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Respiratory rhythm affects 
recalibration of body ownership
Miku Kosuge 1,5, Motoyasu Honma 1,5*, Yuri Masaoka 1, Shota Kosuge 1, Momoka Nakayama 2, 
Shotaro Kamijo 3, Yusuke Shikama 4 & Masahiko Izumizaki 1

Change in body perception requires recalibration of various sensory inputs. However, it is less known 
how information other than sensations relates to the recalibration of body perception. Here, we 
focused on the relationship between respiration and cognition and investigated whether respiratory 
rhythms are related to the recalibration of hand perception. We built a visual feedback environment, 
in which a mannequin hand moved in conjunction with its own respiratory rhythm, and participants 
performed an experiment under conditions in congruency/incongruency for spatial and temporal 
factors. The temporal and spatial congruency between own respiratory rhythm and the mannequin 
hand markedly facilitated the phenomenon of hand ownership sense transfer to the mannequin hand, 
while incongruency had little effect on the change in hand ownership. The finding suggests that an 
internal model in the brain allows respiratory rhythms to be involved in the adaptation of the body’s 
neural representations.

Body perception is essential for establishing self-consciousness. Through everyday experience, internal models 
of the brain constrain the interpretation of sensory input in forming coherent perceptions of the body’s location 
and  ownership1,2. Throughout life, the model evolves in response to physical changes owing to biological events, 
such as limb  deficiencies3,4 and  pregnancy5. In shorter time scales, the body’s neural representations strategically 
adapt to changing behavioral demands, such as during tool  use6. In the classical rubber hand illusion (RHI), an 
artificial hand is touched synchronously and tactile stimuli of one’s own hand are perceived as if the artificial 
hand were a part of one’s body when the observer’s hand is not in  view7. The RHI causes a recalibration of the 
spatial location of visual and somatosensory cues, resulting in a distorted perception of the spatial location 
of the observer’s hand and imbues a sense of ownership to the rubber  hand8. Multisensory recalibration is a 
common process that updates the relationships among visual, auditory, and somatosensory signals and adjusts 
spatial or temporal offsets between  senses9–11. However, the question that arises is the following: is sensation the 
only information needed to recalibrate body perception? Given findings, such as the brain-gut  correlation12, it 
is possible that information from internal organ may also be involved in higher brain processing, and we need 
to broaden our perspective and examine information other than sensation.

One candidate information that might contribute to the recalibration of body perception is respiration. 
Although the most important function of respiration is gas exchange, it is also known to influence cognitive 
function. For example, it has been reported that manipulation of respiration can increase memory and cogni-
tive  performance13–15. In contrast, the depth and rhythm of respiration are altered by various factors, such as 
 stress16,17. Thus, respiration and cognition influence each other, and their interrelationship in an anatomical and 
physiological context in terms of the relationship between neuronal oscillations in respiration and brain func-
tions has been  proposed18,19.

Previous works have reported that respiration modulates self-awareness by using a virtual body flashing syn-
chronously with their respiratory  rhythm20–24. However, it remains unknown whether this method can transfer 
body perception in real space to other objects that exist in real space as well. The projection of self-consciousness 
onto a virtual object and onto a real object have different meanings, and the real object is likely to be rejected 
(e.g., discomfort with prosthetic hands)3,4. By confirming the transfer of body perception to a real object rather 
than a virtual one, we will be able to examine the recalibration of body perception through the synchronization 
of vision and respiratory rhythm in accordance with real-life situations, and a clinical application related to the 
elimination of discomfort with prosthetic hands will also be able to be elaborated.
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This study extends previous findings on the contribution of respiratory rhythm to a recalibration of body 
perception in healthy individuals. We examined that respiratory rhythm is involved in the establishment of body 
perception, in location sense and ownership sense. Specifically, we proposed that hand perception is recalibrated 
by the temporal and spatial integration of vision and respiratory rhythms without somatosensory input. Here, we 
built a visual feedback environment of respiratory rhythm and successfully changed ownership sense for hand 
in the classical RHI by spatially and temporally manipulating the environment.

