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Abstract

This article provides an interoceptive active inference (IAI) account of social anxiety disorder (SAD). Through a neurocogni-
tive framework, we argue that the cognitive and behavioural profile of SAD is best conceived of as a form of maladaptive IAI
produced by a negatively biased self-model that cannot reconcile inconsistent tendencies to approach and avoid social in-
teraction. Anticipated future social interactions produce interoceptive prediction error (bodily states of arousal). These in-
teroceptive states are transcribed and experienced as states of distress due to the influence of inconsistent and unstable
self-models across a hierarchy of interrelated systems involved in emotional, interoceptive and affective processing. We
highlight the role of the insula cortex, in concert with the striatum, amygdala and dorsal anterior cingulate in the genera-
tion and reduction of interoceptive prediction errors as well as the resolution of social approach-avoidance conflict. The
novelty of our account is a shift in explanatory priority from the representation of the social world in SAD to the representa-
tion of the SAD self. In particular, we show how a high-level conceptual self-model of social vulnerability and inadequacy
fails to minimize prediction errors produced by a basic drive for social affiliation combined with strong avoidant tendencies.
The result is a cascade of interoceptive prediction errors whose attempted minimization through action (i.e. active infer-
ence) yields the symptom profile of SAD. We conclude this article by proposing testable hypotheses to further investigate
the neurocognitive traits of the SAD self with respect to IAI.
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Introduction

In this article, we apply the concept of active inference to ex-
plain the nature of social anxiety disorder (SAD). Convergences
between active inference theories of emotion, interoception,
self-representation and psychiatric disorder allow us to explain
the complex relationship between neural correlates of SAD and
its phenomenological/clinical profile. In this respect, we provide
a systematic account of the neural correlates of SAD (Chalmers
1996; Hohwy and Seth 2020). Systematic accounts explain corre-
lations between neural anatomy and activity in terms of the

representational and processing roles of neural circuitry. We ar-
gue that an interoceptive active inference (IAI) account of the na-
ture of self-modelling and emotional processing provides that
framework. IAI treats the brain as a computational device en-
gaged in a constant iterative process of modelling the world and
its own states in order to optimise basic physiological regulation
through action (Friston et al. 2013; Pezzulo et al. 2015; Barrett
et al. 2016; Seth and Friston 2016; Barrett 2017; Kirchhoff et al.
2018; Von Mohr and Fotopoulou 2018). The models relevant to
SAD are (i) a hierarchal multidimensional model of the self, rep-
resented as the hidden endogenous cause of affective
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experience and (ii) models of the emotionally salient properties
of the social world (other people’s attitudes and actions).
Subjects use predictive models of affective consequences of so-
cial interaction to reduce negative affect and produce/prolong
positive affect (Paulus and Stein 2010; Joffily and Coricelli 2013).

The specific thesis we defend is that neural and psychologi-
cal differences between SAD and non-SAD minds reflect differ-
ences in self-representation (self-modelling) that determine the
individual’s capacity to navigate her social world. In effect, we
provide a psychiatric case study of an idea expressed by
Moutoussis and Fearon.

. . . inferred representations of the self have a normative function:
to predict and optimise the likely outcomes of social interaction. . .

people make inferences about themselves—and others—to mini-
mize interpersonal surprise, enabling them to make decisions that
are most consistent with their model of the inter-personal world. (our
italics) (Moutoussis et al. 2014)

In this treatise, we do not provide any new empirical evi-
dence, per se. Rather, we introduce the active inference theoreti-
cal framework to conceptualize SAD. We use this framework to
describe neural systems and regions implicated in predictive
modelling of future affective states and the signalling and reso-
lution of discrepancies between observed and predicted states
(i.e. error processing). At the neural level, we focus mainly on
key structures of the cortico-striatal-limbic system that, in con-
cert with anterior insula functioning, permit the individual to
confidently interpret her bodily states, integrate this experience
with her ongoing mental schema of self-representation and pre-
dict future affective states in light of associated contexts
(Paulus and Stein 2010; Campbell-Sills et al. 2011). These struc-
tures include the salience network [anterior insula and dorsal
anterior cingulate (dACC)] (Isomura et al. 2003; Medford and
Critchley 2010; Klumpp et al. 2012); dopaminergic system (stria-
tum) and the limbic system (amygdala) (Bechara et al. 1999;
Guyer et al. 2008; Blackford et al. 2014), systems linked to intero-
ceptive predictive signalling (Ainley et al. 2013; Barrett and
Simmons 2015; Barrett 2017; Tsakiris and De Preester 2018;
Velasco and Loev 2020) and prediction error processing (Hayden
et al. 2011; Shenhav et al. 2013; Ribas-Fernandes et al. 2019), re-
ward prediction (Knutson et al. 2001; Knutson and Cooper 2005)
and relevance appraisal and approach-avoidance regulation
(Sander et al. 2003; Guex et al. 2020), respectively. Together, this
interdependent circuitry allows for the representation of self via
internal bodily cues, generation of predictions of anticipated in-
teroceptive and affective states, appraisal of the importance of
such states to subjective goals and well-being and the manage-
ment of discord between predictions and actual outcomes
through active inference. We will argue that, due to maladap-
tive self-representation (predictive modelling of hidden endoge-
nous causes), interoceptive prediction errors [i.e. signals of
discrepancy between anticipated and actual physiological
states (Paulus and Stein 2010)] are poorly interpreted in SAD.
The result is negatively biased predictions of future affective
states resulting from unstable models of the social self.

Importantly, extant literature attests to consistent altera-
tions in such neural systems within SAD, particularly when an-
ticipating social threat (Guyer et al. 2008; Boehme et al. 2013;
Cremers et al. 2015), likely pointing to altered self-
representation, interoceptive predictive signalling and error
processing in anticipation of aversive (i.e. social) events. In a pa-
per currently in preparation, we outline in greater detail a neu-
robiological framework to explain unstable conceptual self-
processing in SAD and its relation to threat predictions. Here,

however, we focus specifically on the above-mentioned neural
systems likely underlying IAI that may mediate social threat
predictions (STP) symptomatic of SAD.

