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Abstract

Over the past century, much research has investigated how the brain processes signals from the 

body (interoception) and how this processing may be disturbed in patients with psychiatric 

disorders. In this paper, I discuss the literature examining the relationship between interoceptive 

awareness and emotional and cognitive processes, and review the evidence suggesting that anxiety 

and obsessive-compulsive disorder (OCD) are characterized by abnormal interoception. A network 

of cortical and subcortical brain regions centered on the insula has repeatedly been implicated in 

interoception and is abnormal in anxiety and OCD. The investigation of interoception provides a 

framework for understanding behavioral and neural mechanisms of anxiety and OCD, although 

additional research is needed to directly link insula functioning to aberrant interoception in these 

disorders. Future work targeting interoception may be useful for the development of novel 

treatments.
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Introduction

Anxiety disorders and obsessive-compulsive disorder (OCD) are common, with a total 

lifetime prevalence rate of over 28 %, and are strongly associated with poor quality of life 

[1]. Given that current first-line treatments including cognitive behavioral therapy and 

psychotropic medication are only partially effective [2], further investigation into core 

behavioral and neural mechanisms will be critical for identifying targets for novel 

treatments. In the present review, I discuss evidence supporting the theory that abnormal 

awareness of, or sensitivity to, sensations from the body (i.e., interoception) is a core feature 

of anxiety and OCD. Previously discussed largely in the context of anxiety disorders [3–6], I 
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propose that this framework can also be applied to understanding the phenomenology and 

neurobiology of OCD and related disorders. In the first half of the review, I describe 

historical work examining how body signals influence behavior, highlighting the relationship 

between interoceptive awareness and emotional and cognitive functioning. I then outline 

research pointing to abnormal interoception among patients with anxiety and OCD. In the 

second half of the review, I describe the neural circuits responsible for processing 

information from the body, and link this to what is known about brain functioning in anxiety 

and OCD. I conclude with some suggestions for future ways to use interoception as a target 

for treatment.

The relationship between the body and emotion

The link between body signals and emotional and cognitive processes has been a topic of 

much interest in psychology and psychiatry. In the late 1800s, the influential scientists 

William James and Carl Lange independently proposed that emotional stimuli evoke 

physiologic responses in the viscera and soma, and that it is the perception of these body-

state changes that results in the experience of emotion, a hypothesis that has come to be 

known as the James-Lange Theory of Emotion [7, 8•]. This view has been hotly debated, 

with some experimental work supporting a causal link between body signals and emotion 

and others refuting it [7]. Critics of the James-Lange theory offer many plausible arguments 

against a strict interpretation [7], with one of the most commonly cited criticisms being that 

physiologic signals are too general to be associated with discrete emotions [9–11]. However, 

an update to this theory came in the 1960s, when Schacter and Singer [11] proposed that 

“emotional state may be considered a function of a state of physiologic arousal and of a 

cognition appropriate to this state of arousal”. In their now-famous experiment, the 

researchers injected subjects with epinephrine before placing them in a room with a study 

confederate who acted in an angry or euphoric manner. Some subjects were told about the 

typical physiologic response to epinephrine (e.g., increased heart rate, sweating, trembling), 

while others were not told anything about what to expect (the “ignorant” group). Results 

indicated that subjects who had received epinephrine but who were “ignorant” to its effects 

were more likely to display emotions consistent with those shown by the confederate as 

compared with subjects who were informed about the effects. These data suggest that 

physiologic responses do influence emotional experience, but in a way that depends on 

contextual and cognitive factors, a theory that may have been closer to James’ original 

concept than is typically appreciated [7]. More contemporary views, such as the somatic 

marker hypothesis, also emphasize the influence of physiologic signals on cognition and 

emotion [12, 13].