Results
To examine the effect of visual feedback of respiratory rhythm on hand perception in the RHI, we built a device, 
in which a mannequin hand moves up and down in real-time according to the participant’s respiratory rhythm 
(Fig. 1a, Supplementary Figs. 1 and 2). We set up four conditions for temporal factors: synchronization condition 
(Fig. 1b, Supplementary Video 1), asynchrony condition (Fig. 1c, Supplementary Video 2), constant condition 
(Fig. 1d, Supplementary Video 3), and static condition (Fig. 1e, Supplementary Video 4). For spatial factors, we set 
up a spatial congruent condition, in which the mannequin and participant’s hands were facing the same direction, 
and a spatial incongruent condition, in which the fingertips of the mannequin hand were facing the participant 
and the palm of the hand was facing up (Supplementary Videos 5–8). For each of body ownership and location 
sense, we calculated the difference in scores between pre- and post- RHI training (2 min) as the illusory amount.

Figure 1.  Experimental procedure. (a) Experimental device. The mannequin hand moved up and down in 
real-time in conjunction with the respiratory rhythm. (b–e), Representative movements of the mannequin hand 
and respiratory band. The graphs with 30 s extracted from a 2-min trial. Blue lines indicate vertical movements 
of mannequin hand. Red lines indicate elastic movement of respiratory band. (b) Temporal synchronization 
condition. (c) Temporal asynchronization condition. (d) Constant speed condition. (e) Static condition.
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Shapiro–Wilk test showed no significant difference in ownership (df = 304, p = 0.20) and location sense 
(df = 304, p = 0.51). Levene test showed no significant difference in ownership (df = 7, 296, p = 0.06) and loca-
tion sense (df = 7, 296, p = 0.10). Two-way ANOVA showed that there were main effects of temporal factor (F(3, 
296) = 2.735, p < 0.05, η2 = 0.027) and spatial factor (F(1, 296) = 35.622, p < 0.0001, η2 = 0.107) on a changed sense 
of hand ownership, while there was no main effect of interaction (F(1, 296) = 1.754, p = 0.156, η2 = 0.017) (Fig. 2). 
Post-hoc t-tests revealed that the changed sense of hand ownership in the synchronous condition was greater 
than that in the asynchronous [p = 0.044; 95% Confidence Interval (95% CI) 0.062–7.675], constant (p = 0.024; 
95% CI 0.352–7.964), and static conditions (p = 0.020; 95% CI 0.431–8.043) in the spatial congruency condition. 
The t-tests also revealed that the changed sense of hand ownership in the spatial congruent condition was greater 
than that in the spatial incongruent condition in the synchronous (p < 0.0001; 95% CI 4.206–9.846), asynchro-
nous (p = 0.034; 95% CI 0.233–5.873), constant (p = 0.039; 95% CI 0.154–5.794), and static conditions (p = 0.005; 
95% CI 1.233–6.873). In contrast, the ANOVA showed that there were no main effects of temporal factors (F(3, 
296) = 0.863, p = 0.460, η2 = 0.009), spatial factors (F(1, 296) = 0.206, p = 0.650, η2 = 0.001), and interaction (F(1, 
296) = 1.496, p = 0.216, η2 = 0.015) on a changed sense of hand location (Supplementary Fig. 3).

Discussion
We showed that recalibration of hand ownership in the classical RHI is enhanced by satisfying the spatial simi-
larity and temporal synchrony conditions between the respiratory rhythm and mannequin hand. This suggests 
that hand ownership transfers to a real object by the integration of visual information and respiratory rhythm 
without somatosensory input.

A previous study reported that the RHI is less likely to occur when there is temporal asynchrony between the 
visual stimulus of rubbing the mannequin hand with a brush and the tactile stimulus of rubbing one’s own hand 
with a  brush25. This indicates that temporal coincidence of somatosensory and visual information is important 
for recalibration of body perception. The present study showed that the changed ownership in RHI increased 
more in the synchronization condition than in asynchrony and constant conditions, indicating that continuous 
temporal coincidence between respiratory rhythm and mannequin hand movement is conclusive clue, rather 
than simply a moving mannequin hand facilitating the illusion. A physiological study suggests that the insular 
cortex plays a role in the detection of temporal synchronization between  senses26. Furthermore, a study showed 
that attention to respiration increased respiratory rate coherence in the  insula27. The insula is strongly connected 
to the amygdala and orbitofrontal cortex (OFC), and is believed to play an important role in body  perception28,29. 
The temporal synchrony of respiratory rhythm and mannequin hand movements on the recalibration of body 
perception may also be related to insular function. In contrast, the difference between spatial congruent and 
incongruent conditions in ownership illustrated the importance of spatial congruence in the  RHI30,31, suggesting 
that spatial similarity was reflected even in the relationship between respiratory rhythm and body perception.

