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Chapter 1

Introduction

1.1 State of the art

Humans and other primates are uniquely aware of having a body, controlling

its actions, and dwelling in it – a form of self-consciousness which goes under the

name of corporeal awareness (Berlucchi and Aglioti, 1997, 2010; Critchley, 1979) or

embodiment (Longo et al., 2008). Research on neurological disorders (Blanke and

Arzy, 2005; Heydrich and Blanke, 2013) and on bodily illusions, from the rubber

hand (Botvinick and Cohen, 1998) to the full body illusion (Lenggenhager et al.,

2007) the body swap illusion (Petkova and Ehrsson, 2008) and the enfacement

illusion (Sforza et al., 2010) imply that one becomes aware of one’s body when

different cues, from the appearance of the body to the position of its parts, are

aligned in space and time and integrated at the neural level.

These cues can come both from outside and from inside the body. Classical

studies on corporeal awareness chiefly focused on exteroceptive signals, from touch

to vision: that is, researchers investigated how various features of exteroception

determined specific changes in awareness of one’s own body. Interoception, i.e.

the sense of the physiological condition of the body (Craig, 2002), likely plays an

important role in shaping corporeal awareness, too. However, to date, research

trying to ascertain the impact of interoceptive signals on the bodily self has been
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hampered by the fact that these signals are extremely diverse and difficult to record.

A series of recent experiments applied an ‘interoceptive’ twist to classical em-

bodiment paradigms. Tsakiris and colleagues (2011) found that performance in

the heartbeat counting task (Schandry, 1981) predicted the degree of susceptibility

to the rubber hand illusion. At the same time, Barnsley and co-workers (2011)

reported that the illusion itself could impact on histamine reactivity in the real arm.

While tantalisingly pointing to a closed loop between interoception and corporeal

awareness, these studies did not manipulate neither the physiological signals giving

rise to interoception, nor their perceptual or symbolic representation in the minds of

the participants.

Two other research groups made a step further by making a virtual rubber

hand (Suzuki et al. 2013) or a full virtual body (Aspell et al. 2013) flash either in

sync or out of sync with the participant’s heartbeat. Their results suggested that

visuo-cardiac synchrony boosts embodiment. However, one may wonder whether

cardiac signals can be considered an embodiment factor also in ordinary ecological

circumstances, where heartbeats are perceived only faintly and transiently.

An elegant study by Park et al. (2016) answered the question in the affirmative.

Combining electrocardiography, electroencephalography and virtual reality, they

discovered that heartbeat-evoked potentials (HEPs) originating from the posterior

cingulate cortex are linked to changes in corporeal awareness induced by the full

body illusion. This landmark result spurred the quest for other forms of coupling

between visceral signals and bodily self-consciousness, particularly focusing on the

gastric domain.

Rebollo and colleagues (2018) did indeed find that also the electrical oscillations

coming from the interstitial cells of Cajal in the stomach can explain a sizeable

degree of fluctuation in the resting BOLD signal of a cluster of brain areas they

termed the ‘gastric network’. Although the authors propose that this gastro-cerebral

coupling contributes to the representation of the bodily self, further research is

needed, since this study relied on a no-task, resting state paradigm and the gastric
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network may simply act as a homeostatic circuit sensitive to hunger cues (Porciello

et al. 2018).

Other lines of research on corporeal awareness targeted physiological signals

straddling the boundary between interoception, proprioception and exteroception.

Converging evidence highlights that pleasant touch mediated by C tactile (CT)

afferents is more effective than purely exteroceptive touch in giving rise to the rubber

hand illusion (Crucianelli et al. 2013, Lloyd et al. 2013, Van Stralen et al. 2014).

By contrast, the embodying power of another multisensory cue, respiration, is far

from being clear, since the very few studies which investigated the issue lead to

conflicting or inconclusive findings (Adler et al., 2014; Allard et al., 2017; Czub and

Kowal, 2019).

1.2 Objectives and structure of the project

Overall, the upshot of these studies is that there is still a considerable gap of

knowledge about the role of visceral physiological signals in corporeal awareness

beyond the cardiac domain. The research project described in the present dissertation

aimed at filling this gap in the scientific literature. More precisely, its main objectives

were:

O1 - to improve methods to record interoceptive signals;

O2 - to test how each interoceptive modality contributes to bodily awareness;

O3 - to assess changes in bodily awareness due to altered interoception.

Objective 1 - Improving methods to record interoceptive signals Current

methods to measure interoception are marred by several limitations. Interoceptive

signals come from a wide variety of sources - peripheral receptors conveying infor-

mation about heart and respiration rate, gut motility, hunger, thirst, temperature,

pain, itch, and sensual touch. Nevertheless, existing techniques cover a fraction of



1.2 Objectives and structure of the project 4

these sources, partly due to the fact that many receptors are difficult to reach, being

located inside the body rather than on its surface.

Moreover, some interoceptive signals give rise to distinct conscious sensations,

while some others produce faint, transient, or individually variable feelings. The latter

include heartbeats, which are particularly salient only in exceptional circumstances

like panic attacks (Ehlers et al., 2000), intense physical activity, and tachycardia.

Yet the most widespread interoceptive test to date, Schandry’s (1981) task, requires

subjects to gauge their own heart rate in a quiet laboratory setting, where heart-

related perceptions would not normally occur. Many current tests for interoception

outside the scope of heart signals, e.g. air load judgements (Daubenmier et al., 2013)

and gastric balloon distention procedures (Geliebter, 1988; Wang et al., 2008) are

often uncomfortable or downright invasive.

To tackle these issues, the research project carefully appraised existing measures

of interoceptive signals, and endeavoured to find new tools for tracking multiple

interoceptive signals in a non-invasive manner. In particular, as described in Chap-

ter 2, the project lead to the development of a new test of respiratory interoception,

or ‘pneumoception’. Overall, this will hopefully allow researchers to correlate more

precise, reliable and valid interoception scores to self-reported feelings of bodily

awareness.

Objective 2 - Testing the contribution of each interoceptive modality to

bodily awareness It is not clear how much each interoceptive signal, from heart

rate to breathing to gastric feelings, contributes to the three main components

of bodily awareness - the feelings of having a body (perceived body ownership),

controlling its actions (perceived body agency) and dwelling in it (perceived body

location), as detailed above. Assessing the relative weight of each of these signals

will help to establish a hierarchy of interoceptive cues, from the least to the most

relevant for bodily consciousness. In order to do so, the research project applied new

experimental paradigms to trigger conflicts between interoceptive and exteroceptive
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signals and see whether such conflicts alter bodily awareness.

In the last two decades, a couple of new tools proved particularly effective in

revealing the neural correlates of bodily awareness: virtual reality (VR) environments

and bodily illusions (Botvinick & Cohen, 1998; Leggenhager et al., 2007; Sforza et

al., 2010). Building on these results, recent studies introduced new cardio-visual or

respiratory-visual manipulations: these techniques allow subjects to embody avatars

that flash synchronously with their heart rate or breathing rhythm (Adler et al.,

2014; Aspell et al., 2013; see above).

Despite their importance, such intero-exteroceptive awareness paradigms clearly

lack ecological validity. To overcome this problem, the project spawned a more

ecologically plausible interoceptive bodily illusion, named ‘embreathment’, and

harnessed its power to explore the links between interoception, exteroception and

the bodily self, as detailed in Chapter 3. A simplified version of the illusion was also

coupled to electrogastrographic recordings to test the contribution of gastric signals

to embodiment, as explained in Chapter 4.

Finally, we hypothesised that respiratory, cardiac and gastric physiology may

underpin not only corporeal, but also emotional and moral awareness, thus con-

tributing to several facets of the self at once. Chapter 5 thus reports the impact

of visceral signals on the perception of emotional stimuli, while Chapter 6 presents

data on the visceral underpinnings of moral judgements towards oneself and others.

Objective 3 - Assessing changes in bodily awareness due to altered inte-

roception In conjunction with virtual reality environments, it may be fruitful to

probe changes in bodily awareness by observing what happens when the activity of

interoception-related organs and nerves is impaired. Chapter 7 contains the first

data on the interoceptive sensibility of a rare patient unable to feel physical forces of

tension and compression acting upon her body. The concluding remarks in Chapter 8

provide the reader with a general discussion of the results obtained so far and lay

down the groundwork for future studies on clinical populations.
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Chapter 2

The ‘pneumoception’ test:

development and validation

2.1 Introduction

Despite its pivotal role in homeostasis and its increasingly clear influence on

cognition and emotion (Del Negro et al. 2018), normal, eupnoeic breathing has

received a surprisingly scant attention from the research community working on

interoceptive feelings. Indeed, most interoception-related respiratory research fo-

cused on altered breathing patterns, such as those occurring in breathlessness or in

meditation. As a consequence, there are several available tests of air hunger, but no

validated procedure for assessing normal respiratory interoception.

The respiratory load detection task (Davenport et al. 2007, Zhao et al. 2002)

requires participants to detect when a resistance has been introduced into a tube

through which they are breathing. While the test is reasonably short (35 trials)

and taps into real-time detection of breathing signals, it requires a custom made

apparatus and probes respiration far from its homeostatic equilibrium - a situation

which is very different from the everyday eupnoeic breathing experience.

In a similar vein, the respiratory load discrimination task (Webster and Colrain,

2000) requires participants to discriminate among degrees of resistive loads introduced
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into the airway, while Faull et al. (2016) asked experimental subjects to rate their

own breathlessness and anxiety while breathing through a hypercapnia-inducing

system. As the load detection task, these procedures actually assess the ability of

participants to perceive shortness of breath rather than normal breathing.

In order to gauge the ability of healthy participants to accurately perceive their

own breathing during eupnoea, we drew inspiration from the cardioception test

recently developed by Azevedo and colleagues (2016). The test consists in a self-other

heartbeat discrimination task: participants listen to unlabelled pre-recorded audio

tracks in which each sound corresponds to a heartbeat and judge whether each

track contains a record of their own heartbeat (self-tracks) or of someone else’s

(other-tracks). Self-tracks and other-tracks are matched for cardiac frequency.

Since the cardioception test is quick, its instructions are easy to follow, and the

task explicitly focuses on the distinction between self-related and nonself-related

physiological signals, we constructed an analogous ‘pneumoception’ test that mea-

sures how much one can discriminate one’s own breathing sounds from someone

else’s. Of note, in our case there was no need to transform physiological signals into

auditory information, as respiration produces an actual sound: thus we recorded

real breathing sounds from the nostrils of the participants and used them for the

procedure detailed below.

2.2 Materials and methods

Phase 1: construction of a breathing sound database. To sample the naturally

occurring variety of breathing sounds, from low to high frequency and amplitude,

we recruited 58 participants. Breathing sounds were recorded in Audacity 2.1.3

with a Sennheiser PC3 CHAT noise-cancelling microphone placed under the nostrils

(impedance: 2kW, frequency response: 90-15000 Hz, pick-up pattern: unidirectional;

Sennheiser electronic GmbH & Co. KG).

To keep breathing as spontaneous as possible, participants were just told that
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experimenters ought to tape their voice before and after a relaxation period. Thus,

participants pronounced two lists of words, and their naturally occurring breathing

was covertly recorded in a 5’ ‘pause’ between the two lists.

The raw breathing sound recordings were edited removing background noise and

artifacts. Average frequency and amplitude values were calculated for each recording,

which was then split into short tracks with a standard length of 23 s. Sound editing

and splitting was performed in Praat 6.0.29 (Boersma and Weenink, 2017).

Phase 2: pneumoception test proper. A subset of 32 subjects took part in the

experimental phase a few days after phase 1. A customised MATLAB script (The

MathWorks, Inc.) matched the breathing tracks of a participant (self-tracks) with

another’s (nonself-tracks) based on their frequency and amplitude. To prevent ceiling

effects, the nonself-tracks frequency and amplitude could be at most 25% higher or

lower than the self-tracks’. Nonself-tracks were taken from the database collected in

phase 1.

All tracks (13 self-tracks and 13 nonself-tracks) were finally played in random

order on the MATLAB Psychophysics Toolbox (Brainard, 1997; Kleiner et al.,

2007; Pelli, 1997) to get accuracy and reaction time data: at the end of each

track, participants were asked to decide whether the sounds they heard were their

own breathing or someone else’s, and press a key accordingly. At the end of the

test, subjects were required to provide a metacognitive assessment of their own

performance (Figure 2.1).

Phase 3: data analysis. Respiratory accuracy was gauged comparing the per-

centage of correct responses to the chance-level threshold, as obtained from binomial

distribution probabilities, and computing the non-parametric index of sensitivity A

(Pollack and Norman, 1964; Zhang and Mueller, 2005).
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Figure 2.1. Pneumoception test procedure

2.3 Results

On average, the proportion of correct responses was 57.69% (SD = 23.61, range:

18.89%-100%). According to binomial distribution probabilities, participants who

performed above chance should have a score equal to or above 69.23% (18 hits or

correct rejections out of 26 trials, p = .038). 12 participants out of 32 (37.5%)

scored above this threshold, reliably discriminating their own breathing from others’.

16 participants (50%) did not reliably discriminate their own breathing tracks

from others’, displaying scores which ranged from 30.76% to 69.23%. Finally, 4

participants (12.5%) mistook their own breathing for another’s (proportion correct

< 30.76%). Reaction times (RTs) of correct responses to ‘self’ breathing tracks did

not significantly differ from RTs for ‘non-self’ tracks, χ2(1, N = 467) = 0.71, p = .40.

As expected, metacognitive judgement did not correlate with actual performance.

