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Interoception, the sense of the body's internal physiological state, underpins homeostatic reflexes, motivational states, and sensations contributing to emotional experiences. The continuous nature of interoceptive processing, coupled to behavior, is implicated in the neurobiological construction of the sense of self. Aberrant integration and control of interoceptive signals, originating in the brain and/or the periphery, can perturb the whole system. Interoceptive abnormalities are implicated in the pathophysiology of psychiatric disorders, and in the symptomatic expression of developmental, neurodegenerative, and neurological disorders. Moreover, interoceptive mechanisms appear central to somatic disorders of brain-body interactions, including functional digestive disorders, chronic pain, and comorbid conditions. The present article provides an overview of disorders of interoception and suggests future directions for better understanding, diagnosis, and management of these disorders.

Perturbation of interoception in physical and psychological disorders

Interoception (see Glossary), broadly speaking, refers to the afferent signaling and central (brain) representation of the internal physiological state of the body. Interoception is fundamental to homeostasis, and its dysfunction is implicated in multiple physical and psychological disorders. Perturbed interoceptive representation, integration, and predictive control can originate at any level of the neuraxis, and impact distinct component processes or affect the whole bidirectional system: Higher-order cognitive 'beliefs' or emotional dysfunction can drive maladaptive responses expressed through endocrine, immune, inflammatory, somatic, cardiovascular and neurological channels. Dysfunctional interoceptive mechanisms are especially implicated in chronic symptoms that characterize a specific set of physical and mental disorders (Figure 1). Within the brain, insular cortex (IC) is the primary cortical substrate for interoceptive representation [START_REF] Hassanpour | The insular cortex dynamically maps changes in cardiorespiratory interoception[END_REF][START_REF] Critchley | Neural systems supporting interoceptive awareness[END_REF], alongside accessory and secondary interoceptive cortical regions. Anterior IC interacts with frontotemporal networks, enabling conscious access to interoceptive signals, and their integration with more complex emotional and social cognitive processes [START_REF] Adolfi | Convergence of interoception, emotion, and social cognition: A twofold fMRI meta-analysis and lesion approach[END_REF].

Interoceptive information, via regions encompassing the so-called 'central autonomic network' (CAN; including anterior cingulate and insula cortex and amygdala in the forebrain, hypothalamus and brainstem centers), orchestrates autonomic, endocrine, motor, and behavioral responses (including stress responses and immune reactivity) for adaptative survival within an uncertain external environment [START_REF] Beissner | The autonomic brain: an activation likelihood estimation metaanalysis for central processing of autonomic function[END_REF]. Organizationally, lower-order homeostatic reflexes couple afferent interoceptive signaling to specific efferent physiological outputs (e.g. in baroreflex control of blood pressure), yet these reflexes are enslaved by descending signals from the CAN that reflect more general, higher-order 'allostatic policies' [START_REF] Stephan | Allostatic self-efficacy: A metacognitive theory of dyshomeostasis-induced fatigue and depression[END_REF]. Allostasis provides stability through change; temporary homeostatic imbalance is tolerated in anticipation of a greater challenge to the integrity of the organism. Homeostatic reflexes and allostatic responses to interoceptive signals mostly operate unconsciously. However, interoceptive sensations may access consciousness experience (as visceral, motivational, and emotional 'feelings states') and hence attract cognitive appraisal [START_REF] Hassanpour | The insular cortex dynamically maps changes in cardiorespiratory interoception[END_REF][START_REF] Critchley | Neural systems supporting interoceptive awareness[END_REF], especially in pathological states.

The mental representation of the bidirectional interactions between brain and inner body enables cognitive and emotional processes, and associated behaviors, to cohere with visceral activity, usually, but not always, adaptively.

The mental representation of interoceptive information can be parsed into three main subconstructs: i) signal-detection accuracy, i.e. objective sensitivity to internal bodily sensations, as might be indexed from performance of heartbeat detection tasks, ii) subjective sensibility, i.e.

self-evaluation of one's interoceptive experience, e.g. in self-report questionnaires, and iii) awareness, i.e. higher-order 'metacognitive' knowledge (insight) of one's own interoceptive abilities [START_REF] Garfinkel | Knowing your own heart distinguishing interoceptive accuracy from interoceptive awareness[END_REF]. Aberrant processing of interoceptive signals can contribute to complex combinations of central and peripheral symptoms, exemplified in conditions such as disorders of brain-gut interactions (formerly 'functional digestive disorders', as represented by irritable bowel syndrome; IBS) [START_REF] Wolitzky-Taylor | Visceral sensitivity as a mediator of outcome in the treatment of irritable bowel syndrome[END_REF][START_REF] Mayer | Gut feelings: the emerging biology of gut-brain communication[END_REF], functional heartburn, non-cardiac chest pain, urological chronic pelvic pain syndrome (UCPPS), diffuse chronic pain syndrome, fibromyalgia, functional neurological disorders, or subtypes of breathlessness and dysautonomia (see below). Across patients with such complex brain-body disorders, neuroimaging studies reveal similar alterations in cortical and subcortical functional neural reactivity and network connectivity. Thus, despite individual differences between patients in how physiological control processes engage and interact with the physical and social environment (processes shaped by both genes and life experiences), these neuroimaging observations suggest related (likely interoceptive) mechanisms behind shared clinical features of anticipatory symptom-related anxiety, central sensory amplification, and aberrant autonomic activation [START_REF] Icenhour | Brain functional connectivity is associated with visceral sensitivity in women with Irritable Bowel Syndrome[END_REF]. This review article provides an overview of the clinical relevance of interoception, illustrated with reference to diseases, disorders and comorbidities of interoception. Our hope is that this perspective will inform leading-edge translational neuroscience with impact on health and medicine.