Some studies have pointed out a link between neuronal oscillations and cognitive function. The piriform 
cortex oscillation correlates with respiratory  rhythm32. It was also reported that respiration may modulate neu-
ronal oscillations via sensory input from the olfactory  bulb33. Olfactory bulb neurons generate neural activity 
by the rhythmic flow of air over the olfactory epithelium, even in the absence of  odor34, and the piriform cortex 
has been found to receive direct signals from this  region35,36. The OFC receives input from the piriform cortex 
via the  amygdala37 and the OFC may play a role in linking respiration rhythm and body perception. It is possible 
that rhythmic signals from the lungs and viscera, which are moved with each breath, influences body perception 

Figure 2.  Temporal and spatial congruencies markedly increased a changed sense of ownership. The results of 
ownership sense. All spatial congruency (SC) conditions increased the changed sense of ownership compared to 
spatial incongruency (SI) conditions (*p < 0.05). Synchronization condition (sync) increased the changed sense 
of ownership compared to the conditions of asynchronization (async), constant speed (constant), and static 
(*p < 0.05). Error bars show the standard error of the mean.
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via these networks. Identifying the region where respiratory rhythm and visual information are integrated is a 
future challenge.

Why was the effect of respiratory rhythm not reflected in the sense of hand location? The distinction between 
the ownership and location senses may be partially attributed to the neural dissociation between the functional 
subsystems underlying each element of the illusion. Ownership generally depends on networks in the frontopa-
rietal cortex that support the different perceptual components of body  perception32. Activity in the posterior 
parietal cortex (PPC) is associated with the integration and coordination of multisensory information concern-
ing the body position, whereas activity in the ventral premotor cortex (PMv) is associated with the sense of 
body  ownership30,38,39. Transcranial magnetic stimulation of the inferior parietal lobule prior to RHI induction 
inhibits proprioceptive drift, while changes in the sense of ownership remain  unaffected40. In contrast, activity in 
the PMv is correlated with the intensity of the sense of ownership in  RHI39. Such an independent function may 
allow for differences in location sense and  ownership41. Given the relationship between somatosensory input and 
PPC, the lack of tactile stimulation in the current experiment may have resulted in less PPC involvement and, 
therefore, the effect of the respiratory rhythm may not have affected location sense. Unlike previous research, 
which examined the relation between respiratory rhythm and virtual  body20–24, our result that hand location 
sense is less likely to cause recalibration than hand ownership sense in the real object, may be a point of caution 
for application to real hand or body.

In the current results, the effect size of temporal synchronization was low (η2 = 0.027). As our RHI experiment 
dealt with "object in real space," it was expected to be different from the "virtual body," reported in the previous 
 studies20–24. Compared to the transference to the virtual body, the transference to real object was weaker, which 
may have led to the low effect size. In everyday life, ownership transference may be more prone to rejection 
against physically present objects. At least, the mechanism of transference to virtual body seems to differ from 
that of transference to real object in the recalibration of bodily perception on the synchronization of vision and 
respiratory rhythms.

The current study has several limitations. First, the tidal volume of respiratory was not measured in this 
experiment because the participants could not wear a mask-type respiratory measurement device due to COVID-
19. It is possible that the amount of individual respiratory ventilation may have affected the amount of illusion. 
Second, in the apparatus created in this study, the movement of the mannequin hand was large in relation to the 
movement of the bust band. This was performed to maximize the experimental effect; however, the experimental 
effect may have been excessively amplified and may have differed from the usual relationship between vision 
and respiratory rhythm. The effect of this ratio on the amount of RHI needs to be examined. Third, mannequin 
hand was used in all experimental conditions, and spatial information for hand was controlled with the forward 
and reverse hand, as previous studies have reported that a changing the orientation of the mannequin hand 
decreases the amount of  illusion30,31. Thus, in this study, no other object was used. It is necessary to examine 
whether the synchronization effect also occurs for objects without bodily shape and to scrutinize the specific 
role of respiration in embodiment. Finally, in our experiments, the sense of agency was unmeasured. As sense of 
agency and ownership are different  elements42, in the future, agency data should also be obtained and differences 
from ownership sense should be examined.