The average A sensitivity index was 0.51 (SD = 0.39, range: 0-1). Figure 2.2 depicts

these results, while Table 1 summarises the descriptive statistics of the ‘self’ stimuli.
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Figure 2.2. Pneumoception task results. Large dots: proportion of correct responses for
each participant, ranked from the worst to the best performance. Small dots: metacognitive
judgement of each participant (each dot is vertically aligned with the proportion correct dot
of each subject). The line interpolates participants’ A sensitivity values.
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smoke sport frequency amplitude freq gap ampl gap
(cigs./day) (hrs./wk.) (cy./min.) (db) (cy./min.) (db)

mean 1.83 1.44 15.45 61.55 1.72 6.68
SD 3.74 2.26 3.83 9.04 1.10 4.81
min 0.00 0.00 8.00 41.77 0.20 0.01
max 15.00 7.00 23.60 75.69 4.60 14.49

Table 2.1. Descriptive statistics of breathing recordings used as ‘self’ stimuli in the
pneumoception task. Smoke (cigs./day): participants’ daily number of cigarettes. Sport
(hrs./wk.): participants’ weekly hours devoted to sports. Frequency (cy./min.): participants’
respiratory frequency (breaths per minute). Amplitude (db): participants’ respiratory
amplitude (decibels). Freq gap (cy./min.): absolute deviation between self- and non-self
frequencies. Ampl gap (db): absolute deviation between self- and non-self amplitudes.

2.4 Discussion

We developed a new ‘pneumoception’ test to measure respiratory interoception of

normal, eupnoeic breathing. The test was quick and easy to administer and explicitly

focused on the distinction between self-related and nonself-related physiological

signals. However, it also proved to be quite difficult. Results indicate that only one

third of participants reliably performed above chance. We hypothesise that this is

largely due to the severe constraints of the matching algorithm, as by design the

amplitude and frequency of each self-breathing track was at most 25% higher or

lower than the corresponding nonself-track (cf. section 2.2). Indeed, the average

absolute deviation between self and non-self tracks was 1.72 breaths per minute in

terms of frequency and 6.68 db in terms of amplitude (table 2.1). It remains to be

ascertained whether relaxing this constraint would make the participants improve

their performance.

Measuring individual sensitivity to respiratory load would arguably provide a

more direct assessment of respiratory interoception; however, resistive loads elicit a

breathing experience that is qualitatively very different from normal, eupnoeic resting-

state breathing, involving different receptors and neural mechanisms (Davenport
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and Vovk, 2009). In contrast with that, the stimuli of the pneumoception task are

designed to capture the everyday experience of breathing at rest.

In principle, since stimuli are recorded before the experiment, participants could

compare them with their own breathing relying not just on their interoceptive

abilities, but also on their memory. However, breathing sounds are very rarely

attended to in ordinary circumstances, and their memory trace should not be

particularly strong. Therefore, it seems more likely that participants discriminate

their own breathing sounds from others’ by trying to reproduce online the sequence

they hear, observing whether there is a correspondence between the sounds and

the flow of air they sense through small-fibre Aδ interoceptive afferents of the nasal

mucosa (Sozansky and Houser, 2014; Zhao et al., 2011).

While the test constraints could be loosened in order to make it easier, we believe

that the pneumoception sensitivity index A, which is computed taking into account

not just hits but also misses and false alarms, could be used in conjunction with other

established interoceptive measures to gauge the ability of participants to perceive

their own physiological condition. The next chapter will present an application of

the test to an experiment.
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Chapter 3

Experiment I: the

‘embreathment’ illusion

3.1 Introduction

Among bodily cues, breathing has an intuitive appeal as a factor inducing a sense

of embodiment. Indeed, breaths enable bodily survival and continuously provide

the brain with vital information about physiology (Del Negro et al., 2018), emotion

(Boiten, 1998; Boiten et al., 1994), and cognition (Huijbers et al., 2014; Perl et al.,

2019; Vlemincx et al., 2011; Zelano et al., 2016). Furthermore, contrary to other

bodily signals, breaths are easily accessible to consciousness and partially amenable

to voluntary control. For the same reasons, though, the impact of breathing on

corporeal awareness is difficult to gauge in a safe, ecological, and experimentally

controlled fashion. Thus, here we sought to measure how much breaths influence the

awareness of one’s body through a new bodily illusion that we call ‘embreathment’.

In particular, we performed a real-time mapping of the respiratory frequency and

amplitude of each participant onto a virtual body (avatar), using a custom-made

immersive virtual reality setup (Figure 3.1 and Video 3.2). We thus made the avatar

breathe either like the real body of the participant (congruent breathing) or with

an opposite, anti-phase pattern (incongruent breathing). We also manipulated the
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visual appearance of the virtual body and the perspective from which the participant

looked at it: thus, the avatar could resemble either a human body (congruent

appearance) or a wooden mannequin (incongruent appearance) and lie either in

the same position of the real body (congruent, first-person perspective) or not

(incongruent, third-person perspective).

We expected that participants would feel more embodied in a ‘congruent’ avatar

matching the respiratory, spatial, or visual features of their real body than in

an ‘incongruent’ avatar where such a matching did not occur. Furthermore, we

hypothesized that some kinds of congruent features would exert a more powerful

influence on embodiment than others, thus allowing us to rank sources of corporeal

awareness from the least to the most influential. Finally, we thought that the

influence of bodily signals on explicit and implicit markers of embodiment would be

moderated by interoceptive sensibility and accuracy (as defined by Garfinkel et al.,

2015). Hence, we collected interoceptive sensibility trait measures through a validated

questionnaire (Calì et al., 2015) and tested interoceptive accuracy combining the

standard heartbeat counting task (Schandry, 1981) with the new ‘pneumoception’

test (see above, Chapter 2).

3.2 Materials and methods

Participants Thirty-two healthy male volunteers took part in the study (M =

22.25 years, SD = 3.14, range: 19-33). None of them had a history of neurological,

psychiatric, cardiac or respiratory disorders, nor practised meditation, as assessed

through a preliminary screening procedure. All participants gave their informed con-

sent before being included in the research sample. The local ethics committee at the

Fondazione Santa Lucia Research Hospital reviewed and approved the experimental

protocol in accordance with the ethical standards of the Declaration of Helsinki.

Virtual reality apparatus and stimuli Our immersive virtual reality environ-

ment consisted of life-size three-dimensional characters (avatars) lying on a deck
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Figure 3.1. Embreathment experimental set-up. Top: experimental apparatus, consisting
of a head-mounted display and a breathing belt sensor (A), used to map the real breathing
pattern of a participant onto a virtual body (avatar) in an immersive virtual reality envi-
ronment (B). The mapping produced an ‘embreathment’ illusion which made the avatar
breathe in or out of synchrony with the participant (see Video 3.2). Bottom: Besides
mapping breathing in a synchronous or asynchronous fashion, the apparatus allowed also to
manipulate the visual appearance and the spatial perspective of the avatar, yielding four
possible combinations – an avatar with a ‘human-like’ (C) or ‘wooden’ (D) appearance seen
from a first-person perspective (1PP), and a ‘human-like’ (E) or ‘wooden’ (F) avatar seen
from a third-person perspective (3PP).
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chair in a living room. Avatars were designed with iClone 6 (Reallusion, Inc.) and

3DS Max 2015, and came in two flavours: ‘human-like’ and ‘wooden’ avatars. The

former closely resembled a human body, while the latter were created replacing each

human body part with a wooden, squared box retaining the size and length of the

original part. Both human-like and wooden avatars came in twenty different sizes,

allowing participants to fit the avatar to the size of their real body. The virtual

deck chair was created with 3DS Max 2015 matching the physical dimensions and

appearance of a real deck chair to the nearest centimetre. In addition to the chair,

the virtual living room included a door, a sofa, a flat TV screen, several lamps and a

door window looking out onto a balcony. Walls, floors, doors, furniture and windows

were designed with Unity 2017.1.

The virtual environment was live broadcast in Unity 2017.1 on an HTC Vive

head-mounted display (field of view: 110°, resolution: 2160×1200 px, resolution per

eye: 1080×1200 px, aspect ratio: 9/5, refresh rate: 90 Hz; HTC Corp.). The Vive

accelerometer, gyroscope, Lighthouse laser tracking system and front-facing cameras

automatically detected head movements and adjusted the computer-generated image

accordingly. A Vive controller was tied to a belt worn by participants in order to

track their breathing and live map the corresponding belly movements onto the

avatars by means of a customised Unity 2017.1 script (Figure 3.1 and Video 3.2).

Interoception tests In addition to the virtual bodily illusion, the experiment

included also three interoception tests.

1. The Italian version of the Multidimensional Assessment of Interoceptive Aware-

ness (MAIA), a 32-item questionnaire measuring how much someone is aware

of their physiological condition with a 5-point Likert scale (Calì et al., 2015).

2. The heartbeat counting task (HCT; Dale & Anderson, 1978; Schandry, 1981),

which requires participants to estimate the number of heartbeats in different

time windows (i.e., 25s; 35s; 45s and 100s) while their cardiac activity is

recorded through a standard electrocardiogram (ECG). Electrocardiographic
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data were recorded with three pre-gelled, disposable Ag/AgCl 50 mm electrodes

arranged in a bipolar lead II configuration and connected to a BIOPAC

ECG100C/MP150 system (BIOPAC Systems, Inc.). Subjective heartbeat

estimates were collected with E-Prime 2.0 (Psychology Software Tools, Inc.).

3. The pneumoception test (see above Chapter 2)

Experimental procedure After reading and signing the informed consent, each

participant completed the MAIA questionnaire, then fastened a belt tied to an HTC

Vive controller, lay on a deck chair and wore the HTC Vive. This was followed by a

calibration phase, which included two stages.

In stage 1 (size and space calibration) a human-like avatar was shown in a first-

person perspective (1PP) to check which body size and viewpoint were deemed most

natural by the participant. Importantly, during stage 1 the avatar did not breathe,

as the script mapping breathing patterns to the virtual body was not activated yet.

In stage 2 (respiratory calibration), a virtual panel temporarily screened off the

participant from the virtual room, blocking the view of the virtual body. At that

point, unbeknownst to the participant, the experimenter launched the customised

Unity 2017.1 script that mapped the participant’s breathing pattern onto the avatar

in real time; then, the experimenter observed the respiration-induced motion of both

the virtual and the real belly to check that 1) the script did not produce any error,

2) there was no detectable delay between the real and the virtual movements, and

3) the moving virtual belly was seamlessly integrated in the virtual body mesh. In

all 32 participants, the script successfully met conditions 1), 2) and 3). Finally, the

experimenter recorded the baseline belly movements for 2 minutes while participants

relaxed and stared at a fixation mark.

Since the breathing script was not activated in phase 1 and the participant

did not see the breathing virtual body in phase 2, no breath-related habituation,

entrainment or priming effect was subsequently carried over to the experimental

phase.
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item construct statement
1 p. b. ownership I felt the VR body/object was mine
2 p. b. agency I felt I controlled the movements of the VR body/object
3 p. b. location I felt I was in the same place of the VR body/object
4 control item I felt I had no body
5 control item I felt I had more than one body

Table 3.1. Visual analogue scale (VAS) questionnaire on corporeal awareness (translated
from Italian; adapted from Longo et al., 2008). P.: perceived. b.: body. VR: virtual.

Next, participants were told that they were about to see a variety of virtual

scenarios, and that at the end of each scenario they had to answer a 5-item ques-

tionnaire using a visual analogue scale (VAS). All five items were statements on

corporeal awareness-related feelings that could arise out of the virtual experience

(Table 3.1; adapted from Longo et al., 2008). Participants indicated how much

they agreed with each statement by picking a VAS ranging from 0 (“I did not have

that feeling at all”) to 100 (“I perceived a strong feeling of that sort”) through a

joystick-controlled cursor. A short training session helped them familiarise with the

items and the response method.

After the practice session, each participant passively observed eight different

experimental conditions (Table 3.2) and after each condition they completed the

relative 5-item VAS questionnaires. Experimental conditions lasted two minutes

each, and displayed an avatar whose physical appearance, position and breathing

pattern could either be congruent or incongruent with the real-world participant.

Hence, the avatar could either be a ‘human-like’ or ‘wooden’ virtual character; it

could be seen either from the first- or third-person perspective (in the latter case,

the avatar was displayed at distance of ∼ 40 cm to the participant’s right side, and

a panel covered the part above the neck); and it breathed either exactly like the

participant, in real time (‘in phase’ avatar) or with an opposite pattern, i.e., it

inhaled when the participant exhaled, and vice versa (‘in antiphase’ avatar).

The avatar always lay on a deck chair in a virtual living room, whose features were

kept constant across conditions (see above). In condition 1, appearance, location,
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no. appearance perspective breathing
1 wooden 3PP antiphase
2 wooden 3PP phase
3 wooden 1PP antiphase
4 wooden 1PP phase
5 human-like 3PP antiphase
6 human-like 3PP phase
7 human-like 1PP antiphase
8 human-like 1PP phase

Table 3.2. List of experimental conditions and relative manipulations. 1PP: first-person
perspective. 3PP: third-person perspective.

and breathing were all incongruent; in condition 8, participants saw an avatar which

looked, lay, and breathed like their real body; and conditions 2-7 presented all possible

intermediate combinations of congruent and incongruent bodily signals (Table 3.2).

The order of experimental conditions was counterbalanced across participants with

a Williams design, i.e., a generalised Latin square which is also balanced for the

estimation of first-order carryover effects (Williams, 1949; Sailer, 2005).

Finally, participants completed the heartbeat counting and pneumoception tasks,

in counterbalanced order. In the counting task, subjects counted their heartbeats

during four different randomised time intervals (25 s, 35 s, 45 s, 100 s) while

undergoing a bipolar lead II ECG. In the pneumoception task, each subject listened

to a list of 26 random unlabelled breathing sound tracks and classified them as

‘self-tracks’ or ‘nonself-tracks’ (see above, Chapter 1). After both tasks, participants

provided the experimenter with a metacognitive judgement of their own performance

through a VAS. Figure 3.2 depicts the timeline of the experiment.