Psychiatric disorders

With interoception implicated as the basis for the subjective, self-related, experiential feeling states associated with motivation and emotion [START_REF] Strigo | Interoception, homeostatic emotions and sympathovagal balance[END_REF], interoceptive dysfunction is central to the understanding of many psychiatric disorders [START_REF] Khalsa | Interoception Summit 2016 participants. Interoception and mental health: A roadmap[END_REF]. Grounded in the neuroanatomy of homeostatic regulation, higher-order deficits in self-monitoring extend to reduced selfawareness and compromised insight [START_REF] Klein | Error awareness and the insula: links to neurological and psychiatric diseases[END_REF]: Patients with schizophrenia, for instance, show poor insight and abnormal structural neural integrity within 'interoceptive circuitry'; the degree of reduced insight is predicted by gray matter reduction in right IC (implicated in interoceptive awareness and emotional appraisal) [START_REF] Palaniyappan | Appreciating symptoms and deficits in schizophrenia: right posterior insula and poor insight[END_REF]. Similarly, aberrant cognition in schizophrenia is associated with functional pathology in IC networks [13 ,14]. Individuals with attention-deficit hyperactivity disorder show deficits interoceptive ability as well [START_REF] Kutscheidt | Interoceptive awareness in patients with attentiondeficit/hyperactivity disorder (ADHD)[END_REF], and impulsivity features can be predicted by abnormalities within the visceromotor cingulate cortex and related neural circuitry [START_REF] Bauer | Hyperactivity and impulsivity in adult attentiondeficit/hyperactivity disorder is related to glutamatergic dysfunction in the anterior cingulate cortex[END_REF].

Activation of the immune system is signaled to the brain via neural pathways (particularly the vagus nerve) and humoral interoception, evoking specific changes in cognition, mood, and behavior. Maladaptive engagement of these neural mechanisms, perhaps at specific points in development, may predispose an individual to psychiatric disorders, or precipitate their emergence [START_REF] Savitz | Interoception and Inflammation in Psychiatric Disorders[END_REF]. Growing understanding of interoceptive immune pathways, including the effects of vagus nerve stimulation (VNS), has already opened up therapeutic applications including anti-cytokine therapy, non-steroidal anti-inflammatory drugs, and minocycline suppression of microglial activation for treating psychiatric disorders, such as depression [START_REF] Wittenberg | Effects of immunomodulatory drugs on depressive symptoms: A mega-analysis of randomized, placebo-controlled clinical trials in inflammatory disorders[END_REF].

Interoceptive channels, including immune signaling, influence mood and contribute to mood and anxiety disorders. Depression and anxiety are multifactorial disorders yet share the negative motivational experience of the individual patient with respect to self, others and the future [START_REF] Paulus | Interoception in anxiety and depression[END_REF]. Since interoception putatively underpins motivation, self-monitoring, and the integrated neural representation of the self, interoception is relevant to depression and anxiety, where these processes are compromised. There are increasing efforts to model these mechanisms using computational frameworks ("see Petzschner et al. in this issue of Trends in Neurosciences"). The processing of an emotion-related allostatic change in internal physiological state may be shaped by increased affective biases toward a negative self-view (depression) or increased attentional biases toward threat (anxiety), thereby setting-up beliefs (expectations) that determine how afferent internal body signals are interpreted over the longer term [START_REF] Stephan | Allostatic self-efficacy: A metacognitive theory of dyshomeostasis-induced fatigue and depression[END_REF]. Anxious individuals typically show increased subjective interoceptive sensitivity (sensibility), often with reduced interoceptive accuracy. This reduced ability to report veridical interoceptive signals is also present in depressed patients, intensifying interoceptive 'surprise' and exaggerating the response to interoceptive afferents, even those that are not predictive of aversive outcomes. Both depression and anxiety may represent different consequences of noisily amplified self-referential interoceptive predictive belief states [START_REF] Paulus | Interoception in anxiety and depression[END_REF]. Unsurprisingly, functional neuroimaging indicates that IC plays a central role in negative emotional states [START_REF] Phan | Functional neuroanatomy of emotion: a meta-analysis of emotion activation studies in PET and fMRI[END_REF] and more generally in affective, motivational, and cognitive symptoms across a wide range of psychiatric disorders [START_REF] Khalsa | Interoception Summit 2016 participants. Interoception and mental health: A roadmap[END_REF]. IC hyperactivity is observed in anxiety disorders [START_REF] Etkin | Functional neuroimaging of anxiety: a meta-analysis of emotional processing in PTSD, social anxiety disorder, and specific phobia[END_REF], whereas IC connectivity is decreased even at rest in patients with major depressive disorder [START_REF] Liu | Decreased regional homogeneity in insula and cerebellum: a restingstate fMRI study in patients with major depression and subjects at high risk for major depression[END_REF].

In addiction, interoception is an important conduit of several relevant constructs, including physiological arousal, motivational drive, impulsivity and representations of stress and reward [START_REF] Paulus | Interoception and drug addiction[END_REF]. Across both addiction and mood disorders, cognitive-behavioural strategies that attenuate negative cognitions and interoceptive/emotional arousal will suppress co-activation of anterior IC with regions engaged in aversive processing, notably amygdala and orbitofrontal cortex.

Compassion meditation elicits similar changes, by cultivating an equanimous and non-reactive dissociated form of attention to depictions of suffering [START_REF] Weng | Visual attention to suffering after compassion training is associated with decreased amygdala responses[END_REF][START_REF] Laneri | Mindfulness meditation regulates anterior insula activity during empathy for social pain[END_REF]. One possible implication is that physical wellbeing can arise from re-contextualizing the representation of bodily physiology within a neural system participating in homeostasis, motivation, emotion, and behavior. This model offers a foundation for integrative approaches to treating pain, addiction, metabolic disorders, eating disorders, and somatization precipitated by emotional stress. We return to addiction and eating disorders later in this review.

