrated in Figure 3,
thus posits resting-state or baseline abnormalities in a number of systems in depression,
including the “interoceptive system’ (insula, periaqueductal grey, and tectum). Northoff et
al. argue that depression involves abnormally high resting-state activity in the insula and
other limbic and subcortical regions (see Drevets, 2000) and hypoactivity in higher-level
cortical regions (e.g., dIPFC). Such activity is argued to result in an imbalance in
interoceptive-exteroceptive processing; that is, simultaneous hyper-responsivity to internal,
bodily stimuli and hypo-responsivity to external stimuli (e.g., Wiebking et al., 2010),
leading to the increased self-focus characteristic of depression (e.g., Grimm et al., 2009). In
addition, such imbalance is argued to give rise to a number of other core symptoms of
depression, including negative biases, dysphoria, anhedonia, hopelessness, apathy, and
working memory deficits (Northoff et al., 2011).
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Multiple Pathways to Interoceptive Dysfunction in Depression: A Framework

Although each of these models links ID to a limited set of features or symptoms of
depression, no attempt has yet been made to provide a comprehensive account of the relation
between ID and depressive symptomatology. For example, somatic symptoms of depression,
such as disturbed sleep and eating, are absent, as are links to the social context of
depression. There are additional weaknesses to these models, including a lack of specificity
regarding causal pathways (e.g., Paulus & Stein, 2010) and a lack of integration with the
wider literature on interoception. Additionally, these models fail to relate ID to gender and
developmental biases in the epidemiology of depression.

The framework put forward here attempts to remedy these shortcomings without challenging
the specifics of these models.23 As illustrated in Figure 4, both equifinality24 and likelihood
for overdetermination of ID is acknowledged. That is, several distinct pathways to ID are
theoretically possible, any or all of which may be operative in a given case of depression or
at a given point in a depressive episode. These can be broadly divided into three main routes
to ID, caused by (a) direct modification of one or more components of the INS, by stress,
stroke, or other causes; (b) the loss of situational cues ordinarily used to disambiguate
interoceptive signals, due to situational or behavioral changes, like withdrawal; and (c) shifts
in attention or awareness, due to cognitive tendencies like analytic self-focus and
rumination. This framework, additionally, emphasizes interaction of these pathways with
individual, gender, and cultural differences in interoception, and likelihood for increased
occurrence of ID during particular phases of the lifespan. At a minimum, the net outcome of
ID is likely to include somatic dysregulation—significantly changed sleep and/or eating—
which can, theoretically, feedback and cause further 1D (see Fig. 4). Each of the major
pathways to ID are reviewed below.

Fight or Flight, Stress, and Interoception

The “fight or flight” system evolved to aid behavioral response in emergencies, rapidly
mobilizing resources for processes vital to survival, while diverting resources from
processes of less immediate importance, like digestion (see Sapolsky, 1999). Intuitively,
such a system should include a means of blunting or dissociating from awareness the
perception of potentially distracting somatic signals—even regulatory signals like pain and
hunger which, in the long-run, might themselves indicate threats to survival. That stress
hormones have such an effect is indicated by the occurrence of stress-induced analgesia, in
which stress both blunts affective reactions to pain and raises pain thresholds (Horvath &
Kekesi, 2006; Sapolsky, 1992)—effects which have been shown to involve activation of
somatosensory cortices, as well as AIC and ACC (Yilmaz et al., 2010).25 Glucocorticoids
(e.g., cortisol, corticosterone) are known to have both analgesic effects (e.g., Hargreaves et
al., 1987; Lim, Oei, & Funder, 1983) as well as variety of effects on motivated behaviors

23p great deal more empirical work will be necessary to ascertain which model(s) or which features of these models are in fact
operative in depression. It is likely that elements of both the Paulus and Stein (2010) and Northoff et al. (2011) models will be

supported.

Equifinality is the notion that in a complex system a single endpoint can be arrived at via varied and diverse pathways (von
Bertalanffy, 1968; Cicchetti & Rogosch, 1996).

The classic portrayal of eating by “unrestrained” eaters was, for similar reasons, a lowering of intake under conditions of stress or
anxiety (e.g., Herman & Polivy, 1975).
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such as eating and drinking (e.g., Erickson, Drevets, & Schulkin, 2003; la Fleur, 2006)—
with both low and high levels associated with reduced hunger (e.g., Dallman et al., 1993;
Leibowitz, 1995).

Although few studies have examined the impact of stress on interoceptive sensitivity and the
results from these are equivocal (see Fairclough & Goodwin, 2007; Schulz et al., 2013),
there is overwhelming evidence that the neural systems for interoception are impacted by
HPA-axis activation and stress (cf. Mayer, Naliboff, & Munakata, 1999). In addition to
affecting a number of limbic structures, including the amygdala (see Roozendaal, McEwen,
& Chattarji, 2009), stress and HPA-axis activity have been shown to modify the morphology
and/or functioning of core components of the INS, including the vagus (e.g., Cho, Qui, &
Bruce, 1996; Dale et al., 2009; Porges, 1995), hippocampus (e.g., Bremner, 1999; Sala et al.,
2004), ACC (e.g., Gianaros et al., 2007), OFC (e.g., Gianaros et al., 2007; Pruessner et al,
2008), and insula (e.g., Gianaros et al., 2005; Liston, McEwen, & Casey 2009; Stein,
Simmons, Feinstein, & Paulus, 2007; J. Wang et al., 2005, 2007). Liston et al. (2009), for
example, found that a month of psychosocial stress resulted in reversible decoupling of the
PFC with the frontoparietal attention-shifting network, which includes the ACC, PCC, and
insula.

Loss of Exteroceptive Scaffolding

If social cognition is viewed as both fundamentally embodied (cf. Damasio, 1994, 1999;
Kaschak & Maner, 2009; Nauta, 1971; Williams & Bargh, 2008) and deeply situated, in
what for humans is a more or less complex social milieu (Barrett, Mesquita, & E. Smith,
2010; E. Smith, 2008; E. Smith & Semin, 2007), then the question, “What is the context for
cognition?” becomes paramount. In the case of depression, the answer is well documented:
as a consequence of a variety of maladaptive social tendencies, depressed persons tend to
have relatively impoverished social networks (Joiner, 2002; Pettit & Joiner, 2006; Segrin,
2000). Nevertheless, depression can be both cause and consequence of such social
dysfunction (Segrin, 2000). On the one hand, depression can be precipitated by major
change to the social milieu, like loss from moving, rejection, or death of a loved one (e.g.,
Bruce, Kim, Leaf, & Jacobs, 1990; Slavich et al., 2010). On the other hand, depressed
persons have a decidedly negative bias when interpreting social signals, including facial
expressions (see Bistricky, Ingram, & Atchley, 2011, for a review), and likely experience a
diminished capacity for prosocial behavior generally (e.g., Baron, Inman, Kao, & Logan,
1992; Likowski et al., 2011; Van Baaren et al., 2006; Vrijsen, Lange, Becker, & Rinck,
2010). Even non-depressed persons, for example, show reduced facial mimicry of social
partners following a negative mood induction (Van Baaren et al., 2006).

The negative biases and social deficits of depressed persons can produce incongruence with
social partners that can strain relationships and increase the likelihood for interpersonal
strife (e.g., Bos et al., 2007; Coyne, 1976; Strack & Coyne, 1983). Such dynamics can also
lead to depression contagion or the spreading of depression between people (Joiner, 1994;
Joiner & Katz, 1999)—a phenomenon that has been documented both in close romantic
relationships (Katz, Beach, & Joiner, 1999; Kouros & Cummings, 2010) and among
roommates (Joiner, 1994). Depression can thus be corrosive to relationships and erode
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support (e.g., Stice, Ragan, & Randall, 2004). Many children and adults, additionally,
withdraw socially when stressed and/or depressed (e.g., Beck, Steer, & Carbin, 1988; Bell-
Dolan, Reaven, & Peterson, 1993)—a tendency that closely resembles sickness behavior
(see Dantzer & Kelley, 2007).

Importantly, drastic change to the social milieu necessarily entails a loss of exteroceptive
scaffolding for interoception. That is, a critical information source for disambiguating
somatic signals is suddenly absent (cf. Cioffi, 1991; Hofer, 1984). From the perspective of
the present framework, this necessarily increases the likelihood that somatic signals will go
unnoticed or be misinterpreted, and thus the probability of regulatory dysfunction (i.e.,
disrupted sleep and/or eating). It is well established that social stimuli can function as
zeitgebers and zeitstorers—stimuli that set/entrain or disrupt biological rhythms,
respectively (see Favreau et al., 2009; Mistlberger & Skene, 2004, for reviews). Among
these, a social activity can itself act as a cue for entrainment or else be correlated with
exposure to other zeitgebers (e.g., light, food). The number of social interactions an
individual engages in, for example, is significantly correlated with their total light exposure
—often considered the most critical zeitgeber—and has been found to mediate the
relationship between light exposure and depression (Haynes, Ancoli-1srael, & McQuaid,
2005). Food intake—an activity often highly social and socially influenced—similarly
functions as one of the most important biological zeitgebers (Stephan, 2002).

The loss or change of social partners and/or disruption of social rhythmicity due to other
shifts in behavior (e.g., because of illness) can thus result in significant disruption to
biological rhythms. This point was emphasized by Hofer (1984), who hypothesized that
many of the biological and psychological features of bereavement or depression triggered by
loss may be the consequence of a loss of social zeitgebers. Hofer pointed out that circadian
rhythms can be disrupted both because a loved one is suddenly gone—removing all of the
zeitgebers woven into the fabric of that relationship—and because grieving and depressed
persons often withdraw socially, removing even more zeitgebers. Ehlers, Frank, and Kupfer
(1988) elaborated upon Hofer’s hypothesis in their social zeitgeber theory, which posits that
many of the somatic symptoms of depression stem from disrupted circadian rhythms, as a
consequence of a loss or disruption of social zeitgebers—a theory that has received
increasing support, at least as applied to bipolar depression (e.g., Frank et al., 2005; Grandin,
Alloy, & Abramson, 2006).

Within the current framework, one of the key mechanisms by which the disruption of social
zeitgebers is likely to impact circadian rhythmicity is through modifying the capacity for
interpreting somatic signals. For vulnerable individuals, particularly those who rely heavily
upon social and other contextual cues to disambiguate such signals and lack well-developed
self-regulation, any large shift in habit and/or the social milieu has the potential to produce
regulatory and circadian dysfunction. Regular mealtimes are among the zeitgebers
frequently disrupted by the loss of a loved one (Ehlers et al., 1988) and are also frequently
lacking in depression (Beck, 1975). As Beck (1975) noted, depressed people often “forget”
to eat and are thus prone to unintentionally skip meals. In light of the pervasive influence of
social stimuli on food intake (Herman & Polivy, 2005) it is thus likely that social context of
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depression is important for understanding both 1D and the somatic symptomatology
characteristic of depression.