Data analysis: corporeal awareness ratings during the ‘embreathment’

illusion The primary goal of the study was to quantify the influence of breathing,

visual appearance and spatial perspective on corporeal awareness. Hence, we used R

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

analysis, modelling how much ratings of perceived body ownership, agency, and
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Figure 3.2. Timeline of experiment I. MAIA: Multidimensional Assessment of Interoceptive
Awareness. VR: Virtual Reality experience. HCT: Heartbeat Counting Task. PNEU:
pneumoception task. HCT and PNEU were counterbalanced across participants but always
placed after VR to avoid increasing salience of interoceptive cues.

location changed when respiratory, visual and spatial features of the virtual body

were either congruent or incongruent with those of the real body. Moreover, we

tested if such rating changes were moderated by individual levels of interoceptive

sensibility and accuracy.

Ratings were collected through visual analogue scales (VAS; see “Experimental

procedure” above). Sensibility was assessed through three MAIA subscales of

interest – noticing, attention regulation, and body listening (Mehling et al., 2012).

Respiratory accuracy was gauged computing the non-parametric index of sensitivity

A (Pollack and Norman, 1964; Zhang and Mueller, 2005) from the responses of

the pneumoception task. Cardiac accuracy, on the other hand, was measured

comparing objective and estimated heartbeat counts in the heartbeat counting task

(Pollatos et al., 2008; Schandry, 1981). Individual electrocardiograms were processed

on AcqKnowledge 4.4 (BIOPAC Systems, Inc.) to find QRS complexes and thus

compute heart rates in each time interval.

Thus, in addition to the experimentally manipulated factors (respiratory, visual

and spatial congruency), the maximal mixed-effects model should include five separate

covariates, namely, the three MAIA subscales, the A index, and the IS score.

However, statistical tests revealed that such a model does not converge; moreover,
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one of the condition indices of the independent variables matrix is greater than 30

and is associated with more than two variables with large variance decomposition

proportions (> .50), indicating a remarkable level of multicollinearity (Belsley et al.,

1980). To overcome this issue, IS and A scores were averaged to obtain a general

interoceptive accuracy score (iacc) for each participant p:

iaccp = Ap + ISp

2

Likewise, a general interoceptive sensibility (isen) score was obtained averaging

over the three MAIA subscales of interest – noticing (not), attention regulation (att),

and body listening (lis):

isenp =
MAIAnotp +MAIAattp +MAIAlisp

3

Therefore, the three linear mixed models which were actually used in the data

analysis were specified as follows. We built three mixed models, whose dependent

variables were the VAS ratings of perceived body ownership, perceived body agency,

and perceived body location, respectively. As fixed effects, all models had appearance

(app, two levels: human-like and wooden), perspective (persp, two levels: first- and

third-person perspective) and breathing (breath, two levels: phase and antiphase).

These fixed effects were tested for interactions with each other, as well as with the

interoceptive sensibility (isen) and accuracy (iacc) scores. Finally, as random effects,

the models included by-subject intercepts as well as by-subject slopes for the effects

of appearance, perspective and breathing:

p.ownership ∼ app ∗ persp ∗ breath ∗ (isen + iacc) + (app+ persp+ breath|subj)

p.agency ∼ app ∗ persp ∗ breath ∗ (isen + iacc) + (app+ persp+ breath|subj)

p.location ∼ app ∗ persp ∗ breath ∗ (isen + iacc) + (app+ persp+ breath|subj)

The relative importance of each effect was gauged comparing its standardised
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regression coefficient with the others’ (Darlington, 1990; Johnson & LeBreton, 2004).

Data analysis: respiratory signals during the ‘embreathment’ illusion

Breathing movements, i.e. the HTC Vive controller movements on the Y-axis, were

analysed in MATLAB (The MathWorks, Inc.). Signals were downsampled to 43 Hz

with a Hamming window-designed finite impulse response (FIR) anti-aliasing filter

of order 30, detrended and baseline-corrected to get phase peaks, amplitudes and

frequencies of each participant in each experimental condition. Values outside the

median plus or minus 2.5 times the median absolute deviation were classified as

outliers and subsequently excluded from further analysis (Hampel, 1974; Leys et al.,

2013).

To measure how much the participants’ baseline-corrected breathing amplitude

varied as a function of human-avatar sensory congruency, we built a linear mixed-

effects model which featured amplitude as a dependent variable; appearance (two

levels: human-like and wooden), perspective (two levels: first- and third-person per-

spective) and breathing (two levels: phase and antiphase) as fixed effects. Interaction

terms and random effects were specified as in the models above:

amplitude ∼ app ∗ persp ∗ breath ∗ (isen + iacc) + (app+ persp+ breath|subj)

All models described so far were tested for linearity, absence of collinearity,

homoscedasticity, normality of residuals, and absence of influential data points.

p-values were computed through Type II Wald chi-square tests performed with

the Anova function of the R car package (Fox & Weisberg, 2011). Marginal and

conditional R2 goodness-of-fit measures of each mixed-effects model (Johnson, 2014;

Nakagawa and Schielzeth, 2013) were calculated with the R MuMIn package (Bartoń,

2018).

Supplemental Video 3.2 A video of the experimental set-up is available here:

https://www.youtube.com/watch?v=4zBx27OoIRE&feature=youtu.be
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3.3 Results

Perspective > appearance > breathing: the hierarchy of perceived body

ownership The multilevel mixed linear regression run on participants’ subjective

ratings of body ownership (see Section 3.2) showed three main effects: breathing,

visual appearance, and spatial perspective, in ascending order of relative importance,

as gauged through standardised regression coefficients (Darlington, 1990; cf. Johnson

and LeBreton, 2004).

Specifically, across conditions, congruent breathing increased the ratings of body

ownership by about 7.86 points (SE = 4.54) along a 0-100 visual analogue scale (VAS)

relative to incongruent breathing trials, χ2(1, N = 255) = 16.72, p < .001. There was

also a slightly greater effect of visual appearance, χ2(1, N = 255) = 11.68, p < .001,

as congruent (human-like) appearance yielded an increase of 9.46 VAS points (SE

= 4.66). Congruent perspective had an even stronger effect on perceived body

ownership, χ2(1, N = 255) = 151.29, p < .001, resulting in an estimated increase of

37.55 VAS points (SE = 4.78) (Figure 3.3B).

The main effect of perspective was further qualified by an interaction with the

interoceptive sensibility index (isen), χ2(1, N = 255) = 12.22, p < .001: for each

1-unit decrease in isen, the effect of perspective went up by about 11.86 points (SE =

7.97) (Figure 3.4A). A further interaction between perspective and the interoceptive

accuracy index (iacc), χ2(1, N = 255) = 5.41, p = .02, entailed that the effect of

perspective went up by about 53.3 points (SE = 24.47) whenever iacc decreased by

1-unit (Figure 3.4C). There was also an interaction between interoceptive accuracy

and breathing, χ2(1, N = 255) = 7.85, p = .005 (Figure 3.4D), which produced a

similar pattern: for each 1-unit decrease in iacc, the effect of breathing increased by

about 40.99 points (SE = 23.21).

Overall, the model had a marginal R2 of 0.39 and a conditional R2 of 0.75 (for

details on isen and iacc, see Section 3.2 above).
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Figure 3.3. Congruency between real and virtual bodily signals impacts on feelings of
body ownership (A-B), location (C-D) and agency (E-F). Left panels: boxplots of perceived
ownership (A), location (C), and agency (E) ratings as a function of type of congruent bodily
signals: appearance (a), breathing (b), perspective (p) and their combinations. Right panels:
estimated effects of each bodily signal on the ratings of perceived ownership (B), location
(D), and agency (F). Effects expressed as standardised regression coefficients (slopes) of the
underlying linear mixed models. The steeper the slope, the greater the relative importance
of a predictor (Darlington, 1990; cf. Johnson and LeBreton, 2004), i.e. the importance of a
given bodily signal.
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Perspective > appearance: the hierarchy of perceived location The mul-

tilevel mixed linear regression run on participants’ subjective ratings of body location

(see Section 3.2) revealed a main effect of appearance, χ2(1, N = 255) = 12.42, p <

.001, which produced an estimated increase of 3.24 VAS points (SE = 2.58). However,

a much greater contribution came from perspective, χ2(1, N = 255) = 135.58, p <

.001, which increased location ratings by approximately 58.41 VAS points (SE =

5.66) (Figure 3.3D).

Furthermore, perspective interacted with the interoceptive sensibility index (isen),

χ2(1, N = 255) = 4.37, p = .036: whenever isen values went down by 1-unit, the

effect of perspective went up by 14.56 VAS points (SE = 9.43) (Figure 3.4B).

The model had a marginal R2 of 0.64 and a conditional R2 of 0.94.

Breathing > perspective: the hierarchy of perceived agency The multi-

level mixed linear regression run on participants’ subjective ratings of body agency

(see Section 3.2) indicated a main effect of perspective, χ2(1, N = 255) = 5.82, p =

.016, as congruency in perspective produced an increase by about 6.11 VAS points

(SE = 5.36) in perceived body agency. This time, congruent breathing had a stronger

main effect than perspective, χ2(1, N = 255) = 13.63, p < .001, since it boosted

agency scores by about 8.05 points (SE = 4.93) (Figure 3.3F).

This main effect was qualified by an interaction with the interoceptive accuracy

(iacc) index, χ2(1, N = 255) = 4.36, p = .037: for each 1-unit decrease in iacc, the

effect of breathing increased by 15.62 VAS points (SE = 25.22) (Figure 3.4E).

The marginal R2 of the model was 0.11, while the conditional R2 of the model

was 0.62.

Of note, there was no significant interaction (p > .23) between appearance,

perspective, and breathing in any embodiment domain (perceived ownership, location

and agency).
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Figure 3.4. The effects of both visceral and non-visceral cues on corporeal awareness depend
on the ability to perceive visceral signals, as measured through self-report questionnaires
(interoceptive sensibility) and objective tests (interoceptive accuracy), including a new self-
breathing discrimination test (pneumoception task). Interoceptive sensibility moderates
the effects of perspective on ratings of perceived body ownership (A) and location (B).
Interoceptive accuracy moderates the effects of perspective (C) and breathing (D) on
perceived ownership, and the effect of breathing (E) on perceived agency. Overall, participants
with lower interoception scores are more susceptible to the experimental manipulations.
MAIA: Multidimensional Assessment of Interoceptive Awareness. HCT: Heartbeat Counting
Task.
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Congruency of bodily signals affects participants’ breathing wave ampli-

tude The multilevel mixed linear regression run on participants’ breathing wave

amplitude (see Section 3.2) showed a main effect of breathing, χ2(1, N = 255) =

4.80, p = .028: when the avatar breathed in phase with the real body, the amplitude

of breathing waves had a 2.1 mm decrease (Figure 3.5B).

This latter main effect was moderated by visual appearance, which interacted

with breathing, χ2(1, N = 255) = 16.82, p < .001: hence, the amplitude decreased by

1.7 mm when participants observed a ‘wooden’ in-phase avatar, and increased by 0.2

mm when the observed in-phase avatar had a ‘human-like’ appearance (Figure 3.5C).

Furthermore, appearance interacted with perspective, χ2(1, N = 255) = 9.16, p =

.002: thus, breathing amplitude decreased by 0.6 mm if there was a combination

of congruent perspective and incongruent appearance, and increased by 0.7 mm if

both appearance and perspective were congruent (Figure 3.5D).

Finally, there was a main effect of interoceptive accuracy, χ2(1, N = 255) =

6.21, p = .013: for each 1-point decrease in interoceptive accuracy, breathing wave

amplitudes had an average 5.9 mm increase.

The model had a marginal R2 of 0.15, while its conditional R2 was 0.56.

Experimental controls Tests of statistical assumptions of linear mixed-effects

models. For all linear mixed-effects models which were included in the final data

analysis, visual inspection of residual plots did not reveal any obvious deviation from

the standard assumptions of linearity, homoscedasticity, and normality of residuals.

Condition indices of the matrix of the independent variables (Belsley et al., 1980)

showed no collinearity problem (all indices < 30). DFBETAS values (Belsley et al.,

1980; Nieuwenhuis et al., 2012) confirmed that there were no influential data points

(all values < 2).

Specificity of experimental manipulations Figure 3.6 summarises the main

descriptive statistics of VAS ratings for experimental and control questions. Since

the notches of the boxes relative to the experimental questions never overlap with the
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Figure 3.5. Boxplots representing the amplitude of participants’ real breathing waves
recorded in conditions 1-8 (A); estimated effect of perspective, appearance and breathing on
the amplitude of participants’ breathing waves (B); interaction plots showing how appearance
(congruent vs incongruent) moderates the estimated effects of breathing (C) and perspective
(D) on the amplitude of breathing waves.
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Figure 3.6. Boxplot of visual analogue scale (VAS) responses to experimental questions
(yellow boxes) and control questions (grey boxes)

notches of the control questions boxes, there is strong evidence that the experimental

medians differ from the control medians (McGill et al., 1978). Across conditions,

the average perceived body ownership, agency, and location were 45.05 (SD = 34.44,

range: 0-100), 63.13 (SD = 30.17, range: 0-100), and 49.54 (SD = 39.32, range:

0-100), respectively.

Interoception indices results Multidimensional Assessment of Interoceptive

Awareness (MAIA). The average scores of the three MAIA subscales of interest -

noticing, attention regulation and body listening - were 3.12 (SD = 0.77, range:

1-4.75), 2.8 (SD = 0.75, range: 1.14-4), and 2.65 (SD = 0.9, range: 0.33-4.67),

respectively.

