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Bodily organs such as the heart and the lungs play a crucial role
in maintaining physiological homeostasis in a continuous closed-loop
interaction with the brain. Beyond their vital role, recent developments
have emphasized the remarkable contribution of bodily signals to high-
level brain functions. A direct route by which bodily signals influence
brain functioning is via modulation of electrophysiological dynamics,
which in turn influences the integration and processing of emotional and
self-related information regulating our conscious experience. Drawing on
electrophysiological investigations, we provide a comprehensive picture
of the electrophysiology of interoception and its contribution to emotion,
self and bodily consciousness, with a focus on cardiac, respiratory and
gastric interoception. We provide evidence that altered neurophysiological
responses in interoception might underlie deficits in psychopathology.
We also summarize the limited evidence on the development of the
electrophysiology of interoception during infancy and adolescence, as
well as describing some attempts to investigate causality in the neural
mechanisms underpinning interoception. A number of important areas for
further research are highlighted.

1. Introduction
For decades, the major focus of human science research has been to under-
stand the brain mechanisms underpinning responses to external stimuli,
ignoring the fact that brains do not work in isolation but are embedded
in a closed-loop interactive brain–body system. Recent developments have
emphasized the remarkable ability of the brain to perceive signals emerging
from within the body, and to integrate and leverage these signals to guide
behaviour. This ability, often known as interoception, provides a moment-to-
moment mapping of the body’s internal states [1,2].

Bodily organs continuously send sensory information to the brain; while
the research has primarily focused on cardiac interoception due to the
measurable nature of heartbeats and the lack of conscious control, interest
in other interoceptive domains like respiration and digestion is increasing.
However, the mechanisms by which the brain integrates information from
these interoceptive domains to guide actions remain largely unknown.

In this article, we highlight and summarize the main findings devel-
oped in the investigation of the electrocortical dynamics of interoception in
humans, with a focus on cardiac, respiratory and gastric interoception. While
these domains differ in some ways (e.g. the heart and the gastrointestinal
tract generate their own oscillatory activity, whereas respiratory cycles are
generated in the central nervous system), they also share some important
features. Thus, all three domains resonate at oscillatory frequencies (from
milliseconds to approximate 20 s) matching the time scales of perception and
cognition, which provides an important starting point for understanding the
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impact of interoception on brain and behaviour [3]. Our review focuses on human studies, gathered from peer-reviewed journal
articles using databases such as PubMed and Google Scholar. The keywords used in our search included ‘interoception AND
emotion’, ‘interoception AND self’, ‘interoception AND consciousness’, ‘interoception AND development’, ‘interoception AND
psychopathology’, ‘interoception AND EEG’, ‘interoception AND ERPs’, ‘interoception and tVNS’ and ‘interoception and TMS’.

First, we will provide a summary of the relevant electrophysiological studies that investigated cortical interoceptive
responses to the different bodily organs at rest. Second, we will review influential studies highlighting the contribution of
interoceptive signals to bodily self-awareness and emotion. Our focus on emotions and bodily self-awareness stems from
research and theory evidencing how cardiac and gastric signals are closely tight to one’s own emotional and bodily states, and
their conscious experience. Third, we will examine evidence suggesting that altered interoceptive neurophysiological responses
might underlie affective and cognitive deficits in psychopathology. Fourth, we will focus on a small number of studies that
explore the development of interoception during infancy and adolescence. Fifth, we will summarize research investigating the
causality of brain–body dynamics by combining magnetic or electrical stimulation with electrophysiological recordings. Finally,
we will outline pressing issues in human interoception research and suggest future directions to advance our knowledge of the
neurophysiological mechanism underpinning interoception.

2. Mapping the neural pathways from the body to the brain
Bodily organs provide signals about the internal state of the body through mechanical and chemical sensors. These signals reach
the brainstem nuclei via the vagus nerve and the spinal splanchnic nerve, and this information is then sent to other structures
like the thalamus, amygdala, hippocampus, insula, cingulate cortex or sensory cortex (figure 1), which are associated with key
cognitive and emotional processes [4]. Additionally, bodily information can travel via the endocrine system pathways where
hormones conveying information about an organ travel in the bloodstream towards the targeted tissues, including the brain.
Another interoceptive pathway is the humoral immune system, which transmits information to the brain about peripheral states
of infection and inflammation [5], resulting in automatic responses ranging from cardiovascular reflexes to social isolation and
anhedonia [6].

Electrophysiological studies of interoception involve co-registering cortical and autonomic activity, followed by offline
examination of the electrocortical events time-locked to changes in autonomic activity. Polarity changes that occur in the
ventricular tissue leading to the QRS complex of the heartbeat are accompanied by an evoked electrophysiological response in
the brain; a deflection around 200−400 ms after the R-peak onset. This event-related potential (ERP), known as the heartbeat
evoked potential (HEP) or the heartbeat evoked response (HER) [7,8], is the most used neurophysiological marker of cardiocep-
tion. The properties of the HEP have been reviewed thoroughly elsewhere [8,9]; thus, we will focus on the neurophysiological
properties of two other interoceptive domains: respiration and digestion.

Like cardiac interoception, the brain shows cortical responses associated with breathing. Most studies have examined resting
brain activity or during breathing manipulations like occlusions. However, few have explored cortical responses to breathing
during emotional/cognitive tasks. We will focus on research involving natural breathing and techniques like threshold loading
or breathing occlusion, reviewing the brain-body pathways that generate cortical responses and highlighting key electrophysio-
logical findings in human studies.

Intracranial EEG (iEEG) studies in humans show that natural breathing synchronizes activity in the olfactory cortex and
limbic areas, including the amygdala and hippocampus. This suggests that respiratory rhythms modulate oscillatory responses
in regions associated with complex behaviours and orofacial sensations [10]. However, iEEG is spatially limited, potentially
missing oscillatory changes in other areas synchronized with the breathing cycle.

Similarly to the lungs, the stomach exhibits a continuous gastric basal rhythm at infra-slow frequency (approx. 0.05 Hz; 3
cycles per minute). The gastric rhythm is continuously generated regardless of whether digestion is taking place, and even
when the stomach is disconnected from the central nervous system [11]. The stomach cells connect to vagal afferent sensory
neurons [12], which send information via the thalamus to various cortical structures within the visceral brain circuit, including
the somatosensory cortex, the ventromedial prefrontal cortex (vmPFC) and the cingulate motor areas (see [13] for a review). A
recent study found that the phase of infra-slow gastric activity is coupled with alpha oscillatory power in the parieto-occipital
sulcus, calcarine fissure bilaterally and the right anterior insula (rAI). This coupling appears to be driven by ascending signals
from the stomach, indicating that the gastric basal rhythm originates in the stomach and may help orchestrate large-scale brain
activity dynamics at rest [14].

Beyond techniques such as the water loading task (where participants drink a set amount of water while monitoring their
brain activation [15]), recent approaches use a minimally invasive protocol where participants ingest small vibrating capsules that
produce gastric sensations they ought to report. The perception of vibrations was linked to a ‘gastric evoked potential’, a late
positive ERP over parieto-occipital regions between 300 and 600 ms after the vibration onset [16] (see [17,18] for a similar approach).

3. The role of visceral cortical responses on emotion and bodily self-awareness
Emotional experience and bodily self-awareness represent two important functions of interoception. These two functions
are intricately connected as historically bodily signals have been associated with emotions [19]. Recent theories suggest that
interoceptive and exteroceptive signals are integrated in the brain to anticipate homeostatic control (i.e. allostasis [20–22]). These
theories are described within the predictive processing (PP) perspective [23] suggesting that emotions are shaped by the brain’s
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ability to anticipate and interpret bodily signals, forming a dynamic relationship between emotional states and awareness
of bodily sensations [24,25]. Predictions rely on past experiences (priors) and are updated based on the sensory input; any
mismatch generates prediction errors that must be resolved by adjusting the internal model or altering the sensory data [24–26].
The active inference-based view of Barrett et al. [20,21] propose that affective experiences involve constant monitoring, adjusting
and updating of interoceptive predictions and bodily states to keep bodily states within an expected range. Emotions arise by
integrating information from different interoceptive and exteroceptive channels that form interoceptive predictions, which are
then compared to incoming signals.

Since interoceptive information reflects one’s bodily states, it is unsurprising that the PP coding framework now includes
bodily self-awareness [2,27–29]. Own-body representations are thought to integrate predictions about the body with exterocep-
tive, proprioceptive, vestibular and visceral signals. Evidence linking interoceptive abilities and self-awareness [30–34] suggests
that, while exteroceptive models shape body representations, interoception provides stability against external changes [35].
Visceral signals, especially continuous signals like cardiac and gastric inputs, are proposed to offer a bodily-centred frame of
reference, coordinating sensory and cognitive brain maps [28,29].

Yet it is also important to acknowledge that bodily self-awareness is not necessarily always tied to an emotional experience.
For example, bodily self-awareness results from the integration of exteroceptive and interoceptive signals [36], as evidenced
by experiments employing bodily illusions (see [35] for a review). Such bodily illusions can be triggered by congruent or
incongruent visual and tactile (exteroceptive) stimuli [37], or by the integration of exteroceptive and interoceptive signals like
visuo-cardiac or visuo-respiratory cues [32–34,38,39].

(a) Cardiac interoceptive contribution to emotion and self-awareness
Most of the neurophysiological studies on visceral brain responses and bodily self-awareness/emotion in humans focus on
cardiac interoception, particularly using the HEP. Specifically, participants perform tasks involving external information (e.g.
emotional expressions, self-images) while their HEP is recorded with EEG. Amplitude HEP changes recorded during the task
are a proxy of cardiac interoceptive contribution to emotion and self-processing. As previous work gives a detailed overview of
studies investigating cardiac interoception with HEP in emotion and self-awareness [8,19,40], we provide a critical summary of
recent key developments on cardiac electrophysiological responses in these domains.

