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Abstract: Spinal cord injuries (SCIs) exert devastating effects on body awareness, leading to the
disruption of the transmission of sensory and motor inputs. Researchers have attempted to improve
perceived body awareness post-SCI by intervening at the multisensory level, with the integration
of somatic sensory and motor signals. However, the contributions of interoceptive-visceral inputs,
particularly the potential interaction of motor and interoceptive signals, remain largely unaddressed.
The present perspective aims to shed light on the use of interoceptive signals as a significant resource
for patients with SCI to experience a complete sense of body awareness. First, we describe intero-
ceptive signals as a significant obstacle preventing such patients from experiencing body awareness.
Second, we discuss the multi-level mechanisms associated with the homeostatic stability of the body,
which creates a unified, coherent experience of one’s self and one’s body, including real-time updates.
Body awareness can be enhanced by targeting the vagus nerve function by, for example, applying
transcutaneous vagus nerve stimulation. This perspective offers a potentially useful insight for
researchers and healthcare professionals, allowing them to be better equipped in SCI therapy. This
will lead to improved sensory motor and interoceptive signals, a decreased likelihood of developing
deafferentation pain, and the successful implementation of modern robotic technologies.

Keywords: vagus nerve; taVNS; spinal cord injury; body awareness; interoceptive signals; pain;
neuroplasticity

1. Introduction

The maintenance of homeostatic stability in the body necessitates balancing the in-
ternal visceral feedback in relation to the environmental context. This, in turn, facilitates
the identification of two levels of control as follows: proper interoceptive inference and
allostatic interoceptive inference. In the former, during extremely low oxygen or high
temperature, for example, the visceral motor and sensory signals permit the maintenance
of homeostasis through simple reflex arcs [1,2]. The brain can directly involve adaptive
physiological reflexes, thus increasing the respiratory rate or decreasing the systolic blood
pressure [2]. The integrity of the system is maintained through predictive interoceptive
mechanisms that regularly compare with visceral inputs, thereby allowing the former to be
constantly updated, in relation to the state of the body [3–6]. Allostatic interoceptive infer-
ences intervene for reflex mechanisms that are insufficient to maintain the physiological
parameters in the adaptive range. Thus, the first considered low-level processes adjust to
the demands of the external environment [2,7,8].

Patients with SCI are an example of a clinical population with a disturbance in their
homeostatic balance. In addition to an interruption of sensory–motor connections, they
experience a loss of somatic and visceral information that reaches the brain, depending on
the level of spinal cord lesion. This results in a misperception of the interoceptive signals,

Brain Sci. 2021, 11, 1084. https://doi.org/10.3390/brainsci11081084 https://www.mdpi.com/journal/brainsci

https://www.mdpi.com/journal/brainsci
https://www.mdpi.com
https://orcid.org/0000-0001-6850-6639
https://orcid.org/0000-0002-1430-4502
https://orcid.org/0000-0002-9196-7078
https://doi.org/10.3390/brainsci11081084
https://doi.org/10.3390/brainsci11081084
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/brainsci11081084
https://www.mdpi.com/journal/brainsci
https://www.mdpi.com/article/10.3390/brainsci11081084?type=check_update&version=1


Brain Sci. 2021, 11, 1084 2 of 11

thus contributing to the typical distortions of body awareness, and the internal conscious
representation of the body [9,10].

Interestingly, the vagal pathway is not involved in spinal lesions. Briefly, the va-
gus nerve represents a homeostatic key component of the parasympathetic branch of
the autonomic nervous system (ANS) and carries ascending interoceptive sensory infor-
mation about internal organs and the enteric nervous system. Through vague, visceral
and interoceptive signals—particularly respiratory and cardiac signals—this information
reaches the superior cerebral areas by one of the major brainstem interoceptive targets,
the nucleus tractus solitarius (NTS). It is fundamental for controlling physiological states
and is principally connected via the thalamus to several interoceptive areas, such as the
somatosensory cortex and insula [11–13]. These areas play an important role in bodily
representation and the sense of body ownership. Therefore, non-invasive vagal stimulation
(taVNS)—a technique currently applied in the treatment of various disorders [14,15]—can
be supposedly used to modulate interoceptive signals and, consequently, the sense of body
awareness. We consider a rehabilitation perspective that not only focuses on building a
sense of awareness of the external body (through visual, proprioceptive, and somatomotor
feedback [10]), but also attempts to reconstruct the internal sense of body consciousness.
The inclusion of taVNS in rehabilitation training that uses robotic assistive tools for move-
ment (i.e., exoskeletons) can be beneficial. We present some evidence to support the role of
this stimulation in promoting neuroplasticity and modulating interoceptive signals, thus
highlighting the centrality of the latter (particularly the respiratory signals) in establishing
a better sense of embodiment.