Heartbeat counting task. The average interoceptive sensitivity (IS) score was 0.64

(SD = 0.16, range: 0.27-0.89). Metacognitive judgments of performance had a mean
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condition frequency amplitude correlation
mean SD mean SD r df p

baseline 16.34 3.29 4.67 2.7 -0.35 29 .048
1 -3.3 4.53 4.48 3.06 -0.53 26 .003
2 -3.1 3.72 2.64 2.83 -0.38 29 .037
3 -3.25 3.90 3.65 3.08 -0.45 27 .014
4 -2.86 4.49 2.13 2.68 -0.44 28 .016
5 -2.89 4.42 3.31 2.87 -0.48 28 .008
6 -2.8 4.00 3.07 2.43 -0.57 29 < .001
7 -3.89 4.24 3.38 2.79 -0.50 26 .007
8 -3.69 4.70 4.31 3.44 -0.60 28 < .001

Table 3.3. Respiratory rates, respiratory depths and their correlation at baseline and in
each condition. Frequency: participants’ respiratory rate (breaths per minute). Amplitude:
participants’ respiratory depth (millimetres). Correlation: Pearson’s product-moment
correlation (r) between respiratory rate and depth at baseline and in each condition.

value of 66.55 (SD = 18.89, range: 33.2-96.98). As expected, metacognition did not

significantly correlate with IS, r(30) = .04, p = .82.

Interoceptive accuracy and sensibility scores. The average iacc and isen scores

were 0.58 (SD 176 = 0.21, range: 0.17-0.88) and 2.86 (SD = 0.64, range: 0.92-3.83),

respectively.

Breathing sensor data Table 3.3 describes the respiratory rates and depths

which were recorded at baseline and in each experimental condition; as expected,

depths and rates were always egatively correlated, (p < .05 in all cases).

Data availability Data are available on the Open Science Framework at this link:

https://osf.io/9k56a/?view_only=06dd2964c5bf4a109443708885c31930

3.4 Discussion

Recent theoretical models and experiments suggest that physiological signals

are optimally mapped in the brain not only to maintain homeostasis (Barrett and

Simmons, 2015; Iodice et al., 2019), but also to exert a multifaceted influence on
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self-consciousness (Craig, 2002, 2009; Critchley and Harrison, 2013; Herbert and

Pollatos, 2012; Park and Tallon-Baudry, 2014).

A few studies investigated whether participants were more likely to deem an

image of a whole body or a body part as theirs when this image artificially flashed

in sync with their heartbeat (Aspell et al., 2013; Porciello et al., 2016; Suzuki et

al., 2013) or with their breathing (Adler et al., 2014; Allard et al., 2017). However,

virtual body flashing may lack ecological validity, because such a condition never

occurs in real life, and hence, strictly speaking, cannot reveal the proper contribute of

physiological signals to corporeal awareness in ordinary circumstances (see Porciello

et al., 2018). In addition to that, flashing whole-body images were always observed

from a third-person perspective, making it impossible to assess if their effect holds

also in a normal, first-person perspective. This can explain why breath-locked

flashing does not consistently increase the perceived ownership of the flashing body

silhouette (Adler et al., 2014; Allard et al., 2017).

Other studies used nose breathing (Watanabe et al., 2004) or a tension sensor

(Czub and Kowal, 2019) to inflate and deflate avatars, but did not estimate the effect

of breathing on corporeal awareness. Thus, to our knowledge, the present paradigm

is the first to both manipulate a physiological signal in an ecological fashion and

measure its impact on the sense of having a body, controlling its movements, and

dwelling in it.

In contrast with classic embodiment and enfacement paradigms, breathing can

be conceived as a form of continuous self-stimulation – a natural counterpart to the

artificial kinds of transient visuo-tactile stimulation which have been employed so

far. Breathing ceaselessly stimulates the body, producing both an inner sensation

and a visible change such as an inflation of the trunk, driven by active contraction

of inspiratory pump muscles, or a deflation of the trunk, due to a passive expiratory

phase (Del Negro et al., 2018). By capitalising on this natural, continuous alignment

of sensory cues, our embreathment bodily illusion reveals the unique contribution of

breathing to corporeal awareness.
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That congruent breathing increases the sensation of owning the virtual body

fits well with theories which posit that physiological signals play a crucial role in

giving rise to human self-consciousness (Craig, 2009; Critchley and Harrison, 2013;

Herbert and Pollatos, 2012; Park and Tallon-Baudry, 2014). Furthermore, this

finding confirms that congruency between expected and actual bodily signals is

a general mechanism to ground the feeling that a body belongs to someone – a

mechanism which applies not only to visual, tactile, and cardiac signals, but also to

respiratory cues.

Congruent breathing also increased the sensation of controlling the movements of

the avatar. The observed boost in agency ratings extends the finding that when the

outcome of a voluntary, occasional action is consistent with expectations the sense

of agency goes up (Sato and Yasuda, 2005; Villa et al., 2018). Here, we demonstrate

that the same link between agency and outcome holds true even when dealing

with a semi-voluntary, continuous action like breathing. If the belly inflates during

inhalation and deflates during exhalation, expectations match with the outcomes,

and agency ratings increase accordingly; whereas if breathing in yields the outcome

one would expect when breathing out, and vice versa, the sense of agency declines –

regardless of the fact that the participant is always the only effective cause of the

movements of the avatar. Our data imply that spontaneous actions, which are under

limited voluntary control and serve a built-in purpose, induce a strong feeling of

agency if appropriately mapped onto a virtual body.

Based on the analysis of standardised regression coefficients (Darlington, 1990;

Johnson and Lebreton, 2004), we also show that there is a hierarchy in the rela-

tive importance of body-related signals leading to corporeal awareness; moreover,

the hierarchy changes according to the facet of corporeal awareness we take into

consideration (i.e., feelings of ownership, agency and location of the body).

Our findings pave the way for a comprehensive model of corporeal awareness,

complementing previous accounts which were concerned with a specific body part,

a specific aspect of embodiment, or a specific set of sensory modalities (Blanke et
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al., 2015; Pritchard et al., 2016; Seth, 2013; Tsakiris, 2010). On the one hand, we

confirm on quantitative grounds the intuition lying behind some of those accounts,

namely, that perspective is key to corporeal awareness (Maselli and Slater, 2013;

Petkova et al., 2011), affecting all its facets. On the other hand, we reveal for the

first time the true extent of the influence that breathing bears on embodiment:

indeed, breathing contributes to the perceived body ownership nearly as much as

the appearance of the body (figure 2B) and shapes the sense of bodily agency even

more than perspective (figure 2F).

At the same time, contrary to what some neurocognitive models predict (Blanke

et al., 2015; Tsakiris, 2010), visual appearance does not act as a major constraint

on embodiment. Indeed, appearance ranks second as an ownership-inducing factor,

has only a minor role in defining perceived location, and bears no influence on the

sense of agency. This seems at odds with previous findings in a virtual rubber

hand illusion paradigm, where the form of the hand was the leading force inducing

hand embodiment across all domains and perspective changes affected only the

perceived location (Pritchard et al., 2016). However, a local, transient feeling like the

embodiment of a virtual hand is qualitatively distinct from a global, steady sensation

of corporeal awareness, like the one induced by our embreathment illusion. As a

consequence, body-part and whole-body embodiment likely rely on bodily signals

combined according to different behavioural laws (David et al., 2014; Metzinger,

2004).

That appearance does not constrain embodiment is also underscored by the

fact that there is no significant interaction between appearance, perspective, and

breathing. This, in turn, entails that visual, spatial and respiratory signals have

a purely additive effect on ratings of ownership, agency, and location – i.e. the

combined effect of these signals is equal to the sum of their individual effects.

As a consequence, perceived ownership is an additive combination of perspective,

appearance, and breathing; perceived agency is an additive combination of breathing

and perspective; and perceived location is an additive combination of perspective
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and appearance.

This implies that corporeal awareness is based on a mild form of multisensory

integration: had a strong integration obtained, the effect of a congruent sensory

input should have been facilitated by the concurrent presence of another congruent

sensory input – for example, the effect of seeing a body with congruent appearance

should have been stronger when that body was seen from a first-person perspective.

However, such cases never occur. Yet increasing the number of congruent sensory

channels generally boosts feelings of ownership, agency, and (to a lesser extent)

location, entailing that embodiment is higher when multiple senses are consistent

with each other (figure 2A, 2C, 2E).

Of note, breathing itself is a multisensory process, since it provides the brain with

exteroceptive, proprioceptive and interoceptive feedback. Indeed, breaths produce a

visible deflation and inflation of the trunk, as well as a peculiar sound; at the same

time, they can trigger a cascade of afferent cues (Davenport and Vovk, 2009; Del

Negro et al., 2018) from respiratory tract/muscle mechanoreceptors (Adriaensen et

al., 2003; Adrian, 1933; Brouns et al., 2006; Road, 1990; Widdicombe, 1982), carotid

body chemoreceptors (de Castro, 1926; Heymans and Heymans, 1927; Kumar and

Prabhakar, 2012), lung nociceptors (Adriaensen and Timmermans, 2011; Nassenstein

et al., 2010; Yu et al., 2007) and nasal thermoreceptors (Sozansky and Houser, 2014;

Zhao et al., 2011).

Since the embreathment illusion manipulates the live mapping of real breathing

patterns onto a visible avatar, it chiefly taps into the (mis)alignment of the ‘extero-

ceptive’ and ‘proprioceptive’ components of breathing. However, the ‘interoceptive’

component of respiration also plays a key role. Although there is currently no

consensus on the criteria that uniquely define ‘interoceptive’ signals (Ceunen et al.,

2016; Craig, 2014; Critchley and Garfinkel, 2017; Sherrington, 1906), here, in keeping

with the influential work of Craig (2002), we construe interoception as a broad

feeling of the physiological condition of the body, implemented by small-diameter

Aδ and C primary afferents. In this sense, the embreathment illusion taps also



3.4 Discussion 35

into the (mis)alignment between what is seen in the virtual world and what is felt

through interoceptive small-fibre afferents, i.e. breath-related chemoreceptors and

thermoreceptors.

The importance of interoception in the embreathment illusion is further un-

derscored by the finding that interoceptive accuracy and sensibility moderate the

impact of breathing and perspective on specific facets of corporeal awareness (figure

3). This suggests that someone who has a sharper sense of internal states also has a

more stable corporeal awareness and thus becomes less susceptible to bodily illusions

– extending previous findings limited to the rubber hand illusion and to cardiac

interoception (Tsakiris et al., 2011).

Of note, we assessed interoceptive accuracy combining a standard heartbeat

tracking measure (Schandry, 1981) with a new ‘pneumoception’ task which measures

the ability to discriminate one’s own breathing from another’s (supplementary

material, section 1B). Given that cardiac interoception alone does not predict

performance across other interoceptive domains like breathing (Garfinkel et al.,

2016), our new method provides a more comprehensive assessment of interoceptive

accuracy.

Further studies may clarify whether breathing amplitude can be considered an

implicit marker of embodiment, along with skin conductance (Armel and Ramachan-

dran, 2003; Tieri et al., 2015), temperature (Moseley et al., 2008; Tieri et al., 2017 -

but see de Haan et al., 2017) and histamine reactivity (Barnsley et al., 2011).

Indeed, we unexpectedly found that the participants’ real breathing amplitude

was modulated by individual differences in interoceptive accuracy, as well as by our

experimental manipulations of corporal awareness. Specifically, higher accuracy in

perceiving breaths and heartbeats reduced the amplitude of real breaths, possibly

because superior interoceptive abilities allow to fine-tune the respiratory cycle

without resorting to deep inspiration. Likewise, congruent breathing and congruent

perspective decreased the average breath amplitude, provided that the avatar had

an incongruent appearance. In these cases, too, it was probably less useful to make
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deep inhalations, because congruent breathing or perspective cues made it easier to

regulate the respiratory cycle, and perhaps also because real breaths had an impact

on a wooden virtual body, which was not strongly felt as one’s own (as shown by

subjective ratings).

Furthermore, an incongruent appearance elicits a higher autonomic arousal

(Tieri et al., 2017), which in turn increases the respiratory frequency (Boiten et al.,

1994) and thus makes it harder to breathe deeply. In contrast with that, when the

avatar combined a human-like appearance with a congruent breathing or perspective,

the average breath amplitude increased: we speculate that this implicitly reflects

the explicit increase in perceived ownership triggered by (less arousing) congruent

multisensory stimuli.

To sum up, thanks to our embreathment illusion, we discover that breathing

significantly impacts on the feelings of body ownership and agency that are core

to subjective experience of self-consciousness. Results also indicate that there is

a hierarchy of sensations leading to corporeal awareness, and that the hierarchy

changes according to the facet of corporeal awareness we take into consideration.

Perspective plays a role in every aspect of corporeal awareness; appearance influences

ownership and location; breathing is especially important for agency, but shapes also

the perceived ownership of the body. Finally, thanks to the analysis of participants’

performance on a new self-breathing discrimination test, we show that the effects of

both visceral and non-visceral cues on embodiment depend on the ability to perceive

visceral signals. These findings unveil the key role of breathing in embodiment and

lay the groundwork for a comprehensive model of corporeal awareness.

Limitations and future directions Our bodily illusion mapped only the most

prominent movements induced by breathing, namely, belly movements. However,

inhalation and exhalation slightly stretch the upper trunk as well. Future improve-

ments in our motion tracking system will allow researchers to map this upper trunk

stretch onto the avatar, resulting in a more thorough illusion. A complete motion



3.4 Discussion 37

tracking system would also make it possible to map limb movements (which were

not reproduced in our virtual setting) thus increasing the sense of presence in the

virtual environment. At the present stage, we cannot completely rule out that a

fully moveable avatar would increase both body agency ratings and the goodness of

fit of our model. Nevertheless, we note that our participants were simply required

to observe an avatar while lying on a deck chair at rest.

In a similar vein, although our avatars came in twenty possible sizes, and each

participant freely choose the avatar they deemed as fittest, the visual appearance

of the virtual body did not perfectly match the real body. A full body scanner

would help to overcome this issue, and assess the proper impact of appearance on

corporeal awareness more precisely. A more accurate match between real and virtual

appearance would also make it easier to include females in future samples, due to

sex differences in body image.