Neurodevelopmental conditions: Autism

In autism, differences and difficulties with social and emotional functioning, sensory processing, and behavioural flexibility may originate, at least in part, from differences in interoception relative to neurotypical individuals. Relatedly, interoceptive deficits underlie alexithymia, a core problem with processing emotions that is highly comorbid with autism [START_REF] Shah | Alexithymia, not autism, is associated with impaired interoception[END_REF]. Alexithymia is likely underpinned by a weaker-than-normal predictive representation of changes in bodily arousal engendered specifically by emotional challenges. However, other processes may also contribute to alexithymia, including difficulties in perceptual filtering of bodily sensations that may block normative association with emotional cues. Individuals with autism show reduced interoceptive accuracy (e.g., in heartbeat detection tests) and exaggerated or inflexible selfrated interoceptive sensibility (as tested in questionnaires). In autism, the disparity between objective discrimination and subjective perception of bodily sensations correlates with core symptoms and predicts anxiety, probably as a consequence of increased interoceptive surprise [START_REF] Garfinkel | Discrepancies between dimensions of interoception in autism: Implications for emotion and anxiety[END_REF]. Neuroimaging studies of autistic individuals highlight differences compared to neurotypical controls in brain-wise functional connectivity, notably involving brain structures implicated in interoception, including reduced reactivity and functional disconnection between the posterior and anterior regions of IC [START_REF] Ebisch | Altered intrinsic functional connectivity of anterior and posterior insula regions in high-functioning participants with autism spectrum disorder[END_REF]. In autism, sensory hyper-and hypo-sensitivity crosses modalities, with visceral interoception commonly affected. Sensory issues contribute to symptomatic expression of comorbid physical conditions, including migraine, gastrointestinal symptoms [START_REF] Mazurek | Anxiety, sensory over-responsivity, and gastrointestinal problems in children with autism spectrum disorders[END_REF], low muscle tone, and joint hypermobility [START_REF] Sinibaldi | Psychopathological manifestations of joint hypermobility and joint hypermobility syndrome/ Ehlers-Danlos syndrome, hypermobility type: The link between connective tissue and psychological distress revised[END_REF].

Neuropsychiatric, neurological and neurodegenerative disorders

Functional (psychogenic) neurological disorders, where neurological symptoms occur independently of structural neuropathology, occupy a grey area between neurology and psychiatry and include functional motor disorders (FMDs) and functional seizures. These conditions are relatively common. In FMD, motor symptoms are accompanied by abnormal selective allocation of attention to the body: Here, abnormalities in interoceptive sensitivity have been observed to correlate with the propensity of FMD patients to focus on external bodily features [START_REF] Ricciardi | Interoceptive awareness in patients with functional neurological symptoms[END_REF]. Relatedly, patients with functional seizures also show interoceptive deficits across dimensions that predict dissociative symptoms and seizure frequency [START_REF] Koreki | Trait and state interoceptive abnormalities are associated with dissociation and seizure frequency in patients with functional seizures[END_REF]. Thus, an interoceptive perspective may provide valuable insight for understanding and intervention in these difficult-to-manage conditions. Different neurological disorders can selectively compromise specific aspects (or dimensions) of interoception. Consequently, cardiac interoception, i.e. sense of one's own heartbeats, can discriminate distinct forms of neurological pathology [START_REF] Yoris | Cardiac interoception in neurological conditions and its relevance for dimensional approaches[END_REF]. Patients with bilateral (ischemic) damage to IC and anterior cingulate cortex may retain residual somatosensory (but not viscerosensory) experience of heartbeat sensations, e.g. after pharmacologically inducedtachycardia [START_REF] García-Cordero | Feeling, learning from and being aware of inner states: interoceptive dimensions in neurodegeneration and stroke[END_REF][START_REF] Khalsa | Bolus isoproterenol infusions provide a reliable method for assessing interoceptive awareness[END_REF]. Aberrant cardiac interoception is associated with affective impairments in patients with fronto-insular-temporal lesions after ischemic stroke [START_REF] García-Cordero | Feeling, learning from and being aware of inner states: interoceptive dimensions in neurodegeneration and stroke[END_REF]: Here, deficits in heartbeat detection are linked to deficits in emotion recognition and theory of mind, confirming the fronto-insular-temporal network to be critical for integrating of interoceptive information into adaptive emotional and social representations. Such acquired focal lesions to IC are variously associated with specific emotional and motivational deficits, including disgust insensitivity, acquired alexithymia, psychopathy, and loss of drug-craving, alongside other case reports of central pain and changes to body awareness. Interestingly, related interoceptive deficits are observed in other neuropsychiatric conditions, notably in the neurodevelopmental disorder Tourette syndrome, where such deficits are linked to the premonitory urge-to-tic [START_REF] Ganos | Premonitory urge to tic in Tourette's is associated with interoceptive awareness[END_REF][START_REF] Rae | Dimensions of interoception predict premonitory urges and tic severity in Tourette syndrome[END_REF].

Multidimensional disruptions of interoception have been observed in patients with multiple sclerosis (MS), including deficits in taste and temperature perception alongside pain and fatigue. MS patients show structural IC abnormalities, reduced neural responses and aberrant brain-wise connectivity patterns during cardiac interoception [START_REF] Salamone | Altered neural signatures of interoception in multiple sclerosis[END_REF]. Nevertheless, as elsewhere, more research is needed to link causally hypothesized interoceptive deficits to fatigue in MS [START_REF] Manjaly | Pathophysiological and cognitive mechanisms of fatigue in multiple sclerosis[END_REF]. In Parkinson's disease, deficits in cardiac interoception are also reported, and may differentiate subtypes of this disease [START_REF] Ricciardi | Know thyself: Exploring interoceptive sensitivity in Parkinson's disease[END_REF][START_REF] Santangelo | Interoceptive processing deficit: A behavioral marker for subtyping Parkinson's disease[END_REF]. Abnormal structural integrity and function of IC is associated with interoceptive, cognitive, and affective (non-motor) symptoms of Parkinson's disease [START_REF] Christopher | Uncovering the role of the insula in non-motor symptoms of Parkinson's disease[END_REF].

Sensitivity to internal bodily signals (specifically, performance accuracy on interoceptive tasks) decreases with age [START_REF] Khalsa | Interoceptive awareness declines with age[END_REF], yet interoceptive and autonomic brain networks are further compromised in neurodegenerative disorders, notably Alzheimer's disease (AD). Degeneration spans cortical centers, including IC and anterior cingulate cortex, as well as brainstem nuclei where abnormalities (prolonged latencies) in vagus somatosensory evoked potentials are observed in AD (but not major depression). Multiple deficits in cardiac interoception are observed in AD [START_REF] Moon | Regional atrophy of the insular cortex is associated with neuropsychiatric symptoms in Alzheimer's disease patients[END_REF], including explicit abnormalities in interoceptive performance accuracy (as indexed by imprecise tracking of own heartbeats via fingertaps), abnormal modulation of heartbeat evoked potentials, deficits in interoceptive learning (revealed by a negligible enhancement of performance after interoceptive feedback), and deficits in interoceptive awareness (metacognitive insight; indexed by mismatch between subjective confidence and actual objective performance on interoceptive tests) [START_REF] García-Cordero | Feeling, learning from and being aware of inner states: interoceptive dimensions in neurodegeneration and stroke[END_REF]. Across neurodegenerative disorders, loss of self-awareness is associated with damage to cingulate, prefrontal, and fronto-temporal cortices with strong connectivity to IC [START_REF] Shany-Ur | Self-awareness in neurodegenerative disease relies on neural structures mediating reward-driven attention[END_REF].

