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Gut markers of bodily self-consciousness in men

Alessandro Monti,1,4,* Giuseppina Porciello,2,3 Maria Serena Panasiti,2,3 and Salvatore M. Aglioti1,2,*

SUMMARY

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 combine an ingestible, minimally invasive
capsule with surface electrogastrography to probe if gut physiology correlates
with bodily self-consciousness in a sample of healthy men during a virtual bodily
illusion. We discover that specific patterns of stomach and bowel activity (tem-
perature, pressure, and pH) covary with specific facets of bodily self-conscio-
usness (feelings of body location, agency, and disembodiment). These results
uncover the hitherto untapped potential of minimally invasive probes to study
the link betweenmental and gut states and show the significance of deep visceral
organs in the self-conscious perception of ourselves as embodied beings.

INTRODUCTION

Humans are ordinarily aware that their body is part and parcel of their self (Berlucchi and Aglioti, 2010;

James, 1890; Monti et al., 2021). Physiological, clinical, and behavioral data suggest that bodily self-con-

sciousness arises when the central nervous system integrates pieces of body-related information coming

from the external and internal senses in a coherent fashion (Blanke et al., 2015; Park and Blanke, 2019).

Although the contribution of sight, touch, heartbeats, and breathing to corporeal awareness is now ascer-

tained (Ehrsson, 2007; Lenggenhager et al., 2007; Monti et al., 2020; Park et al., 2016), the role of deep, sub-

diaphragmatic signals is unknown. Despite their potential significance for higher-order cognitive functions

(Schemann et al., 2020), organs located in the abdominal cavity, such as the stomach and the intestine, are

difficult to reach and probe without relying on invasive methods (Lee et al., 2014; Saad, 2016). Gut signals

are conveyed to the central nervous system via vagal and spinal afferents (Kaelberer et al., 2018; Rebollo

et al., 2021; Umans and Liberles, 2018) primarily targeting the somatosensory and insular cortices. In

turn, this activity is modulated by top-down control exerted by central and enteric neurons (Furness

et al., 2014; Levinthal and Strick, 2020). Although 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 va-

riety of higher-order processes, including corporeal awareness (Porciello et al., 2018; Rebollo et al., 2018).

To shed light on the visceral roots of bodily self-consciousness, we asked healthy male participants (N = 31)

to ingest a wireless capsule (SmartPillTM) fitted with sensors tracking temperature, pressure, and pH values

across the entire gastrointestinal tract in real-time (Saad and Hasler, 2011) (Figures 1 and 2). After ingesting

the capsule, participants underwent a simplified version of the ‘‘embreathment’’ bodily illusion that we

recently discovered (Monti et al., 2020). In particular, we administered two experimental conditions of

the embreathment illusion: the congruent condition, which induces strong feelings of owning, controlling,

and dwelling into a virtual body that looks, lays, and breathes as the physical body of the participant; and

the incongruent condition, which induces no such feelings toward a virtual body that does not match the

appearance, position, and breathing of the physical body. During each condition, we also monitored the

electrogastric rhythm of our subjects through surface electrogastrography (EGG) (Yin and Chen, 2013) (Fig-

ures 1 and 3).

As the embreathment illusion relies on a combination of visual, spatial, and respiratory cues, it proved to

be an appropriate method to trigger illusory feelings and gauge bodily self-consciousness at large in a

controlled setting (Monti et al., 2020). To assess if and how each region of the gastrointestinal tract relates

to bodily self-consciousness, we administered the illusion thrice: first when the SmartPill was in the stom-

ach, then after the capsule entered the small bowel, and finally when it reached the large bowel (Figure 1;

see STAR Methods below for details). We hypothesized that objective gut signals recorded during
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the experimental conditions would be associated with the subjective feelings of bodily self-consciousness,

as gauged through a 5-item visual analog scale (VAS) questionnaire (Monti et al., 2020; see Table 1).

Specifically, we expected that the lower the gut temperature, themore the participant felt to own the congruent

virtual body, analogously to what has been observed in studies linking the temperature of the skin with the

Figure 1. Experimental methods

Participants ingest a wireless capsule (SmartPill) fitted with sensors tracking temperature, pressure, and pH values across the entire gastrointestinal tract (A).

After ingesting the capsule, participants undergo an ’embreathment’ bodily illusion, embodying an avatar that either looks, lays, and breathes as the

physical body of the participant (congruent condition) or not (incongruent condition) (B). During each condition, the pressure (C, red bars), pH (C, green line),

and temperature (C, blue line) of the GI tract are monitored. This is done three times, as the pill moves down the three main gut regions (stomach, small

bowel, and large bowel), as indicated on the timeline. Electrogastrography (EGG) is used to record gastric contractions (D). Inset A is adapted from Lee et al.