The work of Garfinkel and colleagues (2015) that characterised the concepts

of interoceptive accuracy and sensibility used objective performance in heartbeat

detection/mental tracking tasks as a proxy for accuracy, and the ‘awareness’ subscale

of the Body Perception Questionnaire (BPQ) or average confidence in detection

performance as a proxy for sensibility. Here, we decided to gauge interoceptive

accuracy combining the standard heartbeat counting accuracy scores with our new

pneumoception task. We did so in order to obtain a computationally simple but

far-reaching measure that could gauge multiple interoceptive channels at the same

time, in keeping with the broad definition of interoceptive accuracy as “objective

accuracy in detecting internal bodily sensations (Garfinkel et al., 2015)”.

This also enables a closer parallelism between accuracy and sensibility, since

questionnaire measures of sensibility sample a multimodal spectrum of interoceptive

sensations. Indeed, both the ‘awareness’ subscale of the BPQ and MAIA simultane-

ously take into account cardiac, respiratory, and other visceral sensations. Future

studies may try to use separate accuracy and sensibility indices for each interocep-

tive modality, although this would pose a challenge in terms of computational and
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theoretical complexity.

Finally, future research might also develop embreathment-based feedback pro-

tocols to improve interoception or normalise breathing in patients who suffer from

panic disorder (Jerath et al. 2015), anxiety (Nardi et al., 2009, Neumann et al.,

2006), depression (Neumann et al., 2006) or depersonalisation/derealisation (Michal

et al., 2013). Since in all these conditions breaths are irregular, patients immersed

in virtual reality could receive a negative feedback on their virtual body whenever

they deviate from a canonical pattern of breathing and a positive feedback whenever

their inspiration and expiration fall within a healthy range.
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Chapter 4

Experiment II: gastric

embodiment

4.1 Introduction

If the contribution of thoracic organs to corporeal awareness has been scarcely

elucidated so far, the role of deep, sub-diaphragmatic organs is completely unknown.

This is largely due to the fact that the study of organs located in the abdominal

cavity, such as the stomach and the intestine, is ordinarily performed with invasive

techniques - techniques that are more fittingly applied to patients than healthy

people, as benefits outweigh costs only for those who suffer from gastrointestinal

disorders.

Indeed, the standard repertoire of gastrointestinal tests ranges from gastroscopy

to colonoscopy, colonic manometry, anthroduodenal manometry, breath tests based

on carbon isotopes (Delbende et al., 2000; Szarka et al., 2008) or lactulose (Wilberg

et al., 1990), radiopaque markers (Hinton et al., 1969) and scintigraphy (Abell et

al., 2008). However, some of these methods are inaccurate; others are accurate but

invasive and limited in scope, as they can be applied only to specific segments of the

gastrointestinal tract; and others still are both reliable and wide-ranging in scope,

but are based on radioactivity (Lee, Erdogan, & Rao, 2014; Saad, 2016).
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However, the past few years have witnessed the resurgence of a non-invasive,

relatively powerful if long neglected technique - electrogastrography (EGG). First

discovered by Alvarez (1922), 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; Cajal, 1911). ICC act as pacemakers

of stomach contractions by generating and propagating electric slow waves which

have a normal frequency of 0.05 Hz, i.e. 3 cycles/minute (Al-Shboul, 2013; Huizinga

and Lammers, 2009). Although the slow wave electrical signal obtained from EGG

is relatively weak, an appropriate placement of recording electrodes and a suitable

filtering procedure can make it more salient (Koch and Stern, 2003; Rebollo et al.,

2018; Yin and Chen, 2013).

The basic function of slow wave-induced stomach contractions is to facilitate the

absorption of nutrients and the downstream movement of gastric chyme (Yin and

Chen, 2008). This intrinsic, spontaneous activity is modulated by top-down control

exerted by central and enteric neurons (Furness et al. 2014); in turn, contractions

are sensed by stretch receptors and relayed to the central nervous system via vagal

afferents (cf. Umans and Liberles, 2008). While this loop has the clear homeostatic

purpose of regulating food intake, we hypothesised that the information about

stomach contractions, once in the brain, may also influence a variety of higher-order

processes, including corporeal awareness.

Stomach contractions per se are rarely attended to or perceived at the conscious

level; nevertheless, it may well be the case that ongoing stomach activity provides

the brain with the kind of internal information which it needs to give us the normal,

everyday sensation that our body is not empty – an essential if overlooked feature

of corporeal awareness, which becomes apparent only when it breaks down in

neurological and psychiatric disorders, as the Cotard’s syndrome (Berrios and Luque,

1995).

Hence, we capitalised on a simplified version of the new embreathment illusion

(see above, Chapter 2) and measured the EGG dominant frequency at baseline and
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in two experimental conditions, in which participants embodied two avatars which

had a higher or lower resemblance to a human-like body. We hypothesised that

the electrogastrographic signals recorded during the experimental conditions would

predict the subjective feelings of embodiment, as assessed through a visual analogue

scale (VAS) questionnaire, and that the effect would be possibly moderated by the

baseline frequency.

4.2 Materials and methods

Participants Thirty-one healthy male volunteers aged 18-35 took part in the

study. None of them suffered from neurological, psychiatric, or gastrointestinal (GI)

disorders; none took drugs which could alter GI physiology (antihistamines, antacids,

prokinetics, antiemetics, anticholinergics, laxatives, antidiarrhoeals, analgesics, pro-

ton pump inhibitors, non-steroidal anti-inflammatory drugs); and none had metallic

implants which could interfere with the recording procedure, as assessed through a

screening procedure. The study was approved by the Santa Lucia research hospital

ethical committee and performed according to its guidelines.

Experimental procedure Participants arrived in the lab after an overnight fast

and ate a standardised 260 kcal breakfast meal (120 g egg whites, two slices of bread,

30 g jam and 120 ml water) to ensure that food intake was equalised across subjects

and did not act as a confounding factor. For the same reason, participants were

required to abstain from alcohol and tobacco 24 and 8 hours before the experiment,

respectively.

After breakfast, participants were required to remove abdominal body hair

with a razor and shaving foam. An experimenter then cleaned their skin with an

alcoholic solution to further reduce impedance and placed three disposable, pre-

gelled Ag/AgCl electrodes on their abdomen: the first electrode was located halfway

between the xiphoid process and the umbilicus; the second was 5 cm up and 45deg

to the participants’ left; and the third (ground) electrode was on the left costal
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Figure 4.1. Timeline of experiment II.

margin horizontal to the first (Yin and Chen, 2013).

Electrical signals thus recorded were then relayed to an ADInstruments Power

Lab data acquisition hardware (sampling frequency: 1000 Hz) in three different

periods. First, subjects underwent an initial baseline phase (15’) in which they lay

at rest; then, they began the immersive virtual reality experience, which consisted

of the experimental conditions 1 and 8 of the embreathment illusion described in

Chapter 2 – a ‘congruent’ first-person condition in which the participant saw an

avatar which had a human-like appearance and breathed in phase with the real body

and an ‘incongruent’ third-person condition in which the avatar was wooden and

had an antiphase respiratory pattern. At the end of each condition, participants

rated how much they felt embodied in the virtual avatar through a standard 5-item

embodiment questionnaire (see above, Table 3.1) Conditions were counterbalanced

across subjects and interspersed with 5’ washout pauses to avoid carryover effects

(Figure 4.1).

Data analysis The raw electrogastrographic 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 obtained (Figure 4.2) were then used to extract the EGG
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Figure 4.2. Example of an artifact-free, bandpass-filtered electrogastrographic recording
on a 120 s period.

peak frequency for each subject and experimental condition. EGG spectral density

was computed using Welch’s method (Welch, 1967) on 200 s time windows with

150 s overlap (Rebollo et al., 2018). EGG peak frequency (Figure 4.3) was defined

as the maximum periodogram peak in the ‘normogastric’ range, i.e. the range of

frequencies which is compatible with the number of stomach contractions in healthy

individuals (0.033–0.066 Hz ∼ 2-4 cycles per minute; cf. Rebollo et al. 2018). The

whole EGG analysis procedure was performed with BrainVision Analyzer (Brain

Products GmbH) and the MATLAB FieldTrip toolbox (Oostenveld et al. 2011).

As in Experiment I, the R software and the R lme4 package (Bates et al., 2015)

were used to perform a linear mixed-effects analysis of the data. In particular,

we modelled how much ratings of perceived body ownership, agency, and location

changed depending on the experimental conditions as well as on the EGG values

recorded at baseline and in each condition. The dependent variables were the VAS

ratings of perceived body ownership, perceived body agency, and perceived body

location, respectively. As fixed effects, all models had the experimental condition,

i.e. human-avatar sensory congruency (two levels: congruent and incongruent), the

baseline EGG peak frequency EGGbase (continuous) and the condition-specific

EGG peak frequency EGGcond (continuous). These fixed effects were tested for

interactions with each other. As random effects, the models included by-subject
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Figure 4.3. Example of spectral density estimate (periodogram) of an EGG signal with its
peak frequency in the normogastric range.

intercepts. Hence, each mixed model was specified as follows:

p.ownership ∼ EGGbase ∗ EGGcond ∗ condition+ (1|subj)

p.agency ∼ EGGbase ∗ EGGcond ∗ condition+ (1|subj)

p.location ∼ EGGbase ∗ EGGcond ∗ condition+ (1|subj)

Finally, we tested whether the condition-specific EGG peak frequency changed

as a function of each experimental condition and of the baseline frequency, adding

by-subject intercepts as in the previous models:

EGGcond ∼ EGGbase ∗ condition+ (1|subj)

As in Experiment I, we used the Anova function of the R car package (Fox and

Weisberg, 2011) to compute p-values through Type II Wald chi-square tests.
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Figure 4.4. Median values for each item of the VAS embodiment questionnaire. Since the
notches of the boxes of experimental items (yellow) do not overlap with the notches of
the boxes of control items (grey), there is strong evidence that the median values are
significantly different (Mc Gill et al., 1978; cf. Section 3.3). For numbers 1-5, cf. Table
3.1.

4.3 Results

Manipulation check and manipulation effects Median values of the experi-

mental items in the VAS embodiment questionnaire were significantly higher than

median values of control items, as shown by notched boxplots (Figure 4.4). For

that reason, we did not further analyse control items and focused on the three

experimental constructs, i.e. perceived body ownership, agency, and location.

The experimental manipulation proper, i.e. the change of degree in human-avatar

sensory congruency, was successful, as shown by the multilevel linear mixed models
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(see above, Section 4.2). On average, ratings of perceived body ownership were

48.95±4.44 points higher on a 0-100 VAS scale in the congruent condition than in the

incongruent condition, χ2(1, N = 47) = 151.50, p < .001. Likewise, in the congruent

condition ratings of perceived body agency increased by 25.85± 6.99 points relative

to the incongruent condition, χ2(1, N = 47) = 21.89, p < .001. Finally, also the

perceived body location gauged in the congruent condition went up by 35.97± 6.49

points with respect to the incongruent condition, χ2(1, N = 47) = 38.10, p < .001.

Gastric effects on corporeal awareness The multilevel linear mixed model on

perceived body ownership (see above, Section 4.2) indicated that the higher the EGG

peak frequency recorded during the experimental manipulation, the stronger the

sensation that the virtual body belongs to the participant. Specifically, every time the

peak frequency increases by 0.01 Hz the rating of perceived body ownership increases

by 5.5± 7.8 points, χ2(1, N = 47) = 17.90, p < .001 (Figure 4.5). The interaction

between this effect and the effect of condition described in the previous paragraph

did not reach the statistical significance threshold, χ2(1, N = 47) = 3.04, p = .08131.

EGG peak frequency specifically predicted ratings of perceived body ownership, as

neither the sense of body agency nor the sense of body location were affected by gastric

activity (χ2(1, N = 47) = 0.60, p = .4395 and χ2(1, N = 47) = 0.61, p = .4342,

respectively).

Baseline EGG influences condition-specific EGG peak frequency The

multilevel linear mixed model on condition-specific EGG peak frequencies (see above,

Section 4.2) showed that the baseline peak value is related to values recorded during

the experimental manipulation, as for each 0.1 Hz increase in the baseline peak

there is a 0.056 Hz increase in the condition peak, χ2(1, N = 47) = 5.23, p = .02215.

This main effect is generalised across conditions, as there is no EGGbase : condition

interaction, χ2(1, N = 47) = 0.50, p = .47828.
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Figure 4.5. Predicted ratings of perceived body ownership as a function of electrogastro-
graphic (EGG) peak frequency.
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4.4 Discussion

Here, we report the first evidence of a role of gastric activity in corporeal

awareness, as tested in a virtual reality paradigm that specifically manipulated

embodiment in a controlled manner. In particular, the higher the EGG peak

frequency, the more the experimental subjects felt that the virtual body belonged to

them. The activity of the stomach, as mapped by EGG, had a selective effect on

the sense of body ownership, while it did not influence the ratings of perceived body

location and agency.

Our findings suggest that the central nervous system relies also on physiological

information coming from the deep visceral periphery to tell us that our body is

indeed ours. This implies that corporeal awareness is based upon multisensory

integration processes whose scope is even wider than previously thought, 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.

A remarkable feature of the gastric contribution to corporeal awareness is the fact

that it follows the same pattern of other physiological signals which act as sources

of embodiment, like skin conductance (Armel and Ramachandran, 2003; Tieri et al.,

2015), medium-term temperature (Tieri et al., 2017), histamine reactivity (Barnsley

et al. 2011) and, as we saw in Chapter 3, breathing amplitude: in all these cases,

higher embodiment ratings are associated with an increased physiological activation.

