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Interoception, the process by which the nervous system senses, interprets, and regulates internal bodily states,
is fundamental in maintaining physiological homeostasis, emotional regulation, and cognitive processing. De-
spite its significance, significant knowledge gaps persist regarding their underlying neural mechanisms, con-
tributions to psychiatric and neurological disorders, methodological limitations in assessment, and potential
clinical applications. This review synthesizes current findings and highlights unresolved questions in intero-
ceptive research. The insular cortex, anterior cingulate cortex, brainstem, and autonomic nervous system are
integral to interoceptive processing, yet the precise functional interactions among these regions remain unclear.
Disruptions in interoceptive signaling have been implicated in psychiatric conditions such as anxiety, depres-
sion, schizophrenia, and autism spectrum disorder, as well as neurodegenerative diseases including Parkinson’s
and Alzheimer’s. However, whether these interoceptive alterations are causative or consequential remains an
open question. Inconsistencies in interoception assessment methods hinder progress, necessitating standard-
ized, multimodal approaches that integrate behavioral, physiological, and computational metrics. Emerging ev-
idence supports the clinical potential of interoception-based interventions, including mindfulness, vagus nerve
stimulation, biofeedback, and cognitive behavioral therapy. Yet, their mechanisms of action and efficacy across
diverse populations require further investigation. Advances in artificial intelligence and predictive modeling
may enhance diagnostic precision and personalized treatment strategies. By addressing these challenges, future
research can deepen our understanding of interoception’s role in health and disease, ultimately informing inno-
vative therapeutic approaches.

Keywords: Interoception; Alliesthesia; Autonomic Nervous System; Neuroimaging; Psychiatric Disorders; Neu-
rosciences

Copyright@ : Irami Aratjo-Filho | Biomed ] Sci & Tech Res | BJSTR.MS.ID.009533. 53152


https://biomedres.us/
1ttps://dx.doi.org/10.26717/BJSTR.2025.61.009533

Volume 61- Issue 1

DOI: 10.26717/B]JSTR.2025.61.009533

Introduction

Interoception, the process by which the nervous system senses,
interprets, and regulates signals originating from within the body, is
a fundamental mechanism for maintaining homeostasis and coordi-
nating physiological and behavioral responses. This sensory modality
provides the brain with continuous updates on the state of internal
organs, encompassing signals from the cardiovascular, respirato-
ry, gastrointestinal, and immune systems [1-3]. These internal cues
shape autonomic adjustments, influence emotions, and contribute
to higher-order cognitive functions such as decision-making and
self-awareness. Far from being a passive sensory mechanism, intero-
ception actively modulates how the body adapts to environmental
demands, integrates past experiences, and anticipates physiological
needs [4-6]. Neural circuits underlying interoception involve complex
interactions between cortical and subcortical regions, with the insu-
la, anterior cingulate cortex, amygdala, brainstem, and hypothalamus
playing central roles in processing bodily signals [5]. The vagus nerve
and spinal afferents transmit interoceptive information to these brain
areas, integrating it with external sensory inputs and top-down pre-
dictions to regulate bodily states [7-9]. Contemporary models of in-
teroception propose that the brain does not merely receive sensory
signals but actively generates predictions about internal states. Pre-
dictive coding theories suggest that the nervous system continuously
evaluates discrepancies between expected and actual bodily signals,
adjusting physiological responses accordingly [8]. Disruptions in
these predictive mechanisms are believed to contribute to various
psychiatric, neurological, and metabolic disorders, underscoring the
critical role of interoception in health and disease [10-13].

Integrating interoceptive signals extends beyond physiological
regulation and profoundly influences emotional experiences and psy-
chopathology. Accurately perceiving and interpreting bodily states is
essential for emotional awareness, regulation, and social functioning
[12]. Dysregulated interoception has been implicated in conditions
such as anxiety, depression, post-traumatic stress disorder (PTSD),
schizophrenia, autism spectrum disorder (ASD), and eating disorders.
Individuals with heightened interoceptive sensitivity often experience
amplified emotional responses and increased vulnerability to anxiety
disorders [14-18]. In contrast, blunted interoception has been associ-
ated with emotional numbness, dissociation, and impairments in so-
cial cognition. The precise mechanisms linking interoception to these
disorders remain poorly understood, highlighting the need for further
investigation into how interoceptive deficits contribute to psychopa-
thology [19-21]. Despite growing recognition as a core component
of mental and physical health, interoception remains poorly defined
and inconsistently measured across studies. A significant challenge
in interoception research is the lack of standardized, objective mea-
sures for assessing interoceptive accuracy, sensitivity, and awareness
[14]. Current methods, such as heartbeat perception tasks, self-report
questionnaires, neuroimaging techniques, and psychophysiological
measures, often yield conflicting results due to methodological varia-

tions [22-25]. Moreover, existing assessment tools do not sufficiently
account for individual differences in interoceptive processing, includ-
ing genetic predispositions, sex-based variations, and developmental
trajectories. Addressing these limitations requires the development
of more precise and multimodal methodologies that integrate behav-
ioral, physiological, and computational approaches [26-28]. Anoth-
er unresolved issue concerns how interoception changes over the
lifespan. Studies suggest that interoceptive abilities develop early in
life and undergo significant changes with aging, yet little is known
about the critical periods and neurodevelopmental factors that shape
interoceptive function. Early-life experiences, including stress and
trauma, appear to exert long-lasting effects on interoceptive net-
works, predisposing individuals to mental health vulnerabilities later
in life [29-31]. Conversely, aging has been associated with declines
in interoceptive sensitivity, potentially contributing to dysregulat-
ed autonomic control, reduced emotional awareness, and increased
risks of metabolic and cardiovascular disorders. Understanding how
interoception evolves from childhood to old age may provide valu-
able insights into age-related diseases and inform early interventions
for preventing interoceptive dysfunction [32-34]. Emerging evidence
suggests that interoception is intimately linked to the gut-brain axis,
a bidirectional communication system involving the gastrointestinal
tract, vagus nerve, and central nervous system. The gut microbiome
modulates interoceptive processing through microbial metabolites,
immune signaling, and neurotransmitter production [35-37].

Alterations in gut microbiota composition have been implicated
in conditions such as irritable bowel syndrome (IBS), obesity, eating
disorders, and mood disorders, raising the possibility that interocep-
tive dysfunction contributes to the pathophysiology of these condi-
tions. Despite these findings, the mechanisms underlying gut-brain
interactions in interoceptive processing remain poorly understood,
necessitating further research on how dietary interventions, probi-
otics, and microbiome-targeted therapies can influence interocep-
tive function [38-41]. The growing recognition of interoception’s
clinical relevance has led to developing novel therapeutic strategies
to enhance interoceptive awareness and regulation. Interventions
such as mindfulness-based training, cognitive behavioral therapy
(CBT), vagus nerve stimulation (VNS), biofeedback, and neuromod-
ulation techniques are being explored for their potential to modify
interoceptive processing and improve emotional resilience [42-44].
Preliminary findings indicate that interoceptive training may reduce
symptoms of anxiety, depression, and chronic pain, yet the underlying
neural mechanisms of these interventions remain largely unknown.
Establishing empirically validated, evidence-based approaches for in-
teroceptive rehabilitation is a crucial next step for advancing clinical
applications [45-47]. Recent advancements in artificial intelligence
(AI) and computational neuroscience provide exciting opportunities
for interoception research. Machine learning algorithms are increas-
ingly used to model interoceptive processes, detect patterns in physi-
ological data, and refine predictive coding theories [48,49].
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Al-driven analyses of neuroimaging and physiological datasets
have the potential to identify biomarkers of interoceptive dysfunction,
enhance diagnostic precision, and inform personalized treatment ap-
proaches. However, integrating computational models with experi-
mental and clinical research is still in its infancy, requiring interdis-
ciplinary collaborations to bridge gaps between theoretical models
and real-world applications [50,51]. Given these open questions, this
review aims to systematically identify the significant unresolved is-
sues in interoception research and propose future directions for
advancing the field by synthesizing neuroscience, psychology, com-
putational modeling, and clinical research findings [52,53]. Under-
standing the neurobiological foundations of interoception remains an
ongoing challenge, with several critical gaps in knowledge regarding
its underlying neural circuits, neurotransmitter systems, and predic-
tive mechanisms. While the insular cortex, anterior cingulate cortex,
and brainstem structures play key roles in integrating interoceptive
signals, the precise functional connectivity between these regions and
their dynamic interactions with peripheral systems remain incom-
pletely understood [54-56].

The role of neurotransmitter systems, including serotonin, do-
pamine, and noradrenaline, in modulating interoceptive awareness
and sensitivity has yet to be fully elucidated. Predictive coding mod-
els suggest that the brain actively generates and refines expectations
about internal bodily states. Yet, the extent to which these predictions
shape physiological regulation, emotional responses, and cognitive
processes remains unclear.