(2014). For further details, see the STAR Methods section and Figures 2 and 3.
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perceived ownership of a rubber hand (Moseley et al., 2008; see also Tieri et al., 2017). In addition, we explored if

also the pH and pressure of the gut covaried with feelings of owning, controlling, or dwelling in a congruent or

incongruent virtual body. Moreover, as the same illusion was administered three times, we expected that the

temperature, pH, and pressure of the stomach would show a stronger correlation with embodiment feelings

than the equivalent parameters of the bowel, which might have been reduced by a certain degree of habitua-

tion. Finally, wewanted to compare the intra-luminalmeasures obtained through the SmartPill with surface elec-

trogastrography (EGG), predicting that SmartPill parameters would provide a deeper, more nuanced insight

into the physiological correlates of the embreathment illusion than the gastric rhythm alone recorded via EGG.

RESULTS

Two linear mixed-effects models measured how specific feelings of bodily self-consciousness induced by our

bodily illusion (and gauged through items listed in Table 1) covaried on the one hand with the pH, pressure,

and temperature values recorded by the SmartPill (Model 1); on the other hand, with gastric peak frequencies

recorded by surface EGG (Model 2) (see STAR Methods for a detailed description of the models).

Figure 2. SmartPill apparatus

(A) capsule (2.6 3 1.3 cm). (B) pH calibration buffer solution. (C) data receiver and logger. (D) laptop. (E) graph showing pH (green line), temperature (blue

line), and pressure (red bars) over time. Note the abrupt rise of the pH values in the left part of the screen, signaling the passage from the stomach to the small

bowel, the slow build-up of the signal in the small bowel, and the rapid decrease marking the entrance of the pill in the large bowel. Adapted from a picture

of Medtronic plc. Data shown in graph E collected from a participant in our lab.
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Model 1 (SmartPill) results

Type II analysis of variance of Model 1 yielded statistically significant 2-way interactions between item and

pressure (F = 3.0497, p = 0.0166) and between item and temperature (F = 3.0218, p = 0.0174). Furthermore,

there was a statistically significant 4-way interaction between condition, item, gastrointestinal region, and

pH (F = 2.4228, p = 0.0139). The post-hoc tests of these statistically significant 2-way and 4-way interactions

are presented in the following paragraphs.

Sense of location covaries with gut pressure and pH

The higher the pressure across the gastrointestinal tract, the more our participants felt they occupied the

same place of the virtual body. For each 1mmHg increase in stomach, small bowel, or large bowel pressure,

predicted VAS ratings of the feeling of being located in the virtual body went up by 5.62 G 2.25 points

(t = 2.496, p = 0.0128; Figure 4A and Table S3).

Figure 3. Electrogastrography (EGG) apparatus

1-channel EGG bipolar montage (left) with two recording electrodes (orange dots) and one ground electrode (purple dot), sample EGG recording (bottom

right), and sample EGG periodogram (top right). Samples collected from a participant in our lab.

Table 1. Bodily self-consciousness questionnaire

Construct Statement

p.body ownership I had the feeling the virtual body/object was mine

p.body agency I had the feeling I controlled the movements of the virtual body/object

p.body location I had the feeling I occupied the same place of the virtual body/object

p.disembodiment I had the feeling I had no body

p.two bodies I had the feeling I had more than one body

p.: perceived.
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A stronger sense of location was associated also with less acidic pH of the stomach and more acidic pH of

the large bowel when the virtual body did not match the real body (incongruent condition). For each 1-unit

increase in stomach pH, predicted VAS ratings of being located in the incongruent virtual body increased

by 21.02G 6.32 points (t = 3.326, p < 0.001; Figure 4B and Table S4). For each 1-unit increase in large bowel

pH, the same ratings went down by 15.44 G 6.56 points (t = �2.355, p = 0.0188; Figure 4C and Table S4).

Sense of disembodiment covaries with gut temperature and pH

We found that the higher the temperature across the gastrointestinal tract, the less our participants re-

ported feeling disembodied when they observed a virtual body. For each 1�C increase in stomach, small

bowel, or large bowel temperature, there was a 13.49 G 5.94 point decrease in predicted VAS ratings of

disembodiment (t = �2.272, p = 0.0237; Figure 4D and Table S2).

Furthermore, participants felt less disembodied also when the pH of their stomach or small intestine

became less acidic. For each 1-unit increase in stomach pH, predicted VAS ratings of disembodiment

fell by 11.39 G 5.36 points when the virtual body matched the physical body of the participant (congruent

condition, t =�2.124, p = 0.0340; Figure 4E and Table S4) and by 13.20G 6.32 points when it did not (incon-

gruent condition, t =�2.089, p = 0.0370; Figure 4E and Table S4). Likewise, for each 1-unit increase in small

bowel pH, predicted VAS ratings of disembodiment dropped by 25.00 G 9.52 points in the incongruent

condition (t = �2.627, p = 0.0088; Figure 4F and Table S4).

Sense of agency covaries with small bowel pH

The less acidic the small bowel pH, the more our participants felt they were in control of the incongruent

virtual body. In the incongruent condition, for each 1-unit increase in small bowel pH, predicted VAS ratings

of agency rose by 24.21 G 9.52 points (t = 2.545, p = 0.0111; Figure 5 left and Table S4).

