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Interoception refers to how the brain senses, consciously or unconsciously, physiological signals coming
from inside the body. It includes a broad range of signals, mechanisms, and functions. It informs the
brain of the current physiological state of the body—information that might call for descending
physiological regulation (e.g., slowing down the heart)—and motivates a specific behavior and its
associated reward (e.g., searching for food). Although most interoceptive processing is unconscious,
interoceptive signals might sometime generate conscious interoceptive perceptions contributing to
emotional feelings. Finally, by anchoring neural processing in the body, interoception seems to
contribute more broadly in building the conscious subject experiencing both the external and internal

world.

History

At the beginning of the 20th century, Charles Scott Sherrington, a renowned British physiologist,
introduced the term interoceptive to refer to how the central nervous system registers signals coming from
organs of the abdominal cavity, such as the heart or the gastrointestinal tract. Around the same time, Ivan
Pavlov, together with other scientists of the Russian physiology school, revealed through inventive and
careful experimentation that bodily physiological regulations are learnt by conditioning (aka associative
learning) and that interoceptive signals mostly remain unconscious (for a historical review, see Van Diest,_
2019). By contrast, Western approaches to interoception at the end of the 20th century and at the
beginning of the 21st century were dominated by proposals about the role of conscious interoceptive
feelings in emotions (Craig, 2002; Damasio, 1999). Similarly, the growing popularity of meditation
techniques emphasizing attention to internal bodily signals contributed to the renewed interest in
conscious interoceptive feelings. More recently, different hypotheses were developed that anchor the self
—as a subject of experience, as a bodily self situated in the world—in interoceptive signaling (for review,

see Engelen et al., 2023).

The very definition of interoception also evolved over time, the current consensus being that
interoception extends beyond mere registration to include the integration and interpretation of
interoceptive signals and, also importantly, to include all signals originating from inside the body (Khalsa

etal., 2018) [see Bodily Sensations]. Although the heart or the gastrointestinal tract are considered to be

core organs for interoception, the question of whether to include information from joints and muscle
(proprioception) or the influence of the immune system on the brain, for instance, remains open (Nord &

Garfinkel, 2022). Finally, the term interoception usually refers only to signals flowing from body to brain.

Although some authors include descending regulations, from brain to body, this use of the term does not

reflect the consensus of the community (Khalsa et al., 2018).

Core concepts
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Diversity of interoceptive signals and pathways

Interoceptive signals are very diverse in nature—from a mechanical cardiac contraction occurring within
a hundred milliseconds to a change in blood molecular composition that might evolve over weeks, which
might include hormones but also proinflammatory proteins or waste from the gut microbiota. As
opposed to the external senses in which information is often transduced into neural activity by a single
organ (i.e., retina for vision and cochlea for audition), the same interoceptive signal can be transduced at
multiple sites and reach the central nervous system through different pathways (for review, see Engelen
et al., 2023). For instance, a heartbeat is detected by mechanoreceptors in the heart itself or in the big
blood vessels but also in peripheral cells of the somatomotor system or directly within the brain by
mechanoreceptors present in neurons, as discovered recently (Jammal Salameh et al., 2024). Finally, to
add to the plethora of potential transduction sites and pathways to the central nervous system, one can

also sometimes hear one’s own heartbeats.

From homeostasis and allostasis to motivated behavior

In reaction to physiological variables getting out of range, the central nervous system might take
corrective action, also known as homeostatic regulation. Some of these actions are reflexes, others are
probably learnt during development. Notably, the central nervous system might learn to proactively
prepare the body in anticipation of a physiological challenge—such as increasing heart rate before a race—

a phenomenon also known as allostasis.