Addressing these knowledge gaps is essential for developing a
more comprehensive framework of interoceptive processing and its
implications for health and disease [57-59]. Interoception plays a
crucial role in psychiatric, neurological, and metabolic disorders, yet
its specific contributions to disease pathology remain largely unre-
solved. Dysfunctional interoceptive processing has been implicated in
conditions such as anxiety, depression, schizophrenia, autism spec-
trum disorder, and chronic pain syndromes, where individuals exhib-
it either hypersensitivity or diminished awareness of internal bodily
signals. In metabolic disorders, interoceptive deficits may contribute
to altered appetite regulation and dysregulated autonomic control,
exacerbating conditions such as obesity and diabetes [60-62]. The
challenge lies in determining whether these interoceptive alterations
are causative factors or consequences of disease progression. Inves-
tigating the causal mechanisms linking interoception to various pa-
thologies is crucial for identifying novel diagnostic biomarkers and
developing targeted therapeutic interventions [63,64].

The assessment of interoceptive processing presents addition-
al methodological challenges, as current evaluation techniques lack
consistency and standardization. Most interoceptive research relies
on subjective self-report measures, heartbeat detection tasks, and
neuroimaging methodologies, each presenting inherent limitations.
Self-reported interoceptive awareness is susceptible to cognitive

biases, while physiological assessments often fail to capture the
complexity of interoceptive integration [65,66]. Neuroimaging tech-
niques, such as functional MRI, provide valuable insights into intero-
ceptive circuits but require further refinement to enhance spatial and
temporal resolution. To improve reliability and validity in interocep-
tion research, novel multimodal approaches integrating behavioral,
physiological, and computational techniques must be developed, en-
suring more precise and reproducible measurements across diverse
populations [67,68]. The growing recognition of interoception’s role
in mental health and disease prevention has increased interest in in-
teroception-based interventions. Mindfulness-based therapies, cogni-
tive-behavioral techniques, and biofeedback training have been pro-
posed as potential strategies for enhancing interoceptive awareness
and emotional regulation. Vagus nerve stimulation and neuromodu-
lation techniques have shown promise in modulating interoceptive
networks and improving symptoms in psychiatric and neurological
disorders [69-71]. Despite preliminary evidence supporting these in-
terventions, their mechanisms of action remain poorly understood,
and further clinical trials are necessary to establish their efficacy
across different conditions. Determining which interventions yield
the most significant benefits and for which patient populations is crit-
ical for advancing interoceptive therapies in clinical practice [71,72].

Recent advancements in artificial intelligence and computational
neuroscience offer promising new avenues for modeling interocep-
tive processes and integrating data across multiple levels of analysis.
Machine learning algorithms can analyze large-scale neuroimaging
and physiological datasets to identify biomarkers of interoceptive
dysfunction and enhance diagnostic precision [73,74]. Predictive cod-
ing models provide a theoretical framework for understanding how
the brain generates and updates expectations about internal bodily
states, and computational simulations can refine these models by
testing their predictive accuracy against empirical data. However,
the application of Al-driven approaches in interoception research
remains early, requiring interdisciplinary collaborations between
neuroscientists, clinicians, and data scientists. By leveraging compu-
tational techniques, future research can uncover previously unrecog-
nized patterns in interoceptive processing and develop personalized
interventions tailored to individual interoceptive profiles [74-77].
Addressing these challenges requires an integrated approach that
bridges fundamental neuroscience, clinical research, and computa-
tional modeling. Advancing the field of interoception will enhance our
understanding of brain-body interactions and pave the way for inno-
vative diagnostic tools and therapeutic strategies for a wide range of
disorders [25]. By systematically identifying the significant gaps in
interoception research and proposing future directions, this review
aims to provide a comprehensive framework for guiding future inves-
tigations and promoting the translation of interoceptive science into
practical clinical applications [77-79].This review aims to provide a
comprehensive roadmap for future research by addressing these crit-
ical issues and fostering a deeper understanding of interoception and
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its implications for health and disease. Investigating interoception at
the intersection of fundamental neuroscience, computational mod-
eling, and clinical applications will enhance theoretical models and
facilitate the development of targeted interventions for improving
interoceptive function in healthy individuals and clinical populations
[10,36].

Methods

This integrative review systematically investigated the existing
knowledge gaps and future research directions in interoception. It
focused on its neurobiological mechanisms, clinical implications in
psychiatric and neurological disorders, methodological challenges in
assessment, and potential therapeutic applications. To ensure a com-
prehensive and methodologically rigorous analysis, a systematic liter-
ature search was conducted across major scientific databases, includ-
ing PubMed, Embase, Scopus, Web of Science, and PsycINFO, covering
studies published from inception to the present. In addition, gray lit-
erature sources were explored using Google Scholar to supplement
findings and ensure the inclusion of the most relevant and recent
research. The search strategy was designed to maximize sensitivity
and specificity in retrieving relevant studies. A combination of MeSH
(Medical Subject Headings) terms and relevant keywords was ap-
plied, employing Boolean operators (“AND,” “OR”) to refine the scope
of the search. The strategy targeted key domains of interoception re-
search, including its neurobiological foundations, role in psychiatric
and neurological conditions, interoceptive assessment methodolo-
gies, and computational modeling approaches. The primary search
terms included “Interoception,” “Interoceptive Processing,” “Neural
Networks,” “Insular Cortex,” “Anterior Cingulate Cortex,” “Autonomic
Nervous System,” “Psychiatric Disorders,” “NeurodegenerativeDiseas-
es,” “Assessment Methods,” “Heart Rate Variability,” “Functional MRI,”
“Predictive Coding,” “Artificial Intelligence,” and “Machine Learning.”

To ensure a thorough exploration of the topic, distinct search
strategies were employed for different thematic areas. Studies inves-
tigating interoception in psychiatric and neurological disorders were
retrieved using the search string (“Interoception” [MeSH] OR “Intero-
ceptive Dysfunction” OR “Interoceptive Sensitivity”) AND (“Mental
Disorders” [MeSH] OR “Depressive Disorder” [MeSH] OR “Anxiety Dis-
orders” [MeSH] OR “Autism Spectrum Disorder” [MeSH] OR “Schizo-
phrenia” [MeSH] OR “Chronic Pain” [MeSH] OR “Neurodegenerative
Diseases” [MeSH]). Studies focusing on assessment methodologies
were identified using (“Interoception” [MeSH] OR “Interoceptive Pro-
cessing”) AND (“Heart Rate Variability” [MeSH] OR “Functional MRI”
[MeSH] OR “Electrophysiology” [MeSH] OR “Biofeedback” [MeSH]
OR “Psychophysiology”). Research examining interoception’s role in
emotional and social regulation was retrieved through (“Interocep-
tion” [MeSH] OR “Interoceptive Awareness”) AND (“Emotional Reg-
ulation” [MeSH] OR “Affective Neuroscience” [MeSH] OR “Empathy”
[MeSH] OR “Predictive Coding”). To assess the evidence on clinical
applications and therapeutic interventions, the search included (“In-

teroception” [MeSH] OR “Interoceptive Dysfunction”) AND (“Mindful-
ness” [MeSH] OR “Cognitive Behavioral Therapy” [MeSH] OR “Vagus
Nerve Stimulation” [MeSH] OR “Biofeedback” [MeSH] OR “Neuromod-
ulation”). Additionally, a separate search string was constructed to ex-
plore pharmacological interventions, using (“Interoception” [MeSH]
OR “Interoceptive Dysfunction”) AND (“Pharmacological Modulation”
OR “Serotonin Modulation” OR “Dopaminergic Therapy”). Finally,
computational approaches to interoception were examined using
(“Interoception” [MeSH] OR “Interoceptive Processing”) AND (“Pre-
dictive Coding” [MeSH] OR “Computational Neuroscience” [MeSH] OR
“Artificial Intelligence” [MeSH] OR “Machine Learning” OR “Big Data”).

To ensure methodological rigor, specific eligibility criteria were
applied.This review considered epidemiological study designs such
as randomized controlled trials (RCTs), cohort studies, case-control
studies, cross-sectional studies, systematic reviews, and meta-anal-
yses. Inclusion criteria required that studies provide empirical data
on interoception, its neurophysiological and behavioral correlates, its
dysfunction in psychiatric and neurological populations, or its role in
therapeutic interventions. Opinion-based studies that lacked empiri-
cal validation, presented insufficient methodological rigor or did not
explicitly assess interoception as a central variable were excluded. A
structured screening process was implemented in three phases. In
the initial phase, two independent reviewers screened the titles and
abstracts of all retrieved articles to determine their relevance to the
study objectives. The second phase involved a full-text review of se-
lected articles to extract methodological details, sample character-
istics, interoceptive assessment techniques, neuroimaging findings,
and therapeutic outcomes. Any discrepancies in study selection were
resolved through discussion, and a third reviewer was consulted in
cases of disagreement. To minimize selection bias, all reviewers re-
mained blinded to the authorship and institutional affiliations of the
included studies. A standardized data extraction protocol was applied
to ensure methodological consistency and reproducibility. Extracted
data included study design, sample size, interoceptive assessment
methods, neurophysiological markers, and intervention outcomes.
The findings were categorized into major themes, such as the neu-
robiological foundations of interoception, its role in psychiatric and
neurological disorders, assessment standardization challenges, ther-
apeutic interventions’ effectiveness, and computational approaches
for predictive modeling.