Other significant 3-way and 2-way interactions, as well as significant main effects, are listed in Table S1 and

were not further discussed owing to the presence of the significant higher-order (2-way or 4-way) interac-

tions described above. Of note, the condition:item lower-order interaction replicates previous findings on

the impact of the illusion on bodily self-consciousness ratings (Monti et al., 2020).

Model 2 (electrogastrography) results

Type II ANOVA ofModel 2 yielded a statistically significant 2-way interaction between condition and EGGpeak

frequency (F = 4.6064, p = 0.033) (Table S5). The post-hoc test of this interaction is described in the following

paragraph.

All items of the bodily self-consciousness questionnaire covary with stomach peak frequency

When participants embodied a virtual body matching their real body, the higher the peak frequencies of

gastric myoelectric activity, as recorded through electrogastrography (EGG), the higher the ratings across

all items of the bodily self-consciousness (BSC) questionnaire. For each 0.01 Hz increase in the frequency of

gastric contractions, predicted VAS ratings across the BSC questionnaire increased by 9.72 G 3.84 points

(t = 2.534, p = 0.0122; Figure 5 right and Table S6). There was also a statistically significant 2-way interaction

between condition and item (F = 15.8484, p < 0.001). Other significant effects are listed in Table S5 and

were not further discussed owing to the presence of significant higher-order interactions.

Figure 4. Gut markers of sense of location and disembodiment

Pressure (A), stomach pH (B) and large bowel pH (C) are associated with feelings of location, as assessed through visual analog scale (VAS) ratings (estimated

marginal means). Temperature (D), stomach pH (E), and small bowel pH (F) are associated with feelings of disembodiment, as assessed through VAS ratings

(estimated marginal means). Dots at the intersection of x and y coordinates emphasize estimated marginal means and their error bars at selected,

representative values that span the range of observed values at regular intervals along a continuum. Error bars indicate standard errors. ‘‘All districts’’

indicates that the association holds true across all the three regions of the gastrointestinal tract we tested (stomach, small bowel, and large bowel).

‘‘Congruent condition’’ means that the association shown in dark green occurs when participants observe a congruent virtual body that matches their

physical body. ‘‘Incongruent condition’’ means that the association shown in light green occurs when participants observe an incongruent virtual body that

does not match their physical body. ‘‘All conditions’’ means that the association occurs both for congruent and incongruent condition. n.s. not significant;

*p < 0.05; **p < 0.01; ***p < 0.001.
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Interoception results

Participants displayed ordinary levels of interoception (Table S7). In particular, Shapiro-Wilk tests indicated

that interoceptive sensibility, accuracy, and awareness scores did not significantly deviate from a normal

distribution (interoceptive sensibility: W = 0.969, p = 0.565; interoceptive accuracy: W = 0.941, p =

0.086; interoceptive awareness: W = 0.978, p = 0.753).

Habituation control results

To rule out habituation effects, we performed a statistical control analysis. Specifically, a linear model

tested if the illusion ratings in each condition are affected by presentation order. The results show that

the number of times the illusion is presented has no statistically significant effect on ratings of any kind,

across all conditions and constructs (main effect of times: F = 0.4169, p = 0.5187; times x condition:

F = 0.2073, p = 0.6490; times x type of construct: F = 0.1879, p = 0.6648; times x condition x type of

construct: F = 0.7279, p = 0.3938).

DISCUSSION

We capitalized on the SmartPills technology to wirelessly monitor the physiological parameters of the

gastrointestinal tract in real-time while healthy subjects underwent a breathing-related bodily illusion in im-

mersive virtual reality. This new technique allowed us to discover that specific ratings of bodily self-con-

sciousness and specific patterns of gut activity are linked to each other. When the physiological activity

of the gut increases, as signaled by the fact that the stomach becomes more acid or the bowel becomes

more basic, participants tend to feel less localized in the incongruent virtual body. We speculate that

signals relayed from more active organs and tissues may boost the salience and strength of own-body

Figure 5. Gut markers of sense of agency and EGG results

Small bowel pH is associated with agency ratings (left) and EGG peak frequency is associated with all embodiment and

disembodiment ratings (right).

Dots at the intersection of x and y coordinates emphasize estimated marginal means and their error bars at selected,

representative values that span the range of observed values at regular intervals along a continuum. Error bars indicate

standard errors. For the definition of ‘‘congruent’’ and ‘‘incongruent’’ condition, cf. Figure 2. n.s. not significant; *p < 0.05.
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representations in target cortical areas. In turn, reinforced own-body representations may reduce the

feeling of being localized in an incongruent virtual body. By the same token, an uptick in gut activity should

also increase the feeling of dwelling in a congruent virtual body, whose features are consistent with the rep-

resentation of one’s own body. Indeed, when the pressure of the gut increases, participants tend to feel as

if they occupied the same place of the virtual body, although this holds true not only when the avatar is

congruent, but also when it is not congruent with the real body. Hence, it may be that gut pressure activates

a broader, looser ‘‘body template’’ compared with stomach and bowel pH.