Shifts in Attention or Awareness

In addition to stress and changes in exteroceptive context, depression often involves intense
self-focus (e.g., Northoff et al., 2011; T. Smith & Greenberg, 1981)—a feature that may
underlie the heightened somatic awareness and “somatizing” common in depression
(Wiebking et al., 2010). Self-focus can nonetheless takes several distinct forms; some
adaptive, others not (Teasdale, 1999). Depressed persons are more prone to maladaptive,
analytic and ruminative self-focus (Nolen-Hoeksema, 1991). Rumination is defined as
highly repetitive thinking, rigidly focused on negative thoughts, events, and feelings (Nolen-
Hoeksema, 1991). Depressed persons also frequently experience feelings of helplessness
and lack of control (e.g., Alloy & Abramson, 1982; Benassi, Sweeney, & Dufour, 1988),
and are prone to endorse external rather than internal events and factors as causes of their
depression (Hansson, Chotai, & Bodlund, 2010).

Under such conditions, bodily signals may lose out both in the competition for attentional
resources (Pennebaker & Lightner, 1980) and as explanations for somatically-generated
negative affect (cf. Healy & Williams, 1988). Tendencies like inward self-focus and
rumination—while they may indiscriminately amplify a range of somatic symptoms—may
thus paradoxically result in regulatory dysfunction. For example, rumination is associated
with poorer sleep quality in non-depressed samples (e.g., Carney, Harris, Moss, & Edinger,
2010; Guastella & Moulds, 2007) and appears to mediate the relation between disordered
eating and depressive symptoms in non-clinical samples (Harrell & Jackson, 2008).26
Rumination is also correlated with the length and severity of negative affect during and
greater difficulty recovering from depression (e.g., Lyubomirsky & Tkach, 2003; Nolen-
Hoeksema, 1991).

Three Pathways of Interoceptive Dysfunction: Summary and Consequences for

Depression

In summary, there are at least three potential pathways to ID in depression. Given the well-
established bidirectional association between stress and depression (e.g., Hammen, Hazel,
Brennan, & Najman, 2012), the first of these—direct modification of the INS—is likely to be
at play in a great many cases. This is corroborated by the many studies linking functional
and morphological changes in AIC, ACC, and other INS components to depression (e.g.,
Mayberg, 1999; Sprengelmeyer et al., 2011). The second pathway—the loss of cues used to
disambiguate bodily signals—is also likely at play in many cases given that social
withdrawal and erosion of social support are common in both depression (e.g., Hofer, 1984;
Stice et al., 2004) and sickness (Hart, 1988). The third pathway—shifts in attention and/or
awareness—is similarly likely to be at play in many cases, particularly those involving
rumination and self-focus. Within the framework outlined here, each of these pathways will
tend to give rise to both 1D and a heightened chance of disrupted sleep and/or eating,

26Rumination in depression also involves activation of a number of brain regions, including rostral ACC and insula (e.g., Cooney et

al., 2010).
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particularly in those who rely more heavily on external than internal cues for disambiguating
bodily signals and self-regulation. The fact that all three pathways may be active
simultaneously means that ID and somatic disturbance will likely be overdetermined in
many cases of depression. As illustrated in Figure 4, susceptibility to these pathways will
nonetheless vary depending on individual, gender, and cultural differences in interoception,
interacting with differential vulnerabilities over the lifespan.

Individual, Gender, and Cultural Differences in Interoception

Individual Differences in Interoception

Individual variability in sensitivity to interoceptive stimuli is a common finding in
psychophysiological studies (see Jones, 1994; Katkin, 1985). For example, HBP varies
greatly between individuals and only 10-40% of participants typically perform better than
chance on HBP tasks (e.g., Jones et al., 1987; Schandry, Sparrer, & Weitkunat, 1986). One
source of variability is Body Mass Index (BMI), in that leaner participants tend to show
greater HBP accuracy (e.g., Rouse, Jones, & Jones, 1988). Cerebral lateralization has also
been associated with individual differences in HBP; right hemispheric dominance being
associated with better HBP (e.g., Hantas, Katkin, & Reed, 1984). Insula and ACC
morphology also vary widely between individuals (Fornito et al., 2006; Johnson, Buchanan,
Morris, & Fobbs, 2009; Pujol et al., 2002). Variation in insula is in fact so large that
identifying the same sulci and gyri between individuals is often not possible (Johnson et al.,
2009). The ACC similarly exhibits great variability in the presence of specific sulci and gyri
(Buda et al., 2011; Fornito et al., 2006). Such anatomical differences imply functional
differences (cf. Craig, 2010; Fornito et al., 2006)—an assertion supported by findings that
right AlC/operculum GMYV and activity during HBP correlate with interoceptive sensitivity
(Critchley et al., 2004).

Individual differences in interoceptive sensitivity also appear to covary with other facets of
interoception. For example, poorer interoceptive sensitivity is correlated with alexithymia or
difficulty identifying and communicate about internal signals and emotional states (e.g.,
Herbert et al., 2011; Kano et al., 2007; Néring & Van der Staak, 1995). Sensitivity to
interoceptive stimuli also appears to correlate negatively with important aspects of “self”
perception, including “self-objectification” or the tendency to view the body as an object
(Ainley & Tsakiris, 2013) and the susceptibility of the sense of “body ownership” to
exteroceptive influence (Tsakiris et al., 2011). In a study of the Rubber Hand illusion, for
example, Tsakiris et al. (2011) found that interoceptive sensitivity correlated negatively with
susceptibility to the illusion of ownership of the rubber hand, in that those with poorer HBP
were more susceptible to the illusion.

Gender Differences in Interoception

A number of sources of evidence point to gender differences in somatic perception. For
example, females are more likely to report somatic symptoms in general and thus tend to
score higher on measures of somatization than males (see Kroenke & Spitzer, 1998; Wool &
Barsky, 1994). Measures of sexual concordance—the degree of match between
physiological and self-report measures of sexual arousal—similarly show reliable gender

Psychol Bull. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harshaw

Page 30

differences, with females exhibiting significantly lower concordance than males (see
Chivers et al., 2010).27 In most laboratory studies of interoceptive sensitivity, females also
appear relatively insensitive to bodily signals compared to males (see Jones, 1994;
Pennebaker, 1995; Pennebaker & Roberts, 1992; Vaitl, 1996). This includes measures of
sensitivity to heartbeat (e.g., Ehlers & Breuer, 1992; Katkin et al., 1982; Pennebaker &
Hoover, 1984; Whitehead et al., 1977), blood pressure (Pennebaker & Watson, 1988),
respiratory air flow (Harver, Katkin, & Bloch, 1993), stomach contractions (Whitehead &
Drescher, 1980), and blood-glucose levels (e.g., Cox et al., 1985).

Such findings nevertheless do not appear to generalize to performance under naturalistic
conditions (Cox et al., 1985; V. Smith, 1986). For example, in a study of blood glucose
estimation in Type | Diabetics, men were significantly better than women at estimating their
blood glucose levels in a hospital setting, wherein blood glucose was automatically
monitored and adjusted intravenously (Cox et al., 1985). However, when participants made
the same estimations under non-hospital, real-world conditions—conditions in which they
had access to both interoceptive and exteroceptive cues—this gender difference disappeared
(Cox et al., 1985). Females thus appear to be more vulnerable to the loss of exteroceptive,
situational cues than males and, as a result, underperform in laboratory tests of interoceptive
sensitivity (see Pennebaker & Roberts, 1992; Roberts & Pennebaker, 1994). Unfortunately,
few studies have attempted to replicate the findings of Cox et al. (1985) or compared
performance on measures of interoception both in and outside of the lab (or with and
without access to typical real-world, exteroceptive cues). The same general pattern is
nonetheless apparent across the literature when considering these two classes of studies.
That is, studies employing laboratory measures of interoception—devoid of the situational
cues typically available outside of the lab—tend to report a gender difference in
interoceptive sensitivity (e.g., Ehlers & Breuer, 1992; Frankum & Ogden, 2005; Pennebaker
& Watson, 1988) whereas studies that provide naturalistic access to exteroceptive cues
during interoception fail to find gender differences (e.g., V. Smith, 1986).

Relatively few studies have explored gender differences in the anatomy and/or functioning
of the INS. Females generally exhibit lower HRV than males—a difference that disappears
by age fifty (see De Meersman & Stein, 2007). Females also appear to have higher cingulate
cortex GMV than males—a difference that may increase with age (Chen, Sachdev, Wen, &
Anstey, 2007; Paus et al., 1996; R. Takahashi, Ishii, Kakigi, & Yokoyama, 2011). Such
findings imply differences in interoception, given that measures of HRV (Knapp-Kline &
Kline, 2005) and cingulate GMV (e.g., Critchley et al., 2004) have both been found to
correlate with measures of interoceptive sensitivity. A PET study also found that males
showed higher resting-state glucose metabolism in right insula, mid temporal gyrus, and
medial frontal lobe than females, whereas females displayed higher hypothalamic
metabolism than males (Kawachi et al., 2002). Functional imaging studies indicate that
males and females likely differ in cortical representation of somatic signals (e.g., Kern et al.,
2001; Naliboff et al., 2003; Hong et al., 2013). Kern et al. (2001), for example, found that

27The available evidence suggests that sexual concordance is not significantly related to performance on typical laboratory measures
of interoceptive sensitivity such as HBP (Suschinsky & Lalumiere, 2012, 2014). No studies to date have, however, examined the
correlation between sexual concordance and performance on real-world measures of interoceptive sensitivity (e.g., Cox et al., 1985).

Psychol Bull. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harshaw

Page 31

females showed activation of the AIC, ACC, and PFC in response to colorectal distension,
whereas males exhibited activation only in parietooccipital and somatosensory cortices. A
number of studies have nonetheless found that both sexes show insular and ACC activation
to colonic distension, but males either exhibit or trend toward enhanced activation of these
regions relative to females (e.g., Berman et al., 2000, 2006). Some of the differences
between studies are nonetheless likely accounted for by gender differences in pain
thresholds (e.g., Moulton et al., 2006) and anticipatory response to noxious stimulation (e.g.,
Berman et al., 2006; Kano et al., 2013).28

In a related vein, there are gender differences in HPA-axis functioning and stress
responsivity (see Darnall & Suarez, 2009; Kudielka & Kirschbaum, 2005; Nirupa et al.,
2014) that are also relevant to gender differences in interoception, given that stress and
inflammation can modify functioning of core components of the INS. For example, females
generally show blunted HPA-axis activation to laboratory stressors and pain compared to
men, although such differences vary depending on a number of factors, including menstrual
phase and stressor type (see Kudielka & Kirschbaum, 2005). Gender differences in
behavioral and neural response to laboratory stressors have also been reported in a number
of studies (e.g., Lighthall et al., 2012; J. Wang et al., 2007). For example, Lighthall et al.
(2012) found that cold-pressor stress modulated left dorsal striatum and AIC activity
differently for males and females. Such stress led to increased activity in these regions in
females and decreased activity in males—differences that also correlated with gender
differences in performance on a decision-making task post-stressor (Lighthall et al., 2012).
Wang et al. (2007), on the other hand, found that males show little increase in activation of
limbic regions following a laboratory stressor, whereas females exhibit significantly
increased activation of the insula, ventral striatum, ACC, and PCC, with differences in ACC
and PCC persisting following exposure.