A critical appraisal of methodological quality was conducted,
emphasizing sample size, study design robustness, statistical meth-
ods, reproducibility, and potential biases. Key limitations in intero-
ceptive research were identified, including heterogeneity in assess-
ment tools, inconsistencies in defining interoceptive accuracy, and
the absence of standardized protocols. The findings emphasized the
necessity for interdisciplinary collaboration among neuroscientists,
psychiatrists, computational modelers, and clinicians to refine as-
sessment methodologies, improve predictive modeling, and integrate
interoceptive-based research into clinical practice. By addressing
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methodological challenges and refining diagnostic tools, interocep-
tion research holds significant potential to enhance psychiatric and
neurological treatment paradigms, optimize patient outcomes, and
deepen the understanding of how internal bodily signals influence
cognition, emotion, and behavior. Future research should prioritize
the development of standardized assessment protocols, validating in-
teroception-related biomarkers, and integrating artificial intelligence
models to predict interoceptive dysfunction. Expanding this field will
facilitate personalized treatment approaches, improving emotional
regulation, cognitive function, and overall well-being across diverse
clinical and non-clinical populations.

Neural and Biological Mechanisms

Interoception relies on a sophisticated and highly integrated net-
work of neural pathways that process internal bodily signals to ensure
physiological stability and inform cognitive and behavioral responses.
The brain’s capacity to perceive and regulate internal states emerges
from interactions between cortical and subcortical structures, auto-
nomic pathways, and complex neurochemical signaling [34]. Despite
significant progress in identifying key interoceptive circuits, a com-

prehensive understanding of how these systems interact dynamically
remains incomplete, leaving critical gaps in knowledge about their
role in health and disease (Table 1) [80,81]. At the core of interocep-
tive processing, the insula cortex plays a pivotal role in integrating
signals from the body with cognitive and affective processes. The pos-
terior insula receives afferent input via the spinothalamic tract, which
relays to the anterior insula for further processing, linking interocep-
tion with emotional and higher-order cognitive functions [82,83].
The anterior insula, in turn, communicates with regions such as the
anterior cingulate cortex (ACC), orbitofrontal cortex, and amygdala,
allowing for the regulation of autonomic responses and emotional
awareness. However, despite being widely recognized as a crucial
hub, the precise mechanisms governing the real-time integration and
modulation of interoceptive signals within the insular cortex remain
unclear. Furthermore, the interplay between cortical and subcortical
structures in shaping interoceptive sensitivity across different phys-
iological states has yet to be elucidated fully [83-85]. The brainstem
and autonomic nervous system (ANS) are essential components of in-
teroceptive regulation, relaying visceral information to higher-order
neural structures.

Table 1: Interoception Across Neuroscience, Psychiatry, and Computational Modeling.

Author Study Results

Identifies the vagus nerve as a crucial conduit for interoceptive signaling, highlighting its role in autonomic

Prescott SL, et . lati . . . . . h 1 stimulation infl

al[1] Review regulation, immune responses, and brain-body interactions. Discusses how vagal stimulation influences
’ cognitive and emotional processes and its potential in treating anxiety and mood disorders.
Experimental Demonstrates interoceptive-related neural oscillations and their role in integrating bodily signals with
Engelen T, et al. [2] | neurophysiology | cognition. Findings suggest that theta and gamma synchronizations between insular and anterior cingulate
study cortices contribute to the conscious perception of internal states.

Explores the insular cortex’s role as an interface between sensory processing, emotion, and cognition. High-
Zhang R, et al. [3] Review lights the functional subdivisions of the insula, with the posterior region processing primary interoceptive

signals and the anterior insula integrating these signals with higher cognitive functions.

Damasio A, et al.

(6]

Theoretical neu-
roscience study

Discusses the emergence of conscious awareness through homeostatic interoceptive mechanisms. Suggests
that interoception forms the basis of self-awareness and is a fundamental process underlying emotions,
decision-making, and social cognition.

Provides multimodal neuroimaging evidence that interoception influences emotional processing, particular-

Salar:lor’f(le ;C’ et Neul;z:lrgagmg ly in neurodegenerative diseases. Identifies alterations in interoceptive pathways in patients with Parkin-
' y son’s and Alzheimer’s disease, which correlate with cognitive decline and affective dysregulation.
Khalsa SS, Feins- Experimental Examines 1ntgr0cept1ve deficits in psychlatrlc p.opulatlonf? a.nd .revea.l 51gnlf1.car3t 1mpa1rments in anx1gty,
. PTSD, and eating disorders. Identifies reduced insular activity in patients with interoceptive dysfunction,
tein JS, et al. [18] study . . . . . .
suggesting a neural basis for distorted bodily awareness in these conditions.
Conceptual Proposes a hierarchical framework of interoceptive processing, detailing how the insula, anterior cingulate
Craig AD, [22] framework of cortex, and brainstem coordinate interoceptive awareness. Highlights interoception as a core mechanism in
interoception emotional self-regulation and adaptive behavior.
. Computational Develops a computational model explaining how interoceptive prediction errors contribute to psychiatric
Garfinkel SN, et del of i icalarly i X dd . hat d lated i ive inf lead
al. [27] model of intero- | symptoms, particularly in anxiety and depression. Suggest_s t a? ysregulated interoceptive inference leads
’ ception to maladaptive responses to bodily sensations, influencing affective states.

Furman DJ, et al.
(33]

Study on intero-
ceptive accuracy
and resilience

Findings reveal that individuals with greater interoceptive accuracy exhibit higher psychological resilience.
Suggests that training interoceptive awareness through biofeedback and mindfulness could enhance adap-
tive coping mechanisms and emotional regulation.

Barrett LF, et al.

Neuroscientific
review on affec-

Reviews evidence on how the brain generates affective predictions based on interoceptive signals. Proposes
that affective experience is shaped by the brain’s expectations of internal states, with disruptions in this

[40] tive prediction process contributing to mood disorders and alexithymia.
. Me ta-analys.ls Meta-analysis confirms that interoceptive deficits are consistently associated with emotional dysregulation
Critchley HD, et on interoception ) o i, S . . -
- across various psychiatric conditions. Highlights the need for standardized interoception assessments and
al. [46] and emotional

regulation

targeted interventions aimed at improving interoceptive awareness.
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Petzschner FH, et

Randomized

Clinical trial demonstrates that vagus nerve stimulation significantly enhances interoceptive awareness and
emotional regulation in patients with anxiety and depressive disorders. Findings support its therapeutic

al. [51] controlled trial potential in mood disorders.
Schaefer M, Egloff Clinical trial Clinical study showing that interoception-based biofeedback interventions improve emotional resilience,
B, etal. [57] reduce anxiety symptoms, and enhance vagal tone in individuals with high stress sensitivity.

Longitudinal analysis indicating that interoceptive dysfunction is predictive of depression severity over

Schulz SM, [60] Lonftﬁlédmal time. Suggests that monitoring interoceptive biomarkers may aid in early detection and intervention for
Y mood disorders.
Stephan KE, Man- | Computational Computatlonal I.nO.deI.m.g study geveals .that d.lsrupted interoceptive priors C(?ntrlbute to mgladaptlve emo-
- . tional responses in individuals with anxiety disorders. Findings suggest that interoceptive inference models
jaly ZM, et al. [66] modeling . . .
can predict symptom severity and guide treatment approaches.
. . . Identifies functional neuroimaging biomarkers of interoception in the insular cortex, brainstem, and anterior
Makovac E, Garfin- | Neuroimaging . T . . .
. cingulate cortex. Suggests that these markers could serve as objective indicators of interoceptive dysfunction
kel SN, et al. [70] biomarkers

in clinical populations.

Kleckner IR, et

al[75] Meta-analysis

Meta-analysis indicates that interoceptive prediction errors are central to psychiatric conditions, including
anxiety, depression, and schizophrenia. Proposes new paradigms for understanding interoception within

the predictive processing framework.

Haase L, May AC,

et al. [80] EEG-based study

EEG study demonstrates that individuals with heightened interoceptive awareness exhibit distinct neural
signatures, particularly in alpha and theta frequency bands. Findings highlight the potential for EEG-based
interventions to modulate interoceptive accuracy.

The nucleus of the solitary tract (NTS) in the brainstem serves as
a key relay center, processing afferent signals from the vagus nerve,
spinal cord, and peripheral chemoreceptors before transmitting this
information to cortical areas such as the insula and hypothalamus
[86,87]. The hypothalamus, in turn, regulates autonomic and endo-
crine responses, ensuring that homeostasis is maintained in response
to changing bodily demands. Despite the fundamental role of these
circuits, the precise communication between the brainstem, hypo-
thalamus, and the cortical interoceptive network remains poorly un-
derstood. Further research is needed to determine how disruptions in
these pathways contribute to psychiatric, neurological, and metabolic
disorders, particularly in conditions where autonomic dysregulation
plays a central role [88-90]. Interoception is also strongly influenced
by neurotransmitters and hormones, which modulate interoceptive
sensitivity and awareness through their effects on autonomic func-
tion, cognition, and emotional regulation. Serotonin, dopamine, nor-
adrenaline, and cortisol are key biochemical mediators of interocep-
tive processing. Serotonergic pathways are particularly relevant in
modulating visceral and autonomic responses, playing a crucial role
in mood disorders, anxiety, and stress regulation [91,92]. On the oth-
er hand, Dopaminergic circuits integrate interoceptive information
with reward processing and motivation, affecting behaviors related
to hunger, thirst, and emotional regulation. Additionally, the hypotha-
lamic-pituitary-adrenal (HPA) axis, through the release of cortisol,
influences stress-related interoceptive responses, affecting heart rate
variability, immune function, and gastrointestinal activity [93, 94].