Behavioral variant fronto-temporal dementia is the second most frequent young onset (<65 years old) cognitive neurodegenerative disorder following AD, characterized by early progressive changes in behavior, social conduct, emotional processing as well as specific cognitive impairments. If the neurodegeneration is predominantly frontal, it also affects core interoceptive hubs including regions of anterior IC, disrupting dynamic interaction with anterior cingulate, medial frontal, frontopolar, orbitofrontal, and basal ganglia [START_REF] Seeley | Anterior insula degeneration in frontotemporal dementia[END_REF]. Behavioural, neuroimaging, and electrophysiological correlates of cardiac interoception, including perceptual sensitivity (accuracy) and metacognitive awareness (insight), are compromised in these patients [START_REF] García-Cordero | Feeling, learning from and being aware of inner states: interoceptive dimensions in neurodegeneration and stroke[END_REF][START_REF] Marshall | Impaired interoceptive accuracy in semantic variant primary progressive aphasia[END_REF].

Understanding Somatic and Visceral Interoceptive Disorders

Since interoception is a key part of a bidirectional body-brain system for the predictive and adaptive control of physiological state, perturbation at one level can impact another level. This is observed in FMDs (see above) where central abnormalities lead to peripheral dysfunction, and in somato-visceral disorders like Irritable Bowel Syndrome (IBS).

Irritable Bowel Syndrome

IBS is the most common disorder of brain-gut interactions (formerly called functional gastrointestinal disorder), affecting 5-20% people worldwide [START_REF] Palsson | Prevalence of Rome IV functional bowel disorders among adults in the United States, Canada, and the United Kingdom[END_REF], and carrying significant socioeconomic burden [START_REF] Canavan | Calculating total health service utilisation and costs from routinely collected electronic health records using the example of patients with irritable bowel syndrome before and after their first gastroenterology appointment[END_REF]. In the absence of generally agreed upon biomarkers and overt organic pathology, IBS continues to be diagnosed using symptom criteria; characteristically by the presence of abdominal pain associated with defecation and/or accompanied by a change in bowel habits. A biopsychosocial formulation of IBS has established a close link with stress and emotion [START_REF] Pellissier | The place of stress and emotions in the irritable bowel syndrome[END_REF]. Correspondingly, alterations in connectivity of brain networks involved in attention, emotion, and pain processing are implicated in maladaptive gut-brain interactions, resulting in visceral pain, altered bowel habits, increased stress reactivity and anxiety [START_REF] Icenhour | Brain functional connectivity is associated with visceral sensitivity in women with Irritable Bowel Syndrome[END_REF][START_REF] Mayer | Role of brain imaging in disorders of brain-gut interaction: a Rome working team report[END_REF].

Deficits in interoceptive processing increase the risk for IBS [START_REF] Fournier | Interoceptive abilities in inflammatory bowel diseases and irritable bowel syndrome[END_REF]: IBS patients typically score high on subjective measures of interoceptive sensibility, consistent with a strong focus on their gastrointestinal symptoms and likely indicative of altered functional processing within interoceptive brain networks [START_REF] Longarzo | The influence of interoceptive awareness on functional connectivity in patients with irritable bowel syndrome[END_REF].

The microbiota-gut-brain axis, which mediates the influence of the microbiome on brain processes, represents an important channel of interoceptive signaling [START_REF] Osadchiy | The gut-brain axis and the microbiome: Mechanisms and clinical implications[END_REF]. Neuroactive compounds produced by intestinal microbiota can act locally on enteric neurons [START_REF] Sarkar | Psychobiotics and the manipulation of bacteria-gut-brain signals[END_REF].

Microbial-derived signals may reach the CNS via the systemic circulation or indirectly through enteroendocrine cells (EECs) located in the epithelium that relay luminal signals to vagal afferent fibres [START_REF] Bonaz | The vagus nerve at the interface of the microbiota-gut-brain axis[END_REF]; short chain fatty acids can stimulate EECs to release neurotransmitters activating vagal afferents [START_REF] Goswami | Short-chain fatty acids suppress food intake by activating vagal afferent neurons[END_REF]. In addition, bacterial products, such as lipopolysaccharides, directly activate toll-like receptors (TLR4) expressed on vagal afferents [START_REF] Bonaz | The vagus nerve at the interface of the microbiota-gut-brain axis[END_REF][START_REF] Pradhananga | Protease-dependent excitation of nodose ganglion neurons by commensal gut bacteria[END_REF]. Non-vagal pathways also contribute to the microbiota-gut-brain axis [START_REF] Mayer | Role of brain imaging in disorders of brain-gut interaction: a Rome working team report[END_REF]. Dysbiosis, i.e. abnormal gut microbiota, has been hypothesized as a mechanism involved in IBS, although establishing causality is elusive. Alterations in the microbiota-gut-brain axis impacts function within subcortical and cortical brain centers, potentially contributing to visceral hypersensitivity and altered pain perception [START_REF] Labus | Evidence for an association of gut microbial Clostridia with brain functional connectivity and gastrointestinal sensorimotor function in patients with irritable bowel syndrome, based on tripartite network analysis[END_REF]. Gut dysbiosis has been explored as a therapeutic target in subsets of IBS patients, using approaches involving prebiotics, probiotics, synbiotics and antibiotics, with generally mixed results [START_REF] Ford | Systematic review with meta-analysis: the efficacy of prebiotics, probiotics, synbiotics and antibiotics in irritable bowel syndrome[END_REF].

Chronic Pain

Chronic pain has broad social and economic repercussions and is defined by pain persisting for more than 3 months, or beyond the expected time for healing [START_REF] Treede | A classification of chronic pain for ICD-11[END_REF]. Chronic pain conditions include fibromyalgia, chronic low back pain, temporomandibular pain disorders, non-cardiac chest pain, non-specific chronic bone pain and painful somatoform disorders. In chronic pain patients, deficits in objective interoceptive accuracy can predict symptom severity [START_REF] Di Lernia | Pain in the body. Altered interoception in chronic pain conditions: A systematic review[END_REF].

