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Abstract
Previous studies investigated bodily self-consciousness (BSC) by experimentally 
exposing subjects to multisensory conflicts (i.e., visuo-tactile, audio-tactile, visuo-
cardiac) in virtual reality (VR) that involve the participant's torso in a paradigm 
known as the full-body illusion (FBI). Using a modified FBI paradigm, we found 
that synchrony of visuo-respiratory stimulation (i.e., a flashing outline surrounding 
an avatar in VR; the flash intensity depending on breathing), is also able to modulate 
BSC by increasing self-location and breathing agency toward the virtual body. Our 
aim was to investigate such visuo-respiratory effects and determine whether respira-
tory motor commands contributes to BSC, using non-invasive mechanical ventila-
tion (i.e., machine-delivered breathing). Seventeen healthy participants took part in 
a visuo-respiratory FBI paradigm and performed the FBI during two breathing con-
ditions: (a) “active breathing” (i.e., participants actively initiate machine-delivered 
breaths) and (b) “passive breathing” (i.e., breaths’ timing was determined by the 
machine). Respiration rate, tidal volume, and their variability were recorded. In line 
with previous results, participants experienced subjective changes in self-location, 
breathing agency, and self-identification toward the avatar's body, when presented 
with synchronous visuo-respiratory stimulation. Moreover, drift in self-location 
was reduced and tidal volume variability were increased by asynchronous visuo-
respiratory stimulations. Such effects were not modulated by breathing control ma-
nipulations. Our results extend previous FBI findings showing that visuo-respiratory 
stimulation affects BSC, independently from breathing motor command initiation. 
Also, variability of respiratory parameters was influenced by visuo-respiratory feed-
back and might reduce breathing discomfort. Further exploration of such findings 
might inform the development of respiratory therapeutic tools using VR in patients.
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1 |  INTRODUCTION

Breathing-related signals belong to the array of bodily signals 
that contribute to bodily self-consciousness (BSC) (Adler, 
Herbelin, Similowski, & Blanke, 2014; Allard et al., 2017; 
Monti, Porciello, Tieri, & Aglioti, 2020), namely the feeling 
that conscious experiences are bound to a self that is local-
ized within a body and grounded in perceptual multisensory 
brain mechanisms (Blanke, 2012; Blanke, Slater, & Serino, 
2015; Tsakiris, 2010). BSC has been shown to be based on 
exteroceptive (tactile, visual, vestibular, auditory) (Blanke, 
2012; Ehrsson, 2012) and interoceptive signals (Aspell et al., 
2013; Park et al., 2016, 2018; Suzuki, Garfinkel, Critchley, 
& Seth, 2013), likely forming an integrated single system for 
BSC (Park & Blanke, 2019). Manipulations of multisensory 
bodily signals have been shown induce altered states of BSC 
such as misperception of self-identification (“I felt as if the 
virtual body was my body”) and self-location (“It seemed 
as if I was feeling my respiration in the virtual body”). 
Generally, during the full-body illusion (FBI) paradigm, a 
person watches a virtual body (“avatar”) being stroked on 
the back in synchrony while receiving herself stroking at the 
same bodily location. Participants report relocation of the 
self toward the avatar and a feeling of ownership of the avatar 
(Ehrsson, 2007; Lenggenhager, Tadi, Metzinger, & Blanke, 
2007).

The same phenomena occur when viewing an avatar 
flashing in synchrony with heartbeats (Aspell et al., 2013). 
In the visuo-respiratory FBI, a flashing outline is surround-
ing the avatar and the intensity of the flash depends on the 
breathing signal of the participant. In the synchronous con-
dition, the flash intensity is maximal during the participant's 
inspiration peak and is minimal during the participant's ex-
piration trough, favoring multisensory integration, and em-
bodiment of the avatar. In the asynchronous condition, the 
flash intensity pattern is following a faster or slower version 
of the participant's breathing, and thus, leads to incongruent 
multisensory information and reduced avatar embodiment 
(Adler et al., 2014; Allard et al., 2017). In this paradigm, we 
previously showed that respiratory visual synchrony induces 
not only changes in self-location and self-identification, but 
also changes in breathing agency (the feeling of controlling 
the act of breathing) (Adler et al., 2014; Allard et al., 2017). 
Thus, subjects seeing their avatar flashing in synchrony with 
their own breathing experienced sensations that the avatar 
“was breathing with them” and “used their lungs to breathe.” 
The sense of agency has been proposed to emerge from both 
the initiation of an action, and a match between the predicted 
sensory feedback (which is inferred from the efference copy 
of the motor command, generated by motor areas and termed 
“corollary discharge”) and the actual sensory feedback of the 
action (Blakemore, Wolpert, & Frith, 2000; Daprati & Sirigu, 
2002; Haggard, 2017).