More studies are needed to further elucidate this general trend and clarify whether

it is physiology to boost the sense of ownership originally induced by congruent

visuo-tactile information, or vice versa.

A previous study by Rebollo and colleagues (2018) advanced the tantalising

hypothesis that a resting-state ‘gastric network’ of cerebral areas phase-coupled
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with the EGG slow gastric wave had the function of coordinating different ‘body-

centered maps’ in the brain. This hypothesis entails that the insular cortex should

be strongly involved in the network, since the insula receives direct input from

the stomach and is thought to integrate visceral and non-visceral inputs to form

a coherent representation of the whole body (Craig, 2009; Critchley and Harrison,

2013). However, contrary to this interpretation, Rebollo and coworkers found that

the insula was only marginally synchronised to the rhythm of the stomach.

Thus, we have recently suggested that the gastric network may rather act as a

homeostatic regulator of food intake (Porciello et al., 2018). Indeed, the network

neatly overlaps with areas processing information from the face, mouth and hands,

and with three brain regions activated by tongue- or hand-related actions (Amiez

and Petrides, 2014). In order to clarify the exact function of the gastric network, it

would be interesting to test whether our embodiment task activates the same nodes

of the resting-state gastric network or a subset of the network, or even a superset

including the insular cortex.
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Chapter 5

Experiment III: gastric

emotional awareness

5.1 Introduction

Corporeal awareness is often thought as a basic, minimal form of selfhood (Blanke

and Metzinger, 2009), in contrast with the more complex and evolutionarily recent

emotional awareness, i.e. the ability to recognise self- and other-generated emotions.

However, visceral physiological signals may play a role in both forms of awareness.

Historically, case studies of patients with gastric disorders, and gastric fistulas in

particular, provided evidence on the link between gastric activity and emotions (Wolf,

1981). More recently, electrogastrographic (EGG) recordings obtained in healthy

subjects showed that the stomach electrical slow wave indexes emotional arousal

(Vianna and Tranel, 2006), is positively correlated with core disgust (Harrison et al.,

2010) and negatively correlated with vivid emotion imagery (Vianna et al., 2009).

Here, we sought to determine whether the electrical activity of the stomach

correlates with the conscious perception of discrete emotions, including not only

disgust but also fear, sadness, and happiness. Thus, we used validated film clips

to test whether the EGG baseline- and condition-specific peak frequency predicted

explicit ratings of emotion intensity fir one or more discrete emotions. While
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we expected to find a high degree of correlation between EGG markers and the

perception of disgust, as in previous studies, we also sought to determine whether

the stomach plays a role also in other negative emotions, as fear and sadness.

5.2 Materials and methods

Participants The same thirty-one subjects who participated in experiment II

took part also in this experiment. For further details, please see Section 4.2.

Experimental procedure After completing experiment II and having enjoyed

a break, participants kept their abdominal EGG montage (see Section 4.2), lay

supine on a deck chair and watched five sequences of short emotional video clips

projected on a computer monitor in counterbalanced order. Four sequences consisted

of 23 clips lasting 9 seconds each, designed to elicit a specific emotion (disgust, fear,

happiness, sadness), while a fifth control sequence contained 23 emotionally neutral

clips. All 23x5 = 115 videos were taken from a corpus of emotional stimuli which

had been previously described and validated (Tettamanti et al., 2012). At the end

of each sequence, subjects completed a 9-item questionnaire, indicating the intensity

of the emotions and feelings they perceived while watching the clips on a visual

analogue scale (VAS) ranging from ‘not at all’ (lowest possible intensity) to ‘very

much’ (highest possible intensity). Sequences were separated by 2’ washout pauses.

Table 5.1 lists the questionnaire items, while Figure 5.1 depicts the timeline of the

experiment.

Data analysis As in experiments I and II, we relied on the R software and the

R lme4 package (Bates et al., 2015) to perform a linear mixed-effects analysis of

the data. Specifically, we modelled how much ratings of the perceived emotions

and feelings listed in Table 5.1 changed depending on the experimental conditions

as well as on the EGG values recorded at baseline and in each condition. The

dependent variables were the VAS ratings of each emotion or feeling included in
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it. construct question
1 disgust How much disgust did you feel?
2 happiness How much happiness did you feel?
3 sadness How much sadness did you feel?
4 fear How much fear did you feel?
5 immorality How immoral did you deem the actions represented in the clips?
6 arousal While you watched the clips you felt...(bored/aroused)
7 gastric f. Did you feel nausea, stomach contractions, or other GI movements?
8 resp f. Did you feel your breath changed?
9 cardiac f. Did you feel your heartbeat changed?

Table 5.1. Visual analogue scale (VAS) questionnaire on emotions and feelings perceived in
each sequence of video clips (abridged translation from Italian). Please note that questionnaire
instructions specifically asked the participant to rate emotions and feelings that were aroused
by that sequence in particular. it.: item. resp: respiratory. f.: feelings. GI: gastrointestinal.

Figure 5.1. Timeline of experiment III. Q: inter-sequence intervals in which the VAS
questionnaires relative to each preceding sequence were filled.
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the questionnaire. As fixed effects, all models had the experimental condition, i.e.

the type of video clips (five levels: disgusting, happy, fearful, sad, and neutral),

the baseline EGG peak frequency EGGbase (continuous) and the condition-specific

EGG peak frequency EGGcond (continuous). These fixed effects were tested for

interactions with each other. As random effects, the models included by-subject

intercepts. Hence, each mixed model was specified as follows:

disgust ∼ EGGbase ∗ EGGcond ∗ condition+ (1|subj)

happiness ∼ EGGbase ∗ EGGcond ∗ condition+ (1|subj)

sadness ∼ EGGbase ∗ EGGcond ∗ condition+ (1|subj)

fear ∼ EGGbase ∗ EGGcond ∗ condition+ (1|subj)

immorality ∼ EGGbase ∗ EGGcond ∗ condition+ (1|subj)

arousal ∼ EGGbase ∗ EGGcond ∗ condition+ (1|subj)

gastric ∼ EGGbase ∗ EGGcond ∗ condition+ (1|subj)

resp ∼ EGGbase ∗ EGGcond ∗ condition+ (1|subj)

cardiac ∼ EGGbase ∗ EGGcond ∗ condition+ (1|subj)

Finally, we tested whether the condition-specific EGG peak frequency changed

as a function of each experimental condition and of the baseline frequency, specifying

by-subject intercepts as in the previous models:

EGGcond ∼ EGGbase ∗ condition+ (1|subj)

As in Experiment I, we used the Anova function of the R car package (Fox

and Weisberg, 2011) to compute p-values through Type II Wald chi-square tests.

Post-hoc tests were performed with the R package emmeans, using Tukey’s method

for comparing a family of 5 estimates.
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5.3 Results

Manipulation check and condition effects The multilevel linear mixed-models

analysis (see above) confirmed that the experimental manipulation managed to induce

the desired emotions. There was a main effect of condition on VAS ratings of disgust

(χ2(1, N = 110) = 176.85, p < .001), happiness (χ2(1, N = 110) = 208.67, p <

.001), sadness (χ2(1, N = 110) = 126.25, p < .001), and fear (χ2(1, N = 110) =

84.19, p < .001). More specifically, subsequent post-hoc tests revealed that, on

average, disgusting videos induced from 31.89 to 54.20 more VAS disgust points

than all other clips (all p < .001, Figure 5.2). For their part, fearful videos induced

from 12.19 to 30.47 more VAS fear points than all other clips (all p < .001 except

the fear vs. disgust contrast, p = .132, figure 5.3), happy videos induced from

40.74 to 59.30 more VAS happiness points than all other clips (all p < .001, Figure

5.4) and sad videos induced from 30.82 to 47.88 more VAS sadness points than all

other clips (all p < .001, Figure 5.5). As expected, neutral videos did not elicit any

particular emotion, confirming their reliability as a control sequence (Figures 5.2-5.5,

all panels).

Gastric effects on perceived disgust The two-way interaction between EGG

baseline and condition-specific peak frequencies predicts the subjective ratings of

disgust, χ2(1, N = 110) = 5.77, p = .01628: the higher the EGG frequency during

the experimental manipulation, the higher the disgust felt by participants, provided

that the EGG baseline frequency is either average or above average values (Figure

5.6).

Gastric effects on perceived sadness The three-way interaction between EGG

baseline peak frequency, EGG condition-specific peak frequency and experimental

condition predicts the subjective ratings of sadness, χ2(1, N = 110) = 11.97, p =

.01756: the higher the peak frequency during the experiment, the lower the sadness

that the participants felt while watching sad and disgusting videos, provided that
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Figure 5.2. Estimated marginal means for disgust ratings in the five experimental conditions:
disgust (1), fear (2), happiness (3), neutral (4) and sadness (5).
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Figure 5.3. Estimated marginal means for fear ratings in the five experimental conditions:
disgust (1), fear (2), happiness (3), neutral (4) and sadness (5).
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Figure 5.4. Estimated marginal means for happiness ratings in the five experimental
conditions: disgust (1), fear (2), happiness (3), neutral (4) and sadness (5).
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Figure 5.5. Estimated marginal means for sadness ratings in the five experimental
conditions: disgust (1), fear (2), happiness (3), neutral (4) and sadness (5).
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Figure 5.6. EGG baseline X condition interaction: marginal effect of condition-specific
EGG peak frequency on VAS ratings of disgust at different EGG baseline levels.
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the baseline peak frequency is either average or above average (Figure 5.7).

Gastric effects on perceived arousal The three-way interaction between EGG

baseline peak frequency, EGG condition-specific peak frequency and experimental

condition also predicts the subjective ratings of arousal, χ2(1, N = 110) = 9.63, p =

.047182. In particular, as the condition-specific peak frequency increases, participants

become less excited while watching sad clips and more excited while watching

disgusting, fearful or happy clips, provided that the baseline EGG peak frequency is

equal to or greater than average. Instead, if the baseline EGG peak frequency is

below average, then the gastric-induced arousal effect on sad videos disappears and

the analogous effect on happy videos is reversed, while all other effects are preserved

(Figure 5.8).

Other results No gastric effect is observed for neutral video clips; electrogastric

activity does not predict other sensations, although the interaction between baseline

and condition-specific EGG values has an effect on ratings of consciously perceived

gastric feelings which is near the statistical significance threshold, χ2(1, N = 110) =

3.77, p = .0522097.

5.4 Discussion

In this study, we show that gastric physiology, as indexed by electrogastrographic

(EGG) peak frequency, contributes to the perception of disgust, sadness and arousal

in healthy participants. In particular, for subjects with average or above-average

baseline stomach contractions, high gastric activity is associated with high ratings

of disgust, high disgust-triggered arousal and low ratings of sadness, while low

gastric activity is linked to low ratings of disgust, high ratings of sadness and high

sadness-triggered arousal. This suggests that the stomach maps the emotions of

disgust and sadness with emotion-specific, opposing patterns of physiological activity.

Thus, gastric physiology is directly involved in emotional awareness.
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Figure 5.7. The three-way interaction between EGG baseline peak frequency, EGG
condition-specific peak frequency and experimental condition predicts the subjective ratings
of sadness.
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Figure 5.8. The three-way interaction between EGG baseline peak frequency, EGG
condition-specific peak frequency and experimental condition predicts the subjective ratings
of arousal.
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A previous EGG study (Vianna & Tranel, 2006) used a dichotomous classification

of emotions, based on valence and arousal and not on emotion-specific ratings of

intensity. The results showed that EGG values correlated with arousal ratings, but

not with valence. Instead, our study explicitly asked participants how much they

were aware of each specific emotion, thus allowing to measure the link between

discrete emotions and specific gastric physiological signals. Since we found that

the gastric mapping of sadness and disgust is characterised by opposite patterns

of activation, we speculate that grouping sadness and disgust in a single cluster of

negative valence probably contributed to the null correlation between valence and

EGG parameters in the study by Vianna and Tranel (2006). Hence, we believe that

our results strengthen the case for a discrete taxonomy of emotions (cf. Kragel &

LaBar, 2013).

Beyond its theoretical interest, the fact that the conscious perception of disgust,

sadness and arousal is linked to specific electrogastric states could be exploited also for

a variety of clinical applications, ranging from the treatment of psychological disorders

associated with gastro-intestinal diseases (Shah et al., 2014) to the relationship

between gastro-intestinal problems and deficits of emotional awareness in people

within the autistic spectrum (Buie et al., 2010; Mulle, Sharp, & Cubells, 2013).
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Chapter 6

Experiment IV: gastric moral

awareness

6.1 Introduction

Besides having a corporeal and emotional awareness, healthy adult humans also

display moral awareness: in other words, they are normally able to recognise and

evaluate morality-driven behaviour both in themselves and in fellow human beings.

This explains why in some circumstances they feel proud, while in some others

they feel guilty or embarrassed, and in others still they become angry or disgusted

towards someone who acted against their moral principles (Haidt, 2003; Rozin,

Lowery, Imada, & Haidt, 1999).

Although the link between exteroceptive corporeal awareness and moral awareness

has long been appreciated (Darwin, 1872; Lewis et al., 1989), to date a specific

assessment of the relationship between the perception of internal bodily states,

gastro-intestinal activity and morality is lacking. So far, even studies on moral

disgust did not directly address the role of gastric physiology, as researchers either

circumscribed their analysis to orofacial correlates of moral disgust (Chapman, Kim,

Susskind, & Anderson, 2009; Eskine, Kacinik, & Prinz, 2011; Rozin, Haidt, &

Fincher, 2009) or induced a sensation of disgust without examining the physical
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effects of the induction procedure in the stomach (Schnall, Haidt, Clore, & Jordan,

2008; Wheatley & Haidt, 2005).

Hence, in this study we aimed at measuring how the gastric milieu changes when

participants listen to short, vivid stories designed to trigger either physical or moral

disgust, taking electrogastrographic (EGG) recordings as a proxy of gastric activity.