In addition to the effects of the mere presence of physiologic signals, the propensity or 

sensitivity to detect such signals — sometimes referred to as interoceptive awareness (IA) — 

also appears to be important for emotion and cognition [8•, 14, 15]. There is considerable 

individual variability in IA, often indexed by accuracy in detecting one’s own heartbeat, and 

greater IA has been consistently associated with increased emotional arousal [14, 16–18]. IA 

is also related to the cognitive processing of emotional stimuli, in that greater IA has been 

linked to improved decision making under risk [19], greater regulation of emotion [20], 

improved acquisition of fear conditioning [21], better implicit memory for emotional words 
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[22], better recognition memory for emotional pictures [23], and increased cognitive 

interference from negative words [24]. In addition, IA has been shown to moderate the 

relationship between behavior and brain functioning [25] and behavior and physiology [26, 

27].

Physical symptoms in anxiety and obsessive compulsive disorder (ocd)

Given the relationship between body signals and emotion, it is perhaps not surprising that 

several psychiatric disorders are associated with altered physical sensation. Diagnostic and 
Statistical Manual for Mental Disorders [28] criteria for many anxiety disorders specify the 

presence of physical symptoms, particularly for panic disorder (PD), which can involve 

increased heart rate, sweating, feelings of choking or difficulty breathing, abdominal distress 

or chest pain, paresthesia, or trembling. In addition, criteria for generalized anxiety disorder 

(GAD) include restlessness and muscle tension, and a diagnosis of post-traumatic stress 

disorder (PTSD) requires persistent symptoms of increased physiologic arousal. In line with 

the inclusion of physical symptoms in diagnostic criteria, patients with anxiety consistently 

report sweating, increased heart rate, and difficulty breathing at a greater frequency than 

healthy controls [29–32].

Although not part of the diagnostic criteria, patients with OCD report physical symptoms 

similar to those described by patients with anxiety [33]. In addition, up to 70 % of patients 

with OCD experience “sensory phenomena”, which are aversive or uncomfortable internal 

sensations that drive repetitive behaviors [34••, 35, 36]. Sensory phenomena manifest as 

tactile or visceral sensations of contamination, including sensations of disgust, which 

precipitate washing/cleaning compulsions. In addition, sensory phenomena may involve 

uncomfortable sensations in the skin or muscles prior to touching compulsions. Repeating 

and arranging compulsions are also frequently performed to achieve a specific, or “just 

right”, sensation, which can be physical or mental [34••, 37, 38]. Sensory phenomena are 

also highly prevalent in Tourette’s disorder (TD), where they manifest primarily as muscle 

tension, numbness, tingling, and/or itching in a specific body part prior to tics, known as a 

premonitory urge or “sensory tic” [39–41]. In addition, certain impulse control disorders 

such as trichotillomania and skin picking (excoriation disorder) are characterized by 

premonitory urges [42].

Interoception in anxiety and ocd

Despite the greater frequency of physical symptoms reported by patients with anxiety, 

objective measures of physiologic arousal do not consistently match subjective experiences. 

Some studies show increased physiologic arousal in patients with anxiety [43], whereas 

others find no differences from controls [29, 32]. This raises the possibility that anxiety is 

associated with a heightened sensitivity or bias towards interoceptive information in the 

absence of major physiologic differences, similar to models proposed for “medically 

unexplained symptoms” [44]. Indeed, conceptualizations of PD often focus on patients’ 

sensitivity to and interpretation of body signals (see [3] for a review), and certain theories of 

anxiety propose that patients exhibit an exaggeration of aversive interoceptive signals and 
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have difficulty distinguishing between signals that are associated with negative 

consequences and those that are not [5, 6].

Supporting these theoretical constructs, higher anxiety among healthy individuals has been 

related to greater IA as assessed by heartbeat detection accuracy [45, 46]. Patients with PD 

and GAD also show greater heartbeat detection accuracy than healthy controls (see [4] for a 

review). In a re-analysis of data from 709 subjects including 275 PD patients, Van der Does 

[47] found that patients with PD were more accurate at detecting their heartbeat than were 

healthy controls, patients with heart palpitations, those with infrequent panic attacks, and 

depressed patients, but were no different from patients with social phobia, specific phobia, 

and GAD. Subsequent work has confirmed that socially anxious individuals are better at 

detecting their own heartbeat [48]. Although no studies have yet investigated IA in patients 

with OCD or TD, it is possible that an increased awareness of or attention to body sensations 

contributes to the sensory phenomena experienced in these disorders [49, 50].