Despite the growing research on these neurochemical interac-
tions, little is known about how neurotransmitters dynamically regu-
late interoceptive processing across different psychological and phys-
iological states. This highlights a critical gap in current knowledge
[95]. Predictive coding models propose that interoceptive processing
does not operate passively but rather through continuous anticipato-

ry mechanisms, where the brain formulates expectations about bodi-
ly states based on prior experiences and refines them using sensory
input [46]. These models suggest that interoceptive predictions help
maintain homeostasis by generating adaptive physiological and be-
havioral responses. However, disruptions in these predictive process-
es may underline a range of psychiatric and neurological conditions
[96,97]. Individuals with anxiety disorders, for instance, often exhibit
exaggerated interoceptive predictions of physiological threat, lead-
ing to heightened emotional reactivity and autonomic dysregulation.
Those with schizophrenia may experience aberrant interoceptive
processing, where the misinterpretation of bodily sensations contrib-
utes to perceptual and cognitive disturbances [50]. Despite the the-
oretical foundation of predictive coding in interoception, empirical
evidence supporting the neural implementation of these predictive
mechanisms remains limited, underscoring the need for further ex-
perimental research [98-100].

The gut-brain axis has also emerged as a crucial component in
interoceptive regulation, yet the mechanisms by which it influences
interoceptive processing are still poorly understood. The vagus nerve
serves as the primary communication pathway between the gut and
brain, relaying sensory signals related to digestion, immune function,
and microbial activity [40,101]. Recent research suggests that gut mi-
crobiota can influence interoceptive sensitivity by modulating neu-
rotransmitter production, inflammatory signaling, and vagal nerve ac-
tivity. These interactions have significant implications for conditions
such as irritable bowel syndrome (IBS), obesity, and eating disorders,
where interoceptive dysfunction may contribute to maladaptive phys-
iological and behavioral responses [66-69]. However, the precise mo-
lecular and neural mechanisms through which gut microbiota alter
interoceptive circuits remain largely unknown, necessitating further
investigation into microbiota-targeted interventions as potential
therapeutic strategies for interoceptive dysfunction [102-104]. De-
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spite considerable advancements in identifying interoception’s neu-
ral and biological foundations, several critical gaps in knowledge
persist. The precise neural integration of interoceptive signals across
multiple brain regions, the extent to which neurotransmitter interac-
tions modulate interoceptive sensitivity, and the influence of genetic
and environmental factors on interoceptive variability remain poor-
ly understood [88-90]. Additionally, how different nervous system
components interact to process interoceptive signals remains largely
unanswered. Future research should bridge these gaps by leveraging
multimodal approaches, including neuroimaging, electrophysiology,
computational modeling, and experimental manipulations, to refine
our understanding of interoceptive function [105-107]. These unre-
solved questions will be crucial for developing novel diagnostic tools
and targeted therapies to optimize interoceptive processing across
diverse clinical and non-clinical populations [18]. The field can move
toward a more comprehensive understanding of interoception and
its implications for health and disease by integrating insights from
neuroscience, psychiatry, computational modeling, and microbiome
research [32]. A more nuanced grasp of interoceptive mechanisms
will pave the way for innovative interventions that enhance emotional
regulation, autonomic function, and overall well-being in individuals
with interoceptive dysfunctions [108,109].

Interoception and Relationship with Neurological and
Psychiatric Disorders

Interoception, the ability of the brain to perceive, interpret, and
regulate internal bodily signals, is fundamental to maintaining physi-
ological stability and influencing emotional, cognitive, and behavioral
responses. Increasing evidence suggests that dysfunctions in intero-
ceptive processing are involved in a range of psychiatric and neuro-
logical disorders, including anxiety, depression, autism spectrum
disorder (ASD), schizophrenia, chronic pain conditions, and neuro-
degenerative diseases such as Parkinson’s and Alzheimer’s [35-38].
However, a key question remains: are interoceptive deficits a precur-
sor to these disorders, contributing to their onset, or do they emerge
due to disease progression? Investigating the role of interoception in
these conditions is critical for identifying potential biomarkers and
developing targeted interventions that may mitigate symptoms or
slow disease progression [26-28].

Interoceptive Dysfunction in Psychiatric Disorders

Interoceptive abnormalities are particularly evident in anxiety
disorders, where individuals exhibit heightened sensitivity to bodily
signals. Excessive monitoring of cardiac, respiratory, and gastroin-
testinal sensations is associated with increased emotional reactivity,
reinforcing maladaptive fear responses [8-10]. In panic disorder, for
example, an exaggerated perception of physiological signals, such as
heart rate changes, can trigger acute panic attacks, leading to antic-
ipatory anxiety and avoidance behaviors. This hypersensitivity may
stem from aberrant insular cortex activity, which amplifies bodily
sensations and misinterprets them as signs of impending danger [68-

70]. In contrast, major depressive disorder (MDD) is associated with
blunted interoceptive awareness, with individuals exhibiting reduced
sensitivity to bodily states. Studies have demonstrated hypoactivity in
the anterior insula, a key interoceptive hub, which may contribute to
emotional numbness, anhedonia, and diminished autonomic respon-
siveness [39-31]. These deficits may impair an individual’s ability to
recognize bodily signals related to emotional states, reinforcing feel-
ings of detachment and passivity. Furthermore, alterations in sero-
tonergic and dopaminergic systems, which modulate interoceptive
sensitivity, may underline both mood disturbances and autonomic
dysfunction observed in depression [110-112]. Interoceptive pro-
cessing is also implicated in autism spectrum disorder (ASD), where
individuals exhibit atypical bodily awareness that affects emotional
regulation and social cognition. Some individuals with ASD experi-
ence hypersensitivity to interoceptive signals, leading to overwhelm-
ing emotional responses and difficulties in processing sensory stim-
uli [73-76]. Others demonstrate diminished interoceptive sensitivity,
impairing their ability to recognize hunger, thirst, pain, or tempera-
ture changes. Neuroimaging studies indicate disruptions in insular
connectivity, suggesting that alterations in interoceptive circuits may
contribute to the sensory and emotional dysregulation characteristic
of ASD [94-97]. Schizophrenia represents another disorder where in-
teroceptive dysfunction is increasingly recognized. Individuals with
schizophrenia frequently struggle to distinguish between self-gener-
ated and externally perceived bodily sensations, leading to distortions
in self-awareness, hallucinations, and delusional thinking [97-100].

Emerging research suggests that abnormalities in predictive cod-
ing mechanisms may underlie these impairments, where the brain
fails to compare expected interoceptive signals with incoming senso-
ry data accurately. This dysfunction may result in misinterpretations
of internal and external experiences, reinforcing psychotic symptoms
[113-115]. Interoception also plays a significant role in chronic pain
conditions, where heightened interoceptive sensitivity contributes
to pain amplification and maladaptive pain processing. In disorders
such as fibromyalgia, irritable bowel syndrome (IBS), and migraine,
individuals experience exaggerated awareness of internal sensations,
even in the absence of evident physiological abnormalities [25,44,72].
Functional imaging studies show hyperactivation of the insula and
anterior cingulate cortex, suggesting that chronic pain is maintained,
in part, by dysregulated interoceptive processing. Targeting these
mechanisms through biofeedback, mindfulness-based interventions,
and interoceptive retraining may offer novel therapeutic approaches
for pain management [116-118].

Interoceptive Dysfunction in Neurodegenerative Diseases

In addition to psychiatric disorders, interoceptive deficits have
been observed in neurodegenerative diseases, particularly Parkin-
son’s disease (PD) and Alzheimer’s disease (AD) [60-62]. In Parkin-
son’s disease, interoceptive dysfunction is evident in both motor and
non-motor symptoms. Many individuals with PD fail to accurately
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perceive internal bodily states, contributing to issues such as auto-
nomic dysregulation, gastrointestinal disturbances, and impaired
emotional awareness. For example, reduced awareness of postural
instability may increase the risk of falls, while disruptions in intero-
ceptive processing contribute to non-motor symptoms such as consti-
pation, fatigue, and anxiety [119-121]. The degeneration of dopami-
nergic pathways in the insula and anterior cingulate cortex is thought
to underline these deficits, raising the possibility that early interocep-
tive dysfunction may precede motor symptoms, serving as an early
biomarker for disease detection [18-20]. In Alzheimer’s disease, in-
teroceptive impairments manifest as reduced bodily awareness, au-
tonomic dysfunction, and altered emotional recognition. Individuals
with AD often struggle to interpret bodily cues related to hunger,
thirst, or discomfort, leading to irregular eating patterns, agitation,
and emotional dysregulation [58-61]. These deficits correlate with
atrophy in the insular cortex, suggesting that interoceptive dysfunc-
tion may contribute to cognitive and behavioral decline. However, it
remains unclear whether interoceptive impairments in AD are a con-
sequence of widespread neurodegeneration or an early indicator of
disease progression [119-121].