As other visceral functions, breathing is associated with 
a rich afferent signaling toward the brain, with the particu-
larity that it conveys both interoceptive and exteroceptive 
information (Burki & Lee, 2010; Davenport & Vovk, 2009). 
Yet, in contrast to other visceral functions, breathing also 
involves motor commands generated in the central nervous 
system and that arise from both a brainstem driven auto-
matic control and a cortex driven voluntary control (Adler 
& Janssens, 2019; Colebatch et al., 1991; Foerster, 1936; 
Haouzi & Bell, 2009; Haouzi, Chenuel, & Barroche, 2006; 
Pouget et al., 2018). From an interoceptive point of view, 
these motor commands are thought to be integrated with re-
spiratory afferents according to a corollary discharge mech-
anism (Buchanan & Richerson, 2009; Killian, Gandevia, 
Summers, & Campbell, 1984), comparable to control mech-
anisms of other movements. The relative roles of respiratory 
afferents and respiratory motor commands into the respi-
ratory contribution to BSC, however, are unknown. Of im-
portance, the very notion of corollary discharge is currently 
considered central to the pathogenesis of dyspnea/breathing 
discomfort. Indeed, dyspnea is considered to result from an 
imbalance between the neural drive to breathe as a whole 
(combined brainstem and cortical respiratory commands) 
and the respiratory afferent traffic to the brain (Parshall 
et al., 2012).

Based on this, the specific aim of the present study was 
to determine whether or not the respiratory motor command 
contributes to BSC, especially breathing agency. We sub-
jected healthy participants to non-invasive mechanical ven-
tilation (NIV) through a facemask and tested the hypothesis 
that the effect of visuo-respiratory stimulation would differ 
during “active breathing” (where participants actively initi-
ate machine-delivered breaths, likely associated with an ef-
ferent copy of the breathing motor command) versus “passive 
breathing” (where the respiration rate is solely determined 
by the machine, and not associated with an efferent copy of 
the breathing motor command). We further recorded respira-
tory parameters and their variability during the experimental 
manipulation of BSC. Indeed, breathing exhibits mathemat-
ical complexity (Fiamma et al., 2007) that stems from re-
spiratory central pattern generators (Mangin et al., 2008; 
Ranohavimparany, Bautin, Fiamma, Similowski, & Straus, 
2016) and results in breath-by-breath variability, which give 
information pertinent to respiratory status (Schmidt et al., 
2010; Teulier, Fiamma, Straus, & Similowski, 2013; Tobin, 
Mador, Guenther, Lodato, & Sackner, 1988; Wysocki et al., 
2006). Finally, experimental and clinical situations associated 
with reduced breathing variability are also associated with 
dyspnea/respiratory discomfort (Preas et al., 2001; Wysocki, 
Meshaka, Richard, & Similowski, 2004), possibly through an 
impoverishment of the respiratory afferent traffic to the brain 
that could contribute to a dyspnea generating sensorimotor 
imbalance (see above, Parshall et al., 2012). Accordingly, we 
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also hypothesized that if respiratory motor commands con-
tribute to the effects of visuo-respiratory synchrony on BSC, 
reducing the neural drive to breathe through machine-as-
sisted breathing (“passive breathing”) would modulate these 
effects.

2 |  METHOD

2.1 | Participants

Seventeen healthy subjects (female: N = 10; age: Mean ± SD 
=24 ± 3.6 years; Median = 24; IQR = 4; range = 18–32) 
participated in the experiment (Details regarding sample 
size calculation are provided in section 1 of the Supporting 
Information). All subjects had normal or corrected to normal 
vision and no history of psychiatric, neurologic, or lung dis-
eases. The subjects received detailed information about the 
methods used and gave their written consent to participate. 
The study protocol was approved by the local ethics research 
committee at the University of Lausanne, Switzerland and 
was performed in accordance with the ethical standards of the 
Declaration of Helsinki.

2.2 | Experimental setup

The present protocol was based on an experimental setup 
that has been used previously by our group to study BSC 
based on respiratory-visual stimulation (Adler et al., 2014; 
Allard et al., 2017); for related cardio-visual paradigms 
see (Aspell et al., 2013; Ronchi et al., 2015). Participants 
were asked to wear a Head-Mounted Display (HMD) and 
were lying on their back while watching a virtual scene 
projected in real time in the HMD (Figure 1). The scene 
consisted of a pulsating flashing outline surrounding a 
representation of the body of the subjects (Figure 1c). The 
critical manipulation was that the flashing was produced 
either synchronously or asynchronously with subjects’ in-
spiratory efforts.

Inspiratory efforts (i.e., breaths) were monitored by using 
a belt mounted linear transducer (Pneumotrace™, Morro 
Bay, California), tightened at the level of the umbilicus at 
the end of a relaxed expiration, in terms of the increases in 
abdominal circumference induced by diaphragmatic contrac-
tions (natural or “active” breathing) or by positive pressure 
lung inflation (machine-assisted or “passive” breathing). 
In-house developed software modulated the flashing of the 
body/object outline according to respiratory movements, the 
highest intensity corresponding to the end of inspiration. The 
program produced the flashing surrounding the animated 
scene either synchronously or asynchronously with respect 
to the online detected inspiratory effort of each subject. In 

the synchronous condition, the body silhouette was flash-
ing in synchrony with participant's on-going breathing. The 
asynchronous condition was created by replaying a prere-
corded breathing pattern (out of phase with the breathing of 
the subject) and by adjusting in real time the replay speed 
to guarantee that the frequency of the signal was never the 
same as the actual breathing frequency of the subject (either 
80% or 120% of the measured breathing frequency (Adler 
et al., 2014). Even if the participants were trying to catch up 
with the flashing consciously or unconsciously, this ensured 
that the flashing outline actually remained “out of phase” 
with the breathing frequency during the whole experimental 
condition.