Although we did not observe a direct link between lower gut temperature and higher ownership ratings

toward the congruent virtual body as we expected, we did find that the lower the temperature, the

more the participants felt disembodied. In a similar vein, the lower the small bowel pH, the higher the dis-

embodiment ratings. As temperature scales with metabolism and small bowel works best in a high (basic)

pH range, one can argue that, just like stronger gut activity may boost the own-body representation,

weaker gut activity may blur this representation and make individuals feel detached from their physical

body. However, in principle, during a virtual bodily illusion, also feeling detached from the virtual body

would be enough to induce a certain degree of disembodiment. This latter, the alternative mechanism

could explain why disembodiment ratings increase also when the stomach pH is low, that is, when the stom-

ach, being more active, reinforces the own-body representation and thus makes it harder to accept the vir-

tual body as one’s own. Further research is needed to better understand the precise role of stomach pH in

such a dual route to disembodiment. Nevertheless, future studies can build on these results to ascertain if

feelings of disembodiment reported by patients suffering from depersonalization/derealization (Sierra and

David, 2011), Cotard’s syndrome (Berrios and Luque, 1995), and eating disorders (Fuchs, 2021) are related

to impaired (processing of) gut temperature or acidity.

Overall, the fact that gut activity tends to scale with embodiment is consistent with analogous trends

observed in other physiological domains, including respiration (Monti et al., 2020), histamine reactivity

(Barnsley et al., 2011), skin temperature (Tieri et al., 2017) and skin conductance (Armel and Ramachandran,

2003; Mello et al., 2021; Tieri et al., 2015). On this point, compared to all other internal or external sources of

information about one’s own body, signals coming from the stomach and the bowel are a particularly

steady source of bodily self-consciousness, as they change at a much slower pace and never cease to relay

information to the central nervous system. However, in this experiment, we adopted an associational

approach to link embreathment-evoked changes in gut physiology to perceptual measures of bodily

self-consciousness. As such, these associations cannot confirm that the gut physiology changes were the

driving factors. Hence, it may also be that physiological activation is an effect, rather than a cause, of higher

embodiment and lower disembodiment. Nevertheless, as two seemingly independent readouts—gut

physiological signals and embodiment—are in fact related to each other, they can be putatively considered

to be elements of a feedback loop involving the brain and body. To shed light on causality, new experi-

mental paradigms could pair smart pills with protocols that stimulate or inhibit the activity of the stomach

and the bowel, e.g. presenting pictures (Zhou et al., 2004), evoking food-related thoughts (Zhou and Hu,

2007) or electrically stimulating the vagal afferents (Hong et al., 2019; Teckentrup et al., 2020). Computa-

tional models of predictive processing within the framework of a clinical trial (Khalsa et al., 2022) may

also prove useful in this regard.

In keeping with signals recorded by the SmartPill, also electrogastrographic (EGG) data show that a surge

in the physiological activity of the stomach, as measured through EGG peak frequency, is tied to a surge in

bodily self-consciousness feelings toward a congruent avatar. Of note, whilst gut pressure, pH, and tem-

perature are differentially tied to specific facets of bodily self-consciousness, an increase in EGG peak fre-

quency is correlated with a generalized increase of all questionnaire ratings, including both embodiment

and disembodiment items. This suggests that gastric rhythms, too, can play a significant if less specific role

in the experience of bodily self-consciousness. This is further corroborated by recent evidence, indicating

that a lower gastric-alpha phase-amplitude coupling is associated with a more negative body image (Todd

et al., 2021). New research may build on these results to modulate the perception of one’s own body

through selective changes in gastric frequencies or in other physiological parameters of the gut.

Although we expected that correlations between physiological parameters and embodiment ratings would

be stronger in the stomach than in the subsequent parts of the gastrointestinal tract, results obtained in the

small and large bowel suggest that the contribution of the lower gut to bodily self-consciousness is robust
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enough to resist serial effects. Monitoring the largely independent changes that occur not just in the stom-

ach, but also in the intestines, SmartPills thus provide a heretofore unexamined signal that is indicative, if

not necessarily fully reflective, of the status of the whole gut. Indeed, although the current technology does

not offer a picture of the whole gut at a glance, as signals from each gut segment are recorded sequentially

rather than simultaneously, tracking GI parameters while repeating the embreathment illusion yields a

nuanced, comprehensive description of the links between gut physiology and the bodily self. Hence,

ingestible capsules offer researchers a new method to gauge the correlation between gut states and

mental states with unprecedented detail. Together with other ingestibles (Abramson et al., 2020; Gibson

and Burgell, 2018; Mayeli et al., 2021; Mimee et al., 2018; Smith et al., 2021), smart pills could become a

particularly valuable, minimally invasive tool for assessing also other important psychological constructs

that may be rooted in gastrointestinal physiology, from emotions (Vianna and Tranel, 2006) tomoral disgust

(Eskine et al., 2011; Rozin et al., 2009).

Limitations of the study

Previous research suggests that there might be sex differences in interoceptive abilities. In particular, men

seem to pay less attention to bodily signals than women (Grabauskait _e et al., 2017), while slightly outper-

forming them in cardiac (Grabauskait _e et al., 2017; Harver et al., 1993) if not gastric (Prentice and Murphy,

2022) interoception accuracy tasks, and displaying a more stable EGG frequency (Tolj et al., 2007). Hence,

recruiting only male participants allowed us to test how gastrointestinal signals are related to bodily self-

consciousness in amore homogeneous sample. Nevertheless, we are aware that future experiments should

involve a larger sample of participants of both sexes to increase the generalizability of the present findings.