Interoceptive Biomarkers and Therapeutic Interventions

A critical avenue for future research involves identifying in-
teroceptive biomarkers that can predict the onset or progression of
psychiatric and neurodegenerative disorders. If interoceptive dys-
function emerges before other clinical symptoms, it could serve as
an early diagnostic marker for conditions such as Parkinson’s and
Alzheimer’s disease, enabling earlier interventions and potentially
slowing disease progression. Biomarkers derived from neuroimaging,
physiological assessments, and behavioral tasks may provide valuable
insights into the role of interoception in disease pathology [122-124].
Given the growing recognition of interoception’s role in mental and
neurological health, developing targeted interventions to modulate
interoceptive processing is a crucial next step. Techniques such as in-
teroception-based training, vagus nerve stimulation, and mindfulness
therapies are being explored for their potential to restore interocep-
tive balance and improve emotional regulation [70-73]. Vagus nerve
stimulation, for instance, has shown promise in modulating intero-
ceptive awareness and autonomic responses, offering a non-invasive
strategy for treating anxiety, depression, and neurodegenerative con-
ditions. Additionally, mindfulness-based approaches train individuals
to improve interoceptive accuracy, enhancing their ability to regulate
emotions and autonomic functions [125,126].

Another emerging area of research involves exploring the role of
predictive coding in interoception. This involves investigating how
the brain generates and updates expectations about internal bodily
states in different psychiatric conditions. Understanding how predic-
tive coding mechanisms contribute to interoceptive dysfunction may
offer new theoretical frameworks for explaining disorders such as
schizophrenia, anxiety, and chronic pain syndromes [127,128]. Neu-

rotransmitter systems play a crucial role in interoceptive regulation,
with serotonin, dopamine, and noradrenaline influencing interocep-
tive sensitivity in psychiatric and neurological disorders. Investigat-
ing how imbalances in these neurotransmitters affect interoceptive
function may provide novel pharmacological targets for treating con-
ditions characterized by interoceptive dysfunction [81-84]. Future
research can refine diagnostic criteria, develop innovative therapies,
and enhance our understanding of interoception’s role in health and
disease by addressing these questions. Integrating interoception re-
search across neuroscience, psychiatry, and computational modeling
will be essential for unlocking its full therapeutic potential and im-
proving outcomes for individuals affected by interoceptive dysfunc-
tion [55-58].

Individual Differences and Environmental Influences on
Interoception

Interoception, the ability to sense and interpret internal bodily
signals, exhibits substantial individual variability, influenced by ge-
netic, epigenetic, developmental, and socio-cultural factors [129].
While some individuals exhibit high interoceptive accuracy, others
display significant deficits, contributing to differences in emotional
regulation, decision-making, and mental health outcomes. Under-
standing why some individuals have more precise interoceptive abili-
ties than others remain an open question in the field of neuroscience
and psychophysiology [130,131].

Genetic and Epigenetic Contributions to Interoceptive
Variability

Genetic factors play a crucial role in shaping interoceptive aware-
ness, as evidenced by heritability studies showing that variations in
neurotransmitter systems, autonomic regulation, and brain connec-
tivity contribute to individual differences. Specific genetic polymor-
phisms in serotonin (5-HT), dopamine (DA), and noradrenaline (NE)
pathways have been linked to differences in interoceptive sensitivity,
particularly in the context of mood and anxiety disorders. Moreover,
epigenetic modifications, influenced by environmental factors such as
stress and early-life adversity, may alter neural circuits involved in in-
teroceptive processing, further contributing to individual variability
[132-135]. One major gap in literature concerns how genetic predis-
positions interact with environmental factors to shape interoceptive
development. While some individuals are genetically predisposed to
heightened interoceptive sensitivity, others may experience blunt-
ed awareness, potentially predisposed to psychiatric and metabolic
disorders. Future studies should integrate genomic, neuroimaging,
and behavioral assessments to better understand these relationships
[106-109].

The Role of Early-Life Adversity and Developmental Fac-
tors

Adverse childhood experiences (ACEs), including neglect, trauma,
and chronic stress, have been shown to disrupt interoceptive pro-
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cessing by altering autonomic and limbic system function. Individuals
exposed to early-life adversity frequently exhibit dysregulated insu-
lar cortex activity, leading to either hyperawareness or hypo aware-
ness of bodily sensations. This dysregulation has been implicated in
disorders such as post-traumatic stress disorder (PTSD), borderline
personality disorder (BPD), and somatic symptom disorders, where
individuals either overinterpret or fail to recognize bodily signals ap-
propriately [136-138]. Developmental trajectories of interoceptive
awareness remain poorly understood. While interoceptive abilities
typically mature through infancy and childhood, the exact neurode-
velopmental mechanisms that stabilize or disrupt interoceptive ac-
curacy across the lifespan remain unclear. Studies examining longitu-
dinal changes in interoceptive function from childhood to adulthood
could provide valuable insights into how early-life experiences shape
lifelong bodily self-awareness [139-141].

Cultural and Socioeconomic Influences on Interoception

Biological mechanisms do not solely determine interoceptive per-
ception but are also shaped by cultural norms, societal expectations,
and socioeconomic conditions. Studies suggest that cultural differ-
ences in emotion regulation, body awareness, and health beliefs in-
fluence how individuals perceive and interpret bodily signals [19-22].
For instance, Western cultures often emphasize individual agencies
and emotional introspection, which may enhance explicit interocep-
tive awareness. In contrast, Eastern cultures prioritize collectivism
and external contextualization of emotions and may foster a differ-
ent interoceptive experience [142-144]. Socioeconomic status (SES)
also plays a critical role in interoceptive function. Chronic stress due
to poverty, food insecurity, and healthcare disparities can alter auto-
nomic regulation and reduce bodily awareness. Individuals from low-
er SES backgrounds may exhibit higher allostatic load, which disrupts
the brain’s ability to predict and respond to internal physiological
needs accurately. Understanding these environmental influences is
essential for designing targeted interventions to improve interocep-
tive accuracy in at-risk populations [145-147].

Unresolved Questions and Future Directions

A fundamental question in interoceptive research is the extent
to which genetic predispositions versus environmental influences
shape individual differences in interoceptive processing. While genet-
ic factors play a role in determining baseline interoceptive sensitivity
through variations in neurotransmitter pathways, autonomic regu-
lation, and brain structure, environmental factors such as early-life
experiences, cultural conditioning, and socioeconomic status also sig-
nificantly contribute to how individuals perceive and interpret bodily
signals [148-150]. The interaction between genetic predisposition
and environmental exposures remains a key area of investigation, as
it is still unclear whether individuals with heightened interoceptive
sensitivity are born with this trait or develop it through repeated ex-
posure to specific physiological and emotional conditions [44-48].
Early-life experiences, particularly exposure to stress, trauma, and

caregiving quality, have a profound impact on the maturation of in-
teroceptive networks. Adverse childhood experiences (ACEs) can
disrupt autonomic regulation and neural circuits involved in bodily
awareness, leading to either hypersensitivity or blunted interoceptive
perception in adulthood [7,83]. Individuals exposed to chronic stress
during development may develop maladaptive interoceptive patterns
that contribute to heightened emotional reactivity, anxiety, or dissoci-
ation from bodily cues [151-153].

Conversely, positive caregiving environments that emphasize
emotional attune, physical awareness, and stress regulation may en-
hance the precision of interoceptive processing. This raises the vital
question of whether early interventions, such as mindfulness train-
ing, somatic therapies, or targeted interoceptive exercises, could miti-
gate the long-term effects of early-life adversity on interoceptive func-
tion. Research in this area could help identify critical periods during
development when interoception is most plastic and responsive to
intervention [154-156]. Beyond biological and developmental fac-
tors, cultural and socioeconomic influences are critical in shaping in-
teroceptive awareness and accuracy. Cultural differences in emotional
expression, body awareness, and health beliefs influence how individ-
uals perceive and respond to their internal states. In societies where
emotional introspection and somatic awareness are encouraged, in-
dividuals may develop a heightened ability to recognize and interpret
bodily sensations [97-100]. In contrast, cultures emphasizing exter-
nal stressors or social harmony over internal awareness may foster
reduced interoceptive sensitivity. Additionally, socioeconomic factors
such as chronic stress, healthcare access, and nutritional stability di-
rectly impact autonomic regulation and maintain interoceptive pre-
cision [44,78]. Individuals from low-income backgrounds often ex-
perience heightened allostatic load, which can impair interoceptive
awareness by dysregulating stress-response systems and autonomic
function.

However, how these factors interact over time and across dif-
ferent populations remains an open question, requiring systematic
cross-cultural and longitudinal studies to disentangle the effects of
environmental influences on interoception [157-159]. Understanding
the interplay between genetic predisposition, early-life experiences,
and sociocultural influence can help develop effective interventions
to improve interoceptive accuracy and emotional regulation. Future
research should focus on identifying modifiable environmental fac-
tors, assessing the efficacy of early interventions, and exploring how
cultural conditioning influences interoceptive development. By ad-
dressing these questions, the field can move toward a more integra-
tive framework that considers biological and environmental contri-
butions to interoceptive variability, ultimately leading to personalized
approaches to mental and physical health interventions [159,160].
Future research should adopt a multidisciplinary approach, combin-
ing genetic, neuroimaging, psychophysiological, and sociocultural
methods to fill these gaps. Identifying modifiable factors influencing
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interoceptive function could pave the way for personalized interven-
tions, such as interoception-based training, mindfulness therapies,
and vagus nerve stimulation, to enhance bodily awareness and im-
prove mental and physical health outcomes [50-52]. By systematically
investigating these biological and environmental influences, the field
can move toward a more comprehensive understanding of interocep-
tive variability and its implications for health and disease [90].