Such results imply gender dimorphism in the modulation of interoception by stress. In the
sole study specifically addressing the question, Fairclough and Goodwin (2007) found no
baseline differences in HBP between males and females, after controlling for BMI, but
found that females exhibited significantly lower accuracy than males following exposure to
a stressor (i.e., a difficult math task). Females also show more vigorous immune responses
to pathogens than men (see Fish, 2008) and a number of studies have documented sexually
dimorphic inflammatory response to stressors (see Darnall & Suarez, 2009). There are also
large gender differences in behavioral response to stress (e.g., Taylor et al., 2000). For
example, women are more likely than men to utilize social support when stressed (see
Taylor et al., 2000) and low levels of social support is a greater risk factor for depression in
women (e.g., Edwards, Nazroo, & Brown, 1998; Kendler, Myers, & Prescott, 2005; Olstad,
Sexton, & Sggaard, 2001). For example, in a large prospective study of over 1,000 pairs of
opposite-sex dizygotic twins, self-reported social support predicted future episodes of MDD
for women, irrespective of their depression history, but not for their male twins (Kendler et
al., 2005; Kendler & Gardner, 2014). Collectively, these facts imply that females may be at

28Kano et al. (2013), for example, found differences in response to painful oesophageal distension that differed between actual pain
and anticipation conditions; with females showing greater decrease in amygdala activation during anticipation and greater increase in
activation of the mid cingulate and AIC during actual pain than males.
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a greater risk of ID following stress and/or inflammation. Nevertheless, whether differences
in interoception—particularly the use of contextual cues for interoception—mediate the
differential effects of social support on depression risk for males and females remains an
open question.

Cultural Differences in Interoception

Cultures vary widely in their construal of the relation between mind and body, as well as
their use of bodily referents and somatic metaphor when communicating about emotional
states (see Kirmayer, 2001; Lewis-Fernandez & Kleinman, 1994).29 Data addressing the
question of cultural differences in the perception of bodily signals are nonetheless limited.
Chentsova-Dutton and Dzokoto (in press) examined interoception and body awareness in
West Africans and European Americans, finding that West Africans showed higher
awareness of bodily symptoms, as measured by the Body Awareness Questionnaire (Shields,
Mallory, & Simon, 1989), but lower interoceptive sensitivity, as measured using a modified
HBP task involving moment-to-moment ratings of changes in HR. Ma-Kellams et al. (2012)
similarly examined HBP accuracy in East Asian and Caucasian undergraduates, finding that
East Asians had poorer interoceptive sensitivity than Caucasians. Drawing on a series of
additional experiments, Ma-Kellams et al. (2012) argued that this difference was mediated
by a greater sensitivity to contextual cues in East Asian participants. The findings from these
experiments?’o nonetheless suggest a difference in integration of interoceptive and
exteroceptive stimuli, given that East Asians displayed both greater alliesthesia—indicating
modulation of exteroception by bodily signals—and greater modulation of interoception by
exteroceptive cues (see Ma-Kellams et al., 2012).

Maister and Tsakiris (2014), in contrast, failed to replicate the finding of a significant
difference in HBP between East Asian and Caucasian undergraduates in a study examining
HBP under conditions in which participants viewed either a blank screen, an image of their
own face, or an image of another same-ethnicity face. Instead, a significant interaction
between ethnicity and HBP change in response to participants being shown an image of
their own face was found, with Caucasians classified as having poor baseline HBP showing
improved HBP when tested under these conditions—an effect not seen in East Asians. The
interpretation of Maister and Tsakiris’s (2014) results is nonetheless not straightforward
given that the HBP performance of all participants classified as having good baseline HBP
was hindered, regardless of ethnicity, by being shown images of faces during HBP,
indicating likely interference between exteroceptive stimulation and HBP in this paradigm.

29or example, “somatization” is entirely normative in many cultures but considered pathological in Western cultures (see Kirmayer,

2001).

30These two experiments were a virtual version of Dutton and Aron’s (1974) classic scary bridge study—adapted for the laboratory
and modern virtual reality equipment—and a version of a classic “false feedback” paradigm (e.g., Vallins, 1966), in which participants
were tested for the effects of false feedback about their own heart rates on affective judgments about a set of images from the
International Affective Picture System (IAPS). Ma-Kellams et al. (2012) found that East Asian participants displayed greater
exteroceptive biasing of their affective judgments of IAPS images in the false-feedback paradigm and greater misattribution of arousal
(i.e. attraction to an opposite-sex avatar) in the virtual scary-bridge experiment.

Psychol Bull. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harshaw

Page 33

A Lifespan View of Interoception

The existence of gender- and culture-specific patterns of interoception raises the question of
how such differences arise—a question to which a number of biological, developmental, and
cultural answers can be plausibly offered (see Pennebaker & Roberts, 1992). Nevertheless,
few studies to date have examined the development of interoception. Little is known, for
example, about how interoceptive sensitivity and awareness develop or are modified over
the course of the lifespan (e.g., Koch & Pollatos, 2014). The approach adopted here is
grounded in developmental psychobiological systems metatheory, which views individual
development as a series of adaptations to a series of distinct ontogenetic niches, each with
its own unique set of resources, constraints, and challenges, as well as potential for
mismatch with adaptions acquired at earlier stages (see Alberts, 2008; Alberts & Harshaw,
2014; Bateson & Martin, 2000; Gottlieb, 2001; West & King, 1987). As illustrated in Figure
5, the framework assumes that different phases of ontogeny entail unique interoceptive and
regulatory challenges and that major transitions (cf. Birch & Anzman, 2010)—particularly
as impact the somatic and social milieus—Ilikely place vulnerable individuals at increased
risk for developing ID, potentially contributing to risk for anxiety and depression. What is
necessarily a partial sketch of what is known about these transitions and their impact on
interoception follows.

Early development—The first transition of note is that of birth—from the symbiosis of
intrauterine life to the highly social, postnatal regulatory milieu (see Harshaw, 2008). In
contrast to the “blooming, buzzing confusion” envisaged by James (1890), the perception of
regulatory signals is often assumed to be “basic,” “primordial,” or “innate” (e.g., Damasio,
1994, 2003a; Damasio & Carvalho, 2013; Denton, 2006; Denton, McKinley, Farrell, &
Egan, 2009; Greene, 2007; Hurley, Dennett, & Adams, 2011). Nevertheless, there is little
empirical backing for such claims (see Blumberg, 2005; Harshaw, 2008) and a number of
eminent researchers and theorists have argued that the perception of alimentary signals of
hunger and thirst, in particular, develop during the individual lifespan; that is, that infants
must acquire knowledge that particular internal signals indicate needs for specific resources
having particular exteroceptively perceptible sensory qualities and requiring particular
behaviors to satisfy (Baldwin, 1896; Bruch, 1969, 1970; Buck, 1989a, 1989b; Craig, 1912,
1918; Hebb, 1949; Hall, Arnold, & Myers, 2000).

Hebb (1949) argued that much of the confusion in the literature on eating in his day was the
result of the neglect of cognitive and developmental influences on hunger and eating. Bruch
(e.0., 1969, 1970) argued that early interactions with caregivers in feeding contexts could
shape the perception and interpretation of alimentary signals in adolescence and adulthood.
Buck (e.g., 1989a) similarly points out that the process of learning to identify and label
internal sensations differs fundamentally from that by which we learn about objects in the
outside world (cf. Schachter, Goldman, & Gordon, 1968). In Buck’s model of emotional and
communicative development, caregivers function as living biofeedback machines in that
they provide infants and children exteroceptive feedback about internal states by perceiving,
interpreting, and responding to infant and child cues and emotional displays (Buck, 1989a).
In this way, children are socialized to exhibit varying degrees of competence at identifying,
labeling, and responding to motivational and emotional signals (Buck, Goldman, Easton, &
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Smith, 1998). Such models provide a ready avenue for the socialization of gender
differences in interoception, somatic interpretation, and alexithymia—a process that would
depend largely upon culture-specific gender norms and parenting practices (Pennebaker &
Roberts, 1992).

Adolescence—Parental feeding practices vary greatly. For example, parents exert varying
degrees of control over feeding, and there is strong evidence that such variability impacts the
emerging self-regulatory capacities of children (see Frankel et al., 2012). Despite such
variation, most children in Western cultures nonetheless receive substantial external
scaffolding of their sleep and eating during childhood, but are provided increasing
opportunities to self-regulate during adolescence (Bruch, 1969). The next major transition is
thus from the highly structured, externally-scaffolded regulatory niche of childhood to fully
independent and autonomous self-regulation. Prior to adolescence, even profound
disturbances in self-regulation can, in theory, be masked by the social scaffolding provided
by adults (see Bruch, 1969).

That this transition is often fraught with difficulty is indicated by the high rate of sleep
disturbance in adolescents (e.g., Kirmil-Gray, Eaglston, Gibson, & Thoresen, 1984; Laberge
et al., 2001; Morrison, McGee, & Stanton, 1992). A steep rise in both clinical eating
disorders (Levine & Smolak, 1992; Patton, 1988) and sub-clinical abnormalities like meal
skipping (e.g., Shaw, 1998) also occurs during this period. Within the present framework,
children with latent interoceptive and/or self-regulatory deficits may be more vulnerable to
regulatory disturbance and depression during adolescence (cf. Bruch, 1969). The available
data lend support to this claim. For example, sub-clinical eating pathology during
adolescence is associated with both increased symptoms of depression (Fulkerson et al.,
2004) and risk for suicidality (Crow, Eisenberg, Story, & Neumark-Sztainer, 2008). Sleep
disturbance is similarly associated with both anxiety and depression during adolescence
(e.g., Marks & Monroe, 1976; Morrison et al., 1992). Prospective studies moreover find that
the strength of the relationship between sleep disturbance and subsequent depression
increases from childhood to adolescence (Alfano et al., 2009; Gregory & O’Connor, 2002;
Johnson, Chilcoat, & Breslau, 2000).

Pregnancy and childbirth—Although no research to date has examined the effects of
pregnancy and childbirth on interoception, the large somatic and contextual changes
involved inevitably entail interoceptive change if not challenge. Persinger (2001)
hypothesized that interoceptive changes during the menstrual cycle, pregnancy, and
menopause (e.g., altered cravings and strange somatic sensations) occur as a result of
somatic signals affecting the vagus and insula. Pregnancy and lactation are correlated with
changes in the cingulate and related regions in rodents (e.g., Salmaso, Cossette, &
Woodside, 2011). However, almost nothing is known about pregnancy- and parturition-
related changes in interoception in humans, apart from pregnancy involving reduced HRV
and altered sympathovagal balance (e.g., Ekholm, Hartiala, & Huikuri, 1997; Speranza,
Verlato, & Albiero, 1998). The timing of labor and delivery can induce transient circadian
disruption and sleep loss, with consequent negative impact on mood (Wilkie & Shapiro,
1992). Childbirth also generally marks a transition to a stressful and highly disrupted
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schedule, as caretakers grapple with the needs of an initially acircardian neonate. Coping
with an infant’s sleep patterns can result in disrupted sleep and fatigue, which are associated
with postpartum depression (see Ross, Murray, & Steiner, 2005). From the perspective of
the current framework, social and contextual changes during pregnancy and following
childbirth (cf. Hopkins, Marcus, & Campbell, 1984; Paykel et al., 1980) are nonetheless
likely to be as important as biological changes as risk factors for ID.