On the view we propose, the emphasis on explanation of
SAD shifts from the (mis)representation of the threat occa-
sioned by the social world to the way the subject constructs and
maintains a self-representation. Intuitively, and clinically, SAD
presents as a suite of exaggerated fear responses to anticipated
social interactions (STP). However, we argue that this misrepre-
sentation of the social world as intractably hostile derives from
a representation of the self as vulnerable and unable to cope
with social adversity. These STP misrepresentations stem from
an inability to manage anticipatory distress deriving from a
weak and uncertain self-model. This exemplifies a general fea-
ture of emotional processing: self-representation conditions the
way the emotional world is represented (Mellings and Alden
2000; Wong and Moulds 2011).

Here, we first explain the nature of SAD. We then introduce
the concept of IAI and show how it explains the constitutive
interdependence between emotional processing and self-
representation. Throughout, we highlight related neural differ-
ences in SAD, relative to healthy individuals as well as other
anxiety disorders. We demonstrate how these neural differen-
ces can potentially be explained largely in terms of the effects
on hierarchical IAI of an inconsistent/bistable self-model that
regulates basic mechanisms of social approach/avoidance. The
fundamental inability to adaptively resolve conflicting motiva-
tions to approach/avoid social encounters cascades through the
hierarchy of social–emotional processing, producing rigid mal-
adaptive cognitive biases and intense and unmanageable
distress.

Social anxiety disorder

SAD is defined by a persistent and intense anticipatory fear of
negative social evaluation and manifests as heightened social
threat sensitivity (Alfano et al. 2006; Kambouropoulos et al. 2014)
and anticipatory anxiety to social situations (Mellings and
Alden 2000, Wong and Moulds 2011; Boehme et al. 2013; Mills
et al. 2014). Adverse outcomes include avoidance, social with-
drawal, and negative rumination about self. This suite of
responses ultimately reinforces maladaptive cognition and be-
haviour in a vicious circle.

The clinical profile of SAD includes a range of features that
point to basic cognitive-affective problems that underlie the STP
symptoms. Any systematic account of SAD thus needs to ex-
plain these features: (i) relevance and motivational salience.
SAD patients have a strong drive to engage socially and are also
over-dependent on rewarding social feedback for self-respect
(Gilboa-Schechtman et al. 2000; Aderka et al. 2009; Weisman
et al. 2011; Aderka et al. 2012). As noted above, however, they
have exaggerated aversive response to anticipated social en-
gagement and the fear of the threat of punishment, such as re-
jection or ridicule. Thus, their basic motivational/reward
structure for social engagement is unstable and inconsistent; (ii)
SAD subjects have deficiencies in producing imagery of reward-
ing engagement, such as autobiographical memory or imagina-
tive rehearsal (Stopa and Jenkins 2007; Stopa et al. 2010), likely
reinforcing unstable self-images and models; (iii) SAD subjects
have explicit symbolic/linguistic representations of themselves
as vulnerable and unable to cope with adversity (Hope et al.
1990; Wilson and Rapee 2005, 2006), (iv) reflected in the inability
to tolerate uncertain social situations (Boelen and Reijntjes
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2009; Carleton et al. 2010; Campbell-Sills et al. 2011; Carleton
2012; Carleton et al. 2013; Campbell-Sills et al. 2015).

As we argue in a paper currently in preparation, these fea-
tures give rise to models of the self that are conflicted, inconsis-
tent and unable to reliably predict future social self-efficacy and
coping. Ultimately, this results in a maladaptive social self-
model troubled by inconsistent/bistable motivational/affective
processing. Here, bistability refers to the competing motiva-
tional forces of approach (reward-seeking) and avoidant (pun-
ishment-averting) behaviours, both of which operate
concurrently yet unstably. Excessive dependence on social re-
ward, combined with lack of predicted ability to obtain those
rewards, makes the SAD self, therefore, vulnerable and depen-
dent. That vulnerability and dependency put her in a maladap-
tive state of hypervigilance and distress when she anticipates
social encounters. This feeling of hypervigilance, produced by
interoceptive signalling, is interpreted by interdependent
higher-level predictive models (i) of the self as vulnerable and
unable to cope with social adversity and (ii) of the social world
as intractably hostile. The result is that these signals are tran-
scribed as states of extreme anticipatory distress. These models
bias emotional processing at all levels from basic approach/
avoid tendencies to explicit deliberation. As we will show below,
SAD derives from an inability to minimize interoceptive predic-
tion errors due to the interaction of biased bodily state predic-
tions and poorly defined models of self-efficacy and coping.

Interoceptive active inference

The concept of IAI unites two influential ideas. The first is that
cognition is a form of action designed to minimize prediction
error: the discrepancy between state predicted by a generative
model and actual state. The second is that the ultimate function
of cognition is basic physiological regulation (allostasis as the
process is technically known). As Tsakiris and de Preester put it,
‘cognition is enslaved to embodiment’ (Tsakiris and De Preester
2018). Combining these ideas yields the thought that the mind
constructs and uses probabilistic models of the organism’s in-
ternal and external world to enable it to act adaptively (cf.
Murray et al. 2015b for a discussion). The test of successful adap-
tation is allostatic optimization, signalled by production or
maintenance of positive affect and reduction of negative affect.
Thus, affective states unpredicted in context are signals of error
and consequent action to modulate affect is allostatic active in-
ference (Joffily and Coricelli 2013; Barrett et al. 2016; Corcoran
and Hohwy 2017; Kleckner et al. 2017; Van de Cruys 2017;
Velasco and Loev 2020).

Allostasis is a refinement of the concept of homeostasis that
refers to context-dependent anticipatory regulation of states of
the internal milieu (Corcoran and Hohwy 2017; Seth and Tsakiris
2018) and can be considered ‘the activity of achieving homeo-
stasis through physiological and behavioural change’ (Velasco
and Loev 2020). It thus extends the concept of homeostasis,
which implies a reflexive return to optimal set points. Allostasis
entails that for some variables, set points can be changed
according to predicted consequences of action in context and
that the relevant regulatory mechanisms include active cogni-
tion and overt behaviour as well as homeostatic reflex arcs.
Interoceptive experience informs us at the systemic level of suc-
cess or failure of allostatic regulation and entrains the next
round of regulatory activity. This regulative role for interocep-
tion is reflected in the way it models hidden causes of changing
endogenous states as fluctuations in the global feeling state.
The feeling of fatigue for example is a way of experiencing the

result of a complex suite of metabolic interactions that are opa-
que to introspection and cannot be directly regulated. However,
we can rest, which reprograms the suite of lower-level pro-
cesses. Thus, interoceptive regulation at a systemic level is a
proxy for allostatic regulation at the subsystemic and molecular
levels (Stephan et al. 2016).