The observation of emotional stimuli—facial expressions, affective pictures or emotional movie clips—leads to a negative
amplitude modulation (250–550 ms after the R-peak) over fronto-central electrodes [41–43]. One study investigated the neural
sources of these HEP changes in response to sadness, revealing a network involving the pre-frontal cortices, the globus pallidus,

Figure 1. Anatomical structures underpinning interoception. Bodily signals from the heart, lungs and stomach reach the brain through the vagus nerve and spinal
nerves. These signals convey information about the internal state of the body. They are processed in subcortical regions like the medulla, pons, nucleus of the solitary
tract (NTS) and parabrachial nucleus (PBN). From there, they are transmitted to various brainstem structures, including the dorsal raphe nucleus (DRN), locus coeruleus
(LC), substantia nigra (SN) and ventral tegmental area (VTA), as well as other subcortical regions like the thalamus (Thal), hypothalamus (HT), hippocampus (Hipp)
and amygdala (Amy). Parabrachial projections to the thalamus eventually reach cortical areas such as the primary and secondary motor cortices (SI/II), insula (Ins),
ventromedial prefrontal cortex (vmPFC) and cingulate cortex (CC)—an example of a spino-thalamic pathway is illustrated in orange. Additionally, bodily information
can travel through the endocrine system, where hormones from organs like the stomach (e.g. ghrelin) enter the bloodstream to reach target tissues, including the
brain. The graph on the right shows an EEG time–frequency representation recorded during a task, which simulates electrophysiological activity time-locked to the
heart. Cortical and body images created with BioRender (https://biorender.com/)
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the rAI and the anterior cingulate cortex (ACC). They demonstrated increased information flow from the rAI to the right
ACC when observing sad expressions, suggesting an integration of cardiac signals during emotional processing [42]. Moreover,
expectations about upcoming emotional information influence cardiac neural processing [44,45]. Likewise, HEP amplitudes
are modulated when thinking about past/future affective experiences [46] and when perceiving high (versus low) arousing
audio-visual stimulation [47]; also, listening to sounds of disgust modulates beta oscillations and connectivity between the insula
and pre-frontal cortex [48].

Electrophysiological studies investigating interoception in self and body awareness show that watching a picture depicting one’s
face morphed with the face of another that pulses in synchrony with one’s heartbeat leads to a positive amplitude modulation
of the HEP, accompanied by an increased self-identification with the other’s face [33]. The magnitude of the HEP modulation
relates to the individuals’ abilities to sense their heartbeat, known as interoceptive accuracy, measured by the heartbeat counting
task [49]. Similarly, changes in body-ownership manipulated with the full-body illusion show HEP amplitude modulations
[50] linked to fluctuations in insular and posterior cingular activity [50,51]. Moreover, directed thoughts and mind-wandering
focused on self-related versus non-self-related content result in HEP amplitude changes originating in the precuneus, vmPFC,
mid-posterior cingulate regions and insula [52,53]. Interestingly, resting-state HEP can differentiate conscious from unconscious
states in post-comatose patients [54], and during a task it can also reflect self–other emotional distinction [55].

Some investigations on cardiac interoception and emotion/self-awareness report HEP amplitude changes across varying time
windows and scalp topographies. This variability, often related to inconsistent methodologies (see [40] for a full review) limits
clear conclusions about interoception’s role in emotion and consciousness. On the other hand, high-arousing information is
known to heighten autonomic responses (e.g. increased heart rate [56]), suggesting that HEP amplitude may reflect autonomic
rather than interoceptive responses [19,40]. Furthermore, the role of cardiac interoception in emotional and self-awareness states
driven by non-visual sensory information remains poorly understood and warrants further investigation.

(b) Respiratory interoception and its role in self-awareness and emotion processing
Respiratory pace and depth are associated with changes in bodily arousal, like those experienced during anxiety [57] and
stress [58], and this relationship is bidirectional. At rest, respiration orchestrates oscillatory and non-oscillatory activity across
all EEG frequency bands throughout a widespread brain network [59,60]. Similarly, the respiratory cycle can influence neural
excitability during a perceptual task whereby perceptual sensitivity and neural excitability—measured by pre-stimulus alpha
oscillatory changes—are shown to be enhanced at a respiration phase lag of approximately −30° [61]. Moreover, recent evidence
suggests that during exhalation, the HEP amplitude is increased as opposed to exhalation at rest [62], showing some initial
evidence of the integration of the two interoceptive modalities in the brain.

Other studies focused on respiratory-related evoked potentials (RREPs) recorded from EEG to investigate how respiratory
interoception varies in response to affective stimuli. RREPs are measures of cerebral cortical activity elicited by occluding
respiration short after inspiration onset [63]. RREPs studies suggest that respiratory interoception is modulated by affective
responses. Von Leupoldt et al. [64] observed reduced P3 magnitude and enhanced late positive potentials (LPP) to occlude
respiration during the observation of affective (pleasant, unpleasant) versus neutral stimuli in healthy individuals. They also
found the occlusion to be felt less pleasant when viewing unpleasant pictures.

Noteworthy, the procedure involving respiration occlusion can be a negative experience itself, leading to confounding results
on the impact of respiration in emotion processing. Alternatively, breath-locked EEG can probe how respiratory interoception
varies with and influences affective processing.

(c) Gastric interoception is linked to affective processing
High-arousal negative states, like stress, are thought to alter gastric rhythms via brain-to-stomach efferent signals [13,65]. Some
initial evidence suggests that the gut-brain relationship is complex and bidirectional, and that gastric information is likely to
have multiple effects on cognition, affection and motivation. For example, gastric interoception has been linked to the AI and
orbitofrontal cortex (regions involved in affective and cognitive processing [66]) and to the amygdala and hippocampus, which
help recreate past gut sensations [67].

The brain–gut relationship has been widely studied in chronic gastrointestinal and eating disorders. Nomura et al. [68]
evaluated the gut–brain interaction during stress induced by an arithmetic test in healthy people and patients with irritable
bowel syndrome (IBS). Compared with healthy participants, IBS patients exhibited a significant increase in beta power,
which positively correlated with colonic motility [68]. Further evidence shows that viewing angry words increases rectal tone,
particularly in IBS patients, and this is linked to enhanced N400 response (cortical index of semantic processing [69]). Relatedly,
reducing disgust-related gastric dysrhythmias with a drug decreases oculomotor disgust avoidance [70]. These findings indicate
that gut motility could serve as a dynamic indicator of emotion processing, although it is possible that this relationship is
mediated by other factors, as indicated by the differences between IBS and healthy controls [69].

A common technique used to investigate the linkage between affection and the gut is the water loading technique, specifi-
cally designed to measure gastric distension and trigger the mechanical receptors in the stomach [71]. Using this technique,
van Dyck et al. [72] found that an increased sensation of water fullness elicits more negative affect in both healthy participants
and patients with eating disorders. Information from the gut is not only encoded by the mechanical receptors but also by
immune cells and by enteroendocrine cells. Thus, another route in the gut–brain axis that has gained increased attention refers
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to interoceptive inputs from intestinal microbes, proven to have an influence on emotional arousal and affective behaviour,
including negative feelings of hunger and satiation, and positive feelings derived from food flavors [67].

Finally, an interesting view from Vianna et al. [73] hypothesizes that digestive signals—specifically those from the gut—may
play a more prominent role in shaping the overall experience of emotion when the emotional experience is not vividly felt. This
hypothesis suggests that changes in the digestive system, such as increased gastric rhythm and altered gut motility, could in
turn modulate brain dynamics influencing cognition and emotion [74]. In this line, recent evidence links more acidic stomach
pH to greater self-reported feelings of disgust, and less acidic pH to reported happiness [18]. Future investigation of gastric
interoception during both affective and cognitive tasks could shed light on this possibility.

4. Altered visceral cortical responses in psychopathology
Atypical interoception is relevant for psychopathology, with increasing evidence linking deficits in interoception—particularly
cardiac interoception—to mental health disorders [75–78]. Theories propose that impaired neural processing of interoceptive
signals can disrupt the central system responsible for maintaining physiological homeostasis [21]. When this system fails to
adaptatively respond to the bodily demands or generate predictions based on past bodily states, the organism might reach
allostatic overload (i.e. excessive ‘wear and tear’ of the body), resulting in psychopathology [77,78]. According to untested
hypotheses, this allostatic overload might be the underlying cause of commonality in symptoms across several mental health
disorders including anxiety, depression, obsessive compulsive disorder (OCD) and even disorders with a high psychotic
component such as borderline personality disorder. Here, we examine studies linking altered electrocortical interoceptive
responses and psychopathology.

(a) The involvement of cortical cardiac processing in psychopathology and mental health
Numerous studies have explored the link between altered electrocortical responses to cardiac signals and psychopathology. One
pioneering investigation in this field, conducted by Terhaar et al. [79], focuses on depressed patients. In this study, they found
a significant reduction of the HEP amplitude in depressed individuals in comparison with healthy controls, suggesting that the
HEP could serve as a neural marker of altered bodily awareness according to the somatic marker hypothesis [80]. These results
are consistent with behavioural studies showing that depression is linked to impaired interoceptive accuracy [81,82], as well as
with neurofunctional evidence indicating that depressed individuals exhibit decreased mid, dorsal and posterior insula activity
when attending to the heart, as well as during recollection of negatively conditioned stimuli [83–85].

Likewise, evidence of alterations in HEP amplitude can be found for anxiety. For example, individuals with high social
anxiety (compared with controls) show an increased HEP amplitude when receiving false feedback of increased heart rate, and
these HEP changes were associated with reported anxiety symptoms [86]. Moreover, high levels of stress lead to a negative
increase of HEP amplitude over left temporal and lateral pre-frontal areas [87–90]. This HEP amplitude modulation has been
associated with enhanced self-focus driven by concerns that features of the self, such as external validation cues, may cause
anxiety [86,91,92]. In this line, individuals with generalized anxiety show a significant reduction of grey matter volume in the
ACC, a primary interoceptive area [91].

Furthermore, altered cortical interoceptive responses have also been observed in OCD, borderline personality disorder
and depersonalization disorder. For example, individuals with OCD exhibit greater HEP amplitudes during an interoceptive
task involving tapping one’s finger along with one’s versus others’ heartbeats, while showing a decrease in confidence and
awareness of their interoceptive skills [93]. In the same vein, borderline personality disorder is associated with both amplitude
increased and decreased HEP amplitudes in frontal and parietal sites, along with higher heartrate variability [94] and emotional
dysregulation [95]. On the other hand, patients with depersonalization disorder show no difference in HEP amplitude between
rest and a heartbeat counting task [96,97].

Overall, mental disorders have been linked to an altered processing of cardiac interoception characterized by HEP amplitude
increases (except for depression, where HEP decreases are observed), and HEP amplitude modulation occurs concomitantly
with deficits in interoception at the behavioural level—such as decreased interoceptive accuracy and awareness. The mismatch
between neural and behavioural responses observed across a range of mental health issues has been proposed as a key factor to
explain allostatic overload that leads to psychopathology [98]. Whether the interoceptive deficits originate in the periphery (e.g.
sensory receptors, vagus nerve transmission path) or at the central level in the brain areas where bodily signals are integrated is
still an open question.