Menopause—Data relevant to interoception during menopause are similarly limited. The
perimenopausal period involves significant somatic change (see Steiner, Dunn, & Born,
2003) and frequently both sleep disruption (e.g., Nowakowski, Meliska, Martinez, & Parry,
2009) and conspicuous, abnormal somatosensations such as hot flashes, sweating, flushing,
numbness, itching, and even “burning mouth syndrome” (Persinger, 2001; T. Takahashi et
al., 2001). A recent PET study of eighteen perimenopausal women found that the occurrence
of hot flashes was associated with lowered regional glucose metabolism in both
hypothalamic thermoregulatory centers and insular cortex (Joffe et al., 2012), supporting the
idea that abnormal somatic sensations during menopause are indicative of 1D (Persinger,
2001).

Aging—A number of biological, social, and contextual factors may contribute to increased
levels of ID with aging (cf. Mendes, 2010). These include (a) major contextual changes and
stressors (e.g., retirement, disability, role loss; Rosow, 1973); (b) the loss of loved ones (e.qg.,
Bruce et al., 1990; Onrust & Cuijpers, 2006); and (c) increased incidence of inflammation-
triggering injury and disease (Alexopoulos & Morimoto, 2011). Comparative studies have
found that older animals show exaggerated and prolonged sickness behavior in response to
infection (e.g., Huang et al., 2008; Kelley et al., 2013) and human studies have found
upregulated inflammatory activity with aging (Bruunsgaard, Pedersen, & Pedersen, 2001)—
the degree of which correlates with depression (Baune et al., 2012).

Aging also involves both upregulated HPA-axis activity (e.g., Seeman, Singer, Wilkinson, &
McEwen, 2001) and a gradual decline in HRV (see De Meersman & Stein, 2007). Gradual
decline in interoceptive sensitivity, as measured via HBP, has also been reported (Khalsa,
Rudrauf, & Tranel, 2009). Cenesthopathy or reports of abnormal bodily sensations (e.g.,
parasitosis or delusions of infestation by parasites or bugs) are relatively common in old age
and senility and these may be particularly likely in females (e.g., T. Takahashi et al., 2001).
An overall reduction in both white and grey matter also occurs with aging (e.g., Giorgio et
al., 2010); however, relatively greater reductions in GMV have been observed in a number
of regions, including insular and cingulate cortices—particularly AIC and ACC (e.g., Good
etal., 2001; Tisserand et al., 2004; Vaidya et al., 2007). Decreased metabolism in bilateral
OFC and right AIC with age has also been reported (Hsieh et al., 2012). A recent study
moreover found a gradual decline in bilateral posterior insula and left ACC activation to
soft, pleasurable touch over the course of adulthood (May et al., 2014).

Based on such evidence, it has been suggested that the connection between mind and body
gradually deteriorates with age, impacting decision-making and other processes that rely
upon representations of somatic signals (see Mendes, 2010). This idea was supported by the
results of Khalsa et al. (2009), as well as findings indicating a gradual decline in
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proprioception (see Goble et al., 2009) and performance on tasks thought to rely upon the
use of somatic signals with age (e.g., Denburg, Tranel, & Bechara, 2005). It is nonetheless
possible that such changes occur not because of a decline in sensitivity but rather in affective
responsivity to somatic signals—that is, an interoceptive asymbolia (see Table 1). In a recent
study, for example, the largest age-related changes in functional connectivity with the
amygdala during the viewing of novel images were found for the AIC, although changes in
amygdala connectivity with hippocampus and OFC were also observed (Moriguchi et al.,
2011). This shift in amygdala-insula connectivity could explain both the results of Denburg
et al. (2005) and the general decline in responsivity to negative emotional stimuli with age
(see Mather, 2012).

Mendes (2010) also speculates that deteriorating interoception leads older adults to rely
more heavily upon external cues than do younger adults. There is currently no data
specifically addressing this argument. If Mendes is correct, older adults may be particularly
vulnerable to developing somatic symptomatology as a consequence of social and contextual
perturbations. Aging is characterized by shifts in roles and expectations far exceeding those
experienced during the transition from childhood to adolescence: that is, a transition from an
exteroceptive milieu highly structured by the demands of work, social obligations, etc., to
one of almost total, unstructured regulatory “freedom” during retirement (see Rosow, 1973).
Evidence suggests that such contextual shifts are both a source of stress (Rosow, 1973) and
associated with depression (e.g., LaGory & Fitzpatrick, 1992).31 With increasing age it is
nonetheless typical that increasing amounts of external scaffolding are provided—in the
form of various kinds of assistive care—which, in theory, may buffer older adults from the
consequences of ID.

Stress, infection, and inflammation during development—In addition to phase-
specific challenges, modifications of interoception by stress, infection, and inflammation are
possible across the lifespan. For example, vagal tone and vagal reactivity can be modified by
early life stress (see Field & Diego, 2008; Porges, 2011)—changes which mediate the
effects of early adverse experiences on outcomes like depression (e.g., Cyranowski et al.,
2011; Gentzler et al., 2012; Thayer & Brosschot, 2005). A number of studies have similarly
found long-term changes in insula activity and morphology following early stress, trauma,
and abuse (e.g., Ansell et al., 2012; Mueller et al., 2010). Similar changes have been
documented in ACC (e.g., Ansell et al., 2012; Mueller et al., 2010) and hippocampus (e.g.,
Arabadzisz et al., 2010; Bremner et al., 1999). Ansell et al. (2012), for example, found
cumulative stressful life events to be negatively correlated with GMV in insula, sgACC, and
mPFC. A recent study of depressed persons with a history of childhood maltreatment
moreover found altered functional connectivity between the vmPFC/ACC and a number of
regions, including insula, amygdala, caudate, thalamus, and hippocampus (L. Wang et al.,
2014).

The implication of such findings is that individuals at risk for depression as a result of early
life stress and/or inflammation may exhibit trait-like differences in interoception. It is well

3LIf Mendes is correct, laboratory HBP paradigms are also likely to underestimate the interoceptive sensitivity of older adults (e.g.,
Khalsa et al., 2009).
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established that exposure to stress hormones during early development significantly impacts
later depression susceptibility (e.g., Brunton & Russell, 2010; Kofman, 2002; Zagron &
Weinstock, 2006). Early stress appears to sensitize individuals such that they become more
vulnerable to stressors experienced later in life (e.g., Espejo et al., 2006; Hammen, Henry, &
Daley, 2000). The causal mechanisms underlying such sensitization are poorly understood
(Hammen, 2005). A focus on interoceptive pathways and ID nonetheless suggests a number
of potential mechanisms. For example, early stress can cause enduring effects on insula,
ACC, or other INS components (e.g., Ansell et al., 2012; Field & Diego, 2008; Porges,
2011) and tonic changes and/or circadian abnormalities in HPA-axis activation (Heim &
Nemeroff, 2001; Heim et al., 2008; Lupien, McEwen, Gunnar, & Heim, 2009)—changes
which may result in altered interoceptive awareness, interoceptive sensitivity, and/or
interoceptive-exteroceptive integration.

Individual, Gender, Cultural, and Lifespan Differences in Interoception: A Summary

In summary, interoception appears to vary significantly from person-to-person and by
gender as well as potentially culture and age. Specifically, women and possibly East Asians,
West Africans, and older adults may rely more heavily upon contextual cues for
interoception than males, persons of European decent, and younger adults, respectively.
From the perspective of the framework outlined here (see Fig. 4), it is predicted that the
former groups and individuals with similar interoceptive profiles—i.e. those who rely more
upon social and other contextual cues for disambiguating bodily signals—should be at
greater risk for somatic dysregulation and depression following large shifts in context and/or
behavior. In addition to potential for greater vulnerability in the face of contextual shifts,
women are more prone to rumination than men (see Nolen-Hoeksema, 2012)—a difference
that has been shown to partially mediate the relationship between gender and depression
(Nolen-Hoeksema & Aldao, 2011). Females may thus be both more prone to developing
regulatory dysfunction and more vulnerable to the potential mood-lowering consequences of
such dysfunction than males. Such vulnerability is nonetheless predicted to interact with
somatic and regulatory challenges faced across the lifespan in giving rise to ID and somatic
dysregulation.

That females report more somatic symptomatology (e.g., Haug, Mykletun, & Dahl, 2004)
and are also at heightened risk for depression (see Hankin & Abramson, 2001; Weissman et
al., 1993) is well established. Gender differences in depression are nonetheless not evident
in childhood, but arise suddenly during adolescence (Nolen-Hoeksema & Girgus, 1994;
Wade, Cairney, & Pevalin, 2002). As reviewed, adolescence is a time of transition—from a
highly scaffolded regulatory niche to one of autonomous self-regulation—that may be
particularly difficult for children who rely more strongly on social and contextual cues for
interoception and self-regulation (cf. Bruch, 1969). Given that females appear to rely more
on contextual cues for somatic perception (see Pennebaker, 1995) and also undergo
significant somatic change (e.g., menarche) not experienced by males, female adolescents
might be predicted to suffer more ID and somatic symptomatology during this transition.
Gender differences in the reporting of unexplained functional somatic symptoms (e.g.,
headaches, abdominal pain, fatigue) do appear suddenly in adolescence, with female
adolescents showing higher reporting of functional somatic symptoms than males (see J.E.
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Beck, 2008). Female adolescents are also more likely than males to exhibit both eating
disturbances like habitually skipping breakfast (e.g., Berkey et al., 2003; Shaw, 1998;
Timlin, Pereira, Story, Neumark-Sztainer, 2008) and sleep problems (e.g., Vallido, Jackson,
& O’Brien, 2009; Yarcheski & Mahon, 1994). In the case of eating disturbances, these have
been linked in prospective studies to heightened risk for depression in female adolescents
(e.g., Stice et al., 2000; Stice & Bearman, 2001).

Other major somatic transitions faced by women (e.g., pregnancy, childbirth, menopause)
may similarly place women at heightened risk for ID, somatic dysregulation, and depression
relative to men. In support of this claim, the occurrence of hot flashes and other
somatosensory abnormalities—indicators of somatic change and potential ID (e.g., Joffe et
al., 2012)—is one of the strongest predictors of depression during menopause (e.g., Cohen et
al., 2006; Freeman, Sammel, Lin, & Nelson, 2006). This relationship moreover appears to
be strongly correlated with differences in insomnia and subjective sleep quality that do not
appear to be caused by hot flashes simply waking women during the night (see Joffe et al.,
2009).

Only a few studies have examined cross-cultural differences in interoception. The two
studies comparing interoception in East Asian and Caucasian undergraduates suggest
potential differences in the integration of interoceptive and exteroceptive information (Ma-
Kellams et al., 2012; Maister & Tsakiris, 2014) and possibly greater dependency of
interoceptive sensitivity on context in East Asians (Ma-Kellams et al., 2012). Nevertheless,
these studies were conducted on college undergraduate samples and did not consistently find
impaired HBP in East Asians. The generalizability of these findings is thus unclear. A great
deal more research will likely be needed to clarify cross-cultural differences in interoception
and whether these mediate any meaningful differences in susceptibility to ID, somatic
symptomatology, and/or depression.