The relevance to the IAI explanation of SAD is that the con-
cept of allostasis extends the mechanisms of basic bodily regu-
lation to include not just mechanisms of autonomic regulation
but any form of cognitive or behavioural activity whose ultimate
goal is optimizing physiological regulation.

. . . interoceptive processing should be extended beyond
“homeostatic control of the internal milieu” to incorporate
“allostatic actions on the external world” ( Gu and Fitzgerald, 2014
p. 269; Corcoran and Hohwy 2017).

Thus, for example, having a cold drink or going for a swim
on a hot day are forms of IAI. Similarly, affective regulation
through action (social avoidance or approach) programs a suite
of lower-level regulatory systems bottoming out in allostatic
regulation. These affective states are produced by processing of
the interoceptive signal using predictive models that generate a
sense of self, modelled as the entity that feels the consequences
of action (Limanowski and Blankenburg 2013; Seth 2013;
Gerrans 2014; Moutoussis et al. 2014; Sel 2014; Hohwy and
Michael 2017; Letheby and Gerrans 2017). We argue below the
signature of SAD is the way this modelling process generates
anticipatory distress for social situations.

As suggested by Hohwy and Michael (2017), interoception
gives rise to the experience of a fundamental level of embodied
selfhood via inference about the hidden internal causes of inter-
oceptive experience. This means the self is fundamentally a
predictive model of an entity generated to explain coherence
between allostatic variables that track vital physiological fluctu-
ations. Experience of internal visceral responses is critical for
informing the organism of its current and anticipated cognitive-
affective states, as it acts in its environment and allows for a
sense of self, separate from its physical (and social) environ-
ment. In this respect, this concept put forth by Howhy and
Michael extends an idea nicely put by Seth (2013):

Mental representations of selfhood are ultimately grounded in
representations of the body, with the internal physiological milieu
providing a primary reference—a “material me”. Seth (2013).

Hohwy and Michael, like Seth, build on previous somatic
accounts of self-awareness (e.g. Damasio 2006; Blanke and
Metzinger 2009). However, they situate their account of embod-
ied selfhood in a framework that treats cognition as the minimi-
zation of prediction error through IAI. Active inference refers to
searching in an evidential space whose dimensions are defined
by predictive models or visiting unfamiliar states in an attempt
to optimize a model (Friston et al. 2013; Pezzulo et al. 2015;
Barrett et al. 2016; Seth and Friston 2016; Kirchhoff et al. 2018;
Hohwy and Seth 2020). Thus, active inference involves acting to
gain new evidence to support a predictive model. Acting here
includes internal regulatory, overt behavioural (e.g. Friston et al.
2013) and cognitive (e.g. Murray et al. 2015b) activity. In the con-
text of SAD, active inference includes behavioural strategies
such as social withdrawal designed to reduce interoceptive pre-
diction error. By focusing on interoceptive information about
states of the visceral milieu (e.g. dry throat, thumping heart), the
individual can infer the likely causes of her bodily responses
and affective states. These physio-affective experiences then
serve targets of modulation through action. Cognitive forms of
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active inference include affectively scaffolded recollection and
anticipation in episodes of called ‘mental time travel’. In these
episodes, subjects engage in ‘affective sampling’ of past or fu-
ture states to help them act adaptively both in the present and
for the future (Suddendorf and Corballis 2007; Murray et al.
2015a). Mental time travel is subtended by circuitry specialized
for this type of self-referential gathering of evidence about
expected affective consequences of action (Gusnard et al. 2001;
Sridharan et al. 2008; Broyd et al. 2009; Spreng et al. 2009;
Carhart-Harris and Friston 2010).

Interoceptive prediction error in SAD

Altered interoception is highly common in anxiety disorders
(Paulus and Stein 2006), including SAD (cf. Domschke et al. 2010
for a review). In anxiety, the individual engenders a normal
baseline physiological condition but an exaggerated expected
body state (Paulus and Stein 2010). This large interoceptive pre-
diction error [i.e. the discrepancy between actual and expected
physiological states (Paulus and Stein 2006; Seth et al. 2012)] of-
ten triggers specific cognitions (e.g. worry) and behaviour (e.g.
avoidance) in an effort to attenuate the error signals and im-
prove prediction precision (Paulus and Stein 2006). In social anx-
iety, this worry manifests as STPs and likely stems from a
belief-based assumption that the expected interoceptive affer-
ents signal imminent social threat (Collimore and Asmundson
2014). In anxiety disorders, a priori beliefs influence strongly an-
ticipatory interoceptive signalling and the attempts to attenuate
the ensuing prediction error (Paulus and Stein 2006). What is
unique in the SAD case, however, is that these beliefs centre on
the view that the social self is inadequate, i.e., socially ineffec-
tive (Koban and Pourtois 2014) and unable to cope with unex-
pected social challenges (Iancu et al. 2015a,b). In addition,
bistable self-representations and conflicting social motivations
increase stress and cognitive-affective conflict, contributing to
feelings of worry and doubt. The SAD individual thus responds
to errors in predicted physiological states in future social inter-
actions (e.g. racing heart, dry throat, flushed cheeks) with in-
creased (biased) belief-based cognitions that would signal
imminent social threat (i.e. STPs).