2. Rehabilitation Challenge: Can an Interoceptive Process Shape Body Awareness?
2.1. Losing the Body Following SCI

Patients with SCI present with an interruption of the sensorial, proprioceptive, and
motor information originating from the limbs as well as some somatic–visceral pathways.
The degree of impairment depends on the level and completeness or otherwise of the
lesion. Sensorimotor deficits represent a relevant source of disability in these patients.
However, the difficulties of the interoceptive domain deserve attention [16,17]. Significant
respiratory, gastrointestinal, and cardiovascular injuries are a common consequence of
high-level SCI (sympathetic innervation exits at the T1–5 level). In addition, it affects
the urinary system, skeletal muscles, bones, soft tissues, and spleen. Gastrointestinal
dysfunctions, including severe constipation, incontinence, abdominal pain, and a deaf
sensation in the abdomen, highlight the difficulty in perceiving internal signals in these
patients [9,18]. Moreover, the hypothalamic connection to the spinal sympathetic circuits is
substantially impaired, and individuals with lesions above T6 can manifest hypothermia.
Individuals with lesions above T6 also present with significant respiratory system deficits
that manifest as respiratory failure, therefore causing severe difficulty in breathing and
coughing. This can be attributed to insufficient lung compliance [16,19]. Furthermore,
these individuals experience difficulties in feeling a sense of hunger or thirst, as well as
reduced cardiac awareness [20,21].

The condition described above could lead to an altered interoceptive perception,
which is profoundly associated with the alterations in body awareness that characterize
SCI [10]. These patients experience an altered sense of ownership of their own body, which
is expressed in several ways, such as the patients touching parts of their body to assure
themselves of their existence. This bodily misperception is explained by the reduction in
peripheral inputs (sensory, motor, and interoceptive) reaching the fronto-temporo-parietal
and insular multisensory areas, which are responsible for body perception. Patients
with SCI—principally those with more severe injuries—experience a strong effect of the
rubber hand illusion (RHI) that connects deafferented body parts with a general body
representation [20,22].
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2.2. Looking at Embodiment through Interoceptive Processes

Patients with SCI might be more prone to embody robotic tools, considering their
altered sense of body ownership and greater flexibility in body representation [10,23,24].

Particular attention is directed to an embodiment rehabilitation process that allows the
inclusion of an assistive tool in body representation through multisensory integration pro-
cesses to prevent maladaptive neuroplasticity [25,26]. Multisensory integration is a strength
of rehabilitation processes and could involve not only sensory (sight, proprioception, and
touch) and motor aspects, but also internal body signals. Internal body signals are damaged
in SCI; however, they contribute substantially to the sense of bodily consciousness.

The first step in this direction was accomplished by Plotkin et al. [27], who demon-
strated that sniffing can achieve the movement control of an electric wheelchair via an
“in/out” code, particularly in tetraplegics and “locked-in” patients. If the sniffing process is
mediated by the voluntary motor control of the soft palate, which determines a different air
pressure in the nasal cavities (mostly exteroceptive aspects), it could be more effective for
SCI patients with internal control of inspiration and exhalation. This is because respiratory
interoceptive signals are considered to be a bridge between the body and the environment,
a means by which the body acts on the outside world. Furthermore, in a patient with
SCI who is unable to move intentionally, respiratory processes could represent a means to
experience being in control of one’s own actions.

3. Interoception: A Way to a Stable and Integrated Sense of Self

Signals from the body are constantly monitored by the brain, which influences a
variety of mental processes and complex human behaviors, ranging from feelings in the gut
to the heartbeat. Despite the anatomy of the homeostatic neural pathway being relatively
well known, the process by which signals from the interoceptive system can shape the
body in the brain is not well understood.