In line with the study objective, the visuo-respiratory ma-
nipulations were performed during either “active breathing” 
or during “passive breathing,” in random order. To this end, 
the participants were connected through a face mask to a NIV 
device (VPAP S9, Resmed, North Ryde, Australia). An expe-
rienced respiratory physician (DA) was in charge of adjust-
ing the machine settings. In the “active breathing” mode, the 
respiratory backup rate (namely the number of breaths per 
minute that the machine delivers irrespective of the subject's 
breathing activity) was set to zero: all the breaths were initi-
ated by the participants. In the “passive breathing” mode, the 
respiratory backup rate was progressively increased starting 
from the subjects' spontaneous breathing rate until breathing 
was “captured” and the subjects stopped triggering the ma-
chine (S/T mode). The objective was to produce more than 

F I G U R E  1  Setup and equipment for the experiment. The 
subjects were wearing a linear transducer mounted on respiration 
belt (a), a non-invasive mechanical ventilation (NIV) device (b). 
Participants were shown their own back illuminated synchronously 
(or asynchronously) with respect to their respiratory movements (c). 
Participants were wearing a Head-Mounted Display (HMD) and were 
in a supine position (d)
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80% of machine-delivered respiratory cycles and less than 
20% of cycles triggered by subjects’ inspiratory efforts.

The percentage of subject initiated breaths was calculated 
for each passive breathing block, and a given block was ex-
cluded from analysis if this percentage was greater than 40%. 
Other ventilator settings were kept constant across tested con-
ditions and subjects (Expiratory Positive Airway Pressure: 
3 cmH20; Inspiratory Positive Airway Pressure 9 cmH20; 
for details on the active/passive breathing manipulation see 
Section 2 of the Supporting Information).

Participants were not told about the relationship of the 
visual flashing with their respiration, and were not informed 
about the synchronous/asynchronous manipulations, prior to 
the study. Across the different experimental conditions, the 
ventilator mode allowed spontaneous breathing at every mo-
ment during the experiment, should this have been necessary.

2.3 | Experimental procedure

Participants were first welcomed to the experimental room 
and briefed about the experiment (e.g., the stimuli that they 
were going to see, the tasks that they would be asked to per-
form), before signing the consent form. The experiment was 
preceded by a short habituation session for participants to 
adapt to breathing through the NIV device, and to individual-
ize the back-up rate for the passive blocks. Participants were 
instructed on how to use the mask and the NIV device, and 
they were asked to breathe through it for about five minutes. 
During this time, participants were comfortably lying on a 
mattress posed on the experimental table, 75 cm away from 
the ground. In order to set the S/T mode for each participant, 

we recorded his or her average respiration rate for 2 min. The 
back-up rate of the NIV device was then increased progres-
sively to 20% over the average subject's own respiratory rate. 
Subsequently, participants were asked to test the respira-
tion through the NIV device by using this new back-up rate, 
which would be used in the experiment during the passive 
breathing condition.

Participants were then equipped with the HMD and in-
stalled in the supine position on the experimental table. Before 
the beginning of the experiment, participants performed a 
two-minute baseline session, both in active and passive me-
chanical ventilation mode, where they were asked to look at 
a black screen (through the HMD) and relax. The order of ac-
tive and passive baseline blocks was counterbalanced between 
participants. Participants then underwent a 2-min FBI session 
either in the synchronous or asynchronous visuo-respiratory 
condition and either during active or passive mechanical venti-
lation mode (2 × 2 factorial design). At the end of each experi-
mental block, participants performed three trials of the Mental 
Ball Drop tasks (see below), and then, completed the FBI 
questionnaire. Each condition was repeated twice, presented 
in randomized order, for a total of eight experimental blocks.

2.3.1 | FBI questionnaire

In order to obtain subjective measurements of participants’ 
feelings related to different aspects of BSC during the experi-
ment, participants were presented with a modified version of 
the original FBI questionnaire at the end of each block, as in 
our previous studies (Allard et al., 2017; Aspell et al., 2013; 
Ionta et al., 2011; Lenggenhager et al., 2007; Pozeg, Galli, 

  Items Domain

Q1 It seemed as if I was feeling my respiration in 
the virtual body

Location of breathing

Q2 It seemed as if the flashing was my respiration Breathing awareness

Q3 It seemed as if the virtual body was using my 
lungs to breathe

Breathing agency

Q4 I felt as if the virtual body was breathing with 
me

Breathing agency

Q5 I felt as if the virtual body was my body Self-identification with the 
virtual body

Q6 I felt as if my real body was drifting toward the 
virtual body

Self-location with the 
virtual body

Q7 It seemed as if I had two bodies Control

Q8 It seemed as if the machine was controlling my 
respiration

Control regarding 
mechanical ventilation 
mode

Q9 I felt as I was totally in control of my respiration Control regarding 
mechanical ventilation 
mode

T A B L E  1  Full-body illusion 
questionnaire: List of domains and items 
that participants had to rate according to 
a 7-point Likert scale (from −3 = totally 
disagree to +3 = totally agree)
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& Blanke, 2015). The questionnaire consisted of nine items 
(See Table 1). For each of them, participants were asked to 
rate how much they agreed or disagreed with the presented 
item, referring to the sensations experienced during the visual 
stimulation. We applied a 7-point Likert scale: (−3 = totally 
disagree to +3 = totally agree).