Model precision in SAD

In order to better explain SAD, we need to describe another as-
pect of the IAI framework: the estimation of precision. Precision
refers to the estimation of signal-to-noise ratio in a signal of
prediction error, given a model, in order to reduce uncertainty.
In general, high precision stabilizes a predictive model whereas
low precision initiates or encourages active inference.
Furthermore, in the sense of allocation of cognitive and behav-
ioural resources, the mind prefers models that maximize preci-
sion across a processing hierarchy. Which is just to say that the
mind prefers the model estimated to be the ‘best fit’ for the sig-
nal estimated to be prediction error, given a model (Friston and
Kiebel 2009; Hohwy 2013; Limanowski and Blankenburg 2013).
In the case of SAD, for example, an imprecise interoceptive pre-
diction error generated in anticipation of a social encounter is
estimated to be a signal of a potential social threat given the
prior model of the self as unable to cope with social adversity.
Unfortunately for the SAD subject, there is no precise model
available that stably minimizes error across the hierarchy. The
rigid conceptual level self-model that predicts rejection and hu-
miliation is inconsistent with her fundamental drive for social
engagement. Thus in SAD, the inability to minimize prediction

error across the hierarchy results from the interaction between
(i) high-level predictive models that assign high precision to ex-
aggerated interoceptive prediction errors and interpret them as
intractable STPs and (ii) the low-level systems that generate
those errors as part of allostatic regulation. The contribution of
each of these mechanisms can be analysed independently (in-
deed, we do so in the section on neural correlates), but predic-
tive coding models suggest that the phenomenology of SAD is
an emergent result of reciprocal interaction and mutual rein-
forcement between high-level self-models and signals of intero-
ceptive prediction error.

In order to initiate active inference, the precision of a model
must be relaxed, which increases uncertainty. Intuitively, to ini-
tiate a search for new evidence, the subject needs to reduce the
strength of belief in an existing hypothesis, thus leaving more
room for ambiguity and doubt. For the SAD subject, relaxing
precision on her self-model would thus (temporarily) reinstate a
state of imprecise but intense distress. An adaptive strategy
would be to inhibit processes generating that distress in order
to enable active inference (e.g. cognitive and behavioural explo-
ration of potentially socially rewarding actions). However, be-
cause of rigidities in processes that generate these distressing
bodily signals, coupled with an intolerance to uncertainty
(Carleton 2012), the SAD subject cannot escape the anticipatory
distress, does not explore cognitive alternatives to challenging
existing self-models (Carleton 2012; Tanovic et al. 2018) and
hence reverts to the maladaptive, comparatively precise, con-
ceptual model that fits the distressing experience. This results
not only in avoidant cognitions but also avoidant social behav-
iour, whereby the SAD subject denies herself rich meaningful
interactions, which would provide positive experiences that
could dispel negative biases and/or reinforce positive aspects of
the self-model. This model, however, is actually unstable be-
cause it does not account for the underlying strong motivation
to engage socially, despite the overt social avoidance, which is
another basic feature of SAD psychology (Aderka et al. 2009;
Weisman et al. 2011). The SAD subject therefore, remains simul-
taneously attracted to, and repelled by, social interaction. In
SAD, consequently, aversive self-models remain rigid and resis-
tant to change.

Unfortunately, however, that aversive model does not cancel
the error signals emanating from below. Although she has a
strong aversive reaction to anticipated social engagement, she
retains a fundamental basic drive for social engagement and af-
filiation. At lower levels of self-model processing, the SAD indi-
vidual possesses high motivation for bonding and affiliation to
build and strengthen attachments and a fundamental sense of
belonging (Aderka et al. 2009; Weisman et al. 2011). At higher lev-
els of processing, however, she demonstrates an excessive de-
pendence on social feedback to construct a conceptual model of
the self as adequate and competent. Thus, the SAD subject is
trapped by inconsistent motivational and cognitive biases de-
riving from her inability to construct a coherent multilevel self-
model. She is condemned to interpret exaggerated interoceptive
prediction errors as evidence of STPs. The rigidity of her higher-
level self-model both reinforces these interpretations and pre-
vents the SAD individual from reducing the ensuing prediction
error by employing IAI.

Active inference and self-modelling in SAD

In SAD, individuals manifest maladaptive allostatic regulation
in the anticipation of social situations perceived as unpredict-
able and/or uncontrollable. This reflects a poor predictive model
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of future cognitive, behavioural and affective states (e.g. anxi-
ety, stuttering, blushing, panic) in light of impending and uncer-
tain social demands (e.g. date with a potential romantic
partner, job interview). These predictions thus reinforce an al-
ready negatively biased self-model, resulting in STP cognitions.
These STPs produce an imprecise state of anticipatory hyperar-
ousal, which is symptomatic of SAD. The product of an inability
to resolve social uncertainty and a negatively biased self-model
is, therefore, a representation of the self as (i) ineffective in so-
cial situations, (ii) incapable of coping with social uncertainty
and (iii) highly vulnerable to costly social loss in an unpredict-
able social event (Mellings and Alden 2000; Stopa and Jenkins
2007; Stopa et al. 2010; Wong and Moulds 2011; Boehme et al.
2014; Wong and Rapee 2016).

States of bodily arousal are interoceptive states. The experi-
ence of distress is the result of emotional processes that rede-
scribe/reinterpret and contextualize interoceptive signals
producing the experience of affect. This level of active inference
models the self as a hidden cause of affective experience. Such
self-modelling is crucial since it provides the interface between
physiological/allostatic regulation and personal experience of
the value and significance of life events. For example, it allows
physiological arousal (e.g. blushing) to be experienced as part of
an episode of humiliation which programs a suite of aversive
behaviours designed to restore allostatic equilibrium.

At still higher levels the narrative self, the protagonist of a
recountable autobiography, is an explicit conceptual represen-
tation of the integrated physical and cognitive life of the organ-
ism over time. Each level of self-modelling is a form of active
inference that minimizes predictive error referred from lower
levels. The relationship between interoception and affect thus
reflects the general principle of hierarchical organization, with
each level of the hierarchy modelling the self as the hidden
cause of endogenously caused experience. As with interoceptive
experience, affective experience serves as a regulative proxy for
overall organismic well-being. Within the IAI framework, nega-
tive affect signals a failure to reduce prediction error across the
system and instigates regulatory action via a cascade of down-
ward commands that ultimately bottom out in allostatic regula-
tion (Joffily and Coricelli 2013; Van de Cruys 2017; Velasco and
Loev 2020). The result of the failure to reduce prediction error in
SAD is that the mind is unable to incorporate stable, reliable
and epistemically accurate models of uncertain future social
events. Given the elevated degree of social motivation toward
social acceptance and affiliation (Aderka et al. 2009, Cremers
et al. 2015) coupled with a baseline fear of social loss and rejec-
tion, the SAD mind interprets poorly modelled bodily perturba-
tions as intimations of impending and unpredictable threat and
felt as anxiety, hypervigilance or panic; i.e., as affective states
(Boehme et al. 2013; Garfinkel and Critchley 2013; Terasawa et al.
2013).