Tsakiris et al. [28] discovered a correlation between interoception, exteroception, and
the sense of self-consciousness. They measured interoceptive accuracy (IAcc) through a
heartbeat detection task in a group of participants who subsequently underwent the RHI
procedure. A negative correlation was observed between the IAcc measurement and the
RHI result, such that a higher level of IAcc corresponded to a lesser success in RHI. Despite
other authors, such as Horváth et al. [29], not replicating these results, further evidence
supporting this hypothesis originates from studies on patients with chronic pain and body
image alterations.

3.1. Interoception and Body Image Disorders

Some classes of patients with body image distortions, such as those with anorexia or
other eating disorders, appear to be characterized by low levels of IAcc and interoceptive
awareness [30–33]. Studies on anorexic patients have demonstrated the altered activity of
the insula compared to healthy controls [34,35]. Furthermore, Strigo et al. [36] reported
on a discrepancy between brain activation during the moment that anticipates pain and
the moment of perception of the pain stimulus. The former was characterized by the
greater activation of the right anterior insula, dorsolateral prefrontal cortex, and cingulate,
while the response to pain was signaled by greater activation in the posterior insula. This
depends on an altered ability to perceive the body’s internal signals. Moreover, in other
disorders that involve alterations in body image, researchers observed a lower sensitivity
to the perception of interoceptive signals, such as in patients with chronic pain [37].

The dysregulation of physiological parameters has been detected particularly in
patients with phantom limb pain. It has been implicated in the pathogenesis of chronic pain,
including an increase in resting heart rate (HR) and a reduction in heart rate variability
(HRV) [38]. Therefore, distortions of the body image can be considered as a possible
imbalance between interoceptive and exteroceptive information [30].
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3.2. Interoceptive Accuracy as a Condition for Exteroceptive Stability

Similar to patients with a low IAcc [28], the RHI produced a stronger effect in patients
with eating disorders [39,40], which presented as an altered perception of interoceptive
signals. These results can be explained by considering the tendency of the brain to rely
on the most stable and precise sensory information. From the perspective of predictive
coding, subjects with more stable representations of the internal body (higher level of
IAcc) lean on interoceptive information when observing a limb that could be attributed
to themselves during the RHI paradigm, despite not feeling it physiologically as one’s
own. In contrast, a lower level of IAcc improves the success of the illusion because of
the predominant visual–tactile information, thus minimizing the interoceptive prediction
error [30,41,42]. In this context, the role of the insula in integrating environmental infor-
mation and body signals deserves mention, thereby allowing the construction of a unitary
sense of self-awareness [6,43,44]. Thus, several researchers have supported this perspective
of multisensory integration that involves interoceptive processes [45,46]. For example, by
using a virtual cardiac rubber hand, Suzuki et al. [47] combined the visual feedback of
the virtual hand with the participants’ heartbeat. The online integration of visual, tactile,
and cardiac signals lead to a sense of ownership of the virtual hand. Several studies have
also highlighted the importance of the respiratory-related modulation of the sense of body
awareness [48]. In synchronous stimulation, the subjects experienced a sensation of disloca-
tion of the breath towards the virtual body. The participants referred the sense of breathing
agency to the virtual body, thus feeling a sensation of identification with it [49,50].

In summary, the interoceptive sense of self is critical for maintaining body stability,
even in relation to environmental changes, thus modulating the impact of exteroception-
driven representations of self [51]. The vagus nerve represents a widespread pathway of
homeostatic innervation, directly intervening in the integration of neurovisceral signals
from the body [52]. Thus, it seems relevant to explore its role in the process of building an
integrated sense of the bodily self.

4. The Potential Effects of taVNS on Interoceptive Processes

Recently, several researchers have explored a new potential therapy named vagus
nerve stimulation (VNS). VNS was developed as an invasive practice and was approved by
the Food and Drug Administration for the treatment of both depression and epilepsy [15].

Furthermore, taVNS has been used for clinical and research purposes and has several
advantages over the invasive technique [53–55].