The present study shows that respiratory rhythm is constituted to the recalibration of body ownership in 
classical RHI using a real object. Although we are rarely aware that respiration and body perception are related 
in everyday life, respiration may be constantly involved in the recalibration of body ownership, including an 
augmentation of the body ownership through tool  use6. It is likely that an internal model in the brain allows 
respiratory rhythms to be involved in the adaptation of the body’s neural representations. This study has clinical 
implications for patients with limb loss who may feel uncomfortable with their prosthetic  limbs4. The facilitating 
recalibration of body ownership through respiratory rhythms may reduce their discomfort with the prosthetic 
limb.

Methods
Participants. This study was approved by the ethics committee of Showa University School of Medicine and 
conducted according to the principles of the Declaration of Helsinki (trial identifier number: 2179). G*Power 
(Version 3.1.9; University of Dusseldorf, Dusseldorf, Germany) specified that a sample size of 38 would be 
needed to obtain 85% power to detect a medium effect with an alpha of 0.05. The effect size (0.50) was deter-
mined by previous research for  RHI25,43,44. No data were analyzed prior to collection of the full sample. Thirty-
eight university students provided written informed consent prior to the study (mean age, 22.26; range, 19–27; 
standard deviation, 1.72; 17 female individuals) and participated for 5000 yen. All participants were right-hand 
dominant and had no history of neurological or psychiatric disease. Participants had normal vision with/without 
correction.

Apparatus. We built a device, in which a mannequin hand moved up and down in conjunction with the 
participant’s respiratory rhythm (Fig. 1a, Supplementary Figs. 1 and 2). The respiratory rhythm was measured 
using a bust band (Respitrace system, A.M.I., Ardsley, NY)45,46. The control system was created in the program-
ming language Processing, and waveform signals were acquired from the expansion and contraction of the bust 
band and reflected in the vertical movement of the mannequin hand in real-time (average delay, 0.11 s). The 
maximum range of movement of the mannequin hand was 10 cm (approximately 2 cm movement of the bust 
band corresponded to 8 cm of the mannequin hand). The starting point of the mannequin hand was 6 cm above 
the desk (the center of the range of motion). Each participant sat on a chair, placed the chin on a chin rest, and 
secured their head with a headband to prevent body movement. The mannequin’s left hand was positioned so 
that it was in front of the participant, and the participant’s left middle finger was placed 25 cm to the left of the 
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mannequin’s middle finger. Their left hand was unable to be directly observed by the trials. To minimize the 
influence of environmental noise during the experiment, the participants were asked to wear headphones, and 
white noise was played. The start of the white noise was used as a cue to begin fixing gaze toward the mannequin 
hand.

Experimental conditions. Four conditions were established for the temporal synchronous pattern of the 
participant’s respiration rhythm and the vertical movement of mannequin hand. A temporal synchronization 
condition was when the respiration rhythm and the mannequin hand movements were synchronized (Fig. 1b, 
Video 1 in Supplemental Material), an asynchronization condition was when the mannequin hand movement 
was random and smooth owing to the Perlin noise function (Fig.  1c, Video 2 in Supplemental Material), a 
constant rhythm condition was when the mannequin hand moved in a fixed rhythm (Fig. 1d, Video 3 in Sup-
plemental Material), and static condition was when that the mannequin hand did not move (Fig. 1e, Video 4 in 
Supplemental Material). For spatial similarity, two conditions were set: a spatial congruent condition was when 
the mannequin hand and the mannequin hand were facing the same direction, and a spatial incongruent condi-
tion was when the fingertips of the mannequin hand were facing the participant’s side and the palm of the hand 
was facing upward (Videos 5–8 in Supplemental Material). A total of eight conditions were randomly performed 
per participant.

Procedures. Participants were instructed to look fixedly at the mannequin hand during the RHI training 
task, and to make a rating on their location sense and ownership before and after the  task43,44. Nasal breathing 
was also instructed, as it was noted that nasal and mouth breathing have different physiological  mechanisms37. 
Participants had a 2 min rest period between the tasks, during which the head remained immobilized. The dif-
ference between ratings before and after RHI training was analyzed as the amount of illusion. To estimate the 
location sense, an A2-size blank sheet of paper was pasted on the back of the  desk43,44. Participants estimated 
a certain position of the middle finger of their left hand and drew a straight line from the fingertip to the root 
with their right hand using a pen (Supplementary Fig. 2). The center of the drawn line was judged as the point 
of location sense, and the distance from the left edge of the desk was calculated. For the ownership rating, par-
ticipants were asked to draw a vertical line (visual analog scale) on a straight line 10 cm wide to indicate "how 
much the mannequin hand felt like their own hand" (left side: not at all, right side: strongly feel). The analysis 
was performed in millimeters.