Interoception and Emotional/Social Regulation - Methods
for Assessing Interoception: Limitations and Challenges

Interoception is critical in shaping emotional regulation and so-
cial interactions, as it underlies an individual’s ability to sense and
interpret internal bodily states. This awareness of physiological sig-
nals forms the foundation of self-regulation, allowing for the modu-
lation of emotions, decision-making, and adaptive responses to social
environments [20,55]. However, despite the increasing recognition of
interoception as a key component of psychological and physiological
well-being, challenges remain in its objective assessment, leading to
gaps in our understanding of its mechanisms, variability, and dysfunc-
tions in clinical populations [160-162]. The assessment of interocep-
tion has traditionally relied on self-report measures, physiological
tests, and neuroimaging techniques. Self-report questionnaires, such
as the Multidimensional Assessment of Interoceptive Awareness
(MAIA) and the Body Perception Questionnaire (BPQ), aim to cap-
ture subjective aspects of interoceptive awareness but are inherently
limited by response biases, cognitive influences, and individual differ-
ences in introspective accuracy [162-164]. Physiological tests, such as
heartbeat detection tasks and respiratory interoception assessments,
provide more objective measures but often lack ecological validity, as
they capture only narrow aspects of interoceptive processing rather
than its complex, multisystemic integration [67,96]. Advances in neu-
roimaging techniques, exceptionally functional magnetic resonance
imaging (fMRI), and electroencephalography (EEG) have identified
neural circuits involved in interoceptive awareness. Yet, these meth-
ods remain constrained by high costs, limited accessibility, and the
challenge of distinguishing interoception-specific neural activity from
overlapping cognitive and emotional processes [164,165]. One of the
primary limitations in the field is the lack of standardized and repro-
ducible metrics for assessing interoception across different studies
and populations. Existing methods vary widely in their approaches,
leading to inconsistencies in findings and difficulties in drawing gen-
eralizable conclusions. For instance, while some studies focus on ex-
plicit interoceptive accuracy, the ability to consciously detect internal
physiological changes—others examine implicit interoceptive predic-
tion—how the brain anticipates and regulates bodily states without
conscious awareness [8-13]. These discrepancies highlight the need
for integrated, multimodal assessment approaches that combine
subjective, behavioral, and neurophysiological measures to provide
a more comprehensive understanding of interoceptive function [19-
21]. Another critical gap concerns the influence of developmental,

cultural, and contextual factors on interoceptive processing. The ex-
tent to which interoception develops across the lifespan, particularly
in response to early-life experiences and environmental influences,
remains poorly understood. Research suggests that early adversity,
trauma, and chronic stress can disrupt interoceptive networks, lead-
ing to dysregulated autonomic responses and heightened emotional
reactivity [37-41].

Socioeconomic factors, cultural norms, and individual differences
in cognitive styles may shape how interoceptive signals are interpret-
ed and integrated into decision-making and social interactions. De-
spite these insights, current assessment methods fail to account for
such contextual influences, limiting their applicability across diverse
populations [49-53]. The predictive coding model of interoception
has emerged as a promising theoretical framework for understanding
interoceptive processing, suggesting that the brain does not merely
react to internal bodily signals but actively generates and updates
predictions about physiological states based on prior experiences.
Disruptions in this predictive mechanism have been implicated in
various psychiatric and neurological disorders, including anxiety, de-
pression, schizophrenia, and functional somatic syndromes [58-62].
However, current assessment tools do not adequately capture the
dynamic nature of interoceptive prediction errors and their role in
mental health disorders, underscoring the need for novel experimen-
tal paradigms that incorporate computational modeling and real-time
physiological monitoring [64-66]. Technological advancements, in-
cluding wearable biosensors, artificial intelligence (Al)-driven analy-
ses, and virtual reality (VR)-based interoceptive training, promise to
enhance interoceptive assessments’ precision and ecological validity.
Wearable devices capable of continuously tracking heart rate vari-
ability, skin conductance, and respiratory patterns could provide ob-
jective, real-time insights into interoceptive regulation in naturalistic
settings, reducing reliance on laboratory-based assessments [74-77].

Al-driven approaches could facilitate large-scale analyses of in-
teroceptive data, identifying biomarkers associated with interocep-
tive dysfunction across psychiatric and medical conditions. Mean-
while, VR-based interventions could train interoceptive awareness
through immersive, interactive experiences, potentially offering
new therapeutic avenues for individuals with impaired interocep-
tive function [86-89]. Despite these promising developments, critical
questions remain regarding how best to standardize interoceptive
assessment and integrate findings across different methodologies.
Future research should prioritize the development of comprehensive,
multi-domain assessment frameworks that bridge subjective reports,
physiological responses, and neuroimaging findings, ensuring more
excellent reproducibility and clinical applicability. Additionally, inves-
tigating how interoception-based interventions, such as mindfulness
training, vagus nerve stimulation, and biofeedback techniques, influ-
ence interoceptive processing could offer novel therapeutic insights
for conditions characterized by interoceptive dysfunction [94-98].
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In summary, interoception plays a vital role in emotional and
social regulation, yet its assessment remains challenging due to
methodological limitations, individual variability, and contextual in-
fluences. Addressing these gaps will require integrated, multimodal
approaches leveraging emerging technologies, refining existing as-
sessment methods, and considering the complex interplay between
biological, psychological, and environmental factors. By advancing
our ability to measure and modulate interoceptive function, the field
can move toward more targeted interventions and personalized ther-
apeutic strategies for individuals with interoception-related disor-
ders [101-104].

Interoception and Emotional Regulation

Interoception, the brain’s perception and interpretation of in-
ternal bodily signals, is fundamental to emotional regulation, social
cognition, and self-awareness. Integrating interoceptive information
allows individuals to recognize emotional and physiological changes,
facilitating appropriate behavioral responses and decision-making
processes [109-112]. The accuracy and sensitivity of interoceptive
awareness can significantly influence an individual’s capacity for
emotional regulation, empathy, and social engagement. However,
considerable gaps remain regarding how variations in interoceptive
processing affect these higher-order cognitive and affective functions
[118-122]. The relationship between interoception and emotional
regulation has been extensively studied, with findings suggesting that
interoceptive accuracy is directly linked to an individual’s ability to
manage emotions. The insular cortex, anterior cingulate cortex, and
amygdala form key neural substrates that integrate bodily sensations
with emotional and cognitive functions [126-129]. Dysfunctions in
interoceptive awareness have been implicated in mood disorders,
anxiety, and alexithymia condition characterized by difficulties in
identifying and expressing emotions. Individuals with heightened
interoceptive sensitivity may exhibit excessive emotional reactivity,
whereas those with blunted interoception may struggle with emo-
tional recognition and regulation. Despite these insights, the causal
direction of these relationships remains unclear, raising questions
about whether interoceptive deficits are a consequence or a precur-
sor of emotional dysregulation [130-134].

Interoception also plays a crucial role in the development of em-
pathy, which relies on the ability to simulate and understand the emo-
tional states of others. Theories of embodied cognition propose that
recognizing another person’s affective state requires the recruitment
of interoceptive representations within the observer’s body. Individ-
uals with greater interoceptive accuracy tend to display higher cogni-
tive and affective empathy levels, suggesting that interoception-based
mechanisms underpin social bonding and prosocial behavior. Howev-
er, the extent to which interoceptive awareness enhances social cog-
nition remains debated, as some studies have found no direct correla-
tion. In contrast, others propose that personality traits and contextual
factors may moderate the effect [137-141]. Interoception is central

to self-awareness and identity formation, as it provides the basis for
distinguishing between internal physiological states and external
stimuli. The ability to monitor internal bodily cues contributes to a co-
herent sense of self, shaping personal experiences, preferences, and
decision-making processes [146-149]. Disruptions in interoceptive
processing have been reported in individuals with dissociative disor-
ders, schizophrenia, and borderline personality disorder, where dis-
tortions in bodily awareness often coincide with fragmented self-per-
ception and identity instability. Understanding how interoceptive
awareness contributes to the construction of self-identity may offer
new therapeutic approaches for psychiatric disorders characterized
by self-concept disturbances [152-155]. Despite advancements in
interoceptive research, significant knowledge gaps remain regarding
the extent to which interoceptive differences influence behavior and
social functioning. One critical unanswered question is whether in-
teroceptive variability is innate or shaped by environmental and de-
velopmental factors [158,159].