2.3.2 | Self-location

In addition to these subjective measurements, we used the 
Mental Ball Drop (MBD) task to measure perceived self-
location (Adler et al., 2014; Allard et al., 2017; Ionta et al., 
2011; Pfeiffer et al., 2013). Thus, in every experimental con-
dition, participants were asked to imagine dropping a ball 
from their hand (at the level of their body lying supine) to 
the floor. They pressed a button with their index finger when 
they imagined dropping the ball from their hand, held the 
button pressed during the imagined time of ball dropping, 
and released the button at the moment they imagined the ball 
hit the floor. The duration of the button press (response time, 
RT) has been shown to be a sensitive marker of self-location 
above the floor (Ionta et al., 2011; Lenggenhager, Mouthon, 
& Blanke, 2009; Pfeiffer et al., 2013). A longer RT indicates 
an elevation of self-location (with respect to the floor), and 
thereby, a mislocalization toward the virtual body as well 
with a change in self-location. Three repeated MBDs were 
performed for each condition. Before the start of the experi-
ment, participants performed a training session with at least 
20 trials. Moreover, six repeated MBDs were performed as a 
baseline of participants' performance in this task.

2.3.3 | Physiological parameters

Mean tidal volume (Vt) and respiratory rate (RR), as well 
as their variabilities (defined as the SD from the mean), 
were recorded by the ventilator for each tested condition. 
Vt can be underestimated by some home ventilators soft-
ware, but has a constant and acceptable bias for the device 
used in our experiment (Contal et al., 2012). Vt refers to 
the volume of air moved in and out of the lungs during 
each inspiratory-expiratory cycle. We failed to measure 
physiological parameters for four participants for techni-
cal reasons.

2.4 | Statistical analysis

Data were screened for missing data and outliers using 
Mahalanobis distance (Tabachnick & Fidell, 2012). 
Normality, linearity, and homogeneity of variance were 
checked and none of such assumptions were violated.

For the FBI questionnaire, a mixed-effects model for 
repeated-measures ANOVA was conducted on the sub-
jective rating means separately for each question, with the 
factors mechanical ventilation mode (active, passive) and 
visuo-respiratory synchronicity (synchronous, asynchro-
nous) as within-subject factors. The model also included a 
Mode*Synchronicity interaction and allowed for random 
intercepts.

For Mental Ball Drop data, mean of baseline RT and 
mean of RT were computed, for each condition. Then, base-
line RT means were subtracted from the RT means of each 
condition. Such RT differences were entered in a mixed-ef-
fects model for repeated-measures ANOVA, with the factors 
mechanical ventilation mode (active, passive) and synchro-
nicity (synchronous, asynchronous) as within-subject factors. 
The model also included a Mode*Synchronicity interaction 
and allowed for random intercepts.

Respiration rate, and Tidal Volume, as well as their vari-
ability were averaged and entered in separate mixed-effects 
models for repeated-measures ANOVA with the factors me-
chanical ventilation mode (active, passive) and synchronic-
ity (baseline, synchronous, asynchronous) as within-subject 
factors. An outlier has been identified using Mahalanobis 
distance (Tabachnick & Fidell, 2012): an extreme value of 
respiration rate variability was observed due to a technical 
issue, for one participant. The subject was removed from 
the analyses of the physiological data, resulting in sample of 
n = 12 (female: N = 6; age: Mean ± SD = 25 ± 3.9 years).

All frequentist statistics were made using R 3.6.0 (R 
Development Core Team, 2008). p values were used as the 
basis of decision making in respect of the compared hypoth-
eses. Differences were considered significant when the prob-
ability p of a type I error was below 0.05 As suggested by 
the American Psychology Association (Wilkinson, 1999), for 
each result, we reported unstandardized effect sizes (i.e., dif-
ference between the means, MD). A non-significant p value 
is not enough to provide evidence toward the null hypothesis 
or toward the fact that the data are insensitive and that addi-
tional data are needed to conclude (Dienes, 2014; Quintana 
& Williams, 2018). Therefore, to facilitate the interpretation 
of our data, we ran separate Bayesian repeated-measure anal-
yses of variance. Each analysis (with default scale fixed ef-
fects, default scale random effects) included three models: (a) 
a model including an effect of mechanical ventilation mode 
(active, passive), (b) a model including an effect of visuo-re-
spiratory synchronicity (synchronous, asynchronous), (c) a 
model including main effects and their interaction. For each 
analysis, each model was compared to a null model (model 
only including subjects). For each model comparison, a Bayes 
factor (BF) was computed. The BF was then used to interpret 
our results when traditional statistics were inconclusive, in re-
spect of the compared hypotheses regarding the effect of syn-
chronicity (e.g., preference of the model including an effect 



6 of 13 |   BETKA ET Al.

of synchronicity over the null model) and the effect of mode 
(e.g., preference of the model including an effect of mode 
over the null model). A BF below 1/3 provides substantial ev-
idence toward the null hypothesis (i.e., preference of the null 
model over the effect model; with 1/10 < BF <1/3 = moder-
ate evidence; BF < 1/10 = strong evidence), whereas a BF 
above 3 shows compelling evidence toward the alternative 
hypothesis (i.e., preference of the effect model over the null 
model; with 3 < BF <10 = moderate evidence; BF > 10 = 
strong evidence). A BF between 3 and 1/3 implies there is not 
enough evidence in either direction (Jeffreys, 1961; Lee & 
Wagenmakers, 2014). All Bayesian analyses were run using 
JASP 0.9.1.0 (Wagenmakers et al., 2018).

3 |  RESULTS

3.1 | FBI questionnaire

A separate mixed-effects model for repeated-measures 
ANOVA and Bayesian repeated-measures ANOVA were run 
for each item, in order to evaluate the effect of synchrony and 
mechanical ventilation mode. Full statistical results including 
Bayesian analyses are presented in Tables S1 and S2 in the 
Supporting Information Section 3.