Similarly, there is only a small literature on the question of interoception and aging,
containing some evidence that interoception may gradually deteriorate in late adulthood
(e.g., Khalsa et al., 2009; May et al., 2014). With respect to the effects of aging on
depression risk, several studies have found that, after controlling for other factors,
depression risk is either stable or else gradually declines after mid-adulthood (e.g., Jorm,
2000; Roberts, Kaplan, Shema, & Strawbridge, 1997; Scott et al., 2008). Multiple risk
factors for depression (e.g., disability, inflammation, low social support) nevertheless tend to
increase with age (see Lewinsohn, Rohde, Seeley, & Fischer, 1991; Vink, Aartsen, &
Schoevers, 2008), which may result in a higher depressive symptomatology rather than
prevalence of clinical depression after the age of 75 (e.g., van't Veer-Tazelaar et al., 2008).
Although many of these risk factors have the potential to impact interoception—and there is
some evidence of deterioration or changes in interoception with aging (see Mendes, 2010)—
evidence directly linking such changes to heightened susceptibility to somatic
symptomatology and depression in old age is currently lacking.
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Discussion and Future Directions

A wide range of evidence implicating somatic signals and interoceptive dysfunction (ID) in
depression was reviewed. Somatic signals, including stress hormones and cytokines, along
with alterations of brain-body signalling via the vagus, are capable of significantly
impacting mood and depression. Based on neural evidence alone, it is also clear that
depression frequently involves some ID, particularly given that changes in insula—the
region of the brain most closely associated with conscious perception of bodily signals—are
reliably associated with depression (see Fitzgerald et al., 2008; see Table 3). A number of
other regions involved in interoceptive processing and interoceptive-exteroceptive
integration (e.g., hippocampus, ACC, mPFC) are nonetheless also reliably modified in
depression. Evidence is similarly accumulating that depression involves not only lowered
confidence in interoceptive abilities (e.g., Kopp, 2009) but some degree of lowered
sensitivity to bodily stimuli, as measured by HBP tasks (e.g., Furman et al., 2013; see Table
4). Anxiety comorbidity nonetheless appears to complicate this relationship (cf. Furman et
al., 2013), given that anxiety is associated with heightened awareness and sensitivity to
somatic signals (e.g., Domschke et al., 2010). Although more research is needed to elucidate
the prevalence and specific subtypes of ID typical in depression (see Table 1), the evidence
reviewed supports the conclusion that depression often involves ID.

Many neurobiological models of depression thus include components of interoceptive
dysfunction (e.g., Andréasson et al., 2007; Mayberg, 2009; Northoff et al., 2011; Paulus &
Stein, 2010). As reviewed, there are a variety of shortcomings to existing models,
particularly a lack of attention to the question of causality. That is, how do interoceptive
deficits come about in the first place? The framework presented here outlines three broad
pathways by which ID can arise in the context of depression and related disorders (see Fig.
4). As reviewed, females appear to be more susceptible to at least two of these pathways, in
that they are more vulnerable to shifts in context (see Pennebaker, 1995) and more prone to
rumination than males (see Nolen-Hoeksema, 2012). A focus on interoception and ID thus
provides a novel means of potentially shedding light on gender bias in the epidemiology of
depression.

Beyond this, the framework predicts that susceptibility to ID will be a joint function of
individual, gender, and cultural differences in somatic perception, interacting with
interoceptive and regulatory challenges faced across the lifespan (e.g., Fig. 5). For example,
a case can be made that the higher risk of depression in adolescence (Hankin & Abramson,
2001) may be at least partially tied to unique interoceptive and regulatory challenges faced
during this period. Adolescence involves both rapid somatic change and transition from high
levels of social scaffolding of sleep and eating to greater levels of autonomous self-
regulation (cf. Bruch, 1969). Although prospective studies indicate a reliable association
between sleep disturbance and subsequent depression across the lifespan (see Baglioni et al.,
2011; Gregory & Sadeh, 2012), the strength of this association increases during adolescence
relative to childhood (Alfano et al., 2009; Gregory & O’Connor, 2002; Johnson et al., 2000).

Women may nonetheless be at heightened risk for ID and somatic dysregulation given the
larger number of major somatic and regulatory transitions faced by women (e.g., menarche,
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pregnancy, childbirth, menopause). For example, female adolescents appear more likely to
suffer from both eating and sleep disturbance than males (see Timlin et al., 2008; Vallido et
al., 2009) and these—particularly eating disturbances—have been prospectively linked to
risk for depression in studies of female adolescents (e.g., Stice et al., 2000; Stice &
Bearman, 2001). Prospective studies have similarly linked somatic symptoms—particularly
sleep disturbance—to subsequent depression during pregnancy (e.g., Kamysheva et al.,
2010; Wolfson, Crowley, Anwer, & Bassett, 2003). The available data on ID during
menopause also indicate a high correlation between somatic symptoms (i.e., vasomotor
symptoms, such as hot flashes), sleep disturbance, and depression in perimenopausal women
(e.g., Joffe et al., 2009). Collectively, these facts provide tentative support for a connection
between heightened risk for depression and heightened vulnerability to ID and regulatory
disturbance in females.32 Nevertheless, relatively little is known regarding the effects of the
major somatic and regulatory transitions faced by women on interoception, and more
research is thus necessary to disentangle what is likely to be complex bidirectional interplay
between ID, somatic symptomatology, and depression.

It is important to note that many of these transitions—and with them, expectations for
effects on mind and body—are culturally constructed, defined, and elaborated. For example,
the construct of “menopause” is not universal in that the transition to a non-reproductive
phase is not universally cast as a negative. Likewise, aberrant somatic sensations, such as
hot flashes, are not universally experienced as aversive (see Lock, 1994). Despite the large
literature on cultural differences in the construal of the relation between mind and body,
reflected in differences in “somatization” among other things (e.g., Csordas, 1993;
Kirmayer, 2001; Kirmayer & Young, 1998; Simon et al., 1999), there is a paucity of data on
cultural differences in interoception (e.g., Ma-Kellams et al., 2012; Maister & Tsakiris,
2014). Given that the available literature is too sparse to warrant any generalization, it is
important to note that sensitivity to cultural distinct modes of interoception and
communication about the body will likely be critical for scientific progress in this area (cf.
Kirmayer, 2001). For example, laboratory-based measures of interoceptive sensitivity, such
as HBP, may be ill-suited for gauging sensitivity in cultures that stress reliance on social and
exteroceptive cues for interoception (e.g., Chentsova-Dutton & Dzokoto, in press; Ma-
Kellams et al., 2012). That is, these cultures may arrive at a qualitatively different solution
to the problem of somatic perception and interpretation, and different tools may thus be
needed to sensitively quantify interoception within these cultures. Likewise, constructs such
as “somatization” are likely counterproductive given that somatization is entirely normative
in many cultures (see Kirmayer, 2001; Kirmayer & Young, 1998).

As reviewed, interoception is not a single, unitary sense. Numerous forms of ID are thus
possible, each with unique implications for depressive symptomatology (see Table 1). Most
studies to date have nonetheless been limited to interoceptive sensitivity and at best
examined correlations between overall depression ratings (e.g., BDI scores) and HBP or

32Although some evidence also suggests higher rates of a “somatic subtype” of depression in women than in men (e.g., Silverstein,
2002; Silverstein et al., 2013), absolute rates of this subtype appear to be low and thus cannot fully explain gender difference in rates
of depression (Delisle et al., 2012). Additionally, some have suggested that sex differences in the epidemiology of depression may be
partly related to the absence of “male-typical,” externalizing symptoms from standard diagnostic criteria (Martin, Neighbors, &
Griffith, 2013; Rice et al., in press).
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insula activation (e.g., Dunn et al., 2007, 2009; Pollatos et al., 2009). Beyond this, few
studies have tested models relating specific forms of ID to specific symptoms of depression
(e.g., Dunn et al., 2010; Furman et al., 2013; Mitterschiffthaler et al., 2003). The framework
put forward here suggests only that ID is likely to give rise to typical somatic symptoms of
depression such as disrupted sleep and eating, which can potentially result in further ID
(e.g., by disrupting circadian rhythms; cf. Healy & Williams, 1988; Hofer, 1984). Recent
findings provide support for this hypothesis given that change in dorsal mid-insula activity
during HBP appears to correlate negatively with both somatic symptoms and depression
severity (Avery et al., 2014). The strong correlation between 1D, somatic symptoms, and
depression during menopause similarly provides support for this hypothesis (e.g., Freeman
et al., 2006; Joffe et al., 2012).

Interoceptive dysfunction is nonetheless potentially relevant to understanding a number of
other symptoms of depression (cf. Paulus & Stein, 2010; Northoff et al., 2011; Table 5). For
example, there is large overlap in the neural systems underlying interoception, social-
emotional cognition, and decision-making (e.g., Damasio, 1996; Porges, 2011). Social
cognition, in particular, appears to draw heavily on interoceptive-exteroceptive integration
and “mirroring” capabilities (e.g., Lakin et al., 2003). Many forms of 1D are thus likely to be
accompanied by social and emational deficits. Several symptoms of depression can, for
example, be viewed as disorders of penetrance (see Stokes, 2012) rather than as the result of
a simple “imbalance” in processing (cf. Northoff et al., 2011). The anhedonia characteristic
of depression may thus be the result of an overgeneralized negative alliesthesia; social
deficits may result from negative alliesthesia for social stimulation (cf. Paulus & Stein,
2010) and/or a diminished capacity for contagion or mimicry, due to unavailability of INS
circuitry for interoceptive-exteroceptive integration needed for social mirroring (cf. Adolphs
& Damasio, 2001). In support for this possibility, anhedonia has been associated both with
increased insula and ACC activity while viewing positively valenced images
(Mitterschiffthaler et al., 2003) and with reduced HBP accuracy (Dunn et al., 2010).
Reduced interoceptive sensitivity has also been linked to impaired social-emotional
processing, higher externally-oriented thinking, and alexithymia (e.g., Herbert et al., 2011;
Pollatos & Schandry, 2008). Furman et al. (2013) similarly found that decision-making
deficits in MDD are associated with reduced HBP. A focus on interoception and ID thus
holds the promise of permitting the construction of models in which somatic, cognitive-
affective, and social features of depression are causally interlinked (e.g., Fig. 4).

In summary, evidence implicating somatic signals and interoceptive dysfunction in
depression was reviewed and a framework for organizing this evidence presented. Three
distinct pathways through which interoception is likely to be modified in depression were
outlined, and these situated within the broader literature on interoception and somatic
interpretation. A key tenet of the framework presented is that social and other contextual
cues are ordinarily employed to disambiguate bodily signals (cf. Cioffi, 1991; Mechanic,
1972) and that this may render depressed persons—particularly those who rely more heavily
upon such cues for self-regulation under ordinary circumstances—vulnerable to errors in
somatic interpretation given large shifts in context or behavior (cf. Hofer, 1984). Depression
may nonetheless involve a range of distinct forms of interoceptive dysfunction (e.g., when
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comorbid with anxiety), each with potentially distinct consequences for depressive
symptomatology. Although much about the perception of the body in depression remains
unknown, it is hoped that this framework will prove useful for hypothesis generation in this
new and promising area of research.
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Figure 1.