Statistics. A normality was checked by the Shapiro–Wilk test and a homoscedasticity was checked by the 
Levene test. A two-way ANOVA was performed to test the main effects and interactions of temporal factors 
(synchronization, asynchronization, constant, and static) and spatial factors (congruent and incongruent) on 
both the values for location sense and ownership. Post-hoc t-tests with Bonferroni correction were performed to 
test multiple comparisons for variables with significant main or interaction effects. All tests were two-tailed. The 
results are presented as mean ± standard error of the mean, effect sizes (η2), and 95% CI SPSS 26.0 (IBM Corp., 
Armonk, NY) was used for ANOVA.

Data availability
Raw data from electrophysiological and behavioral data are available from the corresponding authors upon 
reasonable request.

Code availability
Custom-made Processing codes are available from the corresponding authors upon reasonable request.

Received: 5 August 2022; Accepted: 13 January 2023

References
 1. Blanke, O. Multisensory brain mechanisms of bodily self-consciousness. Nat. Rev. Neurosci. 13, 556–571. https:// doi. org/ 10. 1038/ 

nrn32 92 (2012).
 2. Tsakiris, M. My body in the brain: A neurocognitive model of body-ownership. Neuropsychologia 48, 703–712. https:// doi. org/ 10. 

1016/j. neuro psych ologia. 2009. 09. 034 (2010).
 3. Ramachandran, V. S. & Hirstein, W. The perception of phantom limbs: The D. O. Hebb lecture. Brain 121(Pt 9), 1603–1630. https:// 

doi. org/ 10. 1093/ brain/ 121.9. 1603 (1998).
 4. Piscitelli, D. et al. Prosthesis rejection in individuals with limb amputation: A narrative review with respect to rehabilitation. Riv. 

Psichiatr. 56, 175–181. https:// doi. org/ 10. 1708/ 3654. 36344 (2021).
 5. Franchak, J. M. & Adolph, K. E. Gut estimates: Pregnant women adapt to changing possibilities for squeezing through doorways. 

Atten. Percept. Psychophys. 76, 460–472. https:// doi. org/ 10. 3758/ s13414- 013- 0578-y (2014).
 6. Maravita, A. & Iriki, A. Tools for the body (schema). Trends Cogn. Sci. 8, 79–86. https:// doi. org/ 10. 1016/j. tics. 2003. 12. 008 (2004).
 7. Botvinick, M. & Cohen, J. Rubber hands “feel” touch that eyes see. Nature 391, 756. https:// doi. org/ 10. 1038/ 35784 (1998).
 8. Longo, M. R., Schüür, F., Kammers, M. P., Tsakiris, M. & Haggard, P. What is embodiment? A psychometric approach. Cognition 

107, 978–998. https:// doi. org/ 10. 1016/j. cogni tion. 2007. 12. 004 (2008).
 9. Chen, L. & Vroomen, J. Intersensory binding across space and time: A tutorial review. Atten. Percept. Psychophys. 75, 790–811. 

https:// doi. org/ 10. 3758/ s13414- 013- 0475-4 (2013).
 10. Recanzone, G. H. Rapidly induced auditory plasticity: The ventriloquism aftereffect. Proc. Natl. Acad. Sci. USA 95, 869–875. https:// 

doi. org/ 10. 1073/ pnas. 95.3. 869 (1998).
 11. Van der Burg, E., Alais, D. & Cass, J. Rapid recalibration to audiovisual asynchrony. J. Neurosci. 33, 14633–14637. https:// doi. org/ 

10. 1523/ jneur osci. 1182- 13. 2013 (2013).

https://doi.org/10.1038/nrn3292
https://doi.org/10.1038/nrn3292
https://doi.org/10.1016/j.neuropsychologia.2009.09.034
https://doi.org/10.1016/j.neuropsychologia.2009.09.034
https://doi.org/10.1093/brain/121.9.1603
https://doi.org/10.1093/brain/121.9.1603
https://doi.org/10.1708/3654.36344
https://doi.org/10.3758/s13414-013-0578-y
https://doi.org/10.1016/j.tics.2003.12.008
https://doi.org/10.1038/35784
https://doi.org/10.1016/j.cognition.2007.12.004
https://doi.org/10.3758/s13414-013-0475-4
https://doi.org/10.1073/pnas.95.3.869
https://doi.org/10.1073/pnas.95.3.869
https://doi.org/10.1523/jneurosci.1182-13.2013
https://doi.org/10.1523/jneurosci.1182-13.2013


6

Vol:.(1234567890)

Scientific Reports |          (2023) 13:920  | https://doi.org/10.1038/s41598-023-28158-2

www.nature.com/scientificreports/

 12. Mayer, E. A. et al. Role of brain imaging in disorders of brain-gut interaction: A Rome working team report. Gut 68, 1701–1715. 
https:// doi. org/ 10. 1136/ gutjnl- 2019- 318308 (2019).