(b) Respiratory and gastric interoception in relation to mental health
Contemporary theories argue that inaccurate interoceptive signals can cause individuals to rely more heavily on expectations,
which in turn can alter their perception of breathlessness and exacerbate the mismatch between subjective and objective bodily
responses [99]. This is particularly relevant in the context of anxiety, where respiratory sensations that would otherwise be ignored
may become amplified, leading to increased symptoms of breathlessness and potentially resulting in faulty interoceptive inferences
[99]. Interestingly, higher alertness to respiratory sensations in anxious people seems related to a decreased sensitivity to stimuli of
respiratory resistance [100]. In line with this, evidence from RREP research has shown that increased anxiety is associated with both
higher cognitive perception of breathing [101,102] and reduced respiratory sensory gating [103,104].
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Respiration disturbances are very common across a plethora of psychiatric conditions (e.g. anxiety, depression, OCD [105]).
Problems in the respiratory system can significantly affect cognition and brain function, exacerbating the symptoms of psychopa-
thology. Studies have found that dyspnoea (or shortness of breath) is linked to enhanced feelings of unpleasantness and arousal
[106,107], and that the unexpected occurrence of dyspnoea results in increased anxiety during cognitive processing [108].

The current work seems to suggest a bidirectional relationship between respiratory interoception and psychopathology.
However, this research has so far been limited to anxiety disorders. Considering the commonality of respiratory symptoms
across many other mental disorders, studies on other prevalent conditions such as depression [109] are needed.

Contemporary research suggests that a dysfunctional communication pathway between the gut and the brain can impede
active interoceptive inference [20,110]. For example, unpleasant gastrointestinal changes may lead to inaccurate interoceptive
inferences that can then result in a temporary physiological change such as inflammation [111]. If repeated, these episodes
increase the incongruence between incoming sensory signals and a falsely predicted sensory cause [110], thereby heightening
anxiety and contributing to visceral hypersensitivity. This heightened sensitivity to visceral sensations, induced by negative
emotions, can in turn increase psychological stress and aggravate affective disturbances—such as anxiety or depression—in a
feedback loop manner [28].

This circular relationship is reflected by the high comorbidity between mood disorders and gastrointestinal diseases [112].
Thus, for example, the mismatch between objective interoception and generated concept responses is linked to activity in the
insula, the ACC and the pre-frontal cortex [67]. Patients with comorbid IBS and anxiety/depression present abnormal activity
in the dorsolateral PFC and the ACC [113]. This provides further support for the role of interoceptive-related neural processing
associated with visceral sensation in the emergence of psychopathology.

Noteworthy, neuroimaging studies in individuals with psychopathology have revealed altered activations in areas of the
interoceptive circuit (e.g. the ACC), there is currently no evidence linking altered electrocortical responses and altered gastro-
intestinal rhythms. Therefore, further extensive research is needed to investigate the electrocortical mechanisms underlying
gastric interoception and their potential relation with psychopathology.

5. The development of visceral brain responses
If interoceptive signals are a central feature in perception, cognition, emotion and consciousness, then understanding when
and how interoceptive processing emerges in early life becomes imperative. Recent frameworks emphasize the intersubjec-
tive developmental nature of interoception, highlighting the importance of carer–infant interactions for energy expenditure,
temperature and immune function [114,115]. Accordingly, early carer–infant interactions can influence infants’ ability to identify
specific interoceptive changes, impacting their behavioural responses for allostatic regulation [116]. Notwithstanding the fact
that carers ultimately determine whether the infants’ needs are acknowledged, other accounts have also acknowledged infants’
ability to register physiological changes and actively communicate them [117] before any meaning can be attached to the
sensations experienced [118]. In this section, we focus on the existing literature on cardiac, respiratory and gastric interoception
in this context.

(a) The developmental study of cardiac interoception
Only a few studies have measured the cardiac brain responses throughout the development, focusing on infants [119–121] and
adolescents [122]. Maister et al. [119] measured cardiac brain responses of 5 month infants while viewing short video clips of
emotional and non-emotional facial expressions. These studies showed an HEP amplitude enhancement in frontal electrodes
in the 150−300 ms time window after the R-wave when infants observed video clips with fearful and angry expressions in
comparison with neutral expressions. This HEP amplitude difference was particularly obvious in those infants who were better
able to discriminate between an animated character that moved either in synchrony or asynchrony (±10% speed) with the
infant’s own heartbeat, therefore suggesting greater implicit sensitivity to their own cardiac interoceptive signals [119]. This
pioneering study opens the way for further investigations of electrophysiological responses to interoceptive cardiac signals, and
signals from other interoceptive domains, in infants, children and adolescents (e.g. [122]).

(b) Respiratory and gastric interoception in development
Despite the limited research on the development of respiratory interoception (although see recent work by Tünte et al.
[120]), some studies show that respiration has an impact on children’s development. A programme developed for children
in Korea revealed that respiration training increases brain functioning related to important cognitive functions like memory
and creativity [123]. The programme included physical/mental exercises alongside training interoceptive awareness via guided
respiration. This training led to alpha increases in left frontal regions and beta decreases [123], previously linked to emotional
maturation in children [124]. Additionally, clinical studies show that children with sleep apnoea—who rely more on mouth
breathing—have lower educational achievement than those who primarily use nasal breathing [125,126].

Moreover, paediatric studies demonstrate that breathing disorders impact cardiac interoception highlighting how one
interoceptive modality can affect another during development. Thus, children with sleep disorder breathing, as opposed to healthy
controls, exhibit decreased HEP amplitude (400−550 ms after R-peak) during expiration versus inspiration in REM sleep [127,128].

Neurodevelopmental studies have shown that the development of the brain and the gastrointestinal tract occur in parallel
during the first years of life [129]. Some proposals argue that newborns are able to form basic representations of their emotional
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states via afferent signalling from the gut in a homeostatic process that helps the infant to adapt to their environment [129],
and that this process heavily relies on early dyadic interactions with their carers [116,130]. Thus, for example, early disturbances
in the gastrointestinal system such as paediatric IBS can indirectly influence cognitive functioning by hindering the infant’s
capacity to adapt to the environment. Moreover, evidence from gut microbiota studies shows that lower efficiency of the gut
microbiota in prenatal infants is linked to greater risks for brain inflammation and neurodevelopmental disorders [129], which
can impact brain functioning and cognition.

To our knowledge, direct evidence of developmental changes in electrophysiological brain responses to respiration and/or
gastric interoception and their impact on cognition is lacking. Therefore, it is crucial for future research to explore the neurophysio-
logical markers of respiratory and gastric interoception, and their relationship with cognition during development.

6. Manipulation of brain and body visceral responses
Our current understanding of the neurobiology of interoception builds on correlational neuroimaging studies, mainly EEG and
fMRI and some lesion studies. However, lesions often spread over multiple neighboring regions and therefore it is difficult to
delineate the direct contribution of a specific brain region to interoceptive processes.

Advancements in neurostimulation techniques have facilitated the investigation of the causal role of specific brain regions in
neural processes and associated behaviours. Transcranial magnetic stimulation (TMS)—and other forms of brain stimulation such
as electrical stimulation (e.g. transcranial alternating current stimulation)—are often used to investigate causality and directionality
within a given cortical network. The interoceptive neural network comprises both cortical and subcortical regions. While it is
possible to investigate the causal role of interoceptive cortical regions such as the somatosensory cortex with neurostimulation,
deeper brain areas such as the insula or the amygdala are difficult to reach with traditional neurostimulation methods.

As neuroimaging evidence accumulates, it is becoming clear that the continuous, rhythmic fluctuations of bodily responses
do not only trigger an event-related brain response (e.g. HEP, RREP) but also influence both resting activity and task-related
brain activity in several cortical regions such as the visual, auditory and sensory regions. There is substantial evidence
demonstrating that both the cardiac and the respiratory rhythms directly affect high-level cognitive processes, such as percep-
tual awareness [131,132]. However, the impact of bodily rhythms on brain function extends beyond the scope of the current
review and warrants a separate review (see [133]).

(a) Causal interventions in cardiac interoception
Thus far, two studies from the same research group have explored the causal role of known interoceptive structures in cardiac
interoceptive processing with a common neurostimulation protocol: continuous theta-burst stimulation—cTBS [134,135].
Pollatos et al. [135] applied cTBS placing the TMS coil over the right somatosensory cortex and frontotemporal regions aiming
at inhibiting the right somatosensory cortex and the right insula. After the cTBS protocol, participants exhibited reduced HEP
amplitudes over frontal sites alongside increases in confidence rates in the heartbeat counting task [135].

Although cTBS is viewed as an effective method for examining causal relationships in areas within the interoceptive
network [135], criticisms regarding the methodology and results remain [136,137]. A primary concern is the difficulty in
reaching the deep cortical region of right insula using Pollatos et al.’s parameters and protocol [127], leaving uncertainty as to
whether observed effects were due to direct stimulation of right insula, indirect stimulation of connected areas or activation
of interoceptive regions within the ventromedial pre-frontal cortex [130,131]. Furthermore, using the 10/20 EEG system to
establish stimulation coordinates often introduces inaccuracies, reducing reliability. The absence of a control condition in these
studies further raises questions about whether observed impairments in the interoceptive task were specific to interoception or
indicative of general cognitive deficits [128].

Another way of studying the causal influence of bodily signals on brain processing is by manipulating bodily afferences
before they reach the central nervous system. Electrical stimulation techniques, like transcutaneous vagus nerve stimulation
(tVNS), provide a non-invasive method to investigate the role of peripheral bodily signals in brain and cognitive processing
[138–143]. While the exact mechanism underpinning the tVNS effects on the vagus nerve are yet unknown, active tVNS on the
left vagus nerve (20−30 Hz; 0.25−3.5 mA; 30−60 s ‘on’ and 5 min ‘off’) [144] modulates noradrenaline levels, leading to increased
neural excitability [145] alongside increases in theta and alpha power, and decreases in beta and gamma [140,146].

Moreover, tVNS is shown to alter the HEP amplitude [137,141]. Richter et al. asked participants to engage in an interoception
task, tapping on a keyboard in sync with their heartbeats, alongside a control task involving tapping to a sound. The tVNS
group exhibited enhanced HEP amplitudes and improved interoceptive performance compared with the sham group, with no
changes noted in the exteroceptive condition [141]. Similarly, tVNS modulates activity within interoceptive neural network,
linked to increased P1–N1 amplitudes [139]. Additionally, tVNS induces transient pupil dilation and attenuates occipital alpha
oscillations, both markers of arousal [140].

The findings suggest that tVNS can modulate the cortical state of the interoceptive brain circuit, offering electrophysiological
evidence for vagal signals in processing bodily signals. These results may help identify biomarkers of bodily allostasis in
healthy and diseased populations, with clinical implications that warrant further exploration.
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(b) Causal interventions in other interoceptive domains
Brain stimulation techniques have not yet been applied in basic research to explore the neural mechanisms of respiration and
gastric interoception and their connection to cognition. Most studies on the effects of brain stimulation in these areas have
been conducted in clinical settings. For instance, deep brain stimulation has significantly enhanced lung function, particularly
when targeting the periaqueductal grey matter and the subthalamic nucleus [147]. Stimulating vagal afferent gut fibres is
used to alleviate symptoms of psychiatric disorders like anxiety and depression by reducing inflammation and regulating key
neurotransmitters, such as serotonin, which is crucial for appetite regulation [148].