Seeing the virtual body flashing in synchrony with their 
respiratory movements (synchronous condition) induced the 
participants to misperceive their breathing at the position 
of the virtual body (Q1). Such changes were absent in the 
asynchronous condition, showing a significant difference be-
tween the synchronous (M ± SD: 0.05 ± 1.5) and the asyn-
chronous condition (−1.28 ± 1.14) (F(1,48) = 8.67, p < .01, 
MD  =  1.33, BF  =  10.12). Participants also perceived the 
flashing as more related to their respiration (breathing aware-
ness; Q2) in the synchronous (0.84 ± 1.3), as compared to the 
asynchronous condition (−1.37 ± 1.38; F(1,48) = 54.48, p < 
.001, MD = 2.21, BF > 100). Participants’ breathing agency 
was also modulated, depending on whether they received 
synchronous (Q3: −0.45 ± 1.28; Q4: 0.05 ± 1.36) or asyn-
chronous stimulation (Q3: −1.69 ± 1.04; Q4: −1.46 ± 1.2; 
Q3: F(1,48) = 25.72, p < .001, MD  =  1.24; BF  >  100; 
Q4: F(1,48) = 28.16, p < .001, MD = 1.51, BF = 10.15). 
Illusory self-identification (Q5) was numerically higher in 
the synchronous (0.01  ±  1.4) versus asynchronous condi-
tion (−0.45 ± 1.56; F(1,48) = 5.32, p < .05), MD = 0.46, 
BF = 2.113). Effects of synchrony on ratings (Q1–Q5) are 
graphically represented on Figure 2. There was no other sig-
nificant main effect or interaction (all p> .1). As expected, 
moderate evidence against the hypothesis of preferring the 
synchrony effect model over the null model was observed for 
the control items Q7 (“It seemed as if I had two bodies”) 
and Q8 (“It seemed as if the machine was controlling my 
respiration”; Q7: F(1,48) = 0.30, p = .59, BF = 0.277, Q8: 

F(1,48) = 0.06, p = .81, BF = 0.26). Absence of evidence in 
either direction (null model or synchronicity effect model) 
was observed for Q6 (Illusory self-location) and the control 

F I G U R E  2  Full-body illusion questionnaire ratings. Main 
effect of synchrony on subjective ratings of items Q1–Q5, with error 
bars representing lower and upper Gaussian confidence limits (*p 
< .05, **p < .01, ***p < .001) (Q1 It seemed as if I was feeling my 
respiration in the virtual body; Q2 It seemed as if the flashing was my 
respiration; Q3 It seemed as if the virtual body was using my lungs to 
breathe; Q4 I felt as if the virtual body was breathing with me; Q5 I 
felt as if the virtual body was my body)
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item related to breathing Q9 (“I felt as I was totally in control 
of my respiration”; Q6: F(1,48) = 2.67, p = .11, BF = 0.768, 
Q9: F(1,48) = 1.84, p = .18, BF = 0.516).

Participants were aware of the active/passive breathing 
manipulation, as shown by the main effect of mechanical 
ventilation mode for Q8 (F(1,48) = 15.04, p < .001, MD = 
−1.2, BF  >  100). Participants agreed more with the state-
ment that the machine was controlling their respiration in 
the passive breathing condition (1.25 ± 1.25), as compared 
to the Active breathing one (0.05 ± 1.73, p < .01). As ex-
pected, control statement regarding breathing (Q9) was also 
modulated by the active/passive breathing manipulation: 
ratings were greater during active condition (0.48  ±  1.67) 
compared to ratings during passive condition (−0.48 ± 1.66; 
F(1,48) = 7.41, p < .01, MD  =  0.96, BF  =  5.81). Effects 
of mode on ratings (Q8–Q9) are graphically represented on 
Figure 3. There was no other main effect or interaction (all 
p> .1). A moderate evidence against the hypothesis of prefer-
ring the mode effect model over the null model was observed 
for self-location (Q1), breathing awareness (Q2), breathing 
agency (Q3–Q4), and illusory self-location (Q6; Q1: F(1,48) 
= 0.00, p = .95, BF = 0.241; Q2: F(1,48) = 0.99, p =.33, 
BF = 0.315; Q3: F(1,48) = 0.00, p =.96, BF = 0.248; Q4: 
F(1,48) = 2.41, p = .63, BF = 0.265; Q6: F(1,48) = 0.05, p 
= .83, BF = 0.249). Absence of evidence in either direction 
(null model or mode effect model) was observed for illusory 
self-identification (Q5) and for the control statement (Q7) 
(Q5: F(1,48) = 2.05, p = .16, BF = 0.547; Q7: F(1,48) = 
1.65, p = .21, BF = 0.517).

To sum up, synchrony of visuo-respiratory stimulation 
was modulating self-location, breathing awareness, breath-
ing agency, and illusory self-identification. Despite the fact 
that participants agreed more that the machine was con-
trolling their breathing in the passive condition compared 
to the active one, our data do not support a main effect of 
ventilation mode (active vs. passive) on subjective measure 

of BSC, including breathing agency. No interaction was 
significant.

