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One sentence summary

A pill measuring stomach and bowel activity reveals that being aware of one’s own body is also

a gut feeling.
Abstract

Bodily self-consciousness, the state of mind that allows humans to be aware of their own body,
forms the backdrop for almost every human experience, yet its underpinnings remain elusive.
Here we use an ingestible, minimally invasive capsule and surface electrogastrography to probe
if gut physiology correlates with bodily self-consciousness during a virtual bodily illusion. We
discover that specific patterns of stomach and large intestine activity (temperature, pressure, pH,
and gastric peak frequency) covary with specific facets of bodily self-consciousness (feelings of
body ownership, agency, location, and disembodiment). Furthermore, we show that the link
between gastro-intestinal parameters and bodily self-consciousness is often moderated by
individual levels of interoception. These results reveal a deep visceral pathway to the self-

conscious perception of ourselves as embodied beings.
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Humans are ordinarily aware that their body is part and parcel of their self (1, 2). Physiological,
clinical, and behavioral data suggest that bodily self-consciousness arises when the central
nervous system integrates pieces of body-related information coming from the external and
internal senses in a coherent fashion (3, 4). While the contribution of sight, touch, heartbeats and
breathing to corporeal awareness is now ascertained (5-8), the role of deep, sub-diaphragmatic
organs is unknown. Despite their potential significance for higher order cognitive functions (9),
organs located in the abdominal cavity, such as the stomach and the intestine, are difficult to

reach and probe without relying on invasive methods (10, 11).

Gut signals are conveyed to the central nervous system via vagal afferents (12, 13) targeting the
somatosensory and insular cortices. In turn, this activity is modulated by top-down control
exerted by central and enteric neurons (14). While the gut-brain loop has the clear homeostatic
purpose of regulating food intake, it has been proposed that gut signals, once in the brain, may
also influence a variety of higher-order processes, including corporeal awareness (15, 16). Gut
physiology per se is rarely attended to or perceived at the conscious level. Nevertheless, we
reasoned that ongoing gut activity could provide the brain with the kind of internal information

needed to give us the normal, everyday sensation that our body is not empty.

To shed light on the visceral roots of bodily self-consciousness, we asked healthy participants (N
= 31) to undergo a simplified version of the new embreathment illusion (8) after they ingested a
wireless capsule (SmartPill™) fitted with sensors tracking temperature, pressure, and pH values
across the entire gastro-intestinal tract in real time (17). We simultaneously monitored the gastric
contractions of our subjects through surface electrogastrography (EGG) (18). Combining these

methods, we measured gut physiological parameters in two experimental conditions, in which
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participants embodied a virtual body (avatar) that looked, lay, and breathed like them (congruent
condition) or not (incongruent condition) (Fig. 1). To assess if and how each district of the
gastro-intestinal tract relates to bodily self-consciousness, we administered the illusion thrice:
first when the SmartPill was in the stomach, then after the capsule entered the small bowel, and
finally when it reached the large bowel. We hypothesized that objective gut signals recorded
during the experimental conditions would predict the subjective feelings of owning, controlling,
or dwelling into a body, as gauged through a visual analogue scale (VAS) questionnaire (8). We
also expected that these effects varied according to objective (19) and subjective (20) levels of
interoception, i.e. the perception of inner physiological signals (21) (see Supplementary

Materials below the “Download PDF” link in the bioRxiv webpage for details).

We found that the higher the temperature of the stomach and the pH of the large intestine, the
more our participants reported to feel a sense of ownership towards a congruent virtual body that
looked, lay, and breathed like them, specifically if they had a below-average level of
interoceptive accuracy (Fig. 2; see also Fig. S5). For each 1°C increase in stomach temperature,
there was a predicted 62.62 + 29.8 points increase in VAS ratings of body ownership (t = 2.104,
p = 0.0471). For each 1-unit increase in large intestine pH, there was a predicted 19.51 + 9.03

points increase in the same scale of perceived body ownership (t = 2.160, p = 0.0414).

Likewise, the higher the temperature and the pressure of the stomach, the less our participants
were inclined to feel disembodied, i.e. to feel like they had no body — an effect moderated also
by their interoceptive abilities and by the congruency between the virtual and the real body (Fig.
3A and 3C). At average levels of interoceptive accuracy, for each 1°C increase in stomach
temperature, predicted drops in VAS disembodiment ratings were -41.78 £ 15.7 for human-like

virtual bodies (t = -2.625, p = 0.0164) and -36.09 = 13.7 for non-human-like virtual bodies (t = -
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2.625, p =0.0164). For each 1 mmHg increase in stomach pressure, predicted VAS points drops
were -40.291 + 19.14 (interoceptive sensibility: below average, t = 2.105, p = 0.0435), -24.142 +
8.61 (interoceptive sensibility: average, t =-2.803, p = 0.0087), -22.435 + 7.79 (interoceptive
accuracy: average, t = 2.878, p = 0.0072), -38.573 + 16.44 (interoceptive accuracy: above
average, t = -2.346, p = 0.0256). Furthermore, when people with good interoception observed an
incongruent virtual body, the higher the stomach pH, the less they felt disesmbodied (-55.50 +
14.22 VAS points, t = -3.904, p < 0.001), while the effect was reversed in people with poor

interoception (52.46 + 23.44 VAS points, t = 2.238, p = 0.0327; Fig. 3B).