Finally, although the ingestible device is minimally invasive, its dimensions (2.63 1.3 cm) and sampling rate

(1 data point/500 ms) are sub-optimal. Ongoing advances in pill technology may lead to smaller and hence

easier to swallow capsules that will be fitted with more efficient sensors to gather a higher amount of data in

a shorter time. Such innovative ingestibles will further improve our understanding of the connection be-

tween our gut and our bodily self.
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Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-

tact, Alessandro Monti (alessandro.monti.0791@gmail.com).

Materials availability

This study did not generate any new unique reagents.

Data and code availability

d The experimental data that support the findings of this study are available in our Open Science Founda-

tion (OSF) project at https://osf.io/wecta/?view_only=45e1a9e30c2a47efa82c10161b70b732.

d The experiment code and the analysis code are available in our OSF project at https://osf.io/wecta/?

view_only=45e1a9e30c2a47efa82c10161b70b732.

d The study has not been preregistered. Any additional information required to reanalyse the data re-

ported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Participants

Thirty-one healthy men aged 20–30 years (M = 24.42, SD = 2.8) took part in the study after giving their

informed consent. The study was reviewed and approved by the Fondazione Santa Lucia ethics committee.

All subjects were naive to the purpose of the research and were paid for their participation. No subject had

a history of psychiatric or neurologic disorders. A detailed screening procedure ensured that all partici-

pants were eligible for ingesting the SmartPillTM without any known contraindication (history of gastric

bezoars; history of any abdominal/pelvic surgery within the previous three months; swallowing disorders;

suspected or known strictures, fistulas, or physiological/mechanical obstruction within the gastro-intestinal

tract; dysphagia to food or pills; Crohn’s disease or diverticulitis; body mass index R40; and cardiac pace-

makers or defibrillators (Saad, 2016).

METHOD DETAILS

Materials

SmartPill�
The gastro-intestinal milieu of each participant was monitored through a SmartPillTM (SmartPill Motility

Testing System, Medtronic plc). SmartPills are light, single-use, orally ingestible capsules (length:

26 mm; width: 13 mm; weight: 4.5 g). Each pill consists of a polyurethane shell fitted with a long-lasting bat-

tery (>5 days), a transmitter (broadcast frequency: 434.2 MHz), and internal sensors probing temperature
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(range: 20–42�C; accuracy:G 1�C), intra-luminal pressure (range: 0–350 mmHg; accuracy:G 5 mmHg in the

0–99 mmHg sub-range, G 10% of applied pressure in the 100–350 mmHg sub-range) and pH (range: 1–9;

accuracy: G 0.5 pH units) of the gastro-intestinal (GI ) tract (Figure 2A).

Before being ingested, the pill is activated through a magnetic fixture and the pH sensor is calibrated

through a buffer solution (Figure 2B). After ingestion, the capsule samples temperature data every 20 s,

pressure every 0.5 s, and pH every 5 s for the first 24 h; sampling frequencies are halved thereafter. The

pill transmitter wirelessly sends these data to an external radio receiver (operating range: � 1.5 m), which

can be either docked in a dedicated station or comfortably fastened to a belt worn by the participant

(Figure 2C).

Combining pH, pressure, and temperature information, the MotiliGI software (Medtronic plc) univocally

identifies the specific segment of the GI tract in which the pill is located at a given time. The software takes

an abrupt increase of R2 pH units as a sign that the pill left the stomach and entered the small intestine.

Likewise, the software interprets a subsequent gradual decrease of R1 pH unit for at least 10 consecutive

minutes as a sign that the pill left the small intestine and entered the large intestine (Figure 2D). In our sam-

ple, 30 out of 31 subjects displayed a pH increase and decrease as expected, while for the remaining

subject the software was still able to localize the GI districts that the pill went through based on pressure,

temperature, and time data.

Electrogastrography (EGG)

Electrogastrographic (EGG) recordings were used as a measure of gastric contractions. EGG records the

electrophysiological activity of a selected cluster of cells at the junction of the enteric nervous system

with the stomach – the so-called interstitial cells of Cajal (ICC). ICC act as pacemakers of stomach contrac-

tions by generating and propagating electric slow waves that have a normal frequency of 0.05 Hz, i.e. 3 cy-

cles/minute (Al-Shboul, 2013; Huizinga and Lammers, 2009). In healthy subjects, each slow wave is coupled

to a gastric contraction (Yin and Chen, 2013).

Slow wave electrical signals were recorded through a standard 1-channel EGG bipolar montage (Yin and

Chen, 2013) with 3 pre-gelled disposable Ag/AgCl electrodes. Participants were instructed to lie supine

on a deck chair, then their abdominal skin was accurately cleansed to reduce impedance. The first

recording electrode was placed halfway between their xyphoid and their umbilicus, while the second

recording electrode lay 5 cm up and 5 cm to the left of the first (taking the left side of participants as a refer-

ence) and the ground electrode lay on the left costal margin (Figure 3).