The observed changes in the interoceptive cortical network after manipulating cortical excitability or active vagal modulation
warrant further investigation. However, a key limitation of these studies is the potential risk of physiological dysfunction in
healthy individuals when applying brain stimulation to areas controlling respiratory or cardiac signals. Additionally, some
critical regions, like the amygdala and insula, are not on the cortical surface and cannot be easily targeted using standard
TMS methods. Therefore, future studies must address these limitations by developing and optimizing new forms of neurosti-
mulation, such as the pioneering focused ultrasound stimulation technique, which allows targeting of subcortical interoceptive
regions in a non-invasive manner. Furthermore, future research should also aim to explore the potential of innovative neurosti-
mulation techniques for more precise and controlled manipulation of interoceptive processing in deep brain structures.

7. Final remarks and future directions
This article provides a comprehensive review of the current evidence on brain electrophysiological responses to interoceptive
bodily signals. We focused the review on three interoceptive domains (i.e. cardiac, respiratory and gastric interoception) that
share common pathways and whose influence on emotion and bodily self-awareness has been proposed by recent theoretical
frameworks and evidenced by some research studies. Nevertheless, there are still important gaps in our knowledge of how
brain–body signals are integrated and may influence perception and cognition. Importantly, experimental studies specifically
(and explicitly) targeted at testing candidate mechanisms proposed by theoretical accounts are necessary to provide support
to these hypotheses. In this review, we suggest that using neurophysiological indices of interoception can be instrumental in
shedding light into the functional role of interoception.

This review highlights that, although cardiac interoception’s role in emotion, self and consciousness is well supported, there
is limited knowledge on the brain’s responses to respiratory and gastric signals and their effects on cognition and behaviour.
Future research should develop multimodal approaches to explore how the brain integrates signals from respiration, digestion
and other domains.

While consistent evidence links brain responses to the heart, especially the HEP, to various affective and cognitive pro-
cesses, there are significant limitations in studying cardiac interoception and its neural mechanisms. A key limitation is the
correlational nature of the findings, which makes it challenging to determine whether changes in HEP amplitude during
perceptual tasks are simply coincidental with higher cognitive processes, like perceptual awareness. Future research should
utilize high-precision brain stimulation techniques to reliably target HEP neural generators, helping to clarify the causal role
of HEP in emotion and self-processing. Additionally, advanced analysis methods, including trial-to-trial EEG analysis and
machine learning, could enhance the study of interoceptive neurophysiology [7]. Overcoming these methodological changes
will significantly advance our understanding of how interoception contributes to our ability to distinguish ourselves from
others and to correctly infer emotional states from others, which are key abilities for social cognition.

Understanding the contribution of electrocortical interoceptive signals to mental health is crucial due to their profound
impact on individuals’ lives. Investigating alerted interoceptive cortical processing can help tailor interventions that alleviate
mental health burdens, improve health outcomes and reduce reliance on medical care. Additionally, the developmental study
of brain responses to interoceptive signals is an unexplored area that requires immediate attention. Efforts should focus on
how interoception develops across the lifespan. Given its significant implications in psychopathology, future research will
help identify individuals with poor interoceptive responses, serving as a valuable tool for detecting vulnerabilities to affective,
physical and mental dysfunctions.

Ethics. This work did not require ethical approval from a human subject or animal welfare committee.
Data accessibility. This article has no additional data.
Declaration of AI use. We have used AI-assisted technologies in creating this article.
Authors’ contributions. C.F.C.: writing—original draft, writing—review and editing; M.L.F.: writing—original draft, writing—review and editing;
A.S.: conceptualization, supervision, writing—original draft, writing—review and editing.

All authors gave final approval for publication and agreed to be held accountable for the work performed therein.
Conflict of interest declaration. We declare we have no competing interests.
Funding. No funding has been received for this article.

References
1. Craig AD. 2009 Emotional moments across time: a possible neural basis for time perception in the anterior insula. Phil. Trans. R. Soc. B 364, 1933–1942. (doi:10.1098/rstb.2009.

0008)
2. Sel A. 2014 Predictive codes of interoception, emotion, and the self. Front. Psychol. 5, 189. (doi:10.3389/fpsyg.2014.00189)

8

royalsocietypublishing.org/journal/rspb 
Proc. R. Soc. B 292: 20242625

http://dx.doi.org/10.1098/rstb.2009.0008
http://dx.doi.org/10.1098/rstb.2009.0008
http://dx.doi.org/10.3389/fpsyg.2014.00189


3. Engelen T, Solcà M, Tallon-Baudry C. 2023 Interoceptive rhythms in the brain. Nat. Neurosci. 26, 1670–1684. (doi:10.1038/s41593-023-01425-1)
4. Saper CB. 2002 The central autonomic nervous system: conscious visceral perception and autonomic pattern generation. Annu. Rev. Neurosci. 25, 433–469. (doi:10.1146/annurev.

neuro.25.032502.111311)
5. Blessing W. 1997 The lower brainstem and bodily homeostasis. New York, NY: Oxford University Press.
6. Dantzer R, O’Connor JC, Freund GG, Johnson RW, Kelley KW. 2008 From inflammation to sickness and depression: when the immune system subjugates the brain. Nat. Rev. Neurosci.

9, 46–56. (doi:10.1038/nrn2297)
7. Fouragnan EF, Hosking B, Cheung Y, Prakash BA, Rushworth MF, Sel A. 2024 Timing along the cardiac cycle modulates neural signals of reward-based learning. Nat. Commun. 15,

2976. (doi:10.1038/s41467-024-46921-5)
8. Park HD, Blanke O. 2019 Heartbeat-evoked cortical responses: underlying mechanisms, functional roles, and methodological considerations. NeuroImage 197, 502–511. (doi:10.

1016/j.neuroimage.2019.04.081)
9. Tallon-Baudry C, Campana F, Park HD, Babo-Rebelo M. 2018 The neural monitoring of visceral inputs, rather than attention, accounts for first-person perspective in conscious

vision. Cortex 102, 139–149. (doi:10.1016/j.cortex.2017.05.019)
10. Zelano C, Jiang H, Zhou G, Arora N, Schuele S, Rosenow J, Gottfried JA. 2016 Nasal respiration entrains human limbic oscillations and modulates cognitive function. J. Neurosci. 36,

12448–12467. (doi:10.1523/JNEUROSCI.2586-16.2016)
11. Suzuki N, Prosser CL, Dahms V. 1986 Boundary cells between longitudinal and circular layers: essential for electrical slow waves in cat intestine. Am. J. Physiol. Gastrointest. Liver

Physiol. 250, G287–G294. (doi:10.1152/ajpgi.1986.250.3.g287)
12. Powley TL, Phillips RJ. 2011 Vagal intramuscular array afferents form complexes with interstitial cells of Cajal in gastrointestinal smooth muscle: analogues of muscle spindle

organs? Neuroscience 186, 188–200. (doi:10.1016/j.neuroscience.2011.04.036)
13. Wolpert N, Rebollo I, Tallon‐Baudry C. 2020 Electrogastrography for psychophysiological research: practical considerations, analysis pipeline, and normative data in a large sample.

Psychophysiology 57, e13599. (doi:10.1111/psyp.13599)
14. Sanders KM, Koh SD, Ward SM. 2006 Interstitial cells of Cajal as pacemakers in the gastrointestinal tract. Annu. Rev. Physiol. 68, 307–343. (doi:10.1146/annurev.physiol.68.040504.

094718)
15. Walker LS, Williams SE, Smith CA, Garber J, Van Slyke DA, Lipani T, Greene JW, Mertz H, Naliboff BD. 2006 Validation of a symptom provocation test for laboratory studies of

abdominal pain and discomfort in children and adolescents. J. Pediatr. Psychol. 31, 703–713. (doi:10.1093/jpepsy/jsj062)
16. Mayeli A, Al Zoubi O, White EJ, Chappelle S, Kuplicki R, Smith R. 2021 Neural indicators of human gut feelings. bioRxiv 2021.02.11.430867.
17. Monti A, Porciello G, Panasiti MS, Aglioti SM. 2022 Gut markers of bodily self-consciousness in men. iScience 25, 105061. (doi:10.1016/j.isci.2022.105061)
18. Porciello G, Monti A, Panasiti MS, Aglioti SM. 2024 Ingestible pills reveal gastric correlates of emotions. eLife 13, e85567. (doi:10.7554/elife.85567)
19. Azzalini D, Rebollo I, Tallon-Baudry C. 2019 Visceral signals shape brain dynamics and cognition. Trends Cogn. Sci. 23, 488–509. (doi:10.1016/j.tics.2019.03.007)
20. Barrett LF. 2017 The theory of constructed emotion: an active inference account of interoception and categorization. Soc. Cogn. Affect. Neurosci. 12, 1833–1833. (doi:10.1093/scan/

nsx060)
21. Barrett LF, Simmons WK. 2015 Interoceptive predictions in the brain. Nat. Rev. Neurosci. 16, 419–429. (doi:10.1038/nrn3950)
22. Seth AK, Friston KJ. 2016 Active interoceptive inference and the emotional brain. Phil. Trans. R. Soc. B 371, 20160007. (doi:10.1098/rstb.2016.0007)
23. Clark A. 2015 Surfing uncertainty: prediction, action, and the embodied mind. New York, NY: Oxford University Press. (doi:10.1093/acprof:oso/9780190217013.001.0001)
24. Friston K. 2010 The free-energy principle: a unified brain theory? Nat. Rev. Neurosci. 11, 127–138. (doi:10.1038/nrn2787)
25. Friston K. 2005 A theory of cortical responses. Phil. Trans. R. Soc. B 360, 815–836. (doi:10.1098/rstb.2005.1622)
26. Clark A. 2013 Whatever next? Predictive brains, situated agents, and the future of cognitive science. Behav. Brain Sci. 36, 181–204. (doi:10.1017/s0140525x12000477)
27. Apps MAJ, Tsakiris M. 2014 The free-energy self: a predictive coding account of self-recognition. Neurosci. Biobehav. Rev. 41, 85–97. (doi:10.1016/j.neubiorev.2013.01.029)
28. Seth AK. 2013 Interoceptive inference, emotion, and the embodied self. Trends Cogn. Sci. 17, 565–573. (doi:10.1016/j.tics.2013.09.007)
29. Seth AK, Tsakiris M. 2018 Being a beast machine: the somatic basis of selfhood. Trends Cogn. Sci. 22, 969–981. (doi:10.1016/j.tics.2018.08.008)
30. Tsakiris M. 2011 Just a heartbeat away from one’s body: interoceptive sensitivity predicts malleability of body-representations. Proc. R. Soc. B 278, 2470–2476. (doi:10.1098/rspb.