Interestingly, for subjective interoceptive sensibility and metacognitive awareness (insight), data are less conclusive. Ultimately, interoception is an important aspect to consider for future avenues in the development of treatments for chronic pain.

Pelvic Disorders

The pontine micturition centre (PMC; Barrington's nucleus) projects via the sacral intermediolateralis nucleus to innervate pelvic visceral motoneurons and modulate pelvic functions, including micturition and the motility of the distal colon [START_REF] Holstege | How the emotional motor system controls the pelvic organs[END_REF]. The PMC lies adjacent to, and interacts with the locus coeruleus (LC), the brain's principle noradrenergic projection center, involved in arousal, stress, autonomic function, cognition, and behavior [START_REF] Aston-Jones | Locus coeruleus: From global projection system to adaptive regulation of behavior[END_REF]. In both nuclei, information about stress and arousal is integrated with control of visceral state. In rodents, micturition is important for social communication; chemical constituents in urine carry distinguishing information about an animal's identity [START_REF] Hurst | Scent wars: the chemobiology of competitive signalling in mice[END_REF]. Voiding behavior (i.e. where and when adult animals micturate) is tightly regulated (through cortical and LC activity) by internal and external sensory inputs and can be altered and optimized by context and experience [START_REF] Desjardins | Social rank in house mice: differentiation revealed by ultraviolet visualization of urinary marking patterns[END_REF].

Thus, integration of interoceptive information with ongoing multimodal contextual signals supports the selection of a coordinated response that links visceral activity and motor behaviour to the social environment, arousal and affective representation [START_REF] Valentino | Central network dynamics regulating visceral and humoral functions[END_REF].

Urological Chronic Pelvic Pain Syndrome (UCPPS) is an expression of chronic idiopathic visceral (i.e. interoceptive) pain, encompassing interstitial cystitis/bladder pain syndrome (mainly women) and chronic prostatitis/pelvic pain syndrome (in men) [START_REF] Clemens | MAPP Research Network Study Group. Urologic chronic pelvic pain syndrome: insights from the MAPP Research Network[END_REF]. UCPPS is linked to early adverse life events and is exacerbated by stress. Neuroimaging reveals functional abnormalities within a pelvic (bladder)-PMC-LC-forebrain pathway [START_REF] Gupta | MAPP Research Network. Impact of early adverse life events and sex on functional brain networks in patients with urological chronic pelvic pain syndrome (UCPPS): A MAPP Research Network study[END_REF]. The high reported prevalence, and significant social and economic impact of UCPPS, motivates research to better understand the pathoetiology [START_REF] Stones | Psychosocial and economic impact of chronic pelvic pain[END_REF]. There is also overlap with disorders of brain-gut interaction, seen also in women with pelvic floor disorders, of whom around ∼60% present with overlapping bladder and bowel symptoms [START_REF] Wyndaele | Exploring associations between lower urinary tract symptoms (LUTS) and gastrointestinal (GI) problems in women: A study in women with urological and GI problems vs a control population[END_REF]. Of note, experimental bladder filling and rectal distension both activate the IC [START_REF] Halani | Regions of the brain activated in bladder filling vs rectal distention in healthy adults: A meta-analysis of neuroimaging studies[END_REF], an observation that may partially account for overlap in bowel and bladder symptoms.

Musculoskeletal diseases: arthritis and hypermobility

In adulthood, rheumatological conditions are typically associated with arthritis and chronic inflammation. Nociceptive pathways are recruited in the central responses to inflammation ('sickness behavior') affecting mood and cognitive functions alongside physical disability [START_REF] Harrison | Neural origins of human sickness in interoceptive responses to inflammation[END_REF].

Variant connective tissue also underlies a set of rheumatological conditions related to Ehlers-Danlos Syndrome, visibly characterized by hypermobile joints. Here, interoception is implicated in (non-articular) psychological and physical manifestations of joint hypermobility, in particular anxiety symptoms: Hypermobile individuals demonstrate higher interoceptive sensitivity and, in brain, display heightened reactivity of 'interoceptive' IC [START_REF] Mallorquí-Bagué | Neuroimaging and psychophysiological investigation of the link between anxiety, enhanced affective reactivity and interoception in people with joint hypermobility[END_REF]. Dysautonomia, notably postural orthostatic tachycardia syndrome (PoTS), is a common comorbidity that also mediates affective symptoms. Of note, hypermobility and PoTS are increasingly recognized in neurodevelopmental disorders including autism and attention deficit hyperactivity disorder [START_REF] Sinibaldi | Psychopathological manifestations of joint hypermobility and joint hypermobility syndrome/ Ehlers-Danlos syndrome, hypermobility type: The link between connective tissue and psychological distress revised[END_REF].

Early life trauma and biological stress can alter peripheral and central aspects of interoception. This may particularly affect people with variant connective tissue and hypermobility. The action of stress (and sex) hormones on the biomechanical functioning of connective tissue may contribute to organ and system-level dysfunction. Interaction between psychosocial stress and intrinsic physiological vulnerability might account for why a minority of people with hypermobility become symptomatic. Clinically, symptoms can be expressed in the cardiovascular system, gastrointestinal system, respiratory systems, pelvis, and as fibromyalgia [START_REF] Sinibaldi | Psychopathological manifestations of joint hypermobility and joint hypermobility syndrome/ Ehlers-Danlos syndrome, hypermobility type: The link between connective tissue and psychological distress revised[END_REF][START_REF] Lam | Rome IV functional gastrointestinal disorders and health impairment in subjects with hypermobility spectrum disorders or hypermobile Ehlers-Danlos syndrome[END_REF]. The effects of stress hormones on brain circuitry may further crystallize unpredictable, poorly regulated, interoceptive representations into enduring dyshomeostatic patterns of illhealth [START_REF] Schulz | Interoception and stress[END_REF].