Immersive virtual reality

The immersive virtual reality apparatus for the embreathment illusion (Monti et al., 2020) included a virtual

scenario designed in 3DS Max 2015 (Autodesk Inc) and Unity 2017.1 (Unity Technologies SF). The scenario

was broadcasted to a VIVE headset (HTC Corp., 6 degrees of freedom, field of view: �110�, resolution:
2160 3 1200 (1080 3 1200 per eye, aspect ratio 9:5), refresh rate: 90 Hz) and consisted of a life-size

room in which a virtual body (avatar) lay on a deck chair.

In the congruent condition, the avatar was seen from a first-person perspective, had a human-like appear-

ance, and breathed as the participant, i.e. it inspired when the participant inspired and expired when the

participant expired, in real time. The exact alignment of real and virtual breathing was obtained through a

customized VIVE sensor (Video S1) that mapped real, respiration-induced belly movements onto the virtual

body with sub-millimetric precision (error <10�3 m).

In the incongruent condition, the avatar was seen from a third-person perspective, had an object-like

wooden appearance, and breathed in anti-phase with the participant, i.e. it expired when the participant

inspired and vice versa, in real time. The same VIVE sensor described above was adopted also in this con-

dition, although in this case the y axis of the sensor was mapped in a reverse fashion onto the virtual body to

further enhance the incongruity effect.

A custom graphical user interface (GUI) was embedded in the virtual scenario, allowing participants to

answer some questions relative to bodily self-consciousness (see below) at the end of each condition.

For a detailed footage of the immersive virtual reality experience, please see Video S1.
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Measures of bodily self-consciousness

At the end of each virtual reality condition, we administered a customized bodily self-consciousness ques-

tionnaire (Monti et al., 2020; cf. Longo et al., 2008) consisting of five different visual analogue scales (VAS;

Hayes and Paterson, 1921). In each scale, participants indicated howmuch they agreed with a statement by

using a joystick to select a point on a line ranging from complete disagreement (leftmost point) to complete

agreement (rightmost point). Table 1 shows the complete list of statements, while Figure S1 contains a box-

plot of the individual responses.

Measures of interoception

We also measured objective (Schandry, 1981) and subjective (Calı̀ et al., 2015) levels of interoception,

i.e. how participants perceived their inner physiological signals (Craig, 2002) (see Table S7 for descriptive

statistics).

Interoceptive sensibility, that is, the participants’ subjective, self-reported ability to monitor interoceptive

signals (Garfinkel et al., 2015), was measured through the Italian version of the Multidimensional Assess-

ment of Interoceptive Awareness (MAIA) (Calı̀ et al., 2015), a list of 32 questions sampling how much

each participant is aware of their physiological state. In particular, the average of three MAIA subscales

(Noticing, Attention Regulation, and Body Listening) was taken as a proxy of interoceptive sensibility. Re-

sponses were provided with a 6-point Likert scale.

Interoceptive accuracy, that is, the participants’ objective performance at perceiving interoceptive signals

(Garfinkel et al., 2015), was assessed via Schandry’s heartbeat counting task (Schandry, 1981). Subjects were

asked to report the number of heartbeats they perceived in four different time windows (25, 35, 45, 100 s)

without guessing or relying on external cues (e.g. taking their own pulse). Meanwhile, EGG electrodes were

used to pick objective electrocardiographic (EKG) signals. Raw EKG recordings were processed in

LabChart to detect the QRS complex associated with each heartbeat and thus compute the actual number

of heartbeats for each time window. These objective data were then paired with self-reported numbers of

heartbeats for each time window to calculate an interoceptive accuracy score for each participant ranging

from 0 (not accurate at all) to 1 (perfect accuracy).

Interoceptive awareness, that is, the participants’ confidence in how well they fared in the heartbeat count-

ing task, was gauged through a visual analogue scale (VAS) that ranged from 0 (indicating participants

believed their performance was extremely poor) to 100 (indicating participants believed their performance

was extremely good).

Data collection procedure

To ensure that the data gathered by the SmartPill were as reliable as possible, subjects were instructed to

discontinue any medication that could interfere with pH values and gastro-intestinal motility (Saad, 2016).

Specifically, we checked that none of the participants was assuming any: i) proton pump inhibitors in the

seven days before the experiment; ii) antihistamines, prokinetics, antiemetics, anticholinergics, antidiar-

rheals, narcotic analgesics, and non-steroidal anti-inflammatory drugs in the three days before the exper-

iment; iii) laxatives in the two days before the experiment. Participants were instructed not to take antacids

and any alcohol the day before the experiment. Eight hours before the experiment, they also stopped

eating and smoking.

The day of the experiment, participants came to the laboratory, filled in the informed consent form, and ate

a standardized �260 kcal breakfast consisting of egg whites (120 g), two slices of bread, and jam (30 g) to

make sure that gastro-intestinal transit times of the SmartPill were not affected by meal variability. Mean-

while, we activated the capsule through a magnetic fixture and calibrated the capsule pH sensor (see

Materials above, section SmartPill).