2010.2547)
31. Tajadura-Jiménez A, Tsakiris M. 2014 Balancing the ‘inner’ and the ‘outer’ self: interoceptive sensitivity modulates self-other boundaries. J. Exp. Psychol. Gen. 143, 736–744. (doi:

10.1037/a0033171)
32. Suzuki K, Garfinkel SN, Critchley HD, Seth AK. 2013 Multisensory integration across exteroceptive and interoceptive domains modulates self-experience in the rubber-hand illusion.

Neuropsychologia 51, 2909–2917. (doi:10.1016/j.neuropsychologia.2013.08.014)
33. Sel A, Azevedo RT, Tsakiris M. 2017 Heartfelt self: cardio-visual integration affects self-face recognition and interoceptive cortical processing. Cereb. Cortex 27, 5144–5155. (doi:10.

1093/cercor/bhw296)
34. Aspell JE, Heydrich L, Marillier G, Lavanchy T, Herbelin B, Blanke O. 2013 Turning body and self inside out: visualized heartbeats alter bodily self-consciousness and tactile

perception. Psychol. Sci. 24, 2445–2453. (doi:10.1177/0956797613498395)
35. Tsakiris M. 2017 The multisensory basis of the self: from body to identity to others. Q. J. Exp. Psychol. 70, 597–609. (doi:10.1080/17470218.2016.1181768)
36. Park HD, Blanke O. 2019 Coupling inner and outer body for self-consciousness. Trends Cogn. Sci. 23, 377–388. (doi:10.1016/j.tics.2019.02.002)
37. Blanke O, Slater M, Serino A. 2015 Behavioral, neural, and computational principles of bodily self-consciousness. Neuron 88, 145–166. (doi:10.1016/j.neuron.2015.09.029)
38. Monti A, Porciello G, Tieri G, Aglioti SM. 2020 The ‘embreathment’ illusion highlights the role of breathing in corporeal awareness. J. Neurophysiol. 123, 420–427. (doi:10.1152/jn.

00617.2019)
39. Adler D, Herbelin B, Similowski T, Blanke O. 2014 Breathing and sense of self: visuo-respiratory conflicts alter body self-consciousness. Respir. Physiol. Neurobiol. 203, 68–74. (doi:

10.1016/j.resp.2014.08.003)
40. Coll MP, Hobson H, Bird G, Murphy J. 2021 Systematic review and meta-analysis of the relationship between the heartbeat-evoked potential and interoception. Neurosci. Biobehav.

Rev. 122, 190–200. (doi:10.1016/j.neubiorev.2020.12.012)
41. Fukushima H, Terasawa Y, Umeda S. 2011 Association between interoception and empathy: evidence from heartbeat-evoked brain potential. Int. J. Psychophysiol. 79, 259–265.

(doi:10.1016/j.ijpsycho.2010.10.015)
42. Kim J, Park H, Kim KW, Shin DW, Lim S, Kwon H. 2018 Heartfelt face perception via the interoceptive pathway: a MEG study. bioRxiv.
43. Couto B et al. 2015 Heart evoked potential triggers brain responses to natural affective scenes: a preliminary study. Auton. Neurosci. 193, 132–137. (doi:10.1016/j.autneu.2015.06.

006)

9

royalsocietypublishing.org/journal/rspb 
Proc. R. Soc. B 292: 20242625

http://dx.doi.org/10.1038/s41593-023-01425-1
http://dx.doi.org/10.1146/annurev.neuro.25.032502.111311
http://dx.doi.org/10.1146/annurev.neuro.25.032502.111311
http://dx.doi.org/10.1038/nrn2297
http://dx.doi.org/10.1038/s41467-024-46921-5
http://dx.doi.org/10.1016/j.neuroimage.2019.04.081
http://dx.doi.org/10.1016/j.neuroimage.2019.04.081
http://dx.doi.org/10.1016/j.cortex.2017.05.019
http://dx.doi.org/10.1523/JNEUROSCI.2586-16.2016
http://dx.doi.org/10.1152/ajpgi.1986.250.3.g287
http://dx.doi.org/10.1016/j.neuroscience.2011.04.036
http://dx.doi.org/10.1111/psyp.13599
http://dx.doi.org/10.1146/annurev.physiol.68.040504.094718
http://dx.doi.org/10.1146/annurev.physiol.68.040504.094718
http://dx.doi.org/10.1093/jpepsy/jsj062
http://dx.doi.org/10.1016/j.isci.2022.105061
http://dx.doi.org/10.7554/elife.85567
http://dx.doi.org/10.1016/j.tics.2019.03.007
http://dx.doi.org/10.1093/scan/nsx060
http://dx.doi.org/10.1093/scan/nsx060
http://dx.doi.org/10.1038/nrn3950
http://dx.doi.org/10.1098/rstb.2016.0007
http://dx.doi.org/10.1093/acprof:oso/9780190217013.001.0001
http://dx.doi.org/10.1038/nrn2787
http://dx.doi.org/10.1098/rstb.2005.1622
http://dx.doi.org/10.1017/s0140525x12000477
http://dx.doi.org/10.1016/j.neubiorev.2013.01.029
http://dx.doi.org/10.1016/j.tics.2013.09.007
http://dx.doi.org/10.1016/j.tics.2018.08.008
http://dx.doi.org/10.1098/rspb.2010.2547
http://dx.doi.org/10.1098/rspb.2010.2547
http://dx.doi.org/10.1037/a0033171
http://dx.doi.org/10.1016/j.neuropsychologia.2013.08.014
http://dx.doi.org/10.1093/cercor/bhw296
http://dx.doi.org/10.1093/cercor/bhw296
http://dx.doi.org/10.1177/0956797613498395
http://dx.doi.org/10.1080/17470218.2016.1181768
http://dx.doi.org/10.1016/j.tics.2019.02.002
http://dx.doi.org/10.1016/j.neuron.2015.09.029
http://dx.doi.org/10.1152/jn.00617.2019
http://dx.doi.org/10.1152/jn.00617.2019
http://dx.doi.org/10.1016/j.resp.2014.08.003
http://dx.doi.org/10.1016/j.neubiorev.2020.12.012
http://dx.doi.org/10.1016/j.ijpsycho.2010.10.015
http://dx.doi.org/10.1016/j.autneu.2015.06.006
http://dx.doi.org/10.1016/j.autneu.2015.06.006


44. Gentsch A, Sel A, Marshall AC, Schütz‐Bosbach S. 2019 Affective interoceptive inference: evidence from heart‐beat evoked brain potentials. Hum. Brain Mapp. 40, 20–33. (doi:10.
1002/hbm.24352)

45. Marshall AC, Gentsch A, Schröder L, Schütz-Bosbach S. 2018 Cardiac interoceptive learning is modulated by emotional valence perceived from facial expressions. Soc. Cogn. Affect.
Neurosci. 13, 677–686. (doi:10.1093/scan/nsy042)

46. Ito Y, Shibata M, Tanaka Y, Terasawa Y, Umeda S. 2019 Affective and temporal orientation of thoughts: electrophysiological evidence. Brain Res. 1719, 148–156. (doi:10.1016/j.
brainres.2019.05.041)

47. Luft CDB, Bhattacharya J. 2015 Aroused with heart: modulation of heartbeat evoked potential by arousal induction and its oscillatory correlates. Sci. Rep. 5, 15717. (doi:10.1038/
srep15717)

48. Kato Y, Takei Y, Umeda S, Mimura M, Fukuda M. 2020 Alterations of heartbeat evoked magnetic fields induced by sounds of disgust. Front. Psychiatry 11, 683. (doi:10.3389/fpsyt.
2020.00683)

49. Schandry R. 1981 Heart beat perception and emotional experience. Psychophysiology 18, 483–488. (doi:10.1111/j.1469-8986.1981.tb02486.x)
50. Park HD, Bernasconi F, Bello-Ruiz J, Pfeiffer C, Salomon R, Blanke O. 2016 Transient modulations of neural responses to heartbeats covary with bodily self-consciousness. J.

Neurosci. 36, 8453–8460. (doi:10.1523/jneurosci.0311-16.2016)
51. Park HD, Bernasconi F, Salomon R, Tallon-Baudry C, Spinelli L, Seeck M, Schaller K, Blanke O. 2017 Neural sources and underlying mechanisms of neural responses to heartbeats,

and their role in bodily self-consciousness: an intracranial EEG study. Cereb. Cortex 28, 2351–2364. (doi:10.1093/cercor/bhx136)
52. Babo-Rebelo M, Richter CG, Tallon-Baudry C. 2016 Neural responses to heartbeats in the default network encode the self in spontaneous thoughts. J. Neurosci. 36, 7829–7840.

(doi:10.1523/jneurosci.0262-16.2016)
53. Babo-Rebelo M, Buot A, Tallon-Baudry C. 2019 Neural responses to heartbeats distinguish self from other during imagination. NeuroImage 191, 10–20. (doi:10.1016/j.

neuroimage.2019.02.012)
54. Candia-Rivera D, Annen J, Gosseries O, Martial C, Thibaut A, Laureys S, Tallon-Baudry C. 2021 Neural responses to heartbeats detect residual signs of consciousness during resting

state in postcomatose patients. J. Neurosci. 41, 5251–5262. (doi:10.1523/jneurosci.1740-20.2021)
55. Engelen T, Buot A, Grèzes J, Tallon-Baudry C. 2023 Whose emotion is it? Perspective matters to understand brain-body interactions in emotions. NeuroImage 268, 119867. (doi:10.

1016/j.neuroimage.2023.119867)
56. Lang PJ, Davis M. 2006 Emotion, motivation, and the brain: reflex foundations in animal and human research. Prog. Brain Res. 156, 3–29. (doi:10.1016/S0079-6123(06)56001-7)
57. Boiten FA. 1998 The effects of emotional behaviour on components of the respiratory cycle. Biol. Psychol. 49, 29–51. (doi:10.1016/s0301-0511(98)00025-8)
58. Suess WM, Alexander AB, Smith DD, Sweeney HW, Marion RJ. 1980 The effects of psychological stress on respiration: a preliminary study of anxiety and hyperventilation.

Psychophysiology 17, 535–540. (doi:10.1111/j.1469-8986.1980.tb02293.x)
59. Kluger DS, Forster C, Abbasi O, Chalas N, Villringer A, Gross J. 2023 Modulatory dynamics of periodic and aperiodic activity in respiration-brain coupling. Nat. Commun. 14, 4699.