Comorbid Conditions

As noted, interoceptive mechanisms contribute to the expression of pain, anxiety, depression, and sensory hypersensitivities that compromise effective coping strategies and exacerbate often-overlapping symptoms [START_REF] Gillespie | Risk and resilience: genetic and environmental influences on development of the stress response[END_REF]. A history of early adverse life events (EALs) is an important determinant of symptom expression. In a rat model of EALs, maternal deprivation induced longterm changes within the central corticotrophin-releasing factor system and affected neural plasticity, predisposing adult rats to develop stress-induced visceral hypersensitivity [START_REF] Gareau | Neonatal maternal separation causes colonic dysfunction in rat pups including impaired host resistance[END_REF][START_REF] Gareau | Neonatal maternal separation of rat pups results in abnormal cholinergic regulation of epithelial permeability[END_REF]. This impacted multiple organ systems, with increased defecation, dysfunction of the intestinal mucosa under stress, increased sensitivity to experimental colitis, increased stress hormone [hypothalamic pituitary adrenal (HPA) axis] response, and heightened anxiety [START_REF] Gareau | Neonatal maternal separation causes colonic dysfunction in rat pups including impaired host resistance[END_REF][START_REF] Gareau | Neonatal maternal separation of rat pups results in abnormal cholinergic regulation of epithelial permeability[END_REF]. In humans, EALs appear to engender prolonged psycho-neurobiological and interoceptive perturbations that increase risk for many chronic diseases and physical or psychological morbidity later in life. Adaptive coping strategies and resilience may attenuate the negative interoceptive effects generated by EALs.

Early adversity predisposes individuals to multiple psychiatric and systemic medical disorders [START_REF] Nettis | Early-life adversity, systemic inflammation and comorbid physical and psychiatric illnesses of adult life[END_REF], yet maternal nurture is a protective factor. A mother's ability to read and respond to her child's bodily needs can shape the child's interoceptive ability to recognize and understand his/her own bodily states and emotions, laying the foundation for mentalization abilities [START_REF] Fotopoulou | Mentalizing homeostasis: The social origins of interoceptive inference[END_REF].

Childhood trauma is negatively correlated with interoceptive ability (e.g. in tests of heartbeat detection after a cold pressor stressor) [START_REF] Schaan | Childhood trauma affects stress-related interoceptive accuracy[END_REF]. Childhood trauma and maltreatment are also 20 associated with lower cardiovascular and HPA axis responses, yet higher subjective emotional distress [START_REF] Gooding | Child abuse, resting blood pressure, and blood pressure reactivity to psychosocial stress[END_REF]. Early adversity hinders the development of specific cognitive and emotional brain circuits that overlap with interoceptive networks [START_REF] Ansell | Cumulative adversity and smaller gray matter volume in medial prefrontal, anterior cingulate, and insula regions[END_REF] dampening their functional reactivity [START_REF] Seo | Cumulative adversity sensitizes neural response to acute stress: Association with health symptoms[END_REF], suggesting that aberrant interoceptive signaling mediates the deleterious impact of early adversity on emotion regulation, decision making and self-control responses. Correspondingly, attenuated motivational and interoceptive signaling during stress can predispose to raised subjective distress and poor health outcomes [START_REF] Carroll | The behavioural, cognitive, and neural corollaries of blunted cardiovascular and cortisol reactions to acute psychological stress[END_REF].

Maladaptively, psychoactive drugs potently activate reward circuitry and interoceptive signaling to impact emotions, motivation and stress experiences [START_REF] Sinha | Chronic stress, drug use, and vulnerability to addiction[END_REF]. Binge and chronic use of psychoactive drugs results in adaptations across corticolimbic (including IC), striatal and prefrontal networks contributing to interoception [START_REF] Wemm | Drug-induced stress responses and addiction risk and relapse[END_REF]. These changes alter emotional and reward processing, predisposing to psychological distress and addiction. In substance use disorders, craving is an interoceptive motivational feeling that varies as a function of drug state (acute intoxication, tolerance, withdrawal, abstinence, and long-term recovery). Models of interoception applied to addiction may be usefully extended by considering (i) the multiple components of the bodily feedback system (signal, perception, and appraisal) and (ii) how individual differences in these three components impact on cognitive-affective processing in addiction [START_REF] Verdejo-Garcia | The role of interoception in addiction: A critical review[END_REF].

Alcohol stimulates the release of stress hormones via the HPA axis and upregulates glucocorticoid receptor expression across limbic forebrain and medial prefrontal cortex (PFC) circuits [START_REF] Blaine | Alcohol, stress, and glucocorticoids: From risk to dependence and relapse in alcohol use disorders[END_REF]. This humoral interoceptive route may contribute to development and progression of alcohol use disorders (including severity, chronicity, and relapse risk). Stress hormone release and alcohol cues can both serve as conditioned interoceptive cues motivating alcohol consumption. Treatments that improve PFC function and/or normalize HPA axis function may thus assist in the treatment and relapse prevention of alcohol use disorders [START_REF] Blaine | Alcohol, stress, and glucocorticoids: From risk to dependence and relapse in alcohol use disorders[END_REF]. Current approaches for treating substance use disorders typically combine pharmacotherapy and behavioral counselling. However, growing evidence also suggests the potential utility of brain stimulation techniques to target the IC, through its involvement in interoception, decisionmaking, pain perception, cognitive control, mood, anxiety, threat, and conscious urges [START_REF] Ibrahim | The Insula: A brain stimulation target for the treatment of Addiction[END_REF].

Food intake is an expression of the fundamental role of interoceptive signaling in energy regulation. Interestingly, a diet high in saturated fat and sugar can impair interoceptive satiety responses and compromise hippocampal-dependent learning and memory, in part through elevated inflammatory cytokines [START_REF] Beilharz | Short-term exposure to a diet high in fat and sugar, or liquid sugar, selectively impairs hippocampal-dependent memory, with differential impacts on inflammation[END_REF][START_REF] Attuquayefio | A four-day western-style dietary intervention causes reductions in hippocampal-dependent learning and memory and interoceptive sensitivity[END_REF]. Food cues, metabolic hormones, and exposure to emotional stress, converge to influence the neural substrates of interoception and reward processing, impacting motivation for food seeking in a mood-dependent manner [START_REF] Jastreboff | Leptin is associated with exaggerated brain reward and emotion responses to food images in adolescent obesity[END_REF]. In particular, negative mood induction increases subjective perceptions of food and neural responses to food stimuli, while decreasing the impact of interoceptive and metabolic signals on hedonic brain circuits. Fatty foods have been shown to have a particularly salient effect on mood and motivation for food [START_REF] Weltens | Where is the comfort in comfort foods? Mechanisms linking fat signaling, reward, and emotion[END_REF].