After calibration was complete, the pill started transmitting data to the radio receiver. Data came with a

relative time stamp indicating the number of seconds elapsed from calibration, but no absolute time refer-

ence. To overcome this issue, we synchronized calibration with an external clock that provided us with the

required absolute time frame. At that point, participants swallowed the SmartPill while drinking a glass of

water (120 mL). A medical doctor supervised the ingestion procedure to help in case of swallowing prob-

lems. All subjects ingested the pill without any trouble.
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After the ingestion, participants fastened the receiver around their belt and lay supine on a deck chair. This

allowed the experimenters to place EGG electrodes according to the montage described above (see

Materials, section Electrogastrography). When the whole apparatus was in place, we recorded a 15-min

resting-state SmartPill/EGG baseline session in which participants were instructed to relax and keep their

eyes open. Then, we perused real-time pH data displayed on the receiver tomake sure that the capsule was

working and actually lay in the stomach, as signaled by a highly acidic pH (�1–2). After this requirement was

fulfilled, we administered a simplified version of the embreathment illusion (Monti et al., 2020) delivered

through a virtual reality headset and a customized breathing sensor (see Materials, section Immersive vir-

tual reality). Both the congruent and the incongruent condition of the illusion (see above) lasted for 240 s.

Participants were asked to pay attention to the trunk of the avatar and then complete the bodily self-con-

sciousness questionnaire at the end of each condition (see Materials, section Measures of bodily self-con-

sciousness). To control for confounding due to order and carryover effects, the items of the questionnaire

were randomised, the order of experimental conditions was counterbalanced across participants, and con-

ditions were interspersed with 50 washout pauses. Throughout each experimental condition, the receiver

logged SmartPill data about the pressure, temperature, and pH of the stomach, while a dedicated amplifier

(ADInstruments PowerLab) registered the EGG signal (Figures 1–3).

As we were interested in assessing the coupling between bodily self-consciousness and the physiology of

each main segment of the gastrointestinal tract, we waited until the pill went through the pylorus

(as marked by aR2 pH units sudden increase: see above) to repeat the virtual reality experience. This nor-

mally occurred within 2–5 h from the ingestion of the capsule. At that point, we administered again the

embreathment illusion, this time recording only small bowel data from the SmartPill. When the capsule

entered the large bowel (as marked by aR1 pH unit decrease lasting for at least 10 min, typically observed

after 2–6 h from the stomach-small bowel transition: cf. above), we administered the illusion again for the

third and last time, always logging SmartPill data for each experimental condition (Figure 1).

After the first 6 h from the beginning of the experiment, participants were provided with a meal. After the

first 8 h, they could smoke again. After 3 days, they were allowed to drink alcohol as usual. During

the pauses between the stomach and small bowel data collection and between the small and large bowel,

they underwent subjective and objective tests of interoception (see Materials section Measures of intero-

ception and the supplemental information) and then were free to work or study as they pleased, although

they had to avoid strenuous physical exercise. Finally, after the last experimental condition of the large

bowel was over, participants could leave the lab. However, they kept the receiver with them, so that

they could check the gut physiological parameters for themselves until the capsule stopped transmitting

data and was expelled through defecation, ordinarily 10–73 h after ingestion (Lee et al., 2014).

QUANTIFICATION AND STATISTICAL ANALYSIS

SmartPill data pre-processing

Raw SmartPill data were downloaded from the receiver and exported as.txt files. A custom MATLAB algo-

rithm converted relative timestamps in absolute times, so that each event (e.g. beginning and end of each

experimental condition) was paired to a definite hh:mm:ss:ms string. Then, the algorithm calculated the

mean pH, pressure, and temperature values recorded in each experimental condition as the average of

all data points between the beginning and the end of each condition. We also computed the gastric, small

bowel, large bowel, and whole gut transit times of the capsule (Lee et al., 2014) to check whether any

subject displayed anomalies in their gastric physiology. 30 out of 31 subjects had normal transit times, while

the remaining subject had an abnormal large bowel transit time ([ 59 h, cf. Saad, 2016). Consequently, his

SmartPill data were discarded.

EGG data pre-processing

Raw EGG recordings were visually inspected to remove artifacts due to body movements. A 0.016–0.15 Hz

bandpass filter removed pink noise and unwanted higher frequencies that are ordinarily associated with

cardiac, respiratory, and small bowel activity (cf. Koch and Stern, 2003). The artifact-free tracings thus ob-

tained were then used to extract the EGG peak frequency for each subject and experimental condition

(Figure 3). EGG spectral density was computed using Welch’s method on 200 s time windows with 150 s

overlap (Rebollo et al., 2018). EGG peak frequency was defined as the maximum periodogram peak in

the ‘normogastric’ range, i.e. the range of frequencies that is compatible with the number of stomach con-

tractions in healthy individuals (0.033–0.066 Hz � 2–4 cycles per minute; cf. Rebollo et al., 2018). The whole
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EGG analysis procedure was performed with BrainVision Analyzer (Brain Products GmbH) and theMATLAB

FieldTrip toolbox (Oostenveld et al., 2011).