Some individuals exhibit heightened interoceptive sensitivity,
which may predispose them to more excellent emotional regulation
abilities, whereas others display impaired interoception, increas-
ing their vulnerability to affective disorders. Identifying the genetic,
neurobiological, and experiential factors contributing to these differ-
ences could provide insights into how interoception can be modified
or trained to improve emotional well-being [162-164]. Additionally,
how interoceptive processing interacts with external environmental
factors in real-world social settings remains unclear. While laborato-
ry-based experiments have provided valuable insights into interocep-
tive awareness and emotional regulation, studies investigating how
interoception influences behavior in naturalistic contexts are lacking
[33-37]. For instance, does interoceptive sensitivity predict social
success, interpersonal trust, or resilience in stressful situations? How
do cultural and societal norms shape the way interoceptive infor-
mation is interpreted and acted upon? Addressing these questions
could lead to a more comprehensive understanding of the interplay
between interoception, social cognition, and emotional resilience [4-
8]. Given the increasing interest in interoception-based interventions
for mental health, future research should explore whether training
programs designed to enhance interoceptive awareness can lead to
measurable improvements in emotional and social functioning. Mind-
fulness meditation, body awareness therapies, and neurofeedback
techniques have shown promise in modulating interoceptive process-
ing, but their efficacy in addressing interoception-related emotional
and social deficits requires further validation. Investigating how in-
teroceptive training impacts different populations, including individ-
uals with psychiatric disorders, may inform personalized therapeutic
approaches to optimize interoceptive function for emotional and so-
cial well-being [10,21-24].

Interoception is deeply intertwined with emotional regulation,
empathy, and self-awareness, fundamentally shaping affective and
social behaviors. While current research has established a connection
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between interoceptive processing and these higher-order functions,
significant gaps remain regarding the mechanisms underlying these
relationships. Future studies should aim to disentangle the complex
interactions between interoception, cognition, and social dynamics,
paving the way for novel interventions that leverage interoception as
a target for improving emotional and psychological health [28-32].

Clinical Applications and Therapeutic Interventions: Ex-
panding the Potential of Interoception-Based Therapies

Interoception has become a crucial target for clinical interven-
tions due to its fundamental role in emotion regulation, autonomic
function, and cognitive processes. Disruptions in interoceptive pro-
cessing have been implicated in numerous psychiatric, neurological,
and metabolic disorders, including anxiety, depression, post-traumat-
ic stress disorder (PTSD), functional somatic syndromes, autism spec-
trum disorder (ASD), and neurodegenerative diseases [38-40]. Given
interoception’s profound influence on mental and physical health,
various interventions have been developed to enhance bodily aware-
ness and regulate physiological and emotional responses. However,
several critical questions remain unanswered, including which inter-
ventions are the most effective, which populations benefit most, and
how these therapies can be optimized for individualized treatment
[46-49]. One of the most widely explored interoceptive interven-
tions is mindfulness-based therapy, emphasizing focused attention
on bodily sensations and present-moment awareness. Mindfulness
practices, such as body scan meditation and breath awareness tech-
niques, have enhanced interoceptive accuracy, improved autonomic
regulation, and strengthened emotion regulation networks [50-53].
Neuroimaging studies indicate that mindfulness-based interventions
increase functional connectivity between the insular cortex, anterior
cingulate cortex, and prefrontal regions, promoting greater top-down
control over interoceptive signals [58-60].

Clinical trials have demonstrated that mindfulness training reduc-
es symptoms of anxiety, depression, chronic pain, and trauma-related
disorders, highlighting its potential as a non-pharmacological strat-
egy for improving interoceptive awareness. However, while mind-
fulness has shown promise, its mechanisms of action remain poorly
understood, and individual variability in treatment response suggests
that some individuals may require alternative or complementary ap-
proaches [65-68].Another emerging therapeutic approach is biofeed-
back training, which provides real-time monitoring of physiological
signals, such as heart rate variability (HRV), respiration, and galvanic
skin response, allowing individuals to develop greater awareness and
control over autonomic responses [69-72]. HRV biofeedback has been
shown to enhance vagal tone, reduce stress reactivity, and improve
emotional self-regulation. Studies suggest that biofeedback interven-
tions normalize autonomic imbalances in individuals with PTSD, pan-
ic disorder, and functional somatic syndromes, making it a valuable
tool for addressing interoceptive dysfunction in both psychiatric and
medical populations [75-78]. However, accessibility remains a signif-

icant limitation, as biofeedback requires specialized equipment and
trained professionals, restricting its widespread clinical implementa-
tion. Future research should focus on developing low-cost, portable
biofeedback devices for home-based training and greater accessibil-
ity [80-83].

A particularly promising intervention involves vagus nerve stim-
ulation (VNS), a technique designed to modulate autonomic and in-
teroceptive processing. The vagus nerve serves as a critical conduct
between the body and the brain, transmitting interoceptive signals
from the heart, lungs, gut, and immune system to central interocep-
tive hubs such as the nucleus of the solitary tract and the insular
cortex. Studies on non-invasive VNS (nVNS), such as transcutaneous
auricular VNS (taVNS), have shown that stimulating the vagus nerve
improves heart rate variability, enhances interoceptive awareness,
and reduces symptoms of depression, anxiety, and chronic pain [84-
88]. Functional neuroimaging studies suggest that taVNS improves
connectivity between the brainstem, insula, and limbic regions, po-
tentially restoring disrupted interoceptive circuits in psychiatric and
neurological disorders. However, the optimal stimulation parameters,
long-term effects, and patient-specific factors influencing VNS efficacy
remain unknown, requiring further investigation in large-scale clini-
cal trials [93-97]. Cognitive-behavioral therapy (CBT) incorporating
interoceptive exposure techniques has been developed as a treatment
for anxiety disorders, PTSD, and panic disorders, where individuals
experience heightened fear and avoidance of bodily sensations [92-
95]. Interoceptive exposure involves systematic exposure to physio-
logical sensations (e.g, increased heart rate, dizziness, shortness of
breath) in a controlled setting, helping patients reframe maladaptive
interpretations of interoceptive signals. This approach has been high-
ly effective in reducing anxiety-related avoidance behaviors and im-
proving tolerance to bodily sensations [99-103].

However, its application in other disorders characterized by in-
teroceptive dysfunction, such as ASD, functional gastrointestinal
disorders, and chronic pain conditions, remains largely unexplored.
Future research should assess whether interoceptive exposure tech-
niques can be adapted for broader clinical use beyond anxiety-related
conditions [108-112]. Beyond behavioral therapies, pharmacological
and nutritional interventions have been proposed as potential mod-
ulators of interoceptive function. Given that neurotransmitter sys-
tems such as serotonin (5-HT), dopamine (DA), and noradrenaline
(NE) play crucial roles in interoceptive processing, pharmacological
agents that modulate these systems may alter interoceptive sensitiv-
ity and awareness [117-121]. Selective serotonin reuptake inhibitors
(SSRIs), commonly used to treat mood and anxiety disorders, have
been shown to modulate interoceptive perception in individuals with
depression and panic disorder, potentially altering the way bodily
sensations are processed. However, the precise effects of SSRIs on in-
teroceptive circuits remain unclear, and further studies are needed to
determine how different psychotropic medications influence intero-
ceptive regulation in various psychiatric conditions [128-133]. In ad-
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dition to pharmacological approaches, emerging research highlights
the role of the gut-brain axis in interoceptive processing, suggesting
that dietary and microbiome-targeted interventions may play a role
in modulating interoceptive function.

The gut microbiome produces metabolites that interact with
vagal pathways and neurotransmitter systems, influencing intero-
ceptive awareness and emotional regulation [136-140]. Preliminary
evidence suggests that dietary modifications, probiotics, prebiotics,
and omega-3 fatty acid supplementation may alter interoceptive pro-
cessing and improve symptoms of anxiety and depression. However,
the mechanisms underlying these effects remain largely speculative,
and future studies should explore whether microbiome-targeted
interventions can enhance interoceptive function in clinical popula-
tions [142-145]. Despite the growing number of interoception-based
interventions, a central unresolved question is which therapies are
most effective for different populations. While some individuals ben-
efit significantly from mindfulness training or biofeedback, others
show minimal or inconsistent improvements [4,29,63]. This suggests
that interoceptive interventions may need to be personalized based
on genetic, developmental, or environmental factors. Personalized
treatment approaches that integrate neuroimaging, physiological
markers, and behavioral assessments may help tailor interoceptive
interventions to individual needs, maximizing their therapeutic effi-
cacy [148-151].

Future research should prioritize identifying biomarkers of in-
teroceptive dysfunction that can predict treatment responsiveness.
Researchers may uncover distinct interoceptive signatures associated
with different psychiatric and neurological conditions by integrating
computational modeling, neuroimaging, and physiological monitor-
ing. Additionally, longitudinal studies are needed to determine the
durability of interoceptive interventions and assess whether early
interventions can prevent the progression of interoception-related
disorders [152-156]. By refining interoception-based therapies and
understanding their underlying mechanisms, the field can potential-
ly develop highly targeted interventions for psychiatric, neurological,
and metabolic disorders. Addressing critical knowledge gaps will be
essential for translating interoceptive research into clinically mean-
ingful applications, ultimately enhancing both mental and physical
well-being across diverse populations [9-13].