At the highest narrative or conceptual levels of hierarchical
processing, affective states are interpreted using explicit models
of the self and social world. The role of higher-level processing
is not just to determine the relevance of interoceptive predictive
error post hoc but to set the parameters a priori that determine
which allostatic variations eventually become prediction errors.
Higher-level models of self and world determine whether and
how physiological changes are experienced. For example,
aspects of the lethargy of fatigue and depression have the same
bodily and molecular signature but the latter is experienced dif-
ferently as part of the avolition and apathy of a depressive epi-
sode (Paulus and Stein 2010; Barrett et al. 2016; Stephan et al.
2016). In the latter case, the experience reflects the downward

influence of models of self (hopeless and inadequate) and the
social world (a site of irretrievable disconsolation). Furthermore,
given biased and unstable models of self, integration of new
empirical priors based on previous episodes (e.g. positive social
interactions, praise, etc.) is altered. The prior self-model means
that positive social information does not become salient due to
poor attentional orienting and, as a result, social threat cues
monopolize cognitive resources (Heinrichs and Hofmann 2001).
The result is consolidation of the maladaptive SAD self-model.
In other words, rigid higher-level models disable active infer-
ence across the hierarchy while at the same time failing to re-
solve inconsistencies generated by conflicting approach/avoid
motivations.

Within this framework, we can see higher levels of emotional
processing and self-modelling as forms of active inference
designed to optimize affective regulation on behalf of a self that
feels the consequences of action. At this level, the subject can ex-
plicitly interpret the emotional world, reflect and plan responses
over long time scales using circuitry specialized for so-called
mental time travel. At this level, the self is explicitly represented
as the subject of an autobiographical history. This type of explicit
self-modelling provides a relatively precise conceptual or linguis-
tic interpretation of an imprecise affective experience.

Because the SAD subject models herself as invariably lacking
self-efficacy and coping potential in social interactions, she can-
not perform exploratory active inference (regulatory, cognitive or
behavioural) to regulate distressing bodily experiences occa-
sioned by anticipating social encounters. She cannot imagina-
tively inhabit a future in which she competently navigates the
social world (Spurr and Stopa 2002; Stopa and Jenkins 2007). The
SAD individual is likely to inhibit any exploratory cognition that
would aim at reducing the ambiguity from signalling errors and
thus improve prediction precision (Carleton 2012; Tanovic et al.
2018). This inability to minimize interoceptive prediction error
cascades through a processing hierarchy of social cognitive-
affective processing. We argue, therefore, that unlike other anxi-
ety disorders, SAD individuals generate imprecise predictive so-
cial self-models, resulting from inaccurate predictive modelling
of interoceptive signals.

SAD provides a compelling example of how an inability to
reduce interoceptive prediction error results in increased nega-
tive affect (hyperarousal and hypervigilance in the case of SAD)
and unstable models of self and world. Unlike other anxiety dis-
orders, SAD is unique in that negative affect, worry and feelings
of imminent threat stem not from external causes, per se, but
from biased self-conceptual schema representing the SAD sub-
ject as an incapable social agent and vulnerable to intolerable
social loss. Coupled with bistable self-motivations unique to
SAD, poor mental imagery of self and one’s coping potential,
the social milieu is rendered as hostile, threatening and poten-
tially destructive. Thus, in anticipation of ambiguous or uncer-
tain social scenarios, SAD individuals manifest poor regulation
of anticipated affective states. This is an instance of dysfunc-
tional allostatic regulation.

We now turn to a more detailed description of the neurobio-
logical mechanisms involved, showing how neural correlates of
SAD function as components of an IAI hierarchy biased by
inconsistencies in self-modelling.

Insular cortex and self-representation

The insular cortex, located in the lateral hemispheres of the
brain, spanning both poster and anterior regions, is an estab-
lished interoceptive hub (Sridharan et al. 2008; Bennett and

Interoceptive active inference and self-representation | 5



Baird, 2009; Craig 2009; Singer et al. 2009; Medford and Critchley
2010; Gasquoine 2014). As we noted earlier, regulating affective
experience allows the organism to optimize allostasis. A pri-
mary hub of processing at this level of self-modelling is the
anterior portion of the insula cortex, or anterior insula cortex
(AIC). The AIC is specialized to re-represent and integrate in-
formation about body state afferents from the posterior por-
tion of the insula to allow us to feel the significance of
interoceptive states as affects (Craig 2009). The AIC thus plays
an important role in transcribing interoceptive visceral states
into felt affective states. It is consistently active in processing
threat uncertainty (Morriss et al. 2019) and is considered to be
a substrate of conceptual self-processing (Murray et al 2012;
Murray et al. 2015a). Finally, the insular cortex exhibits resting
functional connectivity with the striatum, the amygdala, dACC
(Cauda et al. 2011), making the insula a key substrate not only
for subserving conceptual self-representation but for facilitat-
ing reward predictions, affective relevance processing and er-
ror monitoring and resolution, respectively (Sridharan et al.
2008; Singer et al. 2009; Barrett and Simmons 2015). Thus, it is
not surprising to see that contemporary affective neuroscience
treats activation of the insula, particularly the AIC, as a repre-
sentation of the integrated functioning of the organism, evalu-
ated against emotionally salient goals and creating a sense of
self in the process. As Craig (2009) put it:

The integration successively includes homeostatic, environmen-
tal, hedonic, motivational, social and cognitive activity to produce
a “global emotional moment”, which represents the sentient self at one

moment of time. (Craig 2009)

In other words, the affective self at any moment is the body
under an emotional mode of presentation (to import some phil-
osophical jargon).

The AIC’s role here is as an integrative hub. It collates intero-
ceptive and emotional information from across the hierarchy,
allowing the organism to experience the ‘feeling of what mat-
ters’ to adapt a nice expression coined by another theorist of so-
matic self-representation (Damasio and Dolan 1999). This
‘feeling of what matters’ is consistent with the role of the AIC at
the top level of a salience processing hierarchy that enables ac-
quisition of adaptive patterns of response. The AIC likely allows
for anticipatory processing, providing information about future
aversive bodily states associated with specific contextual events
(Paulus and Stein 2010), and it allows the organism to feel the
subjective relevance of the prediction error between current
and predicted states (Seth 2013).