A note on interoceptive accuracy vs. subjective body experiences

It should be noted that measures of IA that rely on accuracy (such as in detecting one’s own 

heartbeat) may not capture the entire picture of the interoceptive experience, in that 

individuals may be more sensitive to body sensations without necessarily being more 

accurate it judging them. Describing this issue, Garfinkel and Critchley [51] distinguish 

between objective measures of IA that rely on accuracy (what they term “interoceptive 

sensitivity”) and subjective measures of IA that rely on self-report (what they term 

“interoceptive sensibility”). They emphasize the importance of assessing both objective and 

subjective measures of interoceptive awareness, given that they are not typically correlated 

[44, 51].

Neural correlates of interoception

Much research has identified the neural pathways involved in detecting information from the 

body. Although the term interoception has sometimes been used to refer to the detection of 

sensations from visceral organs only, a broader conceptualization has been proposed by 

Craig [52, 53] to include sensation from the entire body, including skin, muscles, joints, and 

teeth in addition to viscera. The majority of signals coming from visceral organs reach the 

brain via cranial nerves IX and X (glossopharyngeal and vagus nerves) and the dorsal horn 

of the spinal cord [54, 55•, 56, 57], whereas somatic information is relayed through the 

dorsal horn route [52, 53, 57]. Afferents project to the nucleus of the solitary tract in the 

medulla [55•, 56, 58] and area postrema [59], with parallel and sequential pathways 

continuing to the parabrachial nucleus, periaqueductal gray, thalamus, and hypothalamus 

[52–54, 55•]. Largely by way of the thalamus, these signals are transmitted to cortical and 

limbic regions including the insula, somatosensory cortex, cin-gulate cortex, orbitofrontal 

cortex, and amygdala [52, 54, 55•]. A broad conceptualization of interoception that includes 

sensations from the entire body is supported by research showing that visceral and somatic 

afferents converge at several levels on their way to the brain, including in the dorsal horn of 

the spinal cord, the nucleus of the solitary tract, and the thalamus [57, 58, 60, 61]. Indeed, 
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the co-localization of visceral and somatic terminals on neurons of the dorsal horn has been 

implicated in referred pain [60, 61].

Among the cortical areas involved in interoception, the insula has emerged as a key region. 

The insula, meaning “island” in Latin, is a triangular area of cortex embedded under the 

intersection of the frontal, temporal, and parietal lobes. Electrical stimulation of the insula 

elicits somatic and visceral sensations [62, 63], and insular lesions have been associated with 

abnormalities of somatosensation and body awareness [64]. The insula extends 50–60 mm 

antero-posteriorly, with cytoarchitectonic features distinguishing anterior from mid-posterior 

regions, bifurcated roughly at the central sulcus (for a review see [65]). While neuroimaging 

studies have found activation of both anterior [45, 66–68] and mid-posterior insula [68–70] 

during tasks of interoception when subjects are instructed to attend to their body sensations, 

other research suggests a dissociation of function between these sections [71–73]. Mid-

posterior insula, being a major recipient of ascending sensory signals [52, 53], may hold the 

initial cortical representation of the body (as referred to as “primary interoceptive cortex”) 

that is then re-represented with greater complexity in anterior insula [52, 74]. Anterior insula 

is activated to a variety of psychological tasks [71, 73, 75], and is hypothesized to integrate 

primary body representations with emotional, cognitive, and motor systems to generate 

subjective “feeling states” [45, 52, 55•, 69, 74, 76]. Anterior insula contains thin, elongated, 

spindle-shaped cells called “von Economo neurons” (so-named for one of the early 

discoverers [77]), which are capable of fast communication over long distances [65, 78], 

supporting the hypothesis that this region is important for neural integration. The 

dissociation of function between anterior and mid-posterior insula is further supported by 

functional and structural connectivity studies revealing differing patterns of connectivity 

between the regions [79, 80].