3.2 | Self-location

Changes in subjective breathing sensations were supported 
by a drift in self-location (i.e., MBD; Figure 4). Compared 
to baseline, RTs were significantly longer after synchronous 
(Mean ± SD, −20.51 ms ±370.56 ms) than after asynchro-
nous respiratory visual stimulation (−89.85 ms ±343.38 ms; 
+69 ms; F(1,48) = 4.96, p < .05, MD = 69.34 ms, BF = 1.9), 
showing that our participants perceived themselves to be 
closer to the virtual body in the synchronous than the asyn-
chronous condition. There was no other main effect or in-
teraction (all p  >  .30). A moderate evidence against the 
hypothesis of preferring the mode effect model over the null 
model was observed for RT differences (F(1,48) = 0.08, p 
= .78, BF = 0.269). Full traditional and Bayesian analyses 
are presented in Tables S3 and S4 in Supporting Information 
Section 3.

To sum up, synchrony of visuo-respiratory stimulations, 
but not ventilation mode (active vs. passive), modulates the 
behavioral measure of self-location. Our data do not seem to 
support a main effect of mechanical ventilation mode on such 
measures. No interaction was significant.

3.3 | Physiological parameters

By design, respiration rate was significantly higher (passive: 
M  =  20.71  ±  3.42; Active: M  =  16.55  ±  4.19; F(1,33) = 
109.07, p < .001, MD = −4.16), and its variability was lower 
(passive: M = 1.3 ± 1.03; active: M = 2.44 ± 1.03; F(1,33) 
= 33.69, p < .001, MD  =  1.14), during passive compared 
to active breathing. Tidal volume was higher during active 

F I G U R E  3  Full-body illusion 
questionnaire ratings (breathing control). 
Main effect of mechanical ventilation mode 
on subjective ratings of items Q8 (It seemed 
as if the machine was controlling my 
respiration) and Q9 (I felt as I was totally 
in control of my respiration), with error 
bars representing lower and upper Gaussian 
confidence limits (**p < .01)
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than passive breathing (passive: M  =  0.53  ±  1.45; active: 
M = 0.62 ± 0.14; F(1,33) = 17.72, p < .001, MD = 0.09).

We observed an effect of synchrony for tidal volume 
variability: tidal volume variability was greater during 
asynchronous stimulations compared to synchronous stim-
ulations (asynchronous: M  =  0.1  ±  0.04; synchronous 
M  =  0.08  ±  0.04; F(1,33) = 4.15, p < .05, MD = −0.02, 
Figure 5). Moderate evidence against the hypothesis of pre-
ferring the synchrony effect model over the null model was 
observed for respiration rate (BF = 0.281) and tidal volume 
(BF = 0.276). Absence of evidence in either direction (null 
model or synchronicity effect model) was observed for respi-
ration rate variability (BF = 0.346).

Effects of mode and synchrony on ventilatory variables, 
as well as their means and SDs are described in Table 2. Full 
Bayesian analyses are presented in Table S5 in Supporting 
Information Section 3.

To sum up, whereas by design passive breathing modu-
lated several ventilatory variables, tidal volume variability 
was modulated by the synchrony of visuo-respiratory stimu-
lations. No interaction was significant.

4 |  DISCUSSION

The aim of the present study was to determine whether or not 
respiratory motor commands contribute to BSC. Three key re-
sults were observed. First, our results replicate findings from 
previous work using the visuo-respiratory FBI to evaluate the 

contribution of breathing to BSC (Adler et al., 2014; Allard 
et al., 2017): synchrony of visuo-respiratory stimulations is 
associated with greater self-location toward the virtual body 
and greater breathing agency. These subjective effects were 
corroborated by a similar effect on self-location objectified 
with the MBD task; prolonged MDB times, indicating a be-
havioral change in self-location toward the virtual body in 
the synchronous as compared to the asynchronous condition, 
were observed. Taken together, these findings suggests that 
the synchrony of visuo-respiratory stimulations reliably in-
duces an altered state of BSC characterized by changes in 
breathing agency and self-location (Adler et al., 2014; Allard 
et al., 2017). In line with Allard and colleagues, we observed 
that synchronous stimulation increased illusory self-identifi-
cation toward the virtual avatar. This is further supported by 
a recent study showing that ownership over a 3D breathing 
avatar is greater if the avatar is breathing in synchrony with 
the participant compared to a condition when the avatar is 
breathing in antiphase (Monti et al., 2020).

Second, previous studies as well as the current study 
showed that respiratory visual synchronization strongly 
and specifically impacts breathing agency (Adler et al., 
2014; Allard et al., 2017). Yet, contrary to our hypothesis, 

F I G U R E  4  Self-location (drift). Mental Ball Dropping (MBD) 
Task: main effect of synchronicity on reaction time in ms (against 
baseline), with error bars representing lower and upper Gaussian 
confidence limits (*p < .05)

F I G U R E  5  Physiology. Main effect of synchronicity on tidal 
volume variability (L/breath), with error bars representing lower and 
upper Gaussian confidence limits (*p < .05)
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mechanical ventilation mode (i.e., active vs. passive) did 
not affect BSC in the current study. The sense of agency 
refers to the experience of controlling one's own actions, 
and, through them, events in the outside world (Haggard & 
Chambon, 2012). This sense of agency has been proposed 
to emerge from both the initiation of an action and a match 
between the predicted sensory feedback (which is inferred 
from the efference copy of the motor command) and the ac-
tual sensory feedback of the action (Blakemore et al., 2000; 
Blakemore et al., 2000; Daprati & Sirigu, 2002; Haggard, 
2017). Kalckert and Ehrsson (2012) investigated the role of 
the sense of agency in modulating BSC by using a modified 
version of the rubber hand illusion (RHI) paradigm. In that 
study, the authors induced the RHI using synchronous and 
asynchronous visuo-motor stimulations over active (i.e., 
efference copy) and passive finger movements (i.e., no 
efference copy). The passivity of the movement created a 
break in agency, suggesting that the motor command initi-
ation and the efference copy generation are essential in the 
genesis of the sense of agency (Haggard, 2017; Kalckert & 
Ehrsson, 2012; for related studies on agency and hand own-
ership using TMS and VR see also Bassolino et al., 2018; 
Franza et al., 2019).