(doi:10.1038/s41467-023-40250-9)
60. Kluger DS, Gross J. 2021 Respiration modulates oscillatory neural network activity at rest. PLoS Biol. 19, e3001457. (doi:10.1371/journal.pbio.3001457)
61. Kluger DS, Balestrieri E, Busch NA, Gross J. 2021 Respiration aligns perception with neural excitability. eLife 10, e70907. (doi:10.7554/eLife.70907)
62. Zaccaro A, Perrucci MG, Parrotta E, Costantini M, Ferri F. 2022 Brain–heart interactions are modulated across the respiratory cycle via interoceptive attention. NeuroImage 262,

119548. (doi:10.1016/j.neuroimage.2022.119548)
63. von Leupoldt A, Keil A, Chan PYS, Bradley MM, Lang PJ, Davenport PW. 2010 Cortical sources of the respiratory-related evoked potential. Respir. Physiol. Neurobiol. 170, 198–201.

(doi:10.1016/j.resp.2009.12.006)
64. Von Leupoldt A, Vovk A, Bradley MM, Keil A, Lang PJ, Davenport PW. 2010 The impact of emotion on respiratory-related evoked potentials. Psychophysiology 47, 579–586. (doi:10.

1111/j.1469-8986.2009.00956.x)
65. Baldaro B, Mazzetti M, Codispoti M, Tuozzi G, Bolzani R, Trombini G. 2001 Autonomic reactivity during viewing of an unpleasant film. Percept. Mot. Ski. 93, 797–805. (doi:10.2466/

pms.2001.93.3.797)
66. Mayer EA, Tillisch K. 2011 The brain-gut axis in abdominal pain syndromes. Annu. Rev. Med. 62, 381–396. (doi:10.1146/annurev-med-012309-103958)
67. Mayer EA. 2011 Gut feelings: the emerging biology of gut–brain communication. Nat. Rev. Neurosci. 12, 453–466. (doi:10.1038/nrn3071)
68. Nomura T, Fukudo S, Matsuoka H, Hongo M. 1999 Abnormal electroencephalogram in irritable bowel syndrome. Scand. J. Gastroenterol. 34, 478–484. (doi:10.1080/

003655299750026209)
69. BlomhoffS, Jacobsen M, Spetalen S, Dahm A, Malt U. 2000 Perceptual hyperreactivity to auditory stimuli in patients with irritable bowel syndrome. Scand. J. Gastroenterol. 35,

583–589. (doi:10.1080/003655200750023534)
70. Nord CL, Dalmaijer ES, Armstrong T, Baker K, Dalgleish T. 2021 A causal role for gastric rhythm in human disgust avoidance. Curr. Biol. 31, 629–634.(doi:10.1016/j.cub.2020.10.087)
71. Jones MP, Hoffman S, Shah D, Patel K, Ebert CC. 2003 The water load test: observations from healthy controls and patients with functional dyspepsia. Am. J. Physiol. Gastrointest.

Liver Physiol. 284, G896–G904. (doi:10.1152/ajpgi.00361.2002)
72. van Dyck Z, Vögele C, Blechert J, Lutz APC, Schulz A, Herbert BM. 2016 The water load test as a measure of gastric interoception: development of a two-stage protocol and

application to a healthy female population. PLoS One 11, e0163574. (doi:10.1371/journal.pone.0163574)
73. Vianna EPM, Naqvi N, Bechara A, Tranel D. 2009 Does vivid emotional imagery depend on body signals? Int. J. Psychophysiol. 72, 46–50. (doi:10.1016/j.ijpsycho.2008.01.013)
74. Holzer P. 2017 Interoception and gut feelings: unconscious body signals’ impact on brain function, behavior and belief processes. In Processes of believing: the acquisition,

maintenance, and change in creditions (eds HF Angel, L Oviedo, RF Paloutzian, ALC Runehov, RJ Seitz), pp. 435–442. Cham, Switzerland: Springer. (doi:10.1007/978-3-319-50924-
2_31)

75. Brewer R, Murphy J, Bird G. 2021 Atypical interoception as a common risk factor for psychopathology: a review. Neurosci. Biobehav. Rev. 130, 470–508. (doi:10.1016/j.neubiorev.
2021.07.036)

76. Brewer R, Cook R, Bird G. 2016 Alexithymia: a general deficit of interoception. R. Soc. Open Sci. 3, 150664. (doi:10.1098/rsos.150664)
77. Quadt L, Esposito G, Critchley HD, Garfinkel SN. 2020 Brain-body interactions underlying the association of loneliness with mental and physical health. Neurosci. Biobehav. Rev. 116,

283–300. (doi:10.1016/j.neubiorev.2020.06.015)
78. Quadt L, Critchley HD, Garfinkel SN. 2019 Interoception and emotion: shared mechanisms and clinical implications. In The interoceptive mind: from homeostasis to awareness (eds M

Tsakiris, H De Preester), pp. 123–143. New York, NY: Oxford University Press.
79. Terhaar J, Viola FC, Bär KJ, Debener S. 2012 Heartbeat evoked potentials mirror altered body perception in depressed patients. Clin. Neurophysiol. 123, 1950–1957. (doi:10.1016/j.

clinph.2012.02.086)

10

royalsocietypublishing.org/journal/rspb 
Proc. R. Soc. B 292: 20242625

http://dx.doi.org/10.1002/hbm.24352
http://dx.doi.org/10.1002/hbm.24352
http://dx.doi.org/10.1093/scan/nsy042
http://dx.doi.org/10.1016/j.brainres.2019.05.041
http://dx.doi.org/10.1016/j.brainres.2019.05.041
http://dx.doi.org/10.1038/srep15717
http://dx.doi.org/10.1038/srep15717
http://dx.doi.org/10.3389/fpsyt.2020.00683
http://dx.doi.org/10.3389/fpsyt.2020.00683
http://dx.doi.org/10.1111/j.1469-8986.1981.tb02486.x
http://dx.doi.org/10.1523/jneurosci.0311-16.2016
http://dx.doi.org/10.1093/cercor/bhx136
http://dx.doi.org/10.1523/jneurosci.0262-16.2016
http://dx.doi.org/10.1016/j.neuroimage.2019.02.012
http://dx.doi.org/10.1016/j.neuroimage.2019.02.012
http://dx.doi.org/10.1523/jneurosci.1740-20.2021
http://dx.doi.org/10.1016/j.neuroimage.2023.119867
http://dx.doi.org/10.1016/j.neuroimage.2023.119867
http://dx.doi.org/10.1016/S0079-6123(06)56001-7
http://dx.doi.org/10.1016/s0301-0511(98)00025-8
http://dx.doi.org/10.1111/j.1469-8986.1980.tb02293.x
http://dx.doi.org/10.1038/s41467-023-40250-9
http://dx.doi.org/10.1371/journal.pbio.3001457
http://dx.doi.org/10.7554/eLife.70907
http://dx.doi.org/10.1016/j.neuroimage.2022.119548
http://dx.doi.org/10.1016/j.resp.2009.12.006
http://dx.doi.org/10.1111/j.1469-8986.2009.00956.x
http://dx.doi.org/10.1111/j.1469-8986.2009.00956.x
http://dx.doi.org/10.2466/pms.2001.93.3.797
http://dx.doi.org/10.2466/pms.2001.93.3.797
http://dx.doi.org/10.1146/annurev-med-012309-103958
http://dx.doi.org/10.1038/nrn3071
http://dx.doi.org/10.1080/003655299750026209
http://dx.doi.org/10.1080/003655299750026209
http://dx.doi.org/10.1080/003655200750023534
http://dx.doi.org/10.1016/j.cub.2020.10.087
http://dx.doi.org/10.1152/ajpgi.00361.2002
http://dx.doi.org/10.1371/journal.pone.0163574
http://dx.doi.org/10.1016/j.ijpsycho.2008.01.013
http://dx.doi.org/10.1007/978-3-319-50924-2_31
http://dx.doi.org/10.1007/978-3-319-50924-2_31
http://dx.doi.org/10.1016/j.neubiorev.2021.07.036
http://dx.doi.org/10.1016/j.neubiorev.2021.07.036
http://dx.doi.org/10.1098/rsos.150664
http://dx.doi.org/10.1016/j.neubiorev.2020.06.015
http://dx.doi.org/10.1016/j.clinph.2012.02.086
http://dx.doi.org/10.1016/j.clinph.2012.02.086


80. Ishii R, Canuet L. 2012 Heartbeat evoked potentials: a new possible clinical biomarker for depression based on the somatic marker hypothesis. Clin. Neurophysiol. 123, 1899–1900.
(doi:10.1016/j.clinph.2012.03.002)

81. Eggart M, Lange A, Binser M, Queri S, Müller-Oerlinghausen B. 2019 Major depressive disorder is associated with impaired interoceptive accuracy: a systematic review. Brain Sci. 9,
131. (doi:10.3390/brainsci9060131)

82. Smith R, Feinstein J, Kuplicki R, Forthman KL, Stewart JL, Paulus MP, Khalsa SS. 2021 Perceptual insensitivity to the modulation of interoceptive signals in depression, anxiety, and
substance use disorders. Sci. Rep 11, 2108. (doi:10.1038/s41598-021-81307-3)

83. DeVille DC et al. 2020 Diminished responses to bodily threat and blunted interoception in suicide attempters. eLife 9, e51593. (doi:10.7554/elife.51593)
84. DeVille DC, Kerr KL, Avery JA, Burrows K, Bodurka J, Feinstein JS, Khalsa SS, Paulus MP, Simmons WK. 2018 The neural bases of interoceptive encoding and recall in healthy adults

and adults with depression. Biol. Psychiatry 3, 546–554. (doi:10.1016/j.bpsc.2018.03.010)
85. Avery JA, Drevets WC, Moseman SE, Bodurka J, Barcalow JC, Simmons WK. 2014 Major depressive disorder is associated with abnormal interoceptive activity and functional

connectivity in the insula. Biol. Psychiatry 76, 258–266. (doi:10.1016/j.biopsych.2013.11.027)
86. Judah MR, Shurkova EY, Hager NM, White EJ, Taylor DL, Grant DM. 2018 The relationship between social anxiety and heartbeat evoked potential amplitude. Biol. Psychol. 139, 1–7.

(doi:10.1016/j.biopsycho.2018.09.013)
87. Gray MA, Taggart P, Sutton PM, Groves D, Holdright DR, Bradbury D, Brull D, Critchley HD. 2007 A cortical potential reflecting cardiac function. Proc. Natl Acad. Sci. USA 104, 6818–

6823. (doi:10.1073/pnas.0609509104)
88. Legaz A, Yoris A, Sedeño L, Abrevaya S, Martorell M, Alifano F, García AM, Ibañez A. 2020 Heart–brain interactions during social and cognitive stress in hypertensive disease: a

multidimensional approach. Eur. J. Neurosci. 55, 2836–2850. (doi:10.1111/ejn.14979)
89. Lambiase PD, Garfinkel SN, Taggart P. 2023 Psychological stress, the central nervous system and arrhythmias. QJM 116, 977–982. (doi:10.1093/qjmed/hcad144)
90. Huang Y, Xie M, Liu Y, Zhang X, Jiang L, Bao H, Qin P, Han J. 2023 Brain state relays self-processing and heartbeat-evoked cortical responses. Brain Sci. 13, 832. (doi:10.3390/

brainsci13050832)
91. Li H, Zhang B, Hu Q, Zhang L, Jin Y, Wang J, Cui H, Pang J, Li C. 2020 Altered heartbeat perception sensitivity associated with brain structural alterations in generalised anxiety

disorder. Gen. Psychiatry 33, e100057. (doi:10.1136/gpsych-2019-100057)
92. Pang J et al. 2019 Altered interoceptive processing in generalized anxiety disorder—a heartbeat-evoked potential research. Front. Psychiatry 10, 616. (doi:10.3389/fpsyt.2019.