SAD individuals show consistent alterations in insular cor-
tex functioning and structure (Shah et al. 2009; Klumpp et al.
2012; Tang et al. 2012; Garfinkel and Critchley 2013; Terasawa
et al. 2013; Klumpp et al. 2014; Kawaguchi et al. 2016; Duval et al.
2018; Wang et al. 2019). For instance, hyperactive insula activity
is linked to increased SAD symptom severity (Schmidt et al.
2010) and is present more often in SAD than other anxiety disor-
ders like post-traumatic stress disorder (PTSD) (Etkin and Wager
2007), making insula hyperactivity a potential biomarker for
SAD. Furthermore, social anxiety is associated with altered AIC
functional connectivity with the striatum (Blackford et al. 2014;
Clauss et al. 2014), amygdala (Liao et al. 2010) and dACC (Tang
et al. 2012), regions implicated in reward prediction (Knutson
and Cooper 2005; Knutson et al. 2001) affective relevance
appraisals (Sander et al. 2003), and prediction error monitoring
and resolution (Ribas-Fernandes et al. 2019) respectively. It is,
thus, not surprising that altered insula activity in SAD, particu-
larly within the anterior portion, is consistently implicated in

the emotional experience of anticipated social interactions
(Gilboa-Schechtman et al. 2000, Singer et al. 2009, Medford and
Critchley 2010, Weisman et al. 2011, Terasawa et al. 2013,
Moayedi 2014). During anticipation, altered insula activity often
presents parallel alterations in the striatum (Boehme et al.
2014), the amygdala (Boehme et al. 2013; Davies et al. 2017) and
dACC (e.g. Davies et al. 2017). As we describe below, these altera-
tions may likely give way not only to inaccurate interoceptive
predictions but also to poor reward prediction, motivational reg-
ulation and error prediction that would be required to address
imprecise interoceptive prediction error.

Cortico-striatal-limbic system and predictive
processing

The generation of an affective interoceptive state likely occurs
thanks to the insula’s functional connectivity with the cortico-
striatal-limbic system, which allows for reward prediction, rele-
vance and goal-oriented appraisals and prediction error moni-
toring and resolution. The cortico-striatal-limbic system is
consistently implicated in prediction error processing and mini-
mization as well as affect regulation (Murray et al. 2020), and
alterations in this system appear consistent in SAD (Furmark
2009; Davies et al. 2017). Key substrates include the striatum
(Becker et al. 2017; Richey et al. 2017), amygdala (e.g. Meffert et al.
2015) and dACC (Davies et al. 2017).

Striatum

The striatum is a key subcortical substrate subserving predic-
tion- and goal-related functions, such as anticipating reward
(Knutson et al. 2001; Knutson and Cooper 2005) and processing
unexpected reward (Stalnaker et al. 2012). Relative to healthy
controls, SAD individuals exhibit inhibited ventral striatum acti-
vation when anticipating social situations, while also exhibiting
increased insula activity (Boehme et al. 2014), suggesting ele-
vated self-referential processing with diminished reward pre-
diction. This blunted reward prediction of the ventral striatum
was later demonstrated by Richey et al. (2017), who showed that
relative to healthy controls, SAD individuals showed inhibited
ventral striatal response in anticipation of positive social infor-
mation, whereas they did not exhibit such inhibition when an-
ticipating negative social information (Richey et al. 2017). This
would suggest that when anticipating social situations, SAD
individuals likely minimize the possibility of socially rewarding
outcomes. This blunted striatal activation to future rewarding
social information also persists during the reception of positive
performance feedback, whereby SAD subjects show no in-
creased striatal response to positive social reward, relative to
healthy controls (Becker et al. 2017). This may contribute to a
critical SAD feature of impaired social information processing
and encoding (Heinrichs and Hofmann 2001). Altered processing
of self-affirming social information may thus contribute to per-
sistently and negatively biased self-models of inefficacy and
vulnerability to social loss. Importantly, this striatal alteration
in SAD is likely domain-specific, i.e., to social situations, and
does not generalize to other non-social rewards, like monetary
gain (Richey et al. 2017).

Amygdala

Within the limbic system, the amygdala is the primary hub of
processing responsible for the coordination of perception and
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interoception in response to social/emotional information. It
drives low-level semiautomatic categorization, cognition and
active inference (Adolphs et al. 2002; Sander et al. 2003; Yaniv
et al. 2004). To do so, it integrates sensorimotor processing with
activity in systems that reinforce adaptive exploratory or ap-
proach behaviour, the striatum and ventral tegmental area.
These circuits operate as a dopaminergically driven reward pre-
diction system (Bayer and Glimcher 2005; Pessiglione et al. 2006;
Ruff and Fehr 2014; Cremers et al. 2015). At these levels of proc-
essing, the self is modelled as the target of adaptive physiologi-
cal regulation and action tendencies consequent on low-level
evaluation of properties of the social–emotional world. How the
self is predicted to respond (e.g. to emotional expression) deter-
mines the balance of approach/avoidance behaviour and the
consolidation of patterns thereof.

The amygdala is shown not only to respond to negative so-
cial prediction error, i.e., viewing unexpected negative reac-
tions from others, but to orchestrate avoidant-approach
behaviours following such prediction errors (Meffert et al.
2015). This suggests that the amygdala may mediate emotional
responding to negative interoceptive prediction errors and
may play a critical role in organizing approach-avoidant
behaviours. In SAD, we see pervasive amygdala dysfunction, at
rest (Pannekoek et al. 2013; Dodhia et al. 2014) and when antici-
pating the social interactions (Boehme et al. 2014; Davies et al.
2017). Furthermore, Blackford et al. (2014) showed increased
positive resting functional connectivity between the insula
and bilateral amygdala related to increased social inhibition in
individuals with SAD traits. Although conducted in clinical
healthy individuals, this suggests that interoceptive afferents
from the insula, coupled with motivational processing of the
amygdala, may mediate approach-avoidance behaviour in
SAD. This thus indicates emotional regulation of responses to
cues relevant for both approach and avoidance tendencies.
These responses each elicit (are coupled with) increased body
state predictions, which are then misinterpreted as threaten-
ing in SAD. Manipulating avoidance-approach motivations in
social and non-social anticipatory processing in future re-
search would contribute greatly to our understanding of the
specificity by which the amygdala responds to opposing out-
come possibilities (reward vs. punishment), both of which
would implicate the SAD self.