A depiction of the integration and bidirectional “penetrance” of interoception and
exteroception. A number of cognitive processes (closed box) necessarily rely upon the

integration of interoceptive and exteroceptive information. For

example, the homeostatic

condition of the body is imperative for judging whether or not to approach, avoid, or even
attend to a given stimulus. Penetrance describes “spill over” or bleed-through from one
perceptual system to another—from interoception to exteroception or vice versa. For
example, alliesthesia occurs when bodily signals shift the valence or attractiveness of an
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exteroceptive stimulus (Cabanac, 1971), whereas contagion occurs when an exteroceptive
stimulus overrides representation of bodily signals. Interoceptive dysfunction can thus
potentially influence a large number of cognitive processes, particularly those typically
involving alliesthesia and contagion (e.g., motivational behavior, social cognition).
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A simplified illustration of the major connections and many feedback loops involved in
interoception in humans and other primates; adapted with permission from Craig (2003a),
with additional connections added based on the work of others (e.g., Mufson et al., 1981;
Ray & Price, 1993). Red lines indicate pathways that are phylogenetically novel in primates.
Larger grey arrows indicate the general flow of bodily information from the vagus and brain
stem upward to the right anterior insula—the theoretical nexus of consciously accessible
feelings of the body and ““self”” (see Craig, 2003a). A1 = brainstem area 1; ACC = anterior
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cingulate cortex; ANS = autonomic nervous system; MD = medial dorsal nucleus of the
thalamus; NTS = nucleus of the solitary tract; OFC = orbitofrontal cortex; PAG =
periaqueductal gray; PB = parabrachial nucleus; mPFC = medial prefrontal cortex; RVLM =
rostral ventrolateral medulla; VMb = basal ventral medial nucleus of the thalamus; VMpo =
posterior ventral medial nucleus of the thalamus; VMM = ventral medial medulla.
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Figure 3.
An illustration of the Northoff et al. (2011) model of interoception in depression. An

imbalance between interoceptive and exteroceptive processing is central to this model.
Neurally, this is manifest as simultaneous hyperactivity in cortical-midline structures (e.g.,
interoceptive regions such as insula and related regions involved in temporal perception,
affect and reward, such as the pACC, vmPFC, and amygdala) and hypoactivity in “lateral
ring” structures (e.g., dIPFC and sensorimotor cortices). A number of potential causes of
such imbalance are noted by Northoff et al., including genetic, neurochemical, endocrine,
immune, and social factors. A variety of downstream consequences of interoceptive-
exteroceptive imbalance, which overlap with symptoms of depression, are shown. A number
of other symptoms not shown, such as negative biases, negative mood, anhedonia,
psychomotor retardation, decreased goal orientation and working memory, are noted by
Northoff et al. (2011). These are nonetheless related by Northoff et al. to changes in
functioning of specific brain regions/networks rather than specifically to interoceptive-
exteroceptive imbalance.
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Multiple Pathways to Interoceptive Dysfunction

Inflammatory Cytokines Elevated Stress Hormones
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Shifts (particularly social) stressors, adrenocortical
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(a) Modification of INS b) Loss of External Cues n (c) Attentional Changes
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Figure 4.
A framework for understanding interoceptive dysfunction (ID) in depression. The topmost

row indicates common proximal causes of ID (e.g., stroke, stress, pro-inflammatory
cytokines, behavioral or contextual changes). The next row illustrates the three main
pathways by which these are likely to give rise to ID: (a) modification to neural systems
underlying interoception, or the interoceptive nervous system (INS); (b) loss of
exteroceptive cues ordinarily used to disambiguate interoceptive signals; and (c) attentional
changes. Arrows indicate known interactions and likely causal influences, although these are
not exhaustively illustrated (e.g., inflammatory cytokines, stroke, etc., may also influence
stress hormone levels and vice versa). As is indicated in brackets, all such pathways
ultimately interact with individual, gender, and cultural differences in interoception in giving
rise to ID. ID is moreover likely to give rise to errors in somatic interpretation or missed
somatic signals, contributing to the somatic symptoms (e.qg., disrupted sleep and eating)
typical of depression (cf. Healy & Williams, 1988).
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Challenges for Interoception and Somatic Regulation Across the Lifespan

transition to greater regulatory
autonomy; rapid somatic changes altered somatic signals

+ altered somatic signals
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Adolescence

Menopause

acquire knowledge rapid somatic changes; loss of loved ones and other
of interoceptive-exteroceptive regulatory disruption; external structure; increased
mappings (i.e., interoceptive/ large change to social/ inflammation, injury, and disability;
emotional competence) situational context altered somatic signals
Figure 5.

A schematic illustration of common interoceptive and regulatory challenges across the
lifespan, from a female and Western-biased cultural perspective. The framework put forward
here assumes that over the course of the lifespan major somatic changes and regulatory
transitions (e.g., from childhood to adolescence) likely place unique strain on regulatory and
interoceptive capacities alike. Such challenges are nonetheless likely to be highly culture-
specific (e.g., menopause is not universally viewed negatively). For vulnerable individuals,
ensuing ID and somatic dysregulation may, theoretically, contribute to the development of
anxiety and/or depression.
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Table 1

A Taxonomy of Interoceptive Dysfunction

Type of Interoceptive
Deficit/Disturbance

Description and Example(s) of Deficits

Sensory

Transmission

Representation

Affective response

Integration/Penetrance

Alliesthesia

Contagion

Awareness

Amplification

Somatization

Consciousness

Memory/Knowledge

Somatic interpretation

Disambiguation

Discrimination

Communication

Decision-making

Abnormal transduction of somatic stimuli (Cameron, 2002; Vaitl, 1996). For example, congenital insensitivity to pain
involves sensory degeneration and a lack of sensitivity to stimuli that ordinarily result in pain (see Indo, 2009).

Abnormal encoding and/or transmission of interoceptive stimuli. For example, a number of peripheral neuropathies
affect myelination and thus transmission of somatic information (Cameron, 2002; Vaitl, 1996; Wernicke, 1906).

Abnormal cortical representation of interoceptive stimuli (see Craig, 2002, 2009, 2010). In theory, entirely illusory or
hallucinatory perception of interoceptive signals is also possible given abnormal spontaneous activity in interoceptive
regions or abnormally large top-down modulation of interoception (see Wiens, 2005). Such a process could, for
example, underlie the excessive ingestion of fluids (i.e., polydipsia) and cenesthopathy frequently observed in severe
schizophrenia (e.g., Adetoki et al., 2013).

Abnormally heightened or diminished affective response to interoceptive stimuli. For example, an interoceptive
asymbolia would entail intact sensory processing but abnormal affective response to or salience of somatic signals.
Such a condition could result in depersonalization (see Sierra & Berrios, 1997; Sedefio et al., 2014) or an
interoceptive homologue to Capgras syndrome (cf. Graux et al., 2011; Hirstein & Ramachandran, 1997).

Abnormal integration or binding of interoceptive and exteroceptive information.

Abnormally heightened or diminished modulation of exteroceptive processing by somatic stimuli. For example,
hyperalliesthesia would entail abnormally large modulation of exteroceptive perception by somatic signals or state —
a concept implied in descriptions of alliesthetic processes in addiction (cf. Paulus, Tapert, & Schulteis, 2009;
Verdejo-Garcia, Clark, & Dunn, 2012). In theory, extreme hyperalliesthesia could result inexteroceptive
hallucinations (c.f. Forrer, 1960a, b), similar to movement-or proprioceptively-induced hallucinations observed in
experimental blindness (see Pascual-Leone & Hamilton, 2001).

Abnormally heightened or diminished modulation of interoceptive processing by exteroceptive stimuli. Hyper-
contagion, for example, might entail abnormally heightened tendencies for non-intentional mimicry and/or echolalia
(e.g., as occurs in some cases of autism and other developmental disorders).

Abnormal proneness to direct attention to bodily sensations (e.g., as occurs in hypochondriasis). Garfinkel and
Critchley (2013) refer to this aspect of interoception as “interoceptive sensibility” and use “interoceptive awareness”
to refer to the meta cognitive awareness of interoceptive sensitivity.

Somatosensory amplification entails increased attention to somatic signals, particularly those that are relatively weak
and infrequent, with a bias toward interpreting such signals as abnormal, noxious, and/or symptomatic of disease
(Barsky, 1992).

A tendency to experience and communicate physical symptoms when the cause of distress is psychological or
psychosocial and no physical illness is present (Lipowski, 1988). Note that “somatization” can be culturally
normative and thus ought not be taken as a necessary indicator of pathology (see Kirmayer, 2001).

Abnormally intensified or diminished consciousness of somatic stimuli. Such a disorder might, for example, resemble
an interoceptive blind sight or a dissociation of somatic signals from awareness; such a dissociation, theoretically,
occurs nightly, to prevent somatic stimuli from causing premature waking (cf. Ungredda, Gluck, & Geliebter, 2012).

Abnormal memory or knowledge of somatic signals. For example, an inability to utilize interoceptive signals as
contextual cues for storage/retrieval (Davidson & Jarrard, 1993; Jarrard, 1973; Nauta, 1971) or an interoceptive
amnesia, as was displayed in the case study described by Sidis and Goodhart (1905).

Disturbance in the ability to use interoceptive signals to disambiguate exteroceptive stimuli (i.e., as cues for
recognition) and/or the ability to utilize exteroceptive cues to disambiguate or “contextualize” interoceptive signals
(Cioffi, 1991; Mechanic, 1972; Zucker & Harshaw, 2012).

Difficulty distinguishing somatic signals from each other and/or from emotional signals. For example, an inability to
distinguish tiredness from hunger or emotional upset (e.g., Bruch, 1961, 1969).

Impaired ability to communicate about bodily signals and/or feelings. For example, alexithymia involves difficulty
identifying and describing emotional and somatic states (Lesser, 1981; Messina, Beadle, & Paradiso, 2014).

A deficit in utilizing somatic information in decision-making (Damasio, 1994, 1999; Nauta, 1971).

Note. This taxonomy is necessarily incomplete, but nonetheless represents the most thorough tabulation of interoceptive dysfunction available.
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Table 2

Page 87

Studies on Vagal Nerve Stimulation as Treatment for Refractory Depression

Study Comparison Groups and Ns Outcome Measures(s) Main Finding(s)
George et TRD receiving 12-month TAU (N = CGI-I; HAMD; IDS-SR Greater decrease in depression scores and higher
al. (2005) 124); TRD receiving 12-month TAU response rate in VNS + TAU than in TAU only
+ VNS (N = 205; described in Rush et group (IDS-SR and HAMD). Three times as many
al., 2005) participants in VNS + TAU were rated as “much
improved” or “very much improved” than in the
TAU only group (CGI-I). More participants in the
VNS + TAU group showed sustained response to
treatment (IDS-SR).
Olinetal. TRD receiving TAU (N = 309) or AOS;CGlI-I; MADRS Item Reduced risk of suicidality in VNS + TAU compared

(2012) TAU + VNS (N = 373) for 2-3 years;
Participants self-selected into
treatment groups (non-random).