 13. Vlemincx, E. et al. Why do you sigh? Sigh rate during induced stress and relief. Psychophysiology 46, 1005–1013. https:// doi. org/ 
10. 1111/j. 1469- 8986. 2009. 00842.x (2009).

 14. Heck, D. H., Kozma, R. & Kay, L. M. The rhythm of memory: How breathing shapes memory function. J. Neurophysiol. 122, 
563–571. https:// doi. org/ 10. 1152/ jn. 00200. 2019 (2019).

 15. Zelano, C. et al. Nasal respiration entrains human limbic oscillations and modulates cognitive function. J. Neurosci. 36, 12448–
12467. https:// doi. org/ 10. 1523/ jneur osci. 2586- 16. 2016 (2016).

 16. Grassmann, M., Vlemincx, E., von Leupoldt, A., Mittelstädt, J. M. & Van den Bergh, O. Respiratory changes in response to cogni-
tive load: A systematic review. Neural Plast. 2016, 8146809. https:// doi. org/ 10. 1155/ 2016/ 81468 09 (2016).

 17. Kuroda, T. et al. Sharing breathlessness: Investigating respiratory change during observation of breath-holding in another. Respir. 
Physiol. Neurobiol. 180, 218–222. https:// doi. org/ 10. 1016/j. resp. 2011. 11. 010 (2012).

 18. Maric, V., Ramanathan, D. & Mishra, J. Respiratory regulation & interactions with neuro-cognitive circuitry. Neurosci. Biobehav. 
Re.v 112, 95–106. https:// doi. org/ 10. 1016/j. neubi orev. 2020. 02. 001 (2020).

 19. Varga, S. & Heck, D. H. Rhythms of the body, rhythms of the brain: Respiration, neural oscillations, and embodied cognition. 
Conscious. Cogn. 56, 77–90. https:// doi. org/ 10. 1016/j. concog. 2017. 09. 008 (2017).

 20. Adler, D., Herbelin, B., Similowski, T. & Blanke, O. Breathing and sense of self: Visuo-respiratory conflicts alter body self-con-
sciousness. Respir. Physiol. Neurobiol. 203, 68–74. https:// doi. org/ 10. 1016/j. resp. 2014. 08. 003 (2014).

 21. Allard, E. et al. Interferences between breathing, experimental dyspnoea and bodily self-consciousness. Sci. Rep. 7, 9990. https:// 
doi. org/ 10. 1038/ s41598- 017- 11045-y (2017).

 22. Betka, S. et al. Mechanisms of the breathing contribution to bodily self-consciousness in healthy humans: Lessons from machine-
assisted breathing? Psychophysiology 57, e13564. https:// doi. org/ 10. 1111/ psyp. 13564 (2020).

 23. Monti, A., Porciello, G., Tieri, G. & Aglioti, S. M. The, “embreathment” illusion highlights the role of breathing in corporeal aware-
ness. J. Neurophysiol. 123, 420–427. https:// doi. org/ 10. 1152/ jn. 00617. 2019 (2020).

 24. Barresi, G. et al. Exploring the embodiment of a virtual hand in a spatially augmented respiratory biofeedback setting. Front. 
Neurorobot. 15, 683653. https:// doi. org/ 10. 3389/ fnbot. 2021. 683653 (2021).

 25. Shimada, S., Fukuda, K. & Hiraki, K. Rubber hand illusion under delayed visual feedback. PLoS ONE 4, e6185. https:// doi. org/ 10. 
1371/ journ al. pone. 00061 85 (2009).

 26. Bushara, K. O., Grafman, J. & Hallett, M. Neural correlates of auditory-visual stimulus onset asynchrony detection. J. Neurosci. 
21, 300–304. https:// doi. org/ 10. 1523/ jneur osci. 21- 01- 00300. 2001 (2001).