Food intake is guided by the perception and discrimination of interoceptive sensations of hunger and satiety. These sensations are perturbed in both obesity and anorexia nervosa.

Obese individuals often show reduced interoceptive sensitivity and difficulty in detecting neural signals of fullness and satiety [START_REF] Herbert | Attenuated interoceptive sensitivity in overweight and obese individuals[END_REF]. Thus, promoting interoceptive awareness in the context of eating may be a useful therapeutic approach to obesity [START_REF] Simmons | Interoceptive contributions to healthy eating and obesity[END_REF]. However, obese individuals can also show exaggerated responses to interoceptive signaling of hypoglycemia (which occurs during food deprivation) across bilateral IC, striatum, hypothalamus, and brainstem [START_REF] Page | Circulating glucose levels modulate neural control of desire for high-calorie foods in humans[END_REF].

Moreover, hormonal signals (e.g. ghrelin and leptin) further amplify motivational feelings of hunger, craving and satiety during stress [START_REF] Caron | Neuronal systems and circuits involved in the control of food intake and adaptive thermogenesis[END_REF]. Importantly, bariatric surgery remains currently among the most effective treatments for combating morbid obesity. Following surgery, changes in 'default mode' network connectivity involving ventromedial prefrontal cortex (implicated both in self-referential processing and interoception) correlates with improved control of eating 

Concluding Remarks

In this article, we illustrated how aberrant processing and control of interoceptive signals are implicated in the pathophysiology of psychiatric disorders, and in the symptomatic expression of developmental, neurodegenerative, and neurological disorders. Moreover, interoceptive mechanisms appear central to somatic disorders of brain-body interactions, including functional digestive disorders, chronic pain, and comorbid conditions. While understanding of interoception's contributions to these disorders has been progressing steadily, there remains a knowledge gap that needs to be addressed if we are to establish interoceptive measures as clinical predictors for the purpose of diagnosis, prognosis, and treatment selection (see Outstanding Questions). Various markers are currently used in research studies, including interoceptive questionnaires, behavioral responses in different tasks (e.g. heartbeat detection), autonomic measures of electrodermal or cardiovascular reactivity (e.g. baroreflex sensitivity, heart rate variability), and neuroendocrine response (salivary cortisol, NPY). In addition, sophisticated neuroimaging techniques, as well as electro-and magneto-encephalography, offer much toward characterizing the mechanisms and medical importance of interoception.

However, few of these measures have yet found broad clinical application in this role.

As therapy, brain-body communication can be targeted through biofeedback (autonomic) training and related biobehavioural interventions, such as interoceptive exposure of panic (where patients learn to accustom themselves to sensations of physiological arousal).

'Bioelectronic Medicine' where electrical stimulation is applied to different systems [110] currently includes VNS, spinal cord stimulation, transcranial magnetic stimulation, transcranial direct current stimulation, and deep brain stimulation. Anti-nociceptive, anti-depressive, and anti-inflammatory effects are among the reported benefits of bioelectronic interventions [111,112]. In animal studies, additional neural stimulation approaches are available, such as optogenetics and pharmacogenetics, which offer the advantage of cell type-specific manipulation. Better theoretical understanding and modelling of interoception represent another promising area for guiding further development of interoceptive biomarkers. Among relevant considerations in the development of interoceptive biomarkers are sex-and gender-differences in vulnerability to clinical conditions involving interoceptive mechanisms, and how reported sex-differences in perceptual sensitivity to bodily sensations or in neural reactivity should be factored into psychological [113] or neuroimaging [114] evaluations of interoceptive processing. Resolving these issues may improve understanding of interoceptive (e.g. neurohormonal) mechanisms increasing susceptibility to affective disorders [115].

In summary, interoception is increasingly implicated as a fundamental factor in the development and expression of symptoms and pathology across physical and psychological disorders. Improving understanding of interacting processes, and ones that are often hidden, within interoceptive systems is being met by the timely emergence of fresh analytic approaches, neuroscientific frameworks, and computational models, particularly within the growing field of computational psychosomatics [START_REF] Stephan | Allostatic self-efficacy: A metacognitive theory of dyshomeostasis-induced fatigue and depression[END_REF]. Scientific and clinical progress in this field will hopefully foster fresh strategies for intervention, ranging from psychological and biobehavioral training to immunotherapy and 'electroceutical' approaches, for the mitigation, diagnosis, and clinical care of interoceptive disorders.

Glossary

Alexithymia

Inability to detect, identify and/or describe one's own emotions or the emotions of others.

Allostasis

A form of regulation that emphasizes the process of achieving stability through change, for example, by the dynamic and anticipatory (predictive) allocation of resources and generation of responses to ensure longer term stability of core regulatory targets.

Bioelectronic Medicine

Bioelectronic medicine builds upon mechanistic insights into neural control of biological processes that underlie disease. It is based on the development of devices to modulate these specific neural circuits as a therapy using electromagnetic fields.

Central autonomic network

The central autonomic network (CAN) controls the activity of preganglionic sympathetic and parasympathetic neurons in the dynamic control of visceral function. The visceromotor CAN is organized hierarchically and is integrated with interoceptive representations, encompassing the anterior cingulate cortex, insula, amygdala, forebrain regions, hypothalamus, brainstem, and spinal centers.

Dysautonomia

Any disorder affecting the function of the autonomic nervous system. This includes consequences of peripheral or central nervous damage (e.g. diabetic dysautonomia or spinal dysreflexia) and increasingly, this term is applied to clinical conditions defined by primary maladaptive reactivity of the autonomic nervous system, including vasovagal syncope, hyperhidrosis and postural tachycardia syndrome (PoTS).

Early adverse life events

Traumatic events experienced in early life, typically defined as up to 18 years of age.

Functional disorder

A medical condition that impairs the normal function or functioning of a bodily or cognitive process, in the absence of a structural pathology or other detectible organic process causing the impairment. Emotional psychological factors are often implicated in the pathogenesis.

Functional symptoms also commonly comorbid with organic disorder. Examples within neurology include functional motor symptoms, functional (dissociative) seizures and functional amnesia.

Homeostasis

The process of maintaining a stable constant internal physiological environment within a tight range optimised for survival. Homeostasis broadly involves self-adjusting reflexes and close loop control mechanisms, examples include pancreatic control of blood glucose, respiratory control of blood oxygenation, baroreflex control of blood pressure.