4.1. Vagal Stimulation and Neuroplasticity

Previous studies have demonstrated that vagal stimulation (both invasive and non-
invasive) can be useful in promoting neuroplasticity. It activates various neuromodulatory
networks, such as cholinergic, noradrenergic, and serotonergic networks, and promotes
the release of fibroblast growth factor [56–58]. The involvement of these neuromodu-
latory systems, together with synaptic eligibility traces, drives synaptic plasticity [59].
Combining rehabilitation (motor-sensory) training with vagal stimulation exerts an effect
on the organization of the connectivity of the cortico-spinal tract [60]. This finding has
been reported in studies using invasive vagal stimulation in animal and human models
following a stroke. For example, studies using rats have demonstrated that tactile ther-
apy along with invasive vagal stimulation can lead to the reorganization of the primary
sensory cortex, thus improving sensory function [61]. Similarly, this stimulation allows
the better recovery of motor functions—particularly for movements of the upper limbs—if
associated with motor training, compared to rehabilitation alone [62–64]. The transient
brain response evoked by each heartbeat plays a role in cognitive functions that are usually
studied separately, such as body perception, self-related cognition, and spatio-temporal
evolution of dynamic visual events [65]. In addition, long-term active VNS paired with
rehabilitation training can benefit the functional recovery of patients following ischemic
stroke [66]. VNS in animal models of spinal or peripheral injury has been demonstrated to
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improve sensory and motor function of the forelimbs, on combining the stimulation with
active rehabilitation training [67–69]. A stronger connection has been recorded between
the brain and the deafferented muscles, with the possibility of improving the synaptic
strength of the spared connections or to create new ones (in continuity with reports on the
reinforcement of the connectivity of the corticospinal tract) [67,68]. However, few studies
have highlighted the potential of taVNS in promoting synaptic plasticity. These studies are
principally conducted in stroke survivors, in whom the association of taVNS with motor
rehabilitation or, specifically, with robotic-assisted rehabilitation, can improve forelimb
function [70–72]. Considering taVNS can improve the mechanisms of the neuroplasticity
induction [73,74], a similar effect can likely be observed in patients who present with a
brain–body disconnection. However, further studies are needed in this direction.

4.2. TaVNS and Pain

TaVNS exerts an effect on pain perception, and its application reportedly increases
the threshold of mechanical and pressure pain in healthy subjects [75]. We identified
studies on migraines from the most consistent evidence supporting the use of non-invasive
vagal stimulation for the treatment of pain. Both non-invasive cervical stimulation and
taVNS were applied to such patients, displaying consistent effects in reducing the fre-
quency and severity of migraine attacks [15,76–78]. This technique has been applied to the
treatment of several other disorders. For example, the application of taVNS synchronized
with respiratory rhythm (RAVANS) can reduce chronic pelvic pain due to endometrio-
sis [79].Furthermore, taVNS can improve the sense of fatigue and chronic musculoskeletal
pain in patients with systemic lupus erythematosus [80].

Despite no clear definition, the precise mechanism that mediates the analgesic effect of
vagal stimulation, especially the non-invasive technique, has been attributed to projections
of the auricular branch of the vagus nerve towards the NTS. Through the NTS, the sensory
afferences (principally those of type A) exert an indirect effect on the inhibition of the
spinal regions involved in the pain process, and on the activity of brain areas typically
involved in pain modulation (such as the rostral ventromedial medulla, periaqueductal
gray, and anterior cingulate cortex) [54,73,79,81]. Therefore, we hypothesize that taVNS
exerts an effect on central pain processing as well as on peripheral nociceptive systems, thus
supporting the use of this technique for the treatment of patients with chronic pain [75].

4.3. taVNS: A Way to Modulate Interoceptive Processes

Some studies have demonstrated parasympathetic modulation mediated by taVNS,
thereby highlighting the effects on the HR rate, blood pressure, and HRV [82–84], as well
as the effects of vagal stimulation on respiration, particularly for strengthening respiratory
sinus arrhythmia [85].