This approach-avoidance bistability that is likely primed in
the SAD subject may elicit a degree of ambiguity in assessing
outcomes as well as behavioural planning. The amygdala
exhibits elevated sensitivity to uncertainty (Morriss et al. 2019).
Additionally, both the insula and amygdala appear reactive
when anticipating information that is uncertain (Morriss et al.
2019), suggesting a likely coupling of interoceptive signalling
and approach-avoidance regulation under uncertainty. Note
that uncertainty has at least two independent but related
dimensions: nature of the potential threat and capacity to
cope. It is currently not easy to parse the relative contribution
of these dimensions to anticipatory anxiety in SAD, but litera-
ture does attest to altered amygdala reactivity to negative and
uncertain, or ambiguous, the information in SAD (Brühl et al.
2011). Nonetheless, future fMRI research would benefit
from investigations manipulating reward and punishment
anticipation certainty in SAD as well as measuring
interoceptive sensitivity within the SAD individual in order to
gauge to what extent anticipatory amygdala reactivity relates
to altered goal-oriented behavioural planning stemming from
bistable motivations or biased/exaggerated interoceptive
signalling.

Dorsal anterior cingulate

The dACC is a frontal cortical midline structure located superior
to the corpus callosum in the anterior cingulate, between the
pregenual anterior and midcingulate cortices. It is consistently
implicated in anticipatory pain processing (Kalisch et al. 2006;
Mee et al. 2006; Drabant et al. 2011; Kalisch 2009) and is thus
established as a critical hub for conscious threat predictions
(Kalisch et al. 2006; Maier et al. 2015). It is, therefore, not surprising
that anticipatory STPs relate to increased dACC activations in
SAD (Clauss et al. 2014; Davies et al. 2017). Importantly, the dACC
illustrates altered functioning in SAD during anticipatory social
threat processing (Davies, et al. 2017; Lorberbaum et al. 2004).

The dACC is also implicated in goal-related motivational
behavioural planning (Heilbronner and Hayden 2016) and value
outcome estimations (Shenhav et al. 2013). In SAD, evidence of
bistable motivational processing is suggested in resting-state
dACC functional connectivity. That is, expectations of both social
reward and punishment elicit increased negative striatum-dACC
connectivity at rest, with respect to neutral outcome expectation.
This would suggest elevated self-regulatory motivational proc-
essing when predicting both rewarding and punishing social out-
comes (Cremers et al. 2015). This may thus speak to the bistable
social motivations likely inherent in SAD, whereby the dACC
mediates the regulatory response from deficient afferent reward-
punishment predictions projecting from the striatum. This dual
social motivational processing may ascribe elevated self-
relevance to the potential for both bonding and rejection, requir-
ing future state predictions and expected control estimations (cf.
Shenhav et al. 2013) via striatal-dACC pathways.

The dACC is also highly sensitive to information relative to
one’s current state, likely thanks to inputs from the insula and
the prefrontal cortex that it uses to estimate outcome values, in
terms of their likelihood and costs, ultimately adjusting param-
eters to improve prediction precision (Shenhav et al. 2013).
Indeed, the dACC may play an important role in monitoring and
adjusting for prediction error (Hayden et al. 2011; Ribas-
Fernandes et al. 2019; Shenhav et al. 2013), particularly when an-
ticipating future states and situational outcomes (Shenhav et al.
2013). Importantly, the SAD subject exhibits a tendency to exag-
gerate the likelihood and costs of a negative social experience
(Foa et al. 1996; Lucock and Salkovskis 1988). Unfortunately, to
our knowledge, the SAD literature has yet to conduct seed-
based resting-state functional connectivity within the dACC
when anticipating both positive and negative social scenarios.
Nonetheless, we can infer that estimates of one’s own self-
regulatory capacity to achieve social reward and avoid punish-
ment (cf. Shenhav et al. 2013) are impaired in SAD, likely due to
either deficient dACC function or altered dACC connectivity
with substrates subserving self-state representations, e.g., the
insula. The SAD literature would benefit from future studies
conducting seed-based resting-state functional connectivity in
the insula, amygdala, striatum and dACC when in anticipation
of various social scenarios (e.g. public speaking) that assure
only rewards (e.g. positive feedback) or punishments (e.g. nega-
tive feedback), and those that assure both rewards and punish-
ments in order to discern motivationally driven responding in
the insula and its connected corticolimbic structures.

The integrated model: from neuroanatomy to
the SAD mind

Against this background, we summarize this theoretical analy-
sis in an effort to provide greater clarity on the differences
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between SAD and non-SAD minds when anticipating social
encounters. Relative to non-SAD individuals, SAD subjects pre-
sent with bistable social motivational tendencies and negatively
biased social self-representations. When imagining or planning
for future unstructured social events, the SAD mind receives in-
teroceptive afferents signalling increased physiological re-
sponse to a likely imminent threat. This reflects an
interoceptive prediction error, i.e. an unexpectedly excited allo-
static state relative to baseline. This prediction error between
actual and anticipated bodily states creates feelings of uncer-
tainty, fear and threat. In order to increase precision and reduce
such errors, and coupled with underlying social approach-
avoidance conflict and negatively biased self-models, the SAD
mind regulates allostatic imbalance by generating STPs.

This maladaptive allostatic regulation of anticipatory bodily
states and interoceptive prediction error plays out in the SAD
brain via an interdependent network of insular and cortico-
striatal-limbic functioning. In anticipation of imminent social
events, the insula allows for online current and future bodily
state representations, via interoceptive afferent signalling and
semantic integration, allowing for a coherent predictive model
of the self’s ability to effect change and to cope in its social envi-
ronment. Elevated anticipatory insula functioning in SAD may
suggest exaggerated interoceptive signalling of future bodily
states that are specific to SAD, relative to other anxiety
disorders.