00616)
93. Yoris A et al. 2017 The inner world of overactive monitoring: neural markers of interoception in obsessive–compulsive disorder. Psychol. Med. 47, 1957–1970. (doi:10.1017/

s0033291717000368)
94. Flasbeck V, Popkirov S, Ebert A, Brüne M. 2020 Altered interoception in patients with borderline personality disorder: a study using heartbeat-evoked potentials. Borderline

Personal. Disord. Emot. Dysregulation 7, 24. (doi:10.1186/s40479-020-00139-1)
95. Schmitz M, Müller LE, Schulz A, Kleindienst N, Herpertz SC, Bertsch K. 2020 Heart and brain: cortical representation of cardiac signals is disturbed in borderline personality disorder,

but unaffected by oxytocin administration. J. Affect. Disord. 264, 24–28. (doi:10.1016/j.jad.2019.11.139)
96. Schulz A, Köster S, Beutel ME, Schächinger H, Vögele C, Rost S, Rauh M, Michal M. 2015 Altered patterns of heartbeat-evoked potentials in depersonalization/derealization disorder:

neurophysiological evidence for impaired cortical representation of bodily signals. Psychosom. Med. 77, 506–516. (doi:10.1097/psy.0000000000000195)
97. Salami A, Andreu-Perez J, Gillmeister H. 2020 Symptoms of depersonalisation/derealisation disorder as measured by brain electrical activity: a systematic review. Neurosci.

Biobehav. Rev. 118, 524–537. (doi:10.1016/j.neubiorev.2020.08.011)
98. Bonaz B, Lane RD, Oshinsky ML, Kenny PJ, Sinha R, Mayer EA, Critchley HD. 2021 Diseases, disorders, and comorbidities of interoception. Trends Neurosci. 44, 39–51. (doi:10.1016/j.

tins.2020.09.009)
99. Marlow LL, Faull OK, Finnegan SL, Pattinson KTS. 2019 Breathlessness and the brain: the role of expectation. Curr. Opin. Support. Palliat. Care 13, 200–210. (doi:10.1097/SPC.

0000000000000441)
100. Tiller J, Pain M, Biddle N. 1987 Anxiety disorder and perception of inspiratory resistive loads. Chest 91, 547–551. (doi:10.1378/chest.91.4.547)
101. Chan PYS, Davenport PW. 2010 The role of nicotine on respiratory sensory gating measured by respiratory-related evoked potentials. J. Appl. Physiol. 108, 662–669. (doi:10.1152/

japplphysiol.00798.2009)
102. von Leupoldt A, Chan PYS, Bradley MM, Lang PJ, Davenport PW. 2011 The impact of anxiety on the neural processing of respiratory sensations. NeuroImage 55, 247–252. (doi:10.

1016/j.neuroimage.2010.11.050)
103. Chan PYS, von Leupoldt A, Bradley MM, Lang PJ, Davenport PW. 2012 The effect of anxiety on respiratory sensory gating measured by respiratory-related evoked potentials. Biol.

Psychol. 91, 185–189. (doi:10.1016/j.biopsycho.2012.07.001)
104. Chan PYS, Cheng CH, Hsu SC, Liu CY, Davenport PW, Leupoldt A von. 2015 Respiratory sensory gating measured by respiratory-related evoked potentials in generalized anxiety

disorder. Front. Psychol. 6, 957. (doi:10.3389/fpsyg.2015.00957)
105. Crockett JE, Cashwell CS, Tangen JL, Hall KH, Young JS. 2016 Breathing characteristics and symptoms of psychological distress: an exploratory study. Couns. Values 61, 10–27. (doi:

10.1002/cvj.12023)
106. Herzog M, Sucec J, Van Diest I, Van den Bergh O, von Leupoldt A. 2019 The presence of others reduces dyspnea and cortical neural processing of respiratory sensations. Biol. Psychol.

140, 48–54. (doi:10.1016/j.biopsycho.2018.11.004)
107. Sucec J, Herzog M, Van den Bergh O, Van Diest I, von Leupoldt A. 2020 The effect of dyspnea on recognition memory. Int. J. Psychophysiol. 148, 50–58. (doi:10.1016/j.ijpsycho.

2019.12.005)
108. Tan Y, Van den Bergh O, Qiu J, von Leupoldt A. 2019 The impact of unpredictability on dyspnea perception, anxiety and interoceptive error processing. Front. Physiol. 10, 535. (doi:

10.3389/fphys.2019.00535)
109. Zamoscik VE, Schmidt SNL, Gerchen MF, Samsouris C, Timm C, Kuehner C, Kirsch P. 2018 Respiration pattern variability and related default mode network connectivity are altered

in remitted depression. Psychol. Med. 48, 2364–2374. (doi:10.1017/s0033291717003890)
110. Büttiker P, Weissenberger S, Ptacek R, Stefano GB. 2021 Interoception, trait anxiety, and the gut microbiome: a cognitive and physiological model. Med. Sci. Monit. 27, e931962-1.

(doi:10.12659/msm.931962)
111. Zampeli E, Tiligada E. 2009 The role of histamine H4 receptor in immune and inflammatory disorders. Br. J. Pharmacol 157, 24–33. (doi:10.1111/j.1476-5381.2009.00151.x)
112. Rogers GB, Keating DJ, Young RL, Wong ML, Licinio J, Wesselingh S. 2016 From gut dysbiosis to altered brain function and mental illness: mechanisms and pathways. Mol.

Psychiatry 21, 738–748. (doi:10.1038/mp.2016.50)
113. Bonaz B. 2004 Visceral sensitivity perturbation integration in the brain-gut axis in functional digestive disorders. J. Physiol. Pharmacol. 55, 27–42.

11

royalsocietypublishing.org/journal/rspb 
Proc. R. Soc. B 292: 20242625

http://dx.doi.org/10.1016/j.clinph.2012.03.002
http://dx.doi.org/10.3390/brainsci9060131
http://dx.doi.org/10.1038/s41598-021-81307-3
http://dx.doi.org/10.7554/elife.51593
http://dx.doi.org/10.1016/j.bpsc.2018.03.010
http://dx.doi.org/10.1016/j.biopsych.2013.11.027
http://dx.doi.org/10.1016/j.biopsycho.2018.09.013
http://dx.doi.org/10.1073/pnas.0609509104
http://dx.doi.org/10.1111/ejn.14979
http://dx.doi.org/10.1093/qjmed/hcad144
http://dx.doi.org/10.3390/brainsci13050832
http://dx.doi.org/10.3390/brainsci13050832
http://dx.doi.org/10.1136/gpsych-2019-100057
http://dx.doi.org/10.3389/fpsyt.2019.00616
http://dx.doi.org/10.3389/fpsyt.2019.00616
http://dx.doi.org/10.1017/s0033291717000368
http://dx.doi.org/10.1017/s0033291717000368
http://dx.doi.org/10.1186/s40479-020-00139-1
http://dx.doi.org/10.1016/j.jad.2019.11.139
http://dx.doi.org/10.1097/psy.0000000000000195
http://dx.doi.org/10.1016/j.neubiorev.2020.08.011
http://dx.doi.org/10.1016/j.tins.2020.09.009
http://dx.doi.org/10.1016/j.tins.2020.09.009
http://dx.doi.org/10.1097/SPC.0000000000000441
http://dx.doi.org/10.1097/SPC.0000000000000441
http://dx.doi.org/10.1378/chest.91.4.547
http://dx.doi.org/10.1152/japplphysiol.00798.2009
http://dx.doi.org/10.1152/japplphysiol.00798.2009
http://dx.doi.org/10.1016/j.neuroimage.2010.11.050
http://dx.doi.org/10.1016/j.neuroimage.2010.11.050
http://dx.doi.org/10.1016/j.biopsycho.2012.07.001
http://dx.doi.org/10.3389/fpsyg.2015.00957
http://dx.doi.org/10.1002/cvj.12023
http://dx.doi.org/10.1016/j.biopsycho.2018.11.004
http://dx.doi.org/10.1016/j.ijpsycho.2019.12.005
http://dx.doi.org/10.1016/j.ijpsycho.2019.12.005
http://dx.doi.org/10.3389/fphys.2019.00535
http://dx.doi.org/10.1017/s0033291717003890
http://dx.doi.org/10.12659/msm.931962
http://dx.doi.org/10.1111/j.1476-5381.2009.00151.x
http://dx.doi.org/10.1038/mp.2016.50


114. Atzil S, Gao W, Fradkin I, Barrett LF. 2018 Growing a social brain. Nat. Hum. Behav. 2, 624–636. (doi:10.1038/s41562-018-0384-6)
115. Fotopoulou A, Tsakiris M. 2017 Mentalizing homeostasis: the social origins of interoceptive inference. Neuropsychoanalysis 19, 3–28. (doi:10.1080/15294145.2017.1294031)
116. Harshaw C. 2008 Alimentary epigenetics: a developmental psychobiological systems view of the perception of hunger, thirst and satiety☆. Dev. Rev. 28, 541–569. (doi:10.1016/j.

dr.2008.08.001)
117. Porges SW, Furman SA. 2011 The early development of the autonomic nervous system provides a neural platform for social behaviour: a polyvagal perspective. Infant Child Dev. 20,

106–118. (doi:10.1002/icd.688)
118. Masten M, Eisenberger NI. 2011 An fMRI investigation of empathy for ‘social pain’ and subsequent prosocial behavior. Neuroimage 55, 381–388. (doi:10.1016/j.neuroimage.2010.

11.060)
119. Maister L, Tang T, Tsakiris M. 2017 Neurobehavioral evidence of interoceptive sensitivity in early infancy. eLife 6, e25318. (doi:10.7554/elife.25318)
120. Tünte MR, Hoehl S, Wunderwald M, Bullinger J, Boyadziheva A, Maister L, Kayhan E. 2025 Respiratory and cardiac interoceptive sensitivity in the first two years of life. Elife 12,

RP91579.
121. Weijs ML, Daum MM, Lenggenhager B. 2023 Cardiac interoception in infants: Behavioral and neurophysiological measures in various emotional and self‐related contexts.