It is possible to assume that taVNS, particularly the auricular technique, can directly
modulate interoception and, consequently, cardiac and respiratory interoception processes.
Despite there being few experimental studies on this kind of manipulation, afferent fibers
of the vagus nerve obtain information from pulmonary stretch receptors and aortic barore-
ceptors and convey them to the NTS [53,86]. Therefore, taVNS may be an effective way to
modulate respiratory interoceptive signals, as it has been tested for cardiac interoceptive
signals. Some studies have demonstrated the mechanism by which taVNS can improve
the performance of heartbeat detection tasks, which extends the interoceptive accuracy
level (the ability to objectively detect signals arriving from one’s own body) [87]. Villani
et al. [88] reported improved accuracy during active taVNS on the heartbeat discrimination
task, but not on the heartbeat counting task.

Additionally, taVNS is associated with possible modulation of gastrointestinal func-
tion [89]. Furthermore, taVNS could regulate the frequency of gastrointestinal contrac-
tion [90] and reduce gastric myoelectric frequency [91].

Moreover, some studies that used functional magnetic resonance imaging have in-
dicated that taVNS produces significant cortical effects in the vagal afferent pathway
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involved in interoceptive processes, such as the NTS, thalamus, paracentral lobule, post
central gyrus, and insular cortex [92–94]. Additionally, the paracentral lobule and insular
cortex are particularly important for body representations.

4.4. taVNS: Parameters, Limitations and Implications

Compared to the invasive technique, taVNS is a simple, inexpensive, and safe tech-
nique commonly used in rehabilitation and clinical settings. It has minimal side effects such
as headaches, pain, dizziness, and skin irritation at the stimulation site [95,96]. However,
any adverse reaction, as discomfort or pain, can be monitored constantly [55,97]. An anode
and a cathode are connected to the stimulation device and are placed in the inner part of
the ear and in the outer part (tragus), respectively [94,97]. The presence of two electrodes
paired with an intermittent stimulation (e.g., about 1 h of stimulation for three or four
sessions per day) allows taVNS to intervene only on afferent fibers [73]. Moreover, it is rec-
ommended, for each stimulation session, an alternation between phases of 30 s on and 60 s
off is applied, to further reduce possible adverse reactions [97]. In this regard, particular
attention is needed when applying taVNS on patients with an SCI lesion above T6. They
are particularly vulnerable, and could present with cardiovascular impairments [98,99].
Therefore, it would be useful to monitor patients’ heart rate while using the technique,
as well as to select stimulation parameters that minimize the risk of affecting HRV. The
selection of the optimal parameters is still a topic of debate and the literature data are
often conflicting. However, the use of a frequency that does not exceed 25 Hz and a pulse
width that is around 250 ms is recurrent [88,94]. Besides alternating on-off stimulations,
SCI patients could be submitted to short sessions of taVNS not exceeding 10 min. This
seems to avoid effects on HRV [100]. A recent study suggests an intermittent stimulation
at parameters used for targeted neuroplasticity (30 Hz, 0.8 mA) as a potential and safe
intervention after SCI [101]. Finally, taVNS can be safely used with stimulating electrodes
applied to the left but not the right ear to control for cardiovascular side-effects [102].
Given the unstable blood pressure and cardiovascular consequences of SCI, and the direct
implications of vagal stimulation in the modulation of autonomic tone, it is essential to
better assess safety in a preliminary study.

5. Towards Integration with Novel Technologies: taVNS and Training with
Assistive Tools

In conclusion, we want to highlight a rehabilitative perspective that aims for greater
flexibility of bodily representations, considering not only the motor and sensory processes
but also the potential contribution of interoception [45,103]. Interoception is essential in
the experience of body awareness. In complete SCI, interoception may be the only spared
sensory function that is potentially able to connect deafferented body parts with a general
body representation [104]. In other words, the technique of taVNS supposedly modulates
interoceptive processes [88], thus reinforcing the connection of deafferented body parts
with a general body representation to promote neuroplasticity [73,74]. In a patient with
brachial plexus avulsion injury, tactile stimulation by light touch to the aural territory
innervated from a branch of the vagus nerve revealed the plastic reorganization of body
perception [105,106]. When a phantom ear sensation vanishes, the same body changes can
be experimentally re-induced by applying tactile stimulation to vagal nerves in the ear in a
modified RHI paradigm [107]. Thus, taVNS may play an important role in multisensory
integration that mediates the embodiment of a tool. To be able to include salient assistive
tool adopting an embodied approach may enhance the potentiality of damaged body after
SCI [108].