In the present study, we used a NIV device to control for 
breathing initiation. By capturing the participants' sponta-
neous breathing rhythm and by administering machine-assisted 
breathing at a faster rate, we decreased the likeliness of naturally 
initiated breaths. As a result, while in the active breathing condi-
tions, a motor command, and an efference copy were produced, 
this was not (or much less) the case during the passive breathing 
conditions. Our data do not, for the most part, support a main 
effect of mechanical ventilation mode on the subjective or ob-
jective measures of BSC, unlike the results from previous work 
on BSC related to limb representations (Kalckert & Ehrsson, 
2012). We argue that this is most likely due to methodological 

differences between the manipulation of visuo-respiratory sig-
nals in the current experiment, and the visuo-motor manipu-
lations of hand or full-body actions in related agency research 
for hand and full-body actions (Adler et al., 2014; Allard et al., 
2017; Kalckert & Ehrsson, 2012). Thus, NIV may still allow 
participants to initiate breaths to some extent (associated with 
efferent motor commands), which were absent or more easily 
controlled in the study by Kalckert & Ehrsson when testing 
upper limb representation. Several differences with respect to 
previous experiments and the present breathing-related manip-
ulations may account for this, in addition to motor commands 
and efference copy-related signals, between active and passive 
conditions. Thus, minute ventilation was higher during passive 
than during active breathing (+0.7 L on average) and this could 
have slightly lowered blood carbon dioxide and provoked an 
accompanying reduction in neural drive to breathe. The neural 
drive to breathe was also probably blunted by the application 
of positive pressure breathing, independently of any effect on 
gas exchange, as previously shown when applying comparable 
interventions to healthy subjects (Fauroux et al., 1998; Sharshar 
et al., 2004). Our breathing manipulation was validated by par-
ticipants agreeing more with the statement that the ventilator 
was controlling their respiration in the passive breathing condi-
tion compared to the active breathing one. Nevertheless, in the 
present experiment, the synchrony effect was observed in both 
passive and active conditions, suggesting that the visuo-respi-
ratory FBI is rather driven by the respiratory-related afferent 
traffic to the brain (exteroceptive, proprioceptive, and intero-
ceptive) rather than by the efferent motor signals, as suggested 
by some recent work using the RHI (Isayama et al., 2019) and 
compatible with proposals that afferent multisensory signals 
are sufficient to induce changes in BSC. Further studies should 
try to determine the contribution of different afferent pathways 
by more strongly and more selectively manipulating the differ-
ent channels.

T A B L E  2  Mean, SD and results of separate mixed-effects model for repeated-measures ANOVA run for respiration rate, respiration rate 
variability, tidal volume, and tidal volume variability, evaluating the effect of synchronicity and mode (p values < .05 are represented in bold)

Parameters Effects Sum Sq Mean Sq NumDF DenDF F value p Mean SD

Respiration rate  
(breath/min)

Mode 207.048 207.048 1 33 109.07 <.001 18.628 4.327

Synchronicity 0.008 0.008 1 33 0.00 .949    

Mode*Synchronicity 0.983 0.983 1 33 0.52 .477    

Respiration rate 
variability (breath/min)

Mode 15.619 15.619 1 33 33.69 <.001 1.87 1.171

Synchronicity 0.116 0.116 1 33 0.25 .620    

Mode*Synchronicity 0.025 0.025 1 33 0.05 .818    

Tidal volume (L/breath) Mode 0.092 0.092 1 33 17.72 <.001 0.578 0.147

Synchronicity 0.000 0.000 1 33 0.00 .962    

Mode*Synchronicity 0.000 0.000 1 33 0.02 .892    

Tidal volume variability 
(L/breath)