Because interoception contributes to maintaining the organism’s integrity, it is likely to constitute a
strong motivational drive for any behavior. An interoceptive state is also likely to constrain the amount of
energy expenditure, or effort, one allocates to a given action. More specifically, interoception is involved
in feeding behavior combined with a number of other parameters. For instance, the feeling of hunger is
only very loosely related to blood sugar level; usual meal times are a major drive, even when there is no
immediate drop in available nutrients. Still, a distortion of interoceptive feelings might contribute to

eating disorders such as anorexia nervosa.
Questions, controversies, and new developments

Measuring interoception is experimentally challenging

Measuring both brain activity and objective interoceptive variables can be experimentally challenging.
First, interoceptive signals do generate artifacts in neural activity—for instance, the head moves with
blood pulse and with breathing, which affects the recording of neural data. Second, it is very difficult to
experimentally manipulate interoceptive variables. The psychophysics of interoception is still in its

infancy and faces numerous challenges, including low—or even chance—performance in most

participants (Desmedt et al., 2023), even participants who report high level of confidence. Another
fundamental issue is that modifying an interoceptive variable alters not only the interoceptive input to

the brain but also the brain state as well.
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Interoception is a broad concept with no established taxonomy yet

Interoception covers many domains, and it is not clear yet how to segment those domains: by
physiological function, anatomical pathways, or time constants, for example. As with many complex
systems, the appropriate level of description is not readily apparent. It is not clear whether one should
focus on the organ level or whole organism. Another issue relates to the lack of clear correlations between
subjective reports and objective measures in humans, which seems particularly prominent in

interoception (e.g., Hoehn-Saric & McLeod, 2000). The discrepancy between subjective interoceptive

feelings and objective interoceptive variables is currently being investigated in association with mental
health (Nord & Garfinkel, 2022).

From interoceptive feelings to emotional feelings

Intuitively, one tends to associate feelings of a heart pounding in the chest or of butterflies in your

stomach with emotional feelings in humans (Damasio, 1998). However, the exact nature of the association

between bodily state and emotional feelings is more complex and has long been, and still is, debated [see

Affective Neuroscience]. Points of debate include whether one drives the other, and what are the

necessary and sufficient bodily conditions for a given emotional feeling. It is also unclear to what extent
one can extrapolate an emotion from a bodily parameter, notably in animal studies. Many questionnaires

conflate emotions and interoception, which adds confusion to the field (Vlemincx et al., 2023).

Interoception and self

Interoception, because it is involved in maintaining the integrity of the organism, is proposed to build a

bodily and emotional self (Craig, 2002; Damasio, 1999; Seth & Tsakiris, 2018) [see Self]. Interoception could

also play a more general role in building the prereflective self or the subject of conscious experiences—
including experiences of the external world (Azzalini et al., 2019; Park & Tallon-Baudry, 2014), a

hypothesis backed up by experimental data in humans (for review, see Azzalini et al., 2019; Engelen et al.,_
2023).

Broader connections

Interoception interfaces with many areas of cognitive science. Because interoception is about
maintaining the integrity of the organism, it is at the root of motivated behavior and decision-making: the
interoceptive state is a drive for the organism to either go drinking, find food, or take a nap. Whether and
how this relates to so-called “gut feelings” is not known. If low interoceptive accuracy appears common,
interoceptive beliefs and intuitions are usually strong and lead to overconfidence (Khalsa et al., 2008) and
are further shaped by cultural contexts (Ma-Kellams, 2014) and meditation practice (Khalsa et al., 2008).
Interoception is also related to emotions; emotional feelings are often associated with internal bodily
sensations—in particular, in emotions such as disgust—whereas the link is less clear for more complex
emotions such as guilt. Reports of distorted interoceptive feelings are common across many psychiatric

disorders (Nord & Garfinkel, 2022). Finally, as interoceptive signaling appears more and more prominent
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in many brain regions, including brain areas unrelated to physiological regulations, its computational

role is also revisited (for review, Engelen et al., 2023)

Further reading

e Craig, A. D. (2002). How do you feel? Interoception: The sense of the physiological condition of the body.
Nature Reviews Neuroscience, 3, 655-666. https://doi.org/10.1038/nrn894

e Damasio, A. (1999). The feeling of what happens: Body, emotion and the making of consciousness. Harcourt.
« Engelen, T, Solca, M., & Tallon-Baudry, C. (2023). Interoceptive rhythms in the brain. Nature
Neuroscience, 26, 1670-1684. https://doi.org/10.1038/s41593-023-01425-1
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