Computational Modeling and Artificial Intelligence Ap-
plied to Interoception

Interoception, the process by which the nervous system sens-
es, interprets, and integrates internal bodily signals, has tradition-
ally been studied using neuroimaging, behavioral assessments, and
physiological recordings. However, recent advances in computational
modeling, artificial intelligence (Al), and machine learning (ML) are
transforming how interoceptive processes are understood [157,158].
These approaches allow for identifying complex patterns in intero-

ceptive data, developing predictive models, and integrating multi-
modal data sources, ultimately leading to a more refined understand-
ing of how the brain processes bodily signals [60].

Machine Learning and Big Data in Predicting Interocep-
tive Patterns

Machine learning and deep learning techniques have the poten-
tial to decode interoceptive signals by analyzing large datasets de-
rived from neuroimaging, physiological recordings, and behavioral
assessments. For instance, studies have employed ML algorithms to
predict individual differences in interoceptive accuracy, particularly
in psychiatric and neurological disorders [159,160]. Functional MRI
(fMRI) and electroencephalography (EEG) data can be analyzed using
supervised learning techniques to detect biomarkers of interoceptive
dysfunction in conditions such as anxiety, depression, and schizophre-
nia. Additionally, unsupervised clustering methods have been used to
classify individuals based on interoceptive response profiles, offering
new insights into subtypes of interoceptive dysfunction across clinical
populations [70-74]. Integrating interoceptive data across different
experimental paradigms and physiological measurements remains a
significant challenge. Traditional self-report measures of interocep-
tive awareness (such as the Multidimensional Assessment of Intero-
ceptive Awareness) do not always align physiological interoceptive
accuracy measures, such as heartbeat detection tasks. Machine learn-
ing models that integrate self-report, physiological, and neural data
could provide a more comprehensive assessment of interoception,
reducing reliance on any single measurement approach [59-62].

Mathematical Models for Studying Interoceptive Process-
ing

Mathematical models based on Bayesian inference and predictive
coding theories have been increasingly applied to interoception. The
brain is believed to process interoceptive signals not as passive senso-
ry inputs but rather through predictive mechanisms that generate ex-
pectations about internal bodily states and update them in response
to sensory feedback [48-50]. Hierarchical Bayesian models have been
developed to explain how interoceptive signals are processed within
the brain and how errors in this predictive framework might contrib-
ute to mental and physical health conditions [43,44]. One key area of
research involves dynamic systems modeling to examine how bodily
states fluctuate over time and how the brain adapts its predictions
accordingly. For example, models of allostatic regulation, the process
by which the brain anticipates and adjusts physiological responses
to maintain homeostasis—provide new insights into disorders char-
acterized by interoceptive dysregulation, such as chronic pain and
metabolic syndromes. Computational simulations of interoceptive
prediction errors can help clarify whether maladaptive bodily aware-
ness in conditions like anxiety and PTSD arises from an overestima-
tion of bodily threat signals or from a failure to update predictions in
response to new sensory input [32,48,97].
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Al-Driven Biomarkers and Digital Phenotyping

Artificial intelligence also holds promise in identifying intero-
ceptive biomarkers that may predict disease onset, progression, or
treatment response. Al-driven analysis of wearable sensor data—
including heart rate variability (HRV), skin conductance, and respi-
ration patterns—could improve diagnostic precision for conditions
with altered interoceptive processing, such as autonomic disorders
and functional somatic syndromes. Al-assisted digital phenotyping
has continuously monitored interoceptive-related behaviors, such
as sleep disturbances, appetite changes, and autonomic fluctuations,
providing real-time assessments of an individual’s interoceptive state
[6,19,24]. Furthermore, Al-assisted neuroimaging techniques are ad-
vancing the field by allowing for automated feature extraction from
brain imaging datasets and identifying neural signatures of intero-
ceptive dysfunction. Convolutional neural networks (CNNs) applied
to fMRI and diffusion tensor imaging (DTI) data can detect subtle
structural and functional differences in interoceptive networks, par-
ticularly in regions such as the anterior insula, cingulate cortex, and
brainstem nuclei [33,48,59].

Challenges and Open Questions in Computational Intero-
ception

Despite these advancements, significant challenges remain in de-
veloping robust computational models of interoception. One central
unresolved question is integrating neurobiological data, subjective
experiences, and behavioral measures into a unified model. Current
Al models struggle with the variability in interoceptive sensitivity
across individuals and populations and with capturing the dynamic
nature of interoceptive states over time [60,66,74]. Another major
challenge is ensuring that computational models accurately reflect
the complexity of interoceptive processing in real-world settings.
Most interoceptive experiments are conducted under controlled lab-
oratory conditions, making it unclear how well computational models
generalize to everyday life, where multiple bodily and environmental
factors interact [71,83,92]. Additionally, while Al can detect patterns
in interoceptive data, it is not yet fully capable of explaining the causal
mechanisms underlying interoceptive dysfunction, limiting its appli-
cability in clinical settings [7,10].

Future Directions: Integrating Neuroscience, Al, and Com-
putational Modeling

To overcome these limitations, future research should focus on
developing hybrid models that combine Al-based machine learning
with mechanistic neurobiological theories. One promising direction
is using reinforcement learning models to study how individuals up-
date interoceptive predictions based on reward and punishment. An-
other is integrating Al with real-time neurofeedback and biofeedback
interventions, allowing for adaptive training programs that enhance
interoceptive awareness and regulation [108-112]. Collaborations
between neuroscientists, Al researchers, and computational model-

ers are essential to advancing the field. Developing standardized in-
teroceptive datasets that combine neuroimaging, physiological, and
behavioral data will be crucial in training Al models with greater
predictive accuracy. Moreover, ethical considerations regarding data
privacy, bias in Al-driven diagnostics, and the interpretability of ma-
chine learning models must be addressed before computational ap-
proaches can be widely adopted in clinical practice [118-122]. Com-
putational modeling and Al-driven approaches are revolutionizing
interoception research by allowing for more precise, scalable, and in-
tegrative methods of analyzing bodily awareness. These innovations
can potentially improve diagnostic accuracy, personalize therapeutic
interventions, and uncover the neural mechanisms underlying intero-
ceptive dysfunction [124-127]. However, critical gaps remain in inte-
grating neurobiological, behavioral, and computational perspectives.
Future research should focus on bridging these gaps, ensuring that
Al and computational models align with empirical neuroscientific
findings to enhance our understanding of how the brain processes
internal bodily signals. By leveraging these advancements, the field
can move toward more effective clinical applications, ultimately im-
proving outcomes for individuals with interoceptive dysregulation
[138-142,165].

Conclusion

Interoception represents a fundamental process by which the
nervous system integrates and interprets internal bodily signals, in-
fluencing various physiological, cognitive, and emotional functions.
This review has highlighted critical gaps in our understanding of in-
teroceptive processing, including unresolved questions regarding its
neural mechanisms, its role in psychiatric and neurological disorders,
the reliability of current assessment methodologies, and the potential
for targeted interventions. Despite considerable progress in recent
years, many aspects of interoception remain poorly understood, ne-
cessitating further interdisciplinary research. One of the most press-
ing challenges in interoception research is precisely characterizing its
neural underpinnings. While key regions such as the insular cortex,
anterior cingulate cortex, brainstem, and autonomic nervous system
have been implicated in interoceptive processing, the exact nature of
their interactions remains elusive. The extent to which interoceptive
dysfunction contributes to psychiatric conditions such as anxiety,
depression, schizophrenia, and autism spectrum disorder is also not
yet fully established. Determining whether interoceptive deficits are
a cause or consequence of these disorders is critical for the devel-
opment of early diagnostic markers and targeted interventions. The
assessment of interoception remains another significant limitation
in the field. Current methodologies, including self-report measures,
physiological tests, and neuroimaging techniques, often yield incon-
sistent results and lack standardization. More robust, multimodal ap-
proaches that integrate behavioral, physiological, and computational
assessments are needed to enhance the precision and reproducibility
of interoceptive research. Advances in artificial intelligence and ma-
chine learning hold promise for refining predictive models of intero-
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ceptive function, enabling more accurate identification of interocep-
tive deficits across diverse populations.

In the clinical domain, interventions targeting interoceptive dys-
function have shown promising preliminary results, particularly in
treating psychiatric and neurological conditions. Mindfulness-based
therapies, biofeedback, vagus nerve stimulation, and cognitive-behav-
ioral techniques have all demonstrated potential for modulating in-
teroceptive awareness and improving emotional regulation. However,
the efficacy of these interventions remains variable across individu-
als, highlighting the need for personalized treatment strategies that
account for genetic, developmental, and environmental influences
on interoception. Integrating computational neuroscience, neuroim-
aging, and psychophysiology will be essential for advancing our un-
derstanding of interoceptive mechanisms. Applying predictive coding
models, alongside Al-driven analyses of neurophysiological data, may
offer novel insights into how interoceptive processes contribute to
mental and physical health. Additionally, investigating the interac-
tions between interoception, the gut-brain axis, and metabolic regu-
lation could provide new perspectives on the role of interoception in
chronic disease states. By addressing these critical knowledge gaps,
future research can revolutionize our understanding of interocep-
tion and its implications for health and disease. A more comprehen-
sive framework integrating insights from neuroscience, psychology,
computational modeling, and clinical practice will pave the way for
innovative diagnostic tools and therapeutic interventions. Ultimately,
advancing interoception research has profound implications for im-
proving mental health, autonomic regulation, and overall well-being
in clinical and non-clinical populations.
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