Mode 0.001 0.001 1 33 1.43 .240 0.092 0.041

Synchronicity 0.003 0.003 1 33 4.15 .049    

Mode*Synchronicity 0.001 0.001 1 33 1.20 .282    
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A third finding was a synchrony-dependent change in tidal 
volume variability that is a marker of a healthy breathing sys-
tem (Fiamma et al., 2007; Mangin et al., 2008; Tobin et al., 
1988). Reduced tidal volume variability has been associated 
with dyspnea and respiratory discomfort sensations in pa-
tients (Brack, Jubran, & Tobin, 2002; Parshall et al., 2012). 
In the present study, tidal volume variability was greater in 
the asynchronous visuo-respiratory stimulation condition 
compared to the synchronous condition and this effect was 
absent for tidal volume. This could be put in the perspective 
of a previous experiment investigating the visuo-respiratory 
FBI under normal and loaded breathing (i.e., inducing dys-
pnea), where we observed a reduction of breathing discom-
fort induced by an inspiratory mechanical load during the 
asynchronous visuo-respiratory stimulation condition (again 
compared to the synchronous condition) (Allard et al., 2017). 
Accordingly, we postulate that the reduction in the aversive 
dimension of dyspnea during asynchronous visuo-respira-
tory stimulation may have been associated with the increased 
tidal volume variability in the present study. Increased tidal 
volume enrichens the afferent traffic to the brain and may 
contribute to correcting the dyspnea-generating sensorimotor 
imbalance, but this mechanism should be explicitly tested in 
further work. Another potential explanation for changes in 
tidal volume variability could come from the fact that res-
piration is a cyclic, highly automated, continuous, and not 
immediately goal-directed action, somewhat similar to gait. 
Kannape & Blanke showed that participants walking while 
receiving (synchronous or delayed) visual gait feedback, sys-
tematically and unconsciously adjusted their stride time in 
order to synchronize their gait to that of the visual feedback, 
in function of the delay (see Kannape & Blanke, 2013). Thus, 
we speculate that our participants may have tried to uncon-
sciously adjust their breathing to the asynchronous visuo-re-
spiratory feedback leading to increase variability of the tidal 
volume. As the asynchronous condition was alternating be-
tween either 80% or 120% of the participant's breathing fre-
quency, this effect could have been canceled out in the mean 
tidal volume but preserved in its variability. Although we 
did not find an adjustment effect on respiration rate, a recent 
study found that participants who embodied a 3D-avatar were 
unconsciously adjusting their respiration rate to the respira-
tion rate of the avatar (Czub & Kowal, 2019). Further studies 
should explore the relationship between unconscious breath-
ing synchronization and breathing agency. Systematically 
inducing breathing adaptation using virtual reality (VR), 
without breaking the sense of agency, could have a meaning-
ful clinical impact and potentially inform the development of 
dyspnea-relieving tools.

The results of this study should be considered in light of 
several constraints. First, to maximize experimental stan-
dardization, parameters of the ventilator (e.g., Expiratory 
and Inspiratory Positive Airway Pressure) were kept 

constant across all participants. Locking these settings 
across subjects might have led to individually different sen-
sory experiences. Future studies using similar set-up should 
measure degree of breathlessness, discomfort, or ease for 
each participant or should tailor the settings in a way to 
meet respiratory comfort. In the same frame, the active and 
the passive condition could have corresponded to different 
levels of PaCO2. Future work may also monitor these dif-
ferences by non-invasively measuring expired CO2, using 
infrared absorption spectroscopy (Huttmann, Windisch, & 
Storre, 2014). Also, a hallmark of breathing is the comple-
mentarity between its voluntary and spontaneous breathing 
mechanisms. Given the use of a ventilator and participants’ 
awareness regarding the breathing manipulation, we pos-
tulate that in the active breathing condition (as well as to 
some degree in the passive one), cortical influences on res-
piration were still present (Herrero, Khuvis, Yeagle, Cerf, 
& Mehta, 2018). The coupling of our experimental set-up 
with neuroimaging (e.g., fMRI or iEEG) would also be 
important to clarify the involved BSC structures (Blanke, 
2012), the involved respiratory structures (Herrero et al., 
2018), and, importantly, which regions mediate between 
both systems at the cortical and subcortical level. Finally, 
future work should also account for trait differences in 
phenomenological control (see Lush et al., preprint; Palfi, 
Moga, Lush, Scott, & Dienes, preprint).

To conclude, this study experimentally examines the 
contribution of breathing motor command on BSC. We 
replicated and extended previous FBI findings showing 
that visuo-respiratory stimulation affects both subjective 
and objective measures of BSC, independent from the 
additional sensorimotor signals in the active condition, 
at least as tested in the present experiment. Moreover, 
visuo-respiratory effects were particularly important for 
breathing agency. Finally, variability of respiratory physi-
ological parameters, a marker of a healthy respiratory sys-
tem, was influenced by visuo-respiratory feedback and may 
relate to the dyspnea alleviating effects of asynchronous 
visuo-respiratory stimulation observed previously. Further 
investigations of BSC and respiratory physiology and per-
ception might inform the development of respiratory diag-
nostic and therapeutic tools using VR in patients suffering 
from acute dyspnea, chronic dyspnea, or hyperventilation 
syndrome.
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SUPPORTING INFORMATION
Additional supporting information may be found online in 
the Supporting Information section.

TABLE S1 Results of separate mixed-effects model for re-
peated-measures ANOVA run for each item, in order to eval-
uate the effect of synchronicity and (mechanical ventilation) 
mode (p values <.05 are represented in bold)
TABLE S2 Results of a Bayesian repeated-measures 
ANOVA run on run for each item, in order to explore the 

effect of synchronicity and (mechanical ventilation) mode. 
Each model was compared to the null model (model only 
including subjects). A Bayes Factor (BF) below 1/3 pro-
vides substantial evidence towards the null hypothesis 
(i.e., preference of the null model over the effect model; 
with 1/10 < BF < 1/3 = moderate evidence; BF < 1/10 = 
strong evidence) whereas a BF above 3 shows compelling 
evidence towards the alternative hypothesis (i.e., preference 
of the effect model over the null model; with 3 < BF < 10 
= moderate evidence; BF > 10 = strong evidence). A BF 
between 3 and 1/3 implies there is not enough evidence in 
either direction
TABLE S3 Results of a mixed-effects model for repeat-
ed-measures ANOVA run on Mental Ball Dropping task 
reaction time differnces, in order to evaluate the effect of syn-
chronicity and mode (p values <.05 are represented in bold)
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