Gastric activity correlated not only with perceived body ownership and disembodiment, but also
with the two other facets of bodily self-consciousness, namely, the sense of agency and the sense
of location. The higher the stomach pressure of participants with average and below-average
interoception, the stronger their sense of agency over an incongruent avatar (interoceptive
sensibility: average, 22.180 £ 9.81 points, t = 2.262, p = 0.0291; below-average, 45.536 + 21.81
points, t = 2.088, p = 0.0431; Fig. 4A). Moreover, the higher the stomach pH, the more our
participants felt localized into an incongruent avatar (interoceptive accuracy: average, 22.71 +

10.31 points, t = 2.204, p = 0.0372; Fig. 4B).

Capitalizing on the smart pills technology to wirelessly monitor the physiological parameters of
the gastro-intestinal tract in real time while healthy subjects underwent a bodily illusion in
immersive virtual reality, we were able to predict individual ratings of bodily self-consciousness
from individual patterns of gut activity. According to our results, each class of gut signals,
particularly of those recorded in the stomach, exerts a quite specific role within the framework of
bodily self-consciousness: stomach temperature is a marker of perceived ownership and stomach

pressure has a special relationship with agency, while pH is tied to the senses of location and
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ownership. In parallel, when any of these three signals goes up, participants feel less
disembodied, particularly when their virtual body does not match their real body. Hence, to an
extent, gastro-intestinal cues can override conflicting visual, spatial, and respiratory information
and therefore reduce the sense of disembodiment. We speculate that this compensatory process is
impaired in psychiatric conditions that alter bodily self-consciousness, as in eating disorders and

depersonalization.

In contrast, an uptick in the number of stomach contractions, as measured through EGG peak
frequency, affects bodily self-consciousness as a whole, in a less specific fashion (Fig. S5).
Thus, compared to EGG, smart pills offer a deeper, clearer picture of the links between gut
physiology and the bodily self, or between gut physiology and mental states in general. This
feature could make the smart pills and the increasingly sophisticated ingestibles that will likely
appear in the future (22, 23) a particularly valuable tool for assessing also other important
psychological constructs that may be rooted in gastro-intestinal physiology, from emotions (24)

to moral disgust (25, 26), in a minimally invasive way.

Overall, our findings indicate that physiological information coming from the deep visceral
periphery is linked to one’s sense of oneself as an embodied entity. More studies actively
stimulating the gastro-intestinal tract are needed to clarify whether this link has a causal nature.
If so, this would imply that bodily self-consciousness is based upon multisensory integration
processes whose scope is even wider than previously thought — processes gathering a wealth of
sensory information from abdominal viscera as well as from thoracic organs and from skin
receptors. Such a diverse range of sensory inputs probably helps the brain to maintain a ‘body
template’ in a variety of circumstances, including those in which a particular sensory channel

may be temporarily or permanently shut down, as in darkness, blindness, or spinal cord injuries.
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Figure 1. Experimental methods. Participants are administered a simplified ‘embreathment’
bodily illusion (A) in which they embody an avatar that looks, lays, and breathes like them
(congruent condition) or not (incongruent condition). While they undergo the illusion, their gut is
monitored through the SmartPill (capsule icon), which is fitted with a variety of sensors (B). This
is done three times, as the pill moves down the three main gut segments (stomach, small bowel,
and large bowel). The first time, since the capsule lies in the stomach, Smart Pill measures are
complemented by electrogastrography (electrode icons). A standard SmartPill graph (C) plots
temperature (blue line), pH (green line), and pressure (red bars) across the different segments of
the gastro-intestinal tract over time. A typical electrogastrographic recording (D) shows gastric

myoelectric activity generated by interstitial cells of Cajal. Inset (B) is adapted from (10).
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Figure 2. Effects of stomach temperature (left) and large intestine pH (right) on perceived body
ownership (estimated marginal means). ‘Low interoceptive accuracy’ indicates that the effects
shown in the left graph occur when interoceptive accuracy (19) is 1 standard deviation below the
mean. ‘All experimental subjects’ indicates that the specific relation between large intestine pH
and sense of body ownership holds across the entire pool of participants. However, the overall
impact of large intestine pH on bodily self-consciousness is stronger when interoception is low

(see Figure S5).
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interoception (see Supplementary Materials).
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Figure 4. Effects of stomach pressure (A) and pH (B) on ratings of body agency and location

(estimated marginal means). ‘Low’, ‘average’ and ‘high’ accuracy as in Figures 2 and 3.
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