 27. Herrero, J. L., Khuvis, S., Yeagle, E., Cerf, M. & Mehta, A. D. Breathing above the brain stem: Volitional control and attentional 
modulation in humans. J. Neurophysiol. 119, 145–159. https:// doi. org/ 10. 1152/ jn. 00551. 2017 (2018).

 28. Gaudio, S. & Quattrocchi, C. C. Neural basis of a multidimensional model of body image distortion in anorexia nervosa. Neurosci. 
Biobehav. Rev. 36, 1839–1847. https:// doi. org/ 10. 1016/j. neubi orev. 2012. 05. 003 (2012).

 29. Park, H. D. & Tallon-Baudry, C. The neural subjective frame: From bodily signals to perceptual consciousness. Philos. Trans. R 
Soc. Lond. B Biol. Sci. 369, 20130208. https:// doi. org/ 10. 1098/ rstb. 2013. 0208 (2014).

 30. Ehrsson, H. H., Spence, C. & Passingham, R. E. That’s my hand! Activity in premotor cortex reflects feeling of ownership of a limb. 
Science 305, 875–877. https:// doi. org/ 10. 1126/ scien ce. 10970 11 (2004).

 31. Brozzoli, C., Gentile, G. & Ehrsson, H. H. That’s near my hand! Parietal and premotor coding of hand-centered space contributes to 
localization and self-attribution of the hand. J. Neurosci. 32, 14573–14582. https:// doi. org/ 10. 1523/ jneur osci. 2660- 12. 2012 (2012).

 32. Zeller, D., Gross, C., Bartsch, A., Johansen-Berg, H. & Classen, J. Ventral premotor cortex may be required for dynamic changes in 
the feeling of limb ownership: A lesion study. J. Neurosci. 31, 4852–4857. https:// doi. org/ 10. 1523/ jneur osci. 5154- 10. 2011 (2011).

 33. Ito, J. et al. Whisker barrel cortex delta oscillations and gamma power in the awake mouse are linked to respiration. Nat. Commun. 
5, 3572. https:// doi. org/ 10. 1038/ ncomm s4572 (2014).

 34. Adrian, E. D. The role of air movement in olfactory stimulation. J. Physiol. 114, 4–5p (1951).
 35. Grosmaitre, X., Santarelli, L. C., Tan, J., Luo, M. & Ma, M. Dual functions of mammalian olfactory sensory neurons as odor detec-

tors and mechanical sensors. Nat. Neurosci. 10, 348–354. https:// doi. org/ 10. 1038/ nn1856 (2007).
 36. Linster, C. & Cleland, T. A. Neuromodulation of olfactory transformations. Curr. Opin. Neurobiol. 40, 170–177. https:// doi. org/ 

10. 1016/j. conb. 2016. 07. 006 (2016).
 37. Soudry, Y., Lemogne, C., Malinvaud, D., Consoli, S. M. & Bonfils, P. Olfactory system and emotion: Common substrates. Eur. Ann. 

Otorhinolaryngol. Head Neck Dis. 128, 18–23. https:// doi. org/ 10. 1016/j. anorl. 2010. 09. 007 (2011).
 38. Makin, T. R., Holmes, N. P. & Ehrsson, H. H. On the other hand: Dummy hands and peripersonal space. Behav. Brain Res. 191, 

1–10. https:// doi. org/ 10. 1016/j. bbr. 2008. 02. 041 (2008).
 39. Kammers, M. P. et al. Is this hand for real? Attenuation of the rubber hand illusion by transcranial magnetic stimulation over the 

inferior parietal lobule. J. Cogn. Neurosci. 21, 1311–1320. https:// doi. org/ 10. 1162/ jocn. 2009. 21095 (2009).
 40. Rohde, M., Di Luca, M. & Ernst, M. O. The rubber hand illusion: Feeling of ownership and proprioceptive drift do not go hand in 

hand. PLoS ONE 6, e21659. https:// doi. org/ 10. 1371/ journ al. pone. 00216 59 (2011).
 41. Lee, I. S. & Chae, Y. Neural network underlying recovery from disowned bodily states induced by the rubber hand illusion. Neural 

Plast. 2016, 8307175. https:// doi. org/ 10. 1155/ 2016/ 83071 75 (2016).
 42. Mangalam, M., Cutts, S. A. & Fragaszy, D. M. Sense of ownership and not the sense of agency is spatially bounded within the space 

reachable with the unaugmented hand. Exp. Brain Res. 237, 2911–2924. https:// doi. org/ 10. 1007/ s00221- 019- 05645-5 (2019).
 43. Honma, M., Yoshiike, T., Ikeda, H. & Kuriyama, K. COMT genotype is associated with plasticity in sense of body ownership: A 

pilot study. Psychol. Res. 82, 634–644. https:// doi. org/ 10. 1007/ s00426- 017- 0849-7 (2018).
 44. Honma, M. et al. Sleeping on the rubber-hand illusion: Memory reactivation during sleep facilitates multisensory recalibration. 