The insula and other body-related processes

Disgust can be thought of as a feeling state that involves both an emotion and a stereotypical 

body response that has evolved as a defense to prevent ingestion of toxins or pathogens [81]. 

The study of disgust is particularly relevant for OCD, as many patients with contamination 

symptoms identify disgust as a major trigger of their cleaning compulsions [82, 83]. In 

addition, small animal and blood-injection-injury phobias are prominently characterized by 

disgust [84]. Neuroimaging studies of healthy individuals reveal activation of both anterior 

and mid-posterior insula in response to disgust-inducing images [85–87] and facial 

expressions of disgust [88–90]. In one case study, a patient with a lesion encompassing both 

anterior and posterior insula was impaired in recognizing facial expressions of disgust but 

exhibited normal recognition for several other emotions including happiness, fear, and 

sadness [91]. Although there is continued debate as to whether the insula is involved in 

processing disgust per se or is generally important for emotion [87], one possibility is that 

insula activations to various emotional probes are related to physiologic responses.

Another set of body-related processes that are sub-served by the insula are so-called “urges 

for action”, defined as physical sensations that drive an individual to perform a behavior 

[92•]. Urges can be unconscious or conscious, and are typically automatic and habitual 

[92•]. Everyday examples include the urge to blink, the urge to scratch an itch, and the urge 
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to cough. In patients with OCD or TD, sensory urges commonly precede compulsive 

behavior or tics [34••, 35, 36, 92•]. A small body of neuroimaging work has investigated 

neural activation during the build-up of urges, with findings consistently pointing to the 

insula as well as other regions linked to interoceptive and motor functions. In a recent 

review, Jackson and colleagues (2011) noted a common region of posterior insula during the 

urge to swallow, urge to yawn, and urge to urinate, and, in TD patients (originally reported 

by [93]), during the urge to tic. It has been proposed that the physical experience of an urge 

is processed in secondary somato-sensory cortex and mid-posterior insula, while the 

conscious awareness of the urge involves anterior insula (Jackson 2011). Although, to my 

knowledge, no studies have yet examined neural differences between conscious and 

unconscious urges, this hypothesis would be consistent with the proposed anterior-posterior 

segregation of insular function already described [45, 52, 69, 74].

Insula functioning in anxiety and OCD

Several studies have found that patients with anxiety disorders exhibit abnormal functioning 

of the insula, the details of which have been described by other authors [5, 6, 94]. A meta-

analysis [95] comparing patients with PTSD, social anxiety disorder, and specific phobia 

with healthy controls identified insula hyperactivity in all three disorders across a variety of 

tasks, most of which presented stimuli designed to provoke symptoms (e.g., reading trauma 

scripts, looking at images of phobic stimuli). In healthy individuals, chemically induced 

panic after injection of cholecystokinin-4 elicited a robust bilateral insula response that was 

correlated with self-rated panic severity [96]. A study in PD also found that anterior insula 

was activated more in patients who experienced a lactate-induced panic attack than in 

patients who did not experience a panic attack. Intriguingly, Cameron [97] found reduced 

binding of receptors for the inhibitory neurotransmitter γ-aminobutyric acidA (GABAA) in 

bilateral mid-posterior insula in PD patients, suggesting that impaired inhibitory functioning 

in the insula may contribute to the observed hyperactivity.