Interoception

The sense of the internal physiological condition of the body. Distinguished from exteroception (sensing the environment) and proprioception (sensing position and action within the environment). Interoception encompasses afferent signaling from the body via neural and humoral channels and the representation, integration, and conscious perception of these signals. Interoception is the afferent limb of homeostasis and allostasis, contributes to affective processing and motivational drives (including associated experiential feeling states), and is the putative substrate for the representation of 'biological self'.

Metacognition

"Thinking about thinking": The cognitive appraisal, representation and control of cognitive processes including self-monitoring. Interoceptive metacognition, also referred to as interoceptive insight or awareness may refer to the knowledge about how accurately one can judge or be influenced by signals from the body. This therefore represents a higher order belief within a hierarchy of interceptive control.

Stress

A non-specific response of the body to demands and its reaction to changes that require a physical, mental or emotional adjustment. managing the interoceptive element in prediction error-signalling recognised at this metacognitive level engenders a system-wise functional change, which is hypothesized to induce fatigue and ultimately depression [START_REF] Stephan | Allostatic self-efficacy: A metacognitive theory of dyshomeostasis-induced fatigue and depression[END_REF]. This framework assimilates interoceptive pathways within the central autonomic network (CAN) [START_REF] Beissner | The autonomic brain: an activation likelihood estimation metaanalysis for central processing of autonomic function[END_REF], wherein interoceptive/allostatic predictions from agranular 'visceromotor' cortices ACC, AIC, SGC, OFC project to earlier regions of the hierarchy, including viscerosensory cortices such as MIC and PIC. Of note, this projection is equivalent to corollary discharge or efference copy, as also incorporated in related theoretical models [116], and is consistent with known anatomical connections [117].

Interoceptive/allostatic predictions from visceromotor cortices also project to lower-order visceromotor and interoceptive hypothalamic and brainstem centres. Interoceptive dysfunction, i.e. disrupted central representation, integration, and/or prediction of internal physiological state, represented in the schematic by the lightning bolt, may lead to integrative failure which, when expressed at different levels of control underlies the expression of multiple physical and psychological symptoms or disorders, as listed in the figure (adapted from ref. [START_REF] Stephan | Allostatic self-efficacy: A metacognitive theory of dyshomeostasis-induced fatigue and depression[END_REF], Fig. 7). Abbreviations: ACC, anterior cingulate cortex; AIC, anterior insular cortex; IBS, irritable bowel syndrome; MC, metacognitive layer; MIC, midinsular cortex; OFC, orbitofrontal cortex; PE, prediction error; PIC, posterior insular cortex; SGC, subgenual cortex.

  behavior and reduced body mass [100]. Conversely, the biophysical properties of vagus nerve afferents are impaired in obesity and leptin resistance of vagal afferents accompanies hyperphagia [101]. Since disturbed vagal signaling favors overconsumption of food, and subsequent weight gain, VNS may help the management of obesity [102]. There is circumstantial evidence from patients losing weight following VNS applied for the treatment of epilepsy or depression, yet findings from clinical trials for obesity are awaited. Anorexia nervosa is characterized by disturbed eating and extreme cognitive overvaluation of low body weight. Patients with anorexia nervosa perceive interoceptive symptoms more intensely in critical arousing and aversive food-anticipatory contexts [103]. This supports the view that interoceptive predictive signaling is distorted in anorexia nervosa (especially in fearrelated and self-referential contexts). Altered IC activity is reported during interoceptive attention task [104] and deficits in interoceptive sensitivity / accuracy occur in patients with anorexia nervosa, correlating with levels of depression and anxiety [105]. A set of observations draws together interoceptive signaling with addiction and disordered metabolism. Peripheral peptides are often present in the brain. For example, the satiety-promoting glucagon-like peptide-1 (GLP-1) is secreted by intestinal EECs and is also present in the nucleus tractus solitarius (NTS), the first brainstem site of interoceptive information convergence from spinal and vagus nerve afferents. Nicotine activates GLP-1 neurons in the NTS, which in turn excite medial habenular projections to the interpeduncular nucleus (IPN). Activation of this circuit in mice attenuates nicotine reward [106] and reduces hyperglycemic responses (mediated by the transcription factor TCF7L2, mutations of which link diabetes to tobacco use). Chronic exposure of mice to nicotine dramatically alters cholinergic signaling within the habenula fostering nicotine dependence [107,108]. The habenula receives afferent inputs from multiple forebrain limbic structures, and the IPN sends efferent projections to specific midbrain and brainstem structures implicated in addiction, feeding and mood disorders [109]. Selective interoceptive targeting of this circuitry may thus be beneficial in the management of compulsions in drug addiction and other conditions including eating disorders.

  

Acknowledgments

We would like to thank all participants of the NIH blueprint for Neuroscience Research workshop on "The Science of Interoception and Its Roles in Nervous System Disorders", NIH Blueprint Workshop, April 16-17, 2019, Bethesda MD, with a special thanks to Dr Wen Chen from the National Center for Complementary and Integrative Health (NCCIH).

Disclosures

The authors have no disclosures related to this manuscript.

Figure 1 legend

Conceptual model linking clinical psychological and physical disorders based on the hierarchical framework of 'allostatic self-efficacy' of Stephan, Petzschner and colleagues [START_REF] Stephan | Allostatic self-efficacy: A metacognitive theory of dyshomeostasis-induced fatigue and depression[END_REF]. The central schematic, reproduced from [START_REF] Stephan | Allostatic self-efficacy: A metacognitive theory of dyshomeostasis-induced fatigue and depression[END_REF], summarizes the proposed circuit for interoception and allostatic regulation. In this framework, drawing on notions of predictive processing, peripheral homeostatic reflex arcs, informed by afferent interoceptive inputs are enslaved by both descending beliefs (predictions) about interoceptive state and allostatic policies (sequences of visceromotor actions to maintain longer term interoceptive stability). These originate in higherorder cortical (including emotional/motivational) representations of desired and predicted interoceptive states. Ascending predictions errors (interoceptive surprise) are minimized through changes in higher order predictive representation or in efferent viscerosensory commands. At the highest level of the hierarchy, the efficacy of the system as a whole is appraised metacognitively as a measure of self-efficacy. Transient or chronic impairments in