Rush et al. TRD receiving 10 weeks VNS (N =
(2005) 112) or Sham VNS (N = 110)

10; QIDS-SR

CGI-1; HAMD; MADRS;
IDS-SR

to TAU only group.

Higher response rates to active than sham VNS,
according to secondary (IDS-SR) but not primary
(HAMD) outcome measure.

Note. Studies on the efficacy of Vagal Nerve Stimulation (VNS) in depression. Only studies including Treatment as Usual (TAU) or Sham VNS
controls are included (see Berry et al., 2013; for a broader meta-analysis). That is, case studies (e.g., Borckardt et al., 2006; Critchley et al., 2007),
studies of VNS efficacy without controls (e.g., Christmas et al., 2013; Cristancho et al., 2011), studies comparing only various levels of VNS
intensity (e.g., Aaronson et al., 2013), and studies focused solely on specific biological and cognitive consequences of VNS in depression, such as
effects on pain perception, cravings, and flavor perception (e.g., Borckardt et al., 2005; Sperling et al., 2011) are not included. All findings noted
are statistically significant. It is important to note that all three of the listed studies were funded by or conducted by employees of Cyberonics, Inc.
(Houston, TX), the manufacturer of the VNS devices used in these studies.

AOS = Assessment of Suicidality; CGI-I = Clinical Global Impression-Improvement; HAMD = Hamilton Rating Scale-Depression; IDS-SR =
Inventory of Depressive Symptomatology — Self-Report; MADRS = Montgomery Asberg Depression Rating Scale; QIDS-SR = Quick Inventory
of Depressive Symptomatology Self-Report; TRD = Treatment resistant depression;
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Table 3

Page 88

Studies Investigating Insula Morphology and Functioning in Depression

Study Comparison Groups Imaging Method(s); Task(s) Main Finding(s)
and Ns
Anand et al. Unmedicated unipolar ~ fMRI BOLD signal changes during Greater activation in amygdala, insula,
(2005) MD (N = 15), Healthy ~ emotional picture viewing (IAPS); pallidostriatum, ACC, and amPFC during negative

Beauregard et al.
(2006)
Biver et al. (1997)

Brody et al.
(2001a)

Brody et al.
(2001b)

Connolly et al.
(2013)

Grimm et al.
(2008)

Grimm et al.
(2009)

Horn et al. (2010)

Kennedy et al.
(2006)

Kong et al. (2014)

Lai & Wu (2014)

controls (N = 15)

Unmedicated unipolar
MD (N = 12), Healthy
controls (N = 12)

Unipolar MD (N = 8),
Healthy controls (N =
22)

MDD (N = 39), No
controls

MDD (N = 24),
Healthy controls (N =
16)

Medication naive,
adolescents with first-
episode MDD (N =
30); Healthy controls
(N =45)

MDD (N = 20),
Healthy controls (N =
30)

MDD (N = 25),
Healthy controls (N =
25)

Medicated, MDD (N =
22), Healthy controls
(N=22)

MDD (N = 14),
Healthy controls (N =
14)

Single episode,
unmedicated MDD (N
= 28), Healthy controls
(N=28)

First episode,
unmedicated MDD (N

HDRS;

fMRI BOLD signal changes during a
task involving the down-regulation of
sadness

PET imaging + selective radioligand
[*8F]altanserin, to investigate 5-HT,
receptor binding

FDG-PET imaging pre- and post-12-
week treatment with either paroxetine
or psychotherapy; examined
correlations with HAMD and PoMS
factors

FDG-PET imaging pre- and post- 12-
week treatment with either paroxetine
or psychotherapy

fMRI; resting state functional
connectivity (iFC); CDRS-R; BDI II;

1

fMRI during positive and negative
emotional picture viewing (IAPS) and
judgments of emotion

fMRI during positive and negative
emotional picture viewing (IAPS) and
judgments of self-relatedness

MRS; resting state fMRI

PET imaging + [*'C]carfentanil, to
investigate p-opioid receptor binding
under neutral and sadness conditions;
plasma cortisol and corticotropin

MRI pre- and post-treatment with
fluoxetine (8 weeks)

MRI; HAM-D

compared to neutral picture viewing in MDD.

Greater activation of right insula, amygdala, anterior
temporal pole, and dACC during emotion down-
regulation in MD.

Reduced serotoninergic binding in right AIC and
OFC in MD.

Changes in all factors with treatment correlated with
ventral frontal lobe changes; Changes on the anxiety/
somatization factor of the HAMD and tension factor
of the POMS correlated with lowered right vACC and
bilateral AIC activity. POMS fatigue subscale
correlated with left AIC changes.

At baseline: higher metabolism in PFC (bilateral),
dorsal caudate and thalamus in MDD. After
treatment: increases in left insula and bilateral
inferior temporal lobe; left insular changes were
largest effect overall; paroxetine had largest effect in
right insula.

MDD group showed heightened iFC between sgACC
and left precuneus and mid insula, and right AIC.
MDD group also showed increased iFC between the
pPgACC and right amygdala; BDI-11 scores were
correlated with iFC between sgACC and left
precuneus; CDRS-R scores correlated with iFC
between sgACC and left mid frontal gyrus.

During judgments of emotion MDD showed greater
activation in right dIPFC, right insula, medial
occipital and right parietal cortex; controls showed
greater activation in left dIPFC, PCC/MPC, bilateral
occipital cortex, and left premotor cortex. Signal
change in right dIPFC during emotional judgment
correlated with BDI scores.

Lower BOLD signal levels in MDD during judgment
of pictures in dmPFC, SACC, precuneus, bilateral
DMT, VS, left dIPFC, and insula; during positive
pictures; changes in insula activation correlated
positively with self-relatedness ratings; an opposite
(neg) correlation was found in controls.

In severe MDD, funct. connectivity between pgACC
and AIC predicted by glutamatergic activity in
pgACC.

Greater p-opioid receptor activation in right anterior
temporal and anterior insular cortices, left inferior
temporal cortex, and right ventral basal ganglia,
thalamus and amygdala during sadness in MDD than
in controls. Greater deactivation of p-opioid receptors
in controls in ACC, hypothalamus, left amygdala, and
a number of other regions.

Prior to treatment, MDD had decreased GMV in right
dIPFC and left mid frontal gyrus, and increased GMV
in left thalamus and right insula compared to
controls. Treatment increased GMV in left mid
frontal gyrus and right OFC.

Lower GMV in left insula, mid frontal gyrus, medial
frontal gyrus, and bilateral superior frontal gyri in
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Study

Comparison Groups
and Ns

Imaging Method(s); Task(s)

Main Finding(s)

Lane et al. (2013)

Liu et al. (2010)

Liu et al. (2014)

Manoliu et al.
(2014)

Mayberg et al.
(1997)

Peng et al. (2011)

Ramasubbu et al.
(2014)

Soriano-Mas et al.
(2011)

Sprengelmeyer et
al. (2011)

= 38), Healthy controls
(N=27)

MDD (N = 8), Healthy
controls (N = 11)

MDD (N = 15), first-
degree relatives of
MDD group (N = 15),
Healthy controls (N =
15)

MDD (N = 19),
Recovered from MDD
(N =19), Healthy
controls (N = 19); all
participants were

female

MDD (N = 25),
Healthy controls (N =
25)

Unipolar MD (N = 18),
Healthy controls (N =
15)

First episode MDD (N
= 22), Healthy controls
(N =30)

MDD (N = 55),
Healthy controls (N =
19)

MDD (N = 70),
Healthy controls (N =
40)

Medicated, chronic (>2
years) MDD (N = 27),
Healthy controls (N =
51)

fMRI; ECG for measurement of
cardiac vagal control; Emotional
Counting Stroop

fMRI resting state functional
connectivity using ReHo

MRI; HAM-D

MRI; intrinsic functional connectivity
(iFC) via resting state fMRI; HAM-D;
BDI

FDG-PET; HAM-D; Response to Tx
with antidepressants, assessed at 6
weeks;

MRI; HAM-D

MRYI; intrinsic functional connectivity
(iFC) via resting state fMRI; HAM-D;
HAM-A;

MRI pre- and post-2 year treatment;
HAM-D;

MRI; fMRI during Ekman 60 faces
and Emotion Hexagon (EH) tasks;
HAM-D; BDI-II; SHAPS;

MDD. Negative correlation between total GMV and
HAM-D scores in MDD.

Magnitude of RSA change during Stroop correlated
with bilateral sgACC, left BA47, and left AIC in
healthy controls. These correlations were absent in
MDD.

Reduced ReHo in right insula and lentiform nucleus,
left mid frontal gyrus, cerebellum, superior temporal
gyrus, and precentral/postcentral gyri and increased
ReHo in left inferior frontal gyrus and inferior
parietal lobule in MDD compared to controls.
Reduced ReHo in right insula and left cerebellum in
first-degree relatives of MDD.

Current MDD group had lower GMV in right dorsal
anterior insula and left dorsal insula than controls;
Recovered MDD group had lower GMV in left dorsal
insula than controls. Right dorsal anterior insula
GMV correlated positively with number of
depressive episodes in current MDD group.

MDD group showed decreased iFC between posterior
DMN and dorsal CEN, and increased iFC between
the SN and inferior posterior DMN. Intra-iFC was
decreased in bilateral anterior insula in MDD; there
was a significant negative correlation between intra-
iFC for right anterior insula and severity of
depression, as measured by both BDI and HAM-D.

Responders had increased rACC metabolism,
whereas non-responders had decreased rACC
metabolism relative to controls. Non-responders had
decreased left PFC metabolism compared to controls;
Responders and non-responders also differed in
dIPFC, premotor and basal ventral frontal cortex, and
anterior insular metabolism.

MDD group showed reduced GMV in bilateral
inferior/middle frontal gyri, temporal poles, mid
temporal gyri, and anterior insula, right OFC, left
parahippocampal gyrus, and left cerebellum. A
negative correlation between HAM-D scores and
right dIPFC GMV was also found.

MDD group showed decreased iFC between left
amygdala and a number of regions, including vIPFC,
motor cortex, caudate, precuneus, and right insula.
Right amygdala showed decreased iFC with left
caudate, and right cuneus and insula. Amygdala iFC
with these regions did not correlate with HAM- and
HAM-A scores; however, iFC between left amygdala
and right temporal pole correlated negatively with
HAM-D and HAM-A scores.

No differences in global measures of GMV or WMV
between patients and controls. MDD group showed
reductions in left posterior insula and WMV
increases in brainstem tegmentum. Males with MDD
showed reduced GMV in right thalamus. Left
posterior insula GMV correlated negatively with days
to symptom remission. “Core HAM-D” symptoms
correlated positively with left posterior cingulate
GMV.