Neurosci. Conscious https:// doi. org/ 10. 1093/ nc/ niw020 (2016).
 45. Izumizaki, M., Iwase, M., Ohshima, Y. & Homma, I. Acute effects of thixotropy conditioning of inspiratory muscles on end-

expiratory chest wall and lung volumes in normal humans. J. Appl. Physiol. 1985(101), 298–306. https:// doi. org/ 10. 1152/ jappl 
physi ol. 01598. 2005 (2006).

 46. Izumizaki, M., Nakajima, T., Iwase, M., Ohshima, Y. & Homma, I. Effect of thixotropy conditioning of inspiratory muscles on the 
chest wall response to CPAP. Respirology 13, 379–386. https:// doi. org/ 10. 1111/j. 1440- 1843. 2007. 01228.x (2008).

Author contributions
M.H. designed the study. M.N. built the device. M.K., Y.M., S.K., and Y.S. performed experiments. M.K., M.H., 
and S.K. analyzed behavioral data. Y.M. and M.I. supervised the project. M.H wrote the manuscript. All authors 
edited the paper.

Funding
M.H. was supported by the JSPS KAKENHI Grant Number 18K03185.

https://doi.org/10.1136/gutjnl-2019-318308
https://doi.org/10.1111/j.1469-8986.2009.00842.x
https://doi.org/10.1111/j.1469-8986.2009.00842.x
https://doi.org/10.1152/jn.00200.2019
https://doi.org/10.1523/jneurosci.2586-16.2016
https://doi.org/10.1155/2016/8146809
https://doi.org/10.1016/j.resp.2011.11.010
https://doi.org/10.1016/j.neubiorev.2020.02.001
https://doi.org/10.1016/j.concog.2017.09.008
https://doi.org/10.1016/j.resp.2014.08.003
https://doi.org/10.1038/s41598-017-11045-y
https://doi.org/10.1038/s41598-017-11045-y
https://doi.org/10.1111/psyp.13564
https://doi.org/10.1152/jn.00617.2019
https://doi.org/10.3389/fnbot.2021.683653
https://doi.org/10.1371/journal.pone.0006185
https://doi.org/10.1371/journal.pone.0006185
https://doi.org/10.1523/jneurosci.21-01-00300.2001
https://doi.org/10.1152/jn.00551.2017
https://doi.org/10.1016/j.neubiorev.2012.05.003
https://doi.org/10.1098/rstb.2013.0208
https://doi.org/10.1126/science.1097011
https://doi.org/10.1523/jneurosci.2660-12.2012
https://doi.org/10.1523/jneurosci.5154-10.2011
https://doi.org/10.1038/ncomms4572
https://doi.org/10.1038/nn1856
https://doi.org/10.1016/j.conb.2016.07.006
https://doi.org/10.1016/j.conb.2016.07.006
https://doi.org/10.1016/j.anorl.2010.09.007
https://doi.org/10.1016/j.bbr.2008.02.041
https://doi.org/10.1162/jocn.2009.21095
https://doi.org/10.1371/journal.pone.0021659
https://doi.org/10.1155/2016/8307175
https://doi.org/10.1007/s00221-019-05645-5
https://doi.org/10.1007/s00426-017-0849-7
https://doi.org/10.1093/nc/niw020
https://doi.org/10.1152/japplphysiol.01598.2005
https://doi.org/10.1152/japplphysiol.01598.2005
https://doi.org/10.1111/j.1440-1843.2007.01228.x


7

Vol.:(0123456789)

Scientific Reports |          (2023) 13:920  | https://doi.org/10.1038/s41598-023-28158-2

www.nature.com/scientificreports/

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 28158-2.

Correspondence and requests for materials should be addressed to M.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-28158-2
https://doi.org/10.1038/s41598-023-28158-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Respiratory rhythm affects recalibration of body ownership
	Results
	Discussion
	Methods
	Participants. 
	Apparatus. 
	Experimental conditions. 
	Procedures. 
	Statistics. 

	References