Our hypothesis was twofold: on the one hand, we predicted that the slow electrical

wave tracked by the EGG would show specific, distinct patterns of correlation with

physical and moral disgust ratings; on the other hand, we expected that the role

of gastric activity in moral disgust ratings would be particularly relevant when

participants listened to stories that dealt with themselves, thus extending the link

between the stomach and the corporeal self to the moral self.

6.2 Materials and methods

Participants A subset of seventeen subjects who had already participated in

experiments II and III took part also in this experiment after providing the exper-

imenter with a specific consent to listen to stories which could potentially cause

distress or hurt their feelings. For further details, please see Section 4.2.

Experimental procedure At the end of experiment III (see Chapter 4), partic-

ipants had a break and then were reconnected to the EGG apparatus which has

been previously described (see Section 4.2). Then, they were requested to listen to

six short (3’) audio tracks and imagine the narrated scenes as vividly as possible,

relying on all sensory modalities. In each audio track, a professional actor read a

script in which the main character was either the participant himself (first-person

stories) or a third party (third-person stories). Furthermore, the content of both first-

and third-person stories was designed to be either emotionally neutral or physically

disgusting or morally disgusting. The type and content of all stories is summarised

in Table 6.1.
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sc. type persp. content
1 physical disgust 1PP meeting an old, dirty, vomiting guest in a hospice
2 physical disgust 3PP as in 1, but main character is a third party
3 moral disgust 1PP incestuous intercourse with mother
4 moral disgust 3PP as in 3, but main character is a third party
5 neutral 1PP waking up and getting to university by train
6 neutral 3PP as in 5, but main character is a third party

Table 6.1. Summary of scripts used as stimuli in experiment IV. 1PP: first-person perspec-
tive (the main character who acts throughout the script is the subject himself). sc.: script.
persp.: perspective. 3PP: third-person perspective (the main character who acts throughout
the script is a third party).

it. construct question
1 immorality How immoral did you deem the actions narrated in the story?
2 disgust How much disgust did you feel?
3 anger How much anger did you feel?
4 guilt How much guilt did you feel?
5 arousal While hearing the story you felt...(bored/aroused)
5 fear How much fear did you feel?
6 gastric f. Did you feel nausea, stomach contractions, or other GI movements?
7 resp f. Did you feel your breath changed?
8 cardiac f. Did you feel your heartbeat changed?
9 imageability Imagining the scene was...(extremely hard/easy)

Table 6.2. Visual analogue scale (VAS) questionnaire on emotions and feelings perceived
while listening to each audio track (abridged translation from Italian). it.: item. resp:
respiratory. f.: feelings. GI: gastrointestinal.

Two of the stories, i.e. the third-person physical and moral disgust stories, were

adapted from a previous study (Ottaviani et al., 2013), while the other scripts

were specifically written for this experiment. At the end of each sequence, subjects

completed a 9-item questionnaire, indicating the intensity of the emotions and

feelings they perceived while listening to the tracks on a visual analogue scale (VAS)

ranging from ‘not at all’ (lowest possible intensity) to ‘very much’ (highest possible

intensity). Audio tracks were counterbalanced and separated by 2’ washout pauses.

Table 6.2 lists the questionnaire items, while Figure 6.1 depicts the timeline of the

experiment.

Data analysis Like in the previous experiments, we used the R software and the

R lme4 package (Bates et al., 2015) to perform a linear mixed-effects analysis of
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Figure 6.1. Timeline of experiment IV. Q: inter-sequence intervals in which the VAS
questionnaires relative to each preceding audio track were filled.

the data. In particular, we modelled how much ratings of the perceived emotions

and feelings listed in Table 6.2 changed depending on the experimental conditions

as well as on the EGG values recorded at baseline and in each condition. The

dependent variables were the VAS ratings of each emotion or feeling included in the

questionnaire. As fixed effects, all models had the experimental condition, i.e. the

type of audio clips (six levels: physical disgust 1PP, physical disgust 3PP, moral

disgust 1PP, moral disgust 3PP, neutral 1PP, neutral 3PP), the baseline EGG peak

frequency EGGbase (continuous) and the condition-specific EGG peak frequency

EGGcond (continuous). These fixed effects were tested for interactions with each

other. As random effects, the models included by-subject intercepts. Hence, each

mixed model was specified as follows:

immorality ∼ EGGbase ∗ EGGcond ∗ condition+ (1|subj)

disgust ∼ EGGbase ∗ EGGcond ∗ condition+ (1|subj)

anger ∼ EGGbase ∗ EGGcond ∗ condition+ (1|subj)

guilt ∼ EGGbase ∗ EGGcond ∗ condition+ (1|subj)
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arousal ∼ EGGbase ∗ EGGcond ∗ condition+ (1|subj)

gastric ∼ EGGbase ∗ EGGcond ∗ condition+ (1|subj)

resp ∼ EGGbase ∗ EGGcond ∗ condition+ (1|subj)

cardiac ∼ EGGbase ∗ EGGcond ∗ condition+ (1|subj)

imageability ∼ EGGbase ∗ EGGcond ∗ condition+ (1|subj)

Finally, like in experiments II and III, we tested whether the condition-specific

EGG peak frequency changed as a function of each experimental condition and of

the baseline frequency, specifying by-subject intercepts as in the previous models:

EGGcond ∼ EGGbase ∗ condition+ (1|subj)

As in experiments I-III, we used the Anova function of the R car package (Fox

and Weisberg, 2011) to compute p-values through Type II Wald chi-square tests.

Post-hoc tests were performed with the R package emmeans, using Tukey’s method

for comparing a family of 6 estimates.

6.3 Results

Manipulation check and condition effects The multilevel mixed effects analy-

sis (see above) confirmed that the manipulation was effective, as indicated by the main

effect of condition on VAS ratings of disgust (χ2(1, N = 72) = 316.00, p < .001), im-

morality (χ2(1, N = 72) = 461.44, p < .001), and guilt (χ2(1, N = 72) = 54.78, p <

.001). Specifically, post-hoc tests revealed that both physical and moral disgust

stories induce much more disgust than neutral stories (Figure 6.2); the actions

described in moral disgust stories are deemed as significantly more immoral than

the actions of any other story (Figure 6.3); and the first-person moral disgust story

triggers more guilt than any other story (Figure 6.4).



6.3 Results 69

Figure 6.2. Estimated marginal means for disgust ratings in the six experimental conditions:
first-person physical disgust (1), third-person physical disgust (2), first-person moral disgust
(3), third-person moral disgust (4), first-person neutral (5) and third-person neutral (6)
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Figure 6.3. Estimated marginal means for immorality ratings in the six experimental
conditions: first-person physical disgust (1), third-person physical disgust (2), first-person
moral disgust (3), third-person moral disgust (4), first-person neutral (5) and third-person
neutral (6)
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Figure 6.4. Estimated marginal means for guilt ratings in the six experimental conditions:
first-person physical disgust (1), third-person physical disgust (2), first-person moral disgust
(3), third-person moral disgust (4), first-person neutral (5) and third-person neutral (6)
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Gastric effects on immorality ratings The three-way interaction between base-

line EGG peak frequency, condition-specific EGG peak frequency and experimental

condition predicts the judgement of immorality, χ2(1, N = 72) = 11.97, p = .03522.

In the physical disgust first-person story and in both moral disgust stories, the lower

the baseline and condition-specific peak frequencies, the higher is the immorality

rating that participants assign to the actions described in the story. The effect

holds also for the physical disgust third-person story provided that the baseline peak

frequency is below average (Figure 6.5).

Gastric effects on disgust ratings The two-way interaction between baseline

EGG peak frequency and experimental condition predicts subjective ratings of

disgust, χ2(1, N = 72) = 12.40, p = .02971. In the first-person disgust stories (both

physical and moral), the lower the baseline peak frequency, the higher the disgust

felt and reported by the participants; the effect is reversed in the third-person moral

disgust story (Figure 6.6).

Gastric effects on anger ratings The subjective perception of anger is predicted

by a couple of interactions, namely, the two-way interaction between EGG peak

frequency at baseline and experimental condition (χ2(1, N = 72) = 21.72, p < .001)

and the two-way interaction between condition-specific EGG peak frequency and

experimental condition (χ2(1, N = 72) = 13.85, p = .01658). In the moral disgust

stories, particularly when there is a first-person perspective, the lower the baseline or

condition-specific peak frequency, the higher the subjective feeling of anger (Figures

6.7-6.8).

Gastric effects on arousal The two-way interaction between baseline EGG

peak frequency and experimental condition predicts participants’ arousal ratings,

χ2(1, N = 72) = 12.96, p = .02372. Both in physical and moral disgust stories,

the lower the baseline peak frequency, the higher is the arousal reported by the

participants; the effect is reversed for neutral stories (Figure 6.9).
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Figure 6.5. The three-way interaction between baseline EGG peak frequency, condition-
specific EGG peak frequency and experimental condition predicts the judgement of immoral-
ity.
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Figure 6.6. The two-way interaction between baseline EGG peak frequency and experi-
mental condition predicts subjective ratings of disgust.
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Figure 6.7. The two-way interaction between EGG peak frequency at baseline and
experimental condition predicts subjective ratings of anger.
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Figure 6.8. The two-way interaction between condition-specific EGG peak frequency and
experimental condition predicts subjective ratings of anger.
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Figure 6.9. The two-way interaction between baseline EGG peak frequency and experi-
mental condition predicts participants’ arousal ratings.
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Figure 6.10. The three-way interaction between baseline EGG peak frequency, condition-
specific EGG peak frequency and experimental condition predicts the conscious perception
of cardiac activity.

Gastric effects on cardiac feelings The three-way interaction between baseline

EGG peak frequency, condition-specific EGG peak frequency and experimental

condition predicts the conscious perception of cardiac activity, (χ2(1, N = 72) =

17.35, p = .003887). More specifically, subjects with high baseline and condition-

specific electrogastric peak frequencies display a heightened perception of cardiac

activity in the third-person physical disgust story. Nevertheless, overall VAS ratings

of cardiac feelings are quite low, with an average of ∼ 12 VAS points (Figure 6.10).
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Gastric effects on imageability The three-way interaction between baseline

EGG peak frequency, condition-specific EGG peak frequency and experimental

condition also predicts the self-reported ability of imagining the scenes described

in the stories, χ2(1, N = 72) = 11.54, p = .04166. For participants who have a low

baseline EGG frequency, the lower the condition-specific EGG peak frequency, the

higher the imageability ratings of physical disgust and neutral stories; the effect is

reversed in moral disgust stories. For participants who have a high baseline frequency,

the higher the condition-specific EGG peak frequency, the higher the imageability

ratings of third-person physical disgust and neutral stories; the effect is reversed in

moral disgust stories and in the first-person neutral story. Overall, neutral stories

are easier to imagine (Figure 6.11).

Condition-specific changes of EGG peak frequency Overall, there is a main

effect of condition on the EGG peak frequency, χ2(1, N = 72) = 13.46, p = .01944,

which reaches its maximum value in the first-person moral disgust story (Figure

6.12).

6.4 Discussion

In this first study on the relationship between electrical gastric activity and

morality, we found that a low activity of the stomach predicts a harsher moral

judgement from the participants, an increased arousal, and increased anger.

Furthermore, there are dissociable patterns of physiological activity depending

on whether there is a first- or third-person perspective on the (im)moral actions that

should be evaluated: when the ‘moral self’ is directly involved, there is an overall

increase in stomach contractions and high disgust ratings are associated with a low

stomach activity; when it is a third party who is at stake, high disgust ratings are

linked to high stomach activity. Finally, the two constructs of core and moral disgust

seem to be linked to different patterns of gastric physiology.

According to Russell and Giner-Sorolla (2013), anger should be more related to
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Figure 6.11. The three-way interaction between baseline EGG peak frequency, condition-
specific EGG peak frequency and experimental condition predicts participants’ imageability
ratings.
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Figure 6.12. EGG peak frequency in the six experimental conditions: first-person physical
disgust (1), third-person physical disgust (2), first-person moral disgust (3), third-person
moral disgust (4), first-person neutral (5) and third-person neutral (6)
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non-bodily moral violations and disgust to bodily moral violations. However, in

our study we found a sharp increase of anger triggered by an extreme bodily moral

violation (incest) committed by the moral self, suggesting that the anger/disgust

dichotomy may be more appropriate to a ‘third-person morality’ than to a ‘first-

person morality’.
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Chapter 7

Experiment V: interoception in

a PIEZO2 patient

7.1 Introduction

Experiments II-IV highlighted the role of gastric contractions in corporeal,

emotional and moral awareness. These contractions are part of a wider family of

mechanical bodily changes that take place inside us as well as on our skin, both on

short and long timescales. Indeed, like many other physical entities, all vertebrate

bodies are subject to ever-changing mechanical forces of tension and compression

acting on their skin, muscles, bones, and hollow organs. Visceral organs, in particular,

are regularly filled with air, water, nutrients and change their shape to accommodate,

transform and expel these substances (Umans and Liberles, 2018).

To survive and thrive, vertebrates need to properly sense these forces of tension

and compession and convert them into electrochemical signals. This process, known

as mechanotransduction, relies on mechanically activated ion channels, whose key

components have been recently identified with multipass transmembrane proteins

PIEZO1 and PIEZO2 in a landmark paper by Coste and colleagues (2010).

Subsequent studies on animal models further highlighted that PIEZO2 in partic-

ular is key to Merkel-cells mechanosensitivity (Ikeda et al., 2014; Maksimovic et al.,
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2014; Vásquez et al., 2014; Woo et al., 2014), innocuous touch in general (Ranade

et al., 2014; Schneider et al., 2017), endothelium-dependent and bone marrow pain

(Ferrari et al., 2015; Nencini and Ivanusic, 2017), proprioception (Florez-Paz et al.,

2016; Woo et al., 2015) and many forms of visceral sensations (Umans and Liberles,

2018; Yang et al., 2016), from oral and gut mechanosensation (Alcaino et al., 2018;

Bai et al., 2017; Moayedi et al., 2018) to airway stretch sensation, Hering-Breuer

reflex (Nonomura et al., 2017) and baroreception (Zeng et al., 2018; but see Stocker

et al., 2019).