When anticipating social events, altered striatal activity may
occur in tandem with increased interoceptive afferents from
the insula to dampen expectations of experiencing or receiving
positive social information. Blunted anticipatory striatal activity
to impending positive external stimuli appears specific to social
situations and may result from domain-specific models of bi-
ased social self-representations, likely constructed in part by
impaired insula dynamics.

The amygdala, a critical limbic system hub, moderates
approach-avoidance behaviour and likely processes and signals
self-relevant threat in face of imminent aversive uncertain out-
comes. Although sufficient data is presently lacking to draw
conclusions in SAD, we can nonetheless hypothesize that SAD-
related approach-avoidance motivational conflict and elevated
interoceptive prediction error are likely imbued with increased
affective and threat-relevance for the SAD subject via altered
insula and amygdala dysfunction.

Finally, the dACC likely plays a self-regulatory function, as-
sembling current state information with outcome value estima-
tions, to orient the individual toward goal-relevant behaviours
whilst mediating approach-avoidant tendencies arising from
bottom-up neural substrates. In SAD, intrinsic bistable motiva-
tions imbue both rewarding and punishing social outcomes as
self-relevant, creating increasing demands on approach-
avoidance mediation and value outcome estimations, likely
subserved in the dACC.

Established cognitive models of social anxiety

Our predictive processing account of social anxiety, we believe,
juxtaposes nicely with prominent cognitive models of social
anxiety proposed by Clark and Wells (1995) and Hofmann
(2007).

The influential cognitive model of Clark and Wells empha-
sizes a shift to ‘self-focused attention’ and the reliance on inter-
nally generated information to regulate social behaviour in
intrinsically unpredictable and uncertain social encounters.
They further emphasize the role of ‘safety behaviours’ in

maintaining the causes of anxiety by installing avoidant ten-
dencies, ranging from avoiding eye contact to social with-
drawal. Such behaviours make the subject appear unfriendly
and disengaged at the same time as her internal focus makes
both distressing feelings and maladaptive self-models highly
salient. In the active inference framework, this translates as the
role played by a rigid self-model in inhibiting the possibility of
exploratory behaviour and cognition.

The cognitive model of social anxiety proposed by Hofmann
(2007) states that social anxiety emphasizes the role of nega-
tively biased self-models that represent the social self as inef-
fective and unable to cope with social threats as well as creates
unrealistic standards in social situations and poorly defined so-
cial goals, among others (Hofmann 2007). This account gels
with our predictive processing model, arguing for poor self-
models that leave the SAD individual fearful of her ability to
emotionally survive a future social event, but also poorly articu-
lated social goals, which leave the SAD subject in a state of bist-
ability and, ultimately, distress when attempting to regulate
approach-avoidance motivations.

Testing predictions

Here, we provide a few avenues that may allow for the empirical
testing of the presence of maladaptive IAI in SAD, via behaviou-
ral, cognitive and neurobiological measures.

To test the bistability of SAD goal-oriented motivations, it
would behove researchers to consider investigating bistable
motivational processing in SAD, in terms of behavioural
approach-avoidance dynamics (e.g. reaction time, attention),
neural responses to anticipating social events with an equal
chance of reward and punishment. Furthermore, it would be
important to investigate insula activation more closely during
anticipatory processing, for both certain and uncertain future
social events, measure physiological activity, such as heart rate
and skin conductance and measure the degree to which the
SAD individual recognizes changes in her bodily state and to
what degree she deems them threatening.

Another area of potential interest would be to examine the
effect of treatment on the interpretation of neutral or imprecise
interoceptive and social stimuli. We might predict that SAD
patients would experience and report interoceptive states as ev-
idence of STPs. The social analogue would be the interpretation
of a neutral or imprecise (e.g. blurred or ambiguous) facial ex-
pression. As in the interoceptive case, SAD individuals are pre-
dicted to interpret such stimuli as social threat and to avoid
active inference such as exploratory saccades. In each case, it
would be interesting to compare patterns of activation in areas
of interest, particularly anterior insula, a hub of self-modelling,
before and after treatment. We would predict reduced activity
in AIC correlates with reduced STP and more accurate interpre-
tation of interoceptive perturbation and social stimuli.

Conclusion

The last three decades have seen a theoretical convergence
across disciplines such as psychiatry, neuroscience, psychology
and philosophy arguing that basic bodily regulation is the fun-
damental cognitive imperative. Consequently, there is renewed
emphasis on interoception as a process that underlies and uni-
fies self-representation and emotional processing. However,
disentangling the relationships between emotion, affect, body
representation, self-awareness and cognition is not
straightforward.
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In this article, we pursued a suggestion that active inference
theories of interoception can provide a unifying and clarifying
perspective. In particular, interoception can be thought of as
allostatic active inference and emotional processing as IAI. This
conceptualizes a hierarchical processing structure ultimately
grounded in basic bodily regulation.

In this framework, the affective experience is a signal of suc-
cess or failure at realizing organismic goals, represented at dif-
ferent levels ranging from basic bodily maintenance (allostasis)
to explicitly represented personal and social goals. Predictive
processing theory tells us that prediction error is best mini-
mized over the long term by a model that makes endogenous
experience coherent by attributing it to a stable unified entity. A
self: this self-model has different levels and dimensions of
which perhaps the most important is affective self-modelling.
This level of modelling attributes fluctuations in affective expe-
rience to a persisting self: the person who feels better or worse
as her goals are realized or frustrated in action.

We applied this idea to the explanation of SAD, a psychiatric
disorder characterized by extreme aversive response and dis-
tress at the prospect of social interaction. Superficially, SAD
presents as excessive fear of social interaction. However, we ar-
gued that, while this is true, that fear is generated by a self-
model that predicts uncontrollable distress when anticipating
social encounters. This distress arises from imprecise intero-
ceptive prediction error. That experience is then interpreted us-
ing self-models that represent the subject as vulnerable and
unable to cope. These self-models interact with and reinforce
models of the social world as intractably hostile. Finally, we
showed how this idea unifies the range of clinical and neural
evidence about SAD symptoms and their neural correlates and
provides possible avenues for future empirical testing of our
theory of IAI and self-representation in SAD.
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