Nevertheless, taVNS could present several advantages for SCI patients. Its applica-
tion during rehabilitation training with assistive tools (i.e., exoskeleton) will likely allow
subjects, specifically those with more severe injuries, to feel again an “insentient” body.
Whereby, the un-updating of their body representation does not occur only through visual
feedback or residual afferences. To include a tool as a part of their own body, two elements
are essential. First, SCI patients must use a tool that partially restores their movement [94].
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However, they also need to experience a better sense of body consciousness, specifically
the internal body awareness.

Using RAVANS, several studies have reported on a stronger activation of some vagal
targets, such as the NTS or neuromodulation nuclei (i.e., locus coeruleus and raphe nuclei)
on synchronizing the stimulation with the exhalation phase [109,110]. The coordination
between the respiratory rhythm and movement could further represent an approach to
rehabilitation with an assistive tool, particularly the exoskeleton [111,112]. Matching of the
eyesight to the voluntarily controlled respiratory rhythm might enable the synchronization
of the patient with exoskeleton movement to improve the ability of autonomous walking.

Finally, we want to emphasize the effect of this rehabilitation perspective on neuro-
pathic or phantom pain in patients with SCI. The patients describe it as a way to restore a
sense of the body, and a remaining link with it [10,113,114]. However, pain also exerts a rel-
evant and highly disabling impact on these patients [114,115]. Moreover, it is often paired
with body awareness alterations and is attributed to maladaptive plasticity [116]. The
multisensory integration processes induced by virtual reality (VR) supposedly reduce the
perception of pain in patients with SCI [117]. Consequently, taVNS could enhance the em-
bodiment of a tool, alleviate pain sensations, and avoid maladaptive plasticity [25,118,119].
Furthermore, the analgesic effects of taVNS could also be applied to neuropathic pain,
contributing to reduced alterations in body awareness and further improving embodi-
ment effects.

Author Contributions: Conceptualization and writing—original draft preparation: M.L.D.M., M.D.B.,
E.L., M.P.; critical revision of the article: E.L., M.P.; final approval of published version: M.L.D.M.,
M.D.B., E.L., M.P.; funding acquisition: M.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Italian Ministry of Health, grant number RF-2018-12365682.

Acknowledgments: This work was supported by the Ania Foundation.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sterling, P. Homeostasis vs allostasis: Implications for brain function and mental disorders. JAMA Psychiatry 2014, 71, 1192–1193.

[CrossRef]
2. Nikolova, N.E.; Waade, P.T.; Friston, K.; Allen, M. What might interoceptive inference reveal about consciousness? Rev.

Phil. Psych. 2021. Available online: https://link.springer.com/article/10.1007%2Fs13164-021-00580-3#citeas (accessed on
18 August 2021).

3. Seth, A.K.; Suzuki, K.; Critchley, H.D. An interoceptive predictive coding model of conscious presence. Front. Psychol. 2011, 2, 395.
[CrossRef]

4. Friston, K. The free-energy principle: A unified brain theory? Nat. Rev. Neurosci. 2010, 11, 127–138. [CrossRef]
5. Friston, K. Prediction, perception and agency. Int. J. Psychophysiol. 2012, 83, 248–252. [CrossRef]
6. Barrett, L.F.; Simmons, W.K. Interoceptive predictions in the brain. Nat. Rev. Neurosci. 2015, 16, 419–429. [CrossRef]
7. Sterling, P.; Eyer, J. Allostasis: A new paradigm to explain arousal pathology. In Handbook of Life Stress, Cognition, and Health; John

Wiley & Sons, Inc.: Hoboken, NJ, USA, 1988; pp. 629–649.
8. Barrett, L.F.; Quigley, K.S.; Hamilton, P. An active inference theory of allostasis and interoception in depression. Philos. Trans. R.