In a similar vein, PIEZO2 underpins several varieties of human touch (García-

Mesa et al., 2017; Schrenk-Siemens et al., 2015) and human proprioception, both of

which become severely impaired in patients with PIEZO2 mutations (Alper, 2017;

Chesler et al., 2016; Mahmud et al., 2017; Yamaguchi et al., 2019). However, to

date, it is unknown whether human PIEZO2 also mediates the perception of visceral

organs and, more generally, the broad interoceptive perception of the physiological

state of the body, which in turn is key to corporeal, emotional and moral awareness,

as shown by Experiments II-IV. Is PIEZO2 necessary for human interoception and

embodiment?

To test this hypothesis, we studied a rare genetic condition which has been

recently described in the clinical literature (Chesler et al., 2016). Patients who suffer

from this yet unnamed disorder carry compound-inactivating variants in the PIEZO2

gene. As a result, they do not express the corresponding transmembrane protein.

Hence, we performed a single case study and assessed how one of these patients

differs from healthy controls in gastric interoception. In particular, we predicted

that, relative to control participants, the patient would show a significantly lower

interoceptive accuracy, as measured by the two-step Water Load Test (WLT-II).
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7.2 Materials and methods

Participant Patient A, a 32-year old woman, took part in the study after giving

informed consent. Since her childhood, she referred a series of unexplained medical

symptoms including insensibility to innocuous tactile stimuli and a marked inability

to localise body parts in space when her eyes are closed. In fact, she reports to

“lose her body” when she closes her eyes. A neurologist referred her to the National

Institutes of Health (NIH) in Bethesda, Maryland (USA) with a generic diagnosis of

neuropathy. Subsequent genetic testing at NIH revealed that she carries a compound-

inactivating variant of the PIEZO2 gene. Her verbal and cognitive abilities are

intact. The experiment took place at NIH and was performed in collaboration with

the National Institute of Neurological Disorders and Stroke (NINDS).

Experimental procedure The patient underwent a two-step Water Load Test

(WLT-II; van Dyck et al., 2016). As per standard guidelines, the patient came to

the lab after fasting from food for 3 hours and from water for 2 hours, then filled

a 7-item Likert questionnaire on gastric sensations (Table 7.1) and completed the

two steps of the test. In step 1, she was instructed to drink as much plain water

as she wanted until she reached the point of perceived satiation, i.e. the feeling

that ordinarily signals to terminate a meal. At that point, she proceeded to step 2:

she filled the same gastric questionnaire again and was told that she had to drink

again until she perceived that her stomach was completely full. In order to prevent

her from regulating the water intake based on external cues, she was not told in

advance that she had to drink two times and she drank from an opaque bottle with

a long straw. After completing the second drinking phase, she filled the gastric

questionnaire for the third time. Figure 7.1 details the timeline of the experiment.

Data analysis Ingested water was measured with a standard beaker to calculate

the four WLT-II indices (van Dyck et al., 2016): 1) water volume (ml) needed to

induce satiation (satml); 2) additional water volume required to induce maximum
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Figure 7.1. Timeline of experiment III.

item construct statement
1 satiety How much satiety do you feel now?
2 fullness How much fullness do you feel now?
3 discomfort How much discomfort do you feel now?
4 guilt How much guilt do you feel now?
5 sluggishness How much sluggishness do you feel now?
6 nausea How much nausea do you feel now?
7 arousal How much arousal do you feel now?

Table 7.1. WLT-II questionnaire on gastric sensations. Responses were provided through
a 7-point Likert scale ranging from 1 (not at all) to 7 (very much).
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index patient’s value (ml) control values (ml)
satml 210 428.36± 242.48
∆fullml 545 306± 171.10
totalml 755 734.48± 316.80
sat% 27.81 57.82± 16.33

Table 7.2. WLT-II test data for patient A. vs the normative values measured in a healthy
female sample (cf. van Dyck et al., 2016).

fullness (∆fullml); (3) total water volume (totalml), obtained adding ∆fullml to

satml; and (4) the satiation/total volume ratio (sat%), an adimensional index of

the participant’s gastric interoceptive accuracy which is not confounded with her

stomach capacity. The index is calculated as follows:

sat% = 100 ∗ satml

totalml
= 100 ∗ satml

satml + ∆fullml

Finally, the patient’s gastric interoception score, sat%, was compared to the

WLT-II normative values (van Dyck et al., 2016) using Crawford’s modified t-test

for single case studies (Crawford et al., 2010).

7.3 Results

Table 7.2 is a descriptive summary of the results of the WLT-II test, while Figure

7.2 depicts the results of the gastric questionnaire. Although in the first step the

patient drank less than half the amount of water of healthy controls, her self-reported

satiety was as high as controls’ (Figure 7.2). The patient’s gastric interoception

index was 27.81, which is significantly lower than the average 57.82± 16.33 value of

the normative sample, t = −1.829, p = .03526 (one-tailed).

7.4 Discussion

Our study presents the first evidence that PIEZO2 is necessary for normal

interoception. It would be worth investigating if this impairment of interoception
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Figure 7.2. WLT-II questionnaire data for patient A.

also affects their corporeal awareness, increasing the uncertainty and plasticity of

the mental representation of their body and thus making them more susceptible

to bodily illusions. Given the increasingly recognized importance of interoception

and corporeal awareness in decision making, emotion appraisal, and subjective

experience (Craig, 2009; Park & Tallon-Baudry, 2014), a thorough investigation of

these topics may help understand the symptoms of PIEZO2 patients, increase their

quality of life, and shed light on the molecular and genetic underpinnings of bodily

self-consciousness.
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Chapter 8

General discussion and

conclusions

8.1 Summary and discussion of key findings

Our body is the only object we sense from the inside; however, existing literature

has largely left unanswered the question of how much inner physiology contributes

to the global sensation of having a body and controlling it. The five experiments

described in the previous chapters were planned and executed with the goal of

filling this gap of knowledge and provide empirical insights into the visceral roots of

corporeal awareness.

In fact, the goal was threefold: the whole research project aimed at improving

methods to track interoceptive signals (objective 1), measure how each interoceptive

modality contributes to corporeal awareness (objective 2), and gauge how corporal

awareness changes when interoception is impaired (objective 3).

As far as objective 1 is concerned, the project yielded a new method to record

the respiratory interoceptive accuracy, i.e. pneumoception (Chapter 2). The task

proved to be a quick and easy solution to gauge how much healthy people are

aware of their normal, eupnoeic breathing. Hence, the pneumoception task provides

the research community with a valuable complement to existing tests of dyspnoea,
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allowing for the first time to quantitatively assess the whole spectrum of respiratory

sensations and not just the most negative or uncommon respiratory feelings.

Experiments 1-4 dealt with objective 2. In particular, experiment 1 combined

pneumoception with respiration recordings and immersive virtual reality to produce

the new embreathment bodily illusion (Chapter 3). Results showed that making a

virtual body breathe like the real body gives an illusory sense of ownership and agency

over the avatar, elucidating the role of a key physiological process like breathing

in corporeal awareness. The experiment also proved that individual differences

in perceiving respiratory and cardiac signals matter for corporeal awareness, too.

More precisely, individuals with a looser sense of their internal states, as gauged by

pneumoception and heartbeat counting, are more sensitive to the embreathment

illusion.

A simplified version of the embreathment illusion was then used to test the

contribution of another key internal organ, the stomach, to bodily self-consciousness

(experiment 2, Chapter 4). The experiment produced the first evidence of a role

of gastric activity in corporeal awareness. Indeed, there was a direct correlation

between the gastric peak frequency measured with an electrogastrogram (EGG) and

subjective ratings of body ownership: the higher the EGG peak frequency, the more

the participants reported that the virtual body belonged to them.

It has long been argued that the perception of one’s own bodily states is involved

also in higher forms of awareness, and particularly in emotional awareness (James,

1884; Damasio, 1999). Here, experiment 3 revealed that awareness of two emotions

in particular, disgust and sadness, correlates with specific, opposing patterns of

gastric physiological activity: a higher number of stomach contractions (as indexed

by EGG) is linked to higher disgust and lower sadness, while a lower number of

stomach contractions is associated with lower disgust and increased sadness (Chapter

5).

Experiment 4 further explored the contribution of gastric physiology to an even

higher form of awareness, that is, moral awareness – the conscious perception of
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disgust that is elicited by moral violations. Results suggested that reduced stomach

activity predicts harsher moral judgments. Furthermore, gastric activity changes

depending on whether these judgments involve a first- or third-person perspective

(Chapter 6).

Finally, experiment 5 lay the groundwork for targeting objective 3 by providing

the first evidence that a specific gene, PIEZO2, is causally linked to interoceptive

accuracy, as measured through a water load test in a single clinical case. Specifically,

lack of PIEZO2 expression severely impaired the perception of stomach fullness.

It remains to be ascertained whether this interoceptive deficit extends beyond the

gastric domain and is linked to anectodal evidence on reduced corporeal awarneness

reported by the patient.

Overall, these results indicate that the contribution of inner physiological signals

to corporeal, emotional and moral awareness is substantive, specific, and subjective.

• Substantive: breathing contributes to perceived body ownership almost as

much as visual appearance (expt. 1), while stomach activity not only predicts

body ownership (expt. 2) but also the conscious perception of disgust and

sadness (expt. 3) and moral disgust (expt. 4).

• Specific: respiration impacts only on perceived body ownership and agency

(expt. 1); the activity of the stomach, as mapped by EGG, had a selective

effect on the sense of body ownership, while it did not influence the ratings of

perceived body location and agency (expt. 2); the gastric effects on emotional

awareness are specific for disgust and sadness (expt. 3), while the gastric

signature of first-person moral judgments is different from that of third-person

moral judgments (expt. 4).

• Subjective: individual levels of interoceptive accuracy and sensibility predict

the strength of the embreathment illusion (expt. 1), while interoceptive deficits

caused by individual features like the expression of a single gene (PIEZO2)

seem to be associated with an impaired sense of one’s own body (expt. 5).
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These findings underscore that corporeal, emotional and moral awareness are

veritable gut feelings, giving further strength to the ‘interoceptive turn’ that is

increasingly dominating theories of embodied cognition (Arikha, 2019). Previous

studies showed that the heart contributes to bodily self-consciousness; here, we

find that the same holds true also for the stomach and the lungs. Past research

showed that participants spontaneously and consistently map different emotions

on different parts of a body template, including the stomach (Nummenmaa et al.,

2013, 2018); here, we demonstrate that stomach contractions are actually linked to

specific emotions. Existing literature provided evidence for the presence of orofacial

correlates of disgust (Chapman, Kim, Susskind, & Anderson, 2009; Eskine, Kacinik,

& Prinz, 2011; Rozin, Haidt, & Fincher, 2009); here, we show that the physiological

correlates of moral disgust extend even deeper, in the stomach itself.

While existing models of corporeal and emotional awareness are increasingly

underscoring the importance of interoceptive signals (Park & Tallon-Baudry, 2014;

Seth, 2013), it must be noted that the current theoretical proposals are dispropor-

tionately based on the contribution of a single organ – the heart. Taken together

with emerging studies on breath-based cognition (Varga & Heck, 2017; Zelano et

al., 2016), the present findings suggest that the picture is broader, as there are also

respiratory and gastric pathways to embodiment.

8.2 Future perspectives

Future studies may extend the present results in at least three directions. Given

that the stomach contributes in a significant way to corporeal, emotional and moral

awareness, it remains to be ascertained whether the same holds true also for the

small and the large intestine. While the standard electrogastrographic setting can

be twisted to capture also the electrical activity of the small intestine (Yin & Chen,

2013), ground-breaking methods should be employed for the colon. Likewise, the

potential contribution of other organs, like the bladder, as well as the role of the
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immune system (Damasio, 2003; Costantini, 2014) are still largely unexplored.

Even more importantly, new research is needed to assess how the physiological

signals coming from peripheral organs and locally processed by the enteric and

autonomic nervous system are further elaborated at the cortical level. In analogy

with previous work on heartbeat-evoked potentials (Park & Blanke, 2019) and

the resting-state gastric network (Rebollo et al., 2018), new experiments could

investigate the potential links between corporeal awareness and respiratory-related

evoked potentials (von Leupoldt et al., 2010), or explore how bodily self-consciousness

covaries with breath-dependent fluctuations in the blood-oxygen-level-dependent

(BOLD) signal.

Other studies may also record or stimulate the activity of specific cortical areas

that are well known for their role in multisensory integration and corporeal/emotional

awareness, from the insular cortex (Craig, 2009) to the extrastriate body area (EBA)

and fusiform body area (FBA) (Berlucchi & Aglioti, 2010). Furthermore, it would

be interesting to measure the extent to which information related to continuous

homeostatic actions like breathing is processed separately and differently from

information related to transient voluntary movements in areas involved in the

construction of the body schema. This could be tested combining the existing

embreathment setting with a full motion capture suit and a VR-compatible setup

for electroencephalography or transcranic magnetic stimulation.

Finally, the paradigms developed in the present research project could be applied

to a variety of clinical populations and particularly to patients affected by spinal cord

injuries (SCI). Indeed, the scientific study of bodily awareness began in earnest with

clinical observations on patients who suffered spinal cord lesions. Crucially, these

lesions tend to spare interoceptive pathways. For this reason, it would be fascinating

to probe how an almost intact processing of respiratory and gastric signals may

continue to shape the feeling of one’s own body when a human being is cut off from

proprioceptive and tactile cues.
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