Considerable research has also identified increased activation and connectivity of the insula 

in patients with OCD, who show greater resting-state metabolism of mid-posterior insula 

than controls [98] and increased resting-state connectivity within anterior insula [99], as well 

as between anterior and posterior insula [100]. During symptom provocation, OCD patients 

show activation of anterior insula [101, 102]; similarly, studies focusing on disgust 

processing have identified hyperactivity in anterior [103, 104] and mid-posterior [104, 105] 

insula when patients view disgusting images. Further, several paradigms exploring brain 

functioning in OCD when patients perform cognitive tasks not directly related to symptoms 

have identified hy-peractivity in the insula, including tasks of error detection [106], conflict 

detection [107], decision making [108], planning [109], response inhibition [110] working 

memory [111], fearful face processing [112], loss anticipation [113, 114], reward [114], and 

negative performance feedback [115]. Although hyperactivations in these studies are more 

frequently reported in anterior insula [106–109, 112–114] than in mid-posterior insula [110, 

111, 114, 115], there are no readily apparent psychological or cohort factors that explain the 

anterior-posterior differences among studies. It is possible that the various paradigms that 

have been used, not having been designed to specifically measure interoception, were not 

sensitive to differences in primary interoceptive processes (supposedly processed in mid-
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posterior insula) as opposed to higher-order integrative functions of the insula (purportedly 

subserved by anterior insula). Given that anterior insula is associated not only with 

interoception but also with emotion and cognition [71, 73, 75], the use of task paradigms 

that directly tap into interoceptive processes in anxiety and OCD would aid in the 

interpretation of neuroimaging findings.

It should be noted that some studies have also reported hypoactivations of the insula in OCD 

compared with controls, with the majority of this work focusing on brain activity during task 

switching [116–118]. These findings highlight the importance of considering the specific 

task used to investigate brain functioning when interpreting results. To my knowledge, no 

studies have yet examined neural activity in patients with anxiety disorders or OCD when 

directly engaging interoceptive processes. However, one study in healthy individuals found a 

correlation between anterior insula activity and trait anxiety (measured with the Hamilton 

Anxiety Rating Scale) when subjects attended to their own heartbeat [45]. In this study, 

anxiety was also correlated with IA as assessed by heartbeat detection accuracy. These 

results are important in that they provide a convincing link between increased insula activity 

and altered IA in relation to psychopathology.

Conclusions and future steps

Over the past 100+ years, the study of how the brain detects signals from the body, and how 

this interacts with emotion and cognition, has yielded considerable insight into psychiatric 

disorders including anxiety and OCD. Research has identified a neural circuit cortically 

centered on the insula that is involved in interoception and similar body-related processes 

such as disgust perception and urges for action. Patients with anxiety disorders and OCD 

show abnormal hyperactivity of the insula in a variety of tasks, which could be related to 

altered interoception, although studies directly probing interoception in patients will be 

necessary to test this hypothesis.

Arguably, one of the major goals of psychiatric research is to identify behavioral and brain 

targets for treatment, and there are several ways that interoception can serve as such a target. 

Exposure to interoceptive cues is frequently used to reduce sensitivity to body sensations in 

panic disorder [119, 120], an approach that could be useful for other anxiety disorders as 

well as OCD. In addition, neural mechanisms associated with altered interoception can be 

targeted by brain stimulation techniques such as deep brain stimulation and transcranial 

magnetic stimulation, which have already been employed to modulate neural functioning in 

psychiatric and neurologic disorders [121], including OCD [122–125]. Neurobiologic targets 

can also be modulated using real-time functional magnetic resonance imaging (fMRI), 

which is a developing technology that trains individuals to modify activity in specific brain 

regions using neurofeedback of the fMRI, blood-oxygen level-dependent signal [126]. 

Several studies have successfully trained subjects to increase activity in anterior insula using 

real-time fMRI neurofeedback [127–129], although decreasing activity in this region may 

prove more difficult [129]. Finally, novel drug therapies may be developed to modulate 

specific circuits or neurotransmitter systems suspected to be involved in interoception. For 

example, the GABA system may be a promising target, as GABA concentration is linked to 

interoceptive awareness [68] and GABA receptor binding is reduced in bilateral insula in PD 
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patients [97]. In conclusion, the investigation of interoception in anxiety and OCD has 

provided new insights into behavioral and neural mechanisms, which could be used as future 

targets for treatment.
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