Soc. Lond. B Biol. Sci. 2016, 371, 20160011. [CrossRef]
9. Salvioli, B.; Bazzocchi, G.; Barbara, G.; Stanghellini, V.; Cremon, C.; Menarini, M.; Corinaldesi, R.; De Giorgio, R. Sigmoid

compliance and visceral perception in spinal cord injury patients. Eur. J. Gastroenterol. Hepatol. 2012, 24, 340–345. [CrossRef]
10. Lucci, G.; Pazzaglia, M. Towards multiple interactions of inner and outer sensations in corporeal awareness. Front. Hum. Neurosci.

2015, 9, 163. [CrossRef] [PubMed]
11. Critchley, H.D.; Harrison, N.A. Neural systems supporting interoceptive awareness. Nat. Neurosci. 2004, 7, 189–195. [CrossRef]

[PubMed]
12. Critchley, H.D.; Harrison, N.A. Visceral influences on brain and behavior. Neuron 2013, 77, 624–638. [CrossRef] [PubMed]
13. Stern, E.R.; Grimaldi, S.J.; Muratore, A.; Murrough, J.; Leibu, E.; Fleysher, L.; Goodman, W.K.; Burdick, K.E. Neural correlates of

interoception: Effects of interoceptive focus and relationship to dimensional measures of body awareness. Hum. Brain Mapp.
2017, 38, 6068–6082. [CrossRef]

14. Ellrich, J. Transcutaneous vagus nerve stimulation. Eur. Neurol. Rev. 2011, 6, 254. [CrossRef]

http://doi.org/10.1001/jamapsychiatry.2014.1043
https://link.springer.com/article/10.1007%2Fs13164-021-00580-3#citeas
http://doi.org/10.3389/fpsyg.2011.00395
http://doi.org/10.1038/nrn2787
http://doi.org/10.1016/j.ijpsycho.2011.11.014
http://doi.org/10.1038/nrn3950
http://doi.org/10.1098/rstb.2016.0011
http://doi.org/10.1097/MEG.0b013e32834fbf73
http://doi.org/10.3389/fnhum.2015.00163
http://www.ncbi.nlm.nih.gov/pubmed/25883564
http://doi.org/10.1038/nn1176
http://www.ncbi.nlm.nih.gov/pubmed/14730305
http://doi.org/10.1016/j.neuron.2013.02.008
http://www.ncbi.nlm.nih.gov/pubmed/23439117
http://doi.org/10.1002/hbm.23811
http://doi.org/10.17925/ENR.2011.06.04.254


Brain Sci. 2021, 11, 1084 8 of 11

15. Yap, J.Y.Y.; Keatch, C.; Lambert, E.; Woods, W.; Stoddart, P.R.; Kameneva, T. Critical Review of Transcutaneous Vagus Nerve
Stimulation: Challenges for Translation to Clinical Practice. Front. Neurosci. 2020, 14, 284. [CrossRef]

16. Berlowitz, D.J.; Wadsworth, B.; Ross, J. Respiratory problems and management in people with spinal cord injury. Breathe 2016,
12, 328–340. [CrossRef]

17. Van den Berg, M.E.; Castellote, J.M.; de Pedro-Cuesta, J.; Mahillo-Fernandez, I. Survival after spinal cord injury: A systematic
review. J. Neurotrauma. 2010, 27, 1517–1528. [CrossRef] [PubMed]

18. Sun, X.; Jones, Z.B.; Chen, X.M.; Zhou, L.; So, K.F.; Ren, Y. Multiple organ dysfunction and systemic inflammation after spinal
cord injury: A complex relationship. J. Neuroinflamm. 2016, 13, 260. [CrossRef] [PubMed]

19. Winslow, C.; Rozovsky, J. Effect of spinal cord injury on the respiratory system. Am. J. Phys. Med. Rehabil. 2003, 82, 803–814.
[CrossRef] [PubMed]

20. Lenggenhager, B.; Pazzaglia, M.; Scivoletto, G.; Molinari, M.; Aglioti, S.M. The sense of the body in individuals with spinal cord
injury. PLoS ONE 2012, 7, e50757.

21. Montoya, P.; Schandry, R. Emotional experience and heartbeat perception in patients with spinal cord injury and control subjects.
J. Psychophysiol. 1994, 8, 289–296.