VAS questionnaire data pre-processing

Raw bodily self-consciousness ratings provided by the subjects through the VAS questionnaire in the virtual

reality GUI were exported, then matched with the average pH, pressure, temperature, and EGG peak

frequency values computed for each participant, each experimental condition, and each gastro-intestinal

district (stomach, small bowel, large bowel).

Statistical data analysis

We used R (version 3.6.1) and the R lme4 package (Bates et al., 2015) to perform a linear mixed-effects

analysis of the data. Wemodeled howmuch ratings of perceived body ownership, agency, location, disem-

bodiment, and multiple bodies (see above and Table 1) changed depending on the experimental condi-

tions, the gastro-intestinal (GI ) region, and, most importantly, the mean pH, pressure, temperature, and

peak frequency values recorded in each experimental condition.

We built two distinct mixed-effects models. Model 1 (SmartPill model) tested the influence of pH, pressure,

and temperature of the three GI regions (stomach, small bowel, and large bowel) over bodily self-con-

sciousness. The dependent variable was the whole set of bodily self-consciousness VAS ratings. As fixed

effects, the model had the experimental condition, i.e. human-avatar sensory congruency (two levels:

congruent and incongruent), the VAS item (five levels: perceived ownership, agency, location, disembodi-

ment, and two bodies: see Table 1), the GI region (three levels: stomach, small bowel, large bowel) and the

condition-specific pH (continuous), pressure (continuous), and temperature (continuous).

Model 2 (EGG model) assessed the influence of EGG peak frequencies over bodily self-consciousness.

Since EGG peak frequencies are a specific measure of stomach activity, here the dependent variable

was a subset of bodily self-consciousness VAS ratings, namely, those collected after the first embreathment

illusion induction, when the pill was in the stomach. Like Model 1, also Model 2 featured condition, item,

and GI region as factors, but replaced pH, pressure, and temperature with condition-specific EGG peak

frequencies (continuous).

In both models, fixed effects were tested for interactions with each other. Continuous fixed effects were

also group-mean-centred, subtracting the mean of stomach pH from stomach pH values, the mean of small

bowel pH from small bowel pH values, and so forth. To control for confounding effects due to individual

variability, both models included by-subject random intercepts andModel 1 also had by-condition random

slopes. Overall, each mixed model was specified as follows.

Model 1 (SmartPill)

VAS� condition * item * GI region * (pH + pressure + temperature) + (condition | subject), data = SmartPill,

control = lmerControl(optimizer = "bobyqa").

Model 2 (EGG)

Stomach VAS � condition * item * EGG peak frequency + (1 | subject), data = EGG, control = lmerControl

(optimizer = "bobyqa").

To minimise the chance of Type 1 errors (Luke, 2017), models were fitted with Restricted Maximum Likeli-

hood (REML) and p values were obtained through Type II ANOVA with Satterthwaite’s method

(Satterthwaite, 1941), as implemented in the lmerTest package (Kuznetsova et al., 2017). Statistically signif-

icant interactions were followed up with post-hoc tests of the simple effects involving gut physiological

parameters, experimental conditions, and bodily self-consciousness ratings against the null hypothesis

of a slope equal to zero. All post-hoc tests used Kenward-Roger degrees of freedom (Kenward and Roger,

1997) and were performed via the emmeans package to obtain estimated marginal means (EMMs). EMMs

were then plotted with the emmip function. The percentage of variance explained by each mixed-effects

model (Johnson, 2014) was computed through the r.squaredGLMM function of Kamil Barto�n’s MuMIn

Package.

ll
OPEN ACCESS

16 iScience 25, 105061, October 21, 2022

iScience
Article



Model 1 converged successfully with no errors and no warnings. The model had a marginal R2 = 0.40 and a

conditional R2 = 0.61. Visual inspection of the residual plots did not reveal any obvious deviation from ho-

moscedasticity. Residuals were not normally distributed (Shapiro-Wilk normality test, p < 0.05), but linear

models are robust against violations of normality (Gelman et al., 2007). As for collinearity, all independent

variables and their products had a GVIF^(1/(2*Df)) < 7. The ratio between the number of data points

(n = 855) and the number of estimated parameters (k = 120) was n/k = 7.125, above the minimum ratio

of n/k = 3 (see Harrison et al., 2018). Thus, the model was not overparametrized.

Model 2 converged successfully with no errors and no convergence warnings. The model had a marginal

R2 = 0.37 and a conditional R2 = 0.57. Visual inspection of the residual plots did not reveal any obvious

deviation from homoscedasticity. Residuals were not normally distributed (Shapiro-Wilk normality test,

p < 0.05), but linear models are robust against violations of normality (Gelman et al., 2007). As for collin-

earity, all independent variables and their products had a GVIF^(1/(2*Df)) < 3. The ratio between the

number of data points (n = 260) and the number of estimated parameters (k = 20) was n/k = 13, above

the minimum ratio of n/k = 3 (see Harrison et al., 2018). Thus, the model was not overparametrized.
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