Psychophysiology 60, e14386.
122. Mai S, Wong CK, Georgiou E, Pollatos O. 2018 Interoception is associated with heartbeat-evoked brain potentials (HEPs) in adolescents. Biol. Psychol. 137, 24–33. (doi:10.1016/j.

biopsycho.2018.06.007)
123. Leigh GK, Robinson C, Hollingsworth SB. 2009 Investigating the effects of brain respiration on children’s behavior. J. Youth Dev. 4, 46–61. (doi:10.5195/jyd.2009.263)
124. Kim YY, Choi JM, Kim SY, Park SK, Lee SH, Lee KH. 2002 Changes in EEG of children during brain respiration-training. Am. J. Chin. Med. 30, 405–417. (doi:10.1142/

s0192415x02000272)
125. Kuroishi RCS, Garcia RB, Valera FCP, Anselmo-Lima WT, Fukuda MTH. 2014 Deficits in working memory, reading comprehension and arithmetic skills in children with mouth

breathing syndrome: analytical cross-sectional study. Sao Paulo Med. J. 133, 78–83. (doi:10.1590/1516-3180.2013.7630011)
126. Guilleminault C, Pelayo R. 1998 Sleep-disordered breathing in children. Ann. Med. 30, 350–356. (doi:10.3109/07853899809029934)
127. Immanuel SA, Pamula Y, Kohler M, Martin J, Kennedy D, Saint DA, Baumert M. 2014 Respiratory cycle-related electroencephalographic changes during sleep in healthy children

and in children with sleep disordered breathing. Sleep 37, 1353–1361. (doi:10.5665/sleep.3930)
128. Baumert M, Pamula Y, Kohler M, Martin J, Kennedy D, Nalivaiko E, Immanuel SA. 2015 Effect of respiration on heartbeat-evoked potentials during sleep in children with sleep-

disordered breathing. Sleep Med. 16, 665–667. (doi:10.1016/j.sleep.2015.02.528)
129. Jena A, Montoya CA, Mullaney JA, Dilger RN, Young W, McNabb WC, Roy NC. 2020 Gut-brain axis in the early postnatal years of life: a developmental perspective. Front. Integr.

Neurosci. 14, 44. (doi:10.3389/fnint.2020.00044)
130. Filippetti ML. 2021 Being in tune with your body: the emergence of interoceptive processing through caregiver–infant feeding interactions. Child Dev. Perspect. 15, 182–188. (doi:

10.1111/cdep.12420)
131. Park HD, Correia S, Ducorps A, Tallon-Baudry C. 2014 Spontaneous fluctuations in neural responses to heartbeats predict visual detection. Nat. Neurosci. 17, 612–618. (doi:10.1038/

nn.3671)
132. Al E, Iliopoulos F, Forschack N, Nierhaus T, Grund M, Motyka P. 2019 Heart-brain interactions shape somatosensory perception and evoked potentials. bioRxiv 750315.
133. Skora LI, Livermore JJA, Roelofs K. 2022 The functional role of cardiac activity in perception and action. Neurosci. Biobehav. Rev. 137, 104655. (doi:10.1016/j.neubiorev.2022.

104655)
134. Mai S, Braun J, Probst V, Kammer T, Pollatos O. 2019 Changes in emotional processing following interoceptive network stimulation with rTMS. Neuroscience 406, 405–419. (doi:10.

1016/j.neuroscience.2019.03.014)
135. Pollatos O, Herbert BM, Mai S, Kammer T. 2016 Changes in interoceptive processes following brain stimulation. Phil. Trans. R. Soc. B 371, 20160016. (doi:10.1098/rstb.2016.0016)
136. Coll MP, Penton T, Hobson H. 2017 Important methodological issues regarding the use of transcranial magnetic stimulation to investigate interoceptive processing: a comment on

Pollatos et al. (2016). Phil. Trans. R. Soc. B 372, 20160506. (doi:10.1098/rstb.2016.0506)
137. Pollatos O, Kammer T. 2017 Reply to Coll et al. Important methodological issues regarding the use of transcranial magnetic stimulation to investigate interoceptive processing’

2019. Phil. Trans. R. Soc. B 372, 20170046. (doi:10.1098/rstb.2017.0046)
138. DeGiorgio CM, Fanselow EE, Schrader LM, Cook IA. 2011 Trigeminal nerve stimulation: seminal animal and human studies for epilepsy and depression. Neurosurg. Clin. N. Am. 22,

449–456. (doi:10.1016/j.nec.2011.07.001)
139. Hays SA, Rennaker RL, Kilgard MP. 2013 Targeting plasticity with vagus nerve stimulation to treat neurological disease. Prog. Brain Res. 207, 275–299. (doi:10.1016/B978-0-444-

63327-9.00010-2)
140. Lewine JD, Paulson K, Bangera N, Simon BJ. 2019 Exploration of the impact of brief noninvasive vagal nerve stimulation on EEG and event-related potentials. Neuromodulation 22,

564–572. (doi:10.1111/ner.12864)
141. Van Leusden JW, Sellaro R, Colzato LS. 2015 Transcutaneous vagal nerve stimulation (tVNS): a new neuromodulation tool in healthy humans? Front. Psychol. 6, 102. (doi:10.3389/

fpsyg.2015.00102)
142. Villani V, Tsakiris M, Azevedo RT. 2019 Transcutaneous vagus nerve stimulation improves interoceptive accuracy. Neuropsychologia 134, 107201. (doi:10.1016/j.neuropsychologia.

2019.107201)
143. Burger AM, D’Agostini M, Verkuil B, Van Diest I. 2020 Moving beyond belief: a narrative review of potential biomarkers for transcutaneous vagus nerve stimulation.

Psychophysiology 57, e13571. (doi:10.1111/psyp.13571)
144. Yuan H, Silberstein SD. 2016 Vagus nerve and vagus nerve stimulation, a comprehensive review: part II. Headache 56, 259–266. (doi:10.1111/head.12650)
145. Leutzow B, Lange J, Gibb A, Schroeder H, Nowak A, Wendt M, Usichenko TI. 2013 Vagal sensory evoked potentials disappear under the neuromuscular block: an experimental study.

Brain Stimul. 6, 812–816. (doi:10.1016/j.brs.2013.03.005)
146. Sharon O, Fahoum F, Nir Y. 2021 Transcutaneous vagus nerve stimulation in humans induces pupil dilation and attenuates alpha oscillations. J. Neurosci. 41, 320–330. (doi:10.

1523/jneurosci.1361-20.2020)
147. Hyam JA, Brittain JS, Paterson DJ, Davies RJO, Aziz TZ, Green AL. 2012 Controlling the lungs via the brain: a novel neurosurgical method to improve lung function in humans.

Neurosurgery 70, 469–478. (doi:10.1227/neu.0b013e318231d789)
148. Breit S, Kupferberg A, Rogler G, Hasler G. 2018 Vagus nerve as modulator of the brain–gut axis in psychiatric and inflammatory disorders. Front. Psychiatry 9, 44. (doi:10.3389/

fpsyt.2018.00044)

12

royalsocietypublishing.org/journal/rspb 
Proc. R. Soc. B 292: 20242625

http://dx.doi.org/10.1038/s41562-018-0384-6
http://dx.doi.org/10.1080/15294145.2017.1294031
http://dx.doi.org/10.1016/j.dr.2008.08.001
http://dx.doi.org/10.1016/j.dr.2008.08.001
http://dx.doi.org/10.1002/icd.688
http://dx.doi.org/10.1016/j.neuroimage.2010.11.060
http://dx.doi.org/10.1016/j.neuroimage.2010.11.060
http://dx.doi.org/10.7554/elife.25318
http://dx.doi.org/10.1016/j.biopsycho.2018.06.007
http://dx.doi.org/10.1016/j.biopsycho.2018.06.007
http://dx.doi.org/10.5195/jyd.2009.263
http://dx.doi.org/10.1142/s0192415x02000272
http://dx.doi.org/10.1142/s0192415x02000272
http://dx.doi.org/10.1590/1516-3180.2013.7630011
http://dx.doi.org/10.3109/07853899809029934
http://dx.doi.org/10.5665/sleep.3930
http://dx.doi.org/10.1016/j.sleep.2015.02.528
http://dx.doi.org/10.3389/fnint.2020.00044
http://dx.doi.org/10.1111/cdep.12420
http://dx.doi.org/10.1038/nn.3671
http://dx.doi.org/10.1038/nn.3671
http://dx.doi.org/10.1016/j.neubiorev.2022.104655
http://dx.doi.org/10.1016/j.neubiorev.2022.104655
http://dx.doi.org/10.1016/j.neuroscience.2019.03.014
http://dx.doi.org/10.1016/j.neuroscience.2019.03.014
http://dx.doi.org/10.1098/rstb.2016.0016
http://dx.doi.org/10.1098/rstb.2016.0506
http://dx.doi.org/10.1098/rstb.2017.0046
http://dx.doi.org/10.1016/j.nec.2011.07.001
http://dx.doi.org/10.1016/B978-0-444-63327-9.00010-2
http://dx.doi.org/10.1016/B978-0-444-63327-9.00010-2
http://dx.doi.org/10.1111/ner.12864
http://dx.doi.org/10.3389/fpsyg.2015.00102
http://dx.doi.org/10.3389/fpsyg.2015.00102
http://dx.doi.org/10.1016/j.neuropsychologia.2019.107201
http://dx.doi.org/10.1016/j.neuropsychologia.2019.107201
http://dx.doi.org/10.1111/psyp.13571
http://dx.doi.org/10.1111/head.12650
http://dx.doi.org/10.1016/j.brs.2013.03.005
http://dx.doi.org/10.1523/jneurosci.1361-20.2020
http://dx.doi.org/10.1523/jneurosci.1361-20.2020
http://dx.doi.org/10.1227/neu.0b013e318231d789
http://dx.doi.org/10.3389/fpsyt.2018.00044
http://dx.doi.org/10.3389/fpsyt.2018.00044

	Neurophysiological dynamics of visceral signals in emotion, self and bodily consciousness
	1. Introduction
	2. Mapping the neural pathways from the body to the brain
	3. The role of visceral cortical responses on emotion and bodily self-awareness
	(a) Cardiac interoceptive contribution to emotion and self-awareness
	(b) Respiratory interoception and its role in self-awareness and emotion processing
	(c) Gastric interoception is linked to affective processing

	4. Altered visceral cortical responses in psychopathology
	(a) The involvement of cortical cardiac processing in psychopathology and mental health
	(b) Respiratory and gastric interoception in relation to mental health

	5. The development of visceral brain responses
	(a) The developmental study of cardiac interoception
	(b) Respiratory and gastric interoception in development

	6. Manipulation of brain and body visceral responses
	(a) Causal interventions in cardiac interoception
	(b) Causal interventions in other interoceptive domains

	7. Final remarks and future directions