Reduced discrimination of disgust on 60 faces test in
MDD; reduced accuracy for sadness, disgust, and
anger on EH task in MDD. Reduced GMV in right
amygdala, superior frontal gyrus, and
parahippocampal gyrus, left insula, mid temporal and
fusiform gyri in MDD relative to controls. In MDD,
GMV in right anterior insula, ACC, and mid temporal
gyrus, left inferior frontal gyrus correlated with
HAM-D score. Similar finding with BDI-II, however,
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Study

Comparison Groups
and Ns

Imaging Method(s); Task(s)

Main Finding(s)

Tahmasian et al.
(2013)

T. Takahashi et al.
(2010)

van Tol et al.
(2014)

Veer et al. (2010)

L. Wang et al.
(2014)

Wiebking et al.
(2010)

Yao et al. (2009)

Zhang et al.
(2014)

Recurrent MDD (N =
21), Healthy controls
(N =20)

Current MDD (N =
29), Recovered from
MDD (N = 27)
Healthy controls (N =
33)

Acute MDD (N = 20)
Healthy controls (N =
20)

MDD (N = 19)
Healthy controls (N =
19)

MDD with history of
childhood neglect (N =
19), MDD without
such history (N = 21),

Healthy controls (N =
20)

MDD (N = 17),
Healthy controls (N =
17)

MDD (N = 26),
Healthy controls (N =
26)

Unmedicated, first-
episode MDD (N =
32), Healthy controls
(N =35)

MRYI; intrinsic functional connectivity
(iFC) via resting state fMRI; HAM-D;
BDI; GAF;

MRI,

MRI; resting state functional
connectivity (iFC) via fMRI; fALFF;
HAM-D;

fMRI; resting state functional
connectivity (iFC); MADRS;

MRI; resting state connectivity
strength (FFC) for every voxel;
HAM-D; CTQ;

fMRI during Schandry (1981) HBP
and exteroceptive tone-counting
tasks; BDI; BPQ; MADRS;

fMRI resting state functional
connectivity using ReHo; HAM-D;

fMRI resting state functional
connectivity (iFC) and ALFF; CES-
D;

bilateral insula and left ACC GMV correlated with
BDI-II scores; Bilateral insula and left mPFC GMV
correlated with discrimination of disgust.

MDD group showed decreased hippocampal and
amygdala GMV. Reduced iFC between amygdala
and dmPFC, inferior frontal gyrus, and fronto-insular
operculum in MDD.

Left anterior insula GMV was reduced in both current
and remitted MDD compared to controls. Medication
status had no effect on insula GMV. A significant
negative correlation between insular GMV and age of
onset of MDD for both current and remitted MDD
was also found.

MDD group showed lower cortical thickness in right
posterior mid cingulate, dIPFC, dmPFC, and superior
temporal gyrus. No correlation between regional
thickness and HAM-D scores was found. MDD group
also showed reduced iFC between dmPFC and left
anterior insula and mid frontal gyrus, and decreased
iFC with left mid temporal gyrus, right temporal pole,
and PCC/precuneus.

No differences in GMV were detected between MDD
group and controls. Decreased iFC between bilateral
amygdala and left insula in affective network.
Reduced iFC of left frontal pole in attention/working
memory network. No relationship was found between
MADRS scores and any iFC measure.

Both MDD groups showed reduction in FCS in
bilateral vmPFC and vVACC. The MDD with neglect
group also showed reduced FCS for dmPFC, VIPFC,
insula, caudate, thalamus, parahippocampal gyrus,
hippocampus, amygdala and cerebellum. In the MDD
with neglect group, negative correlation between the
emotional neglect subscale of the CTQ and FCS for
bilateral thalamus, dmPFC, and dIPFC was found.

Higher scores on all BPQ subscales except
“awareness” in MDD. BDI scores correlated
positively with BPQ scores. MDD group had less
change in insula activation during HBP task than
controls, due to heightened activation during rest
periods. Deactivation of insula during rest correlated
with BPQ scores in controls, but not MDD.

MDD group showed reduced ReHo in right OFC,
VACC, insula, fusiform gyrus, and PCC, and left
dACC and lentiform nucleus. ReHo in OFC and
dACC correlated positively with Cognitive
Disturbance (HAM-D); ReHo in right vACC and
insula correlated with Hopelessness; ReHo in left
dACC correlated with Sleep disturbance; ReHo in
PCC and right insula correlated with Retardation;
Anxiety also correlated with right insula ReHo.

MDD group showed reduced ALFF in bilateral OFC
and increased ALFF in bilateral temporal gyrus and
insula, and left fusiform and mid occipital gyri. MDD
group also showed reduced iFC between left
amygdala and left OFC. No correlations between iFC
or ALFF and CES-D scores were found.

Note. Functional and structural neuroimaging studies focused on fronto-insular functioning or featuring insula abnormalities as a major finding
detected in depression compared to non-depressed controls (see Fitzgerald et al., 2008; L. Wang, Hermens, & Lagopoulos, 2012; for reviews). All
findings noted are statistically significant.

AIC = anterior insular cortex; ACC = anterior cingulate cortex; pgACC = pregenual ACC; rACC = rostral ACC; SACC = supragenual ACC; vACC
= ventral ACC; ALFF = amplitude of low-frequency fluctuations; fALFF = fractional ALFF; BDI = Beck Depression Inventory; BOLD = Blood
oxygen-level dependent; BPQ: Body perception questionnaire; CDRS-R = Children’s Depression Rating Scale-Revised; CES-D = Center for
Epidemiological Studies Depression Scale; CTQ = Childhood Trauma Questionnaire; DMN = Default Mode Network; DMT = dorsomedial
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thalamus; FDG = [18F]fluorodeoxyglucose; GAF = Global Assessment of Functioning; GMV = grey matter volume; HAM-A = Hamilton Anxiety
Rating Scale; HAM-D = Hamilton Depression Rating Scale; IAPS = International Affective Picture System; MADRS = Montgomery—Asberg
Depression Rating Scale; MD = Major Depression; MDD = Major Depressive Disorder; MRI = Magnetic Resonance Imaging; fMRI = functional
MRI; OFC = Orbitofrontal cortex; PCC = posterior cingulate cortex; PET = Positron Emission Tomography; PFC = prefrontal cortex; amPFC =
anteromedial PFC; dIPFC = dorsolateral PFC; dmPFC = dorsomedial PFC; vIPFC = ventrolateral PFC; PoMS = Profile of Mood States; ReHo =
regional homogeneity; RRS = Rumination Response Scale; SHAPS = Snaith-Hamilton Pleasure Scale; SN = Salience Network; VS = ventral
striatum; WMV = white matter volume.
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Table 4

Studies Investigating Interoceptive Sensitivity in Depression

Page 92

Study

Comparison Groups and Ns

Task; Method

Main Finding(s)

Ehlers &
Breuer
(1992)

van der Does

et al. (1997)

Dunn et al.
(2007)

Dunn et al.
(2010)

Herbert et al.

(2011)

Mussgay et
al. (1999)

Pollatos et al.
(2009)

Terhaar et al.

(2012)

Furman et al.
(2013)

compared participants with depression
(N = 16; 8 males) to panic disorder (N
=13; 8 males) and generalized anxiety
disorder (N = 15; 9 males)

compared participants with depression
or dysthymia (combined; N = 16; 3
males) to panic disorder (PD; N = 23;
8 males) and healthy controls (N = 21;
8 males)

compared healthy controls (N = 18; 4
males) to a mild-to-moderately
depressed community sample (N = 18;
5 males), to a severely depressed
clinical sample (N = 18; 5 males)

examined correlations across a range
of depressed and non-depressed
community volunteers (N = 113; 31
males)

examined correlations in a minimally
depressed, non-clinical (under-
graduate) sample (N = 155; 67 males)

compared a number of psychiatric
diagnoses (inpatients), including
neurotic depression (N = 141; 19
males) and reactive depression (N =
106; 24 males) to healthy controls (N
=48; 19 males)

examined correlations in a minimally
depressed, non-clinical (under-
graduate) sample (N = 119; 21 males)

compared moderately depressed
participants with MDD (N =16; 3
males) to age- and gender-matched
controls (N = 16)

compared female participants with
MDD and no comorbid anxiety (N =
25) to healthy controls with no history
of depression (N = 36)

HBP; Schandry method

HBP; Schandry method

HBP; Schandry method

HBP; computerized version
of Schandry method

HBP; Schandry method

HBP; Schandry method

HBP; Schandry method

HBP; Schandry method +
exteroceptive tone tracking
task

EEG (examined heartbeat
evoked potentials; HEP)

HBP; Schandry method +
Affect Intensity Measure
(AIM) + Structured Clinical
Interview for DSM-1V
(SCID)

poorer HBP in panic and GAD than depression; no
comparison with healthy controls, but higher error
rates in depression compared to controls in separate

. *
experiment of same study.

depressed participants had the highest HBP error
rate and the lowest % of accurate HB perceivers,
and were significantly worse than PD but not
controls.

a significant negative correlation between HBP error
scores and BDI was found only for the moderately
depressed community sample; a significant
difference from controls was found only in the
moderately depressed sample; overall, a U-shaped
relationship between HBP and depression severity
was found.

found no relationship between HBP and trait
anxiety, nor between HBP and BDI; found that the
relation between HBP and BDI was modulated by
trait anxiety, and the relation between HBP and
anxious arousal was modulated by anhedonia.

found a significant negative correlation between
BDI-2 and HBP scores.

a significant difference from controls was found
only for personality disorders although there was a
trend (p = .06) toward significantly poorer HBP in
reactive depression.

found a significant negative correlation between
BDI and HBP, and a significant positive correlation
between anxiety and HBP; the relationship between
BDI and HBP was modulated by anxiety.

depressed participants had significantly lower HBP
than controls, but did not differ on the tone tracking
task.

reduced HEP amplitudes in depression compared to
controls.

HBP accuracy was significantly lower in MDD than
in controls; there was also a trend toward a
significant negative correlation between overall BDI
score and HBP (r = -.321, p = .056). For the MDD
group but not controls, positive affectivity as
measured by the AIM was positively correlated with
HBP accuracy. MDD with decision-making
difficulty, as measured by the SCID, was associated
with lower HBP.

Note. Schandry method refers to the method described in Schandry (1981).

*
based on visual inspection of the reported data; no statistical analysis was performed.

BDI = Beck Depression Inventory (Beck et al., 1988); EEG = Electroencephalogram; GAD = General anxiety disorder; HEP = Heart beat evoked
potential; HB = Heart beat; HBP = Heart beat perception;
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Core Features of Current Models of Interoceptive Dysfunction (ID) in Depression

Table 5

Page 93

Paulus & Stein (2010)

Northoff et al. (2011)

Current framework

reduced signal-to-noise
ratio in interoceptive
processing

amplification of somatic
signals

exaggerated emotional
responses to somatic
signals

altered alliesthesia for
exteroceptive stimuli,
resulting in anhedonia

resting state abnormalities in limbic/
interoceptive cortical regions

imbalance in perceptual processing
involving hyporesponsivity to
external stimuli and
hyperresponsivity to internal stimuli

hypoactivity and hyperactivity in
specific regions linked to negative
mood, negative biases, anhedonia,
hopelessness, apathy, temporal focus,
and working memory deficits

multiple pathways to 1D, including
contextual modulation of somatic
perception

gender and cultural differences in
interoceptionmay relate to gender
and cultural differences in
depression

differential susceptibility to ID
across the lifespan

somatic symptoms can be both cause
and consequence of 1D and
potentially depression
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