22. Pazzaglia, M.; Giannini, A.M.; Federico, F. Acquisition of Ownership Illusion with Self-Disownership in Neurological Patients.
Brain Sci. 2020, 10, 170. [CrossRef]

23. Arnhoff, F.N.; Mehl, M.C. Body image deterioration in paraplegia. J. Nerv. Ment. Dis. 1963, 137, 88–92. [CrossRef]
24. Pazzaglia, M.; Galli, G.; Scivoletto, G.; Molinari, M. A functionally relevant tool for the body following spinal cord injury. PLoS

ONE 2013, 8, e58312. [CrossRef] [PubMed]
25. Pazzaglia, M.; Molinari, M. The embodiment of assistive devices-from wheelchair to exoskeleton. Phys. Life Rev. 2016, 16, 163–175.

[CrossRef] [PubMed]
26. Pazzaglia, M.; Molinari, M. The re-embodiment of bodies, tools, and worlds after spinal cord injury: An intricate picture: Reply

to comments on “The embodiment of assistive devices-From wheelchair to exoskeleton”. Phys. Life Rev. 2016, 16, 191–194.
[CrossRef] [PubMed]

27. Plotkin, A.; Sela, L.; Weissbrod, A.; Kahana, R.; Haviv, L.; Yeshurun, Y.; Soroker, N.; Sobel, N. Sniffing enables communication and
environmental control for the severely disabled. Proc. Natl. Acad. Sci. USA 2010, 107, 14413–14418. [CrossRef] [PubMed]

28. Tsakiris, M.; Tajadura-Jimenez, A.; Costantini, M. Just a heartbeat away from one’s body: Interoceptive sensitivity predicts
malleability of body-representations. Proc. R. Soc. B Biol. Sci. 2011, 278, 2470–2476. [CrossRef]

29. Horváth, Á.; Ferentzi, E.; Bogdány, T.; Szolcsányi, T.; Witthöft, M.; Köteles, F. Proprioception but not cardiac interoception is
related to the rubber hand illusion. Cortex 2020, 132, 361–373. [CrossRef]

30. Badoud, D.; Tsakiris, M. From the body’s viscera to the body’s image: Is there a link between interoception and body image
concerns? Neurosci. Biobehav. Rev. 2017, 77, 237–246. [CrossRef]

31. Khalsa, S.S.; Craske, M.G.; Li, W.; Vangala, S.; Strober, M.; Feusner, J.D. Altered interoceptive awareness in anorexia nervosa:
Effects of meal anticipation, consumption and bodily arousal. Int. J. Eat. Disord. 2015, 48, 889–897. [CrossRef] [PubMed]

32. Pollatos, O.; Kurz, A.L.; Albrecht, J.; Schreder, T.; Kleemann, A.M.; Schopf, V.; Kopietz, R.; Wiesmann, M.; Schandry, R. Reduced
perception of bodily signals in anorexia nervosa. Eat. Behav. 2008, 9, 381–388. [CrossRef]

33. Santel, S.; Baving, L.; Krauel, K.; Munte, T.F.; Rotte, M. Hunger and satiety in anorexia nervosa: fMRI during cognitive processing
of food pictures. Brain Res. 2006, 1114, 138–148. [CrossRef]

34. Mohr, H.M.; Zimmermann, J.; Roder, C.; Lenz, C.; Overbeck, G.; Grabhorn, R. Separating two components of body image in
anorexia nervosa using fMRI. Psychol. Med. 2010, 40, 1519–1529. [CrossRef]

35. Friederich, H.C.; Brooks, S.; Uher, R.; Campbell, I.C.; Giampietro, V.; Brammer, M.; Williams, S.C.; Herzog, W.; Treasure, J. Neural
correlates of body dissatisfaction in anorexia nervosa. Neuropsychologia 2010, 48, 2878–2885. [CrossRef]

36. Strigo, I.A.; Matthews, S.C.; Simmons, A.N.; Oberndorfer, T.; Klabunde, M.; Reinhardt, L.E.; Kaye, W.H. Altered insula activation
during pain anticipation in individuals recovered from anorexia nervosa: Evidence of interoceptive dysregulation. Int. J. Eat.
Disord. 2013, 46, 23–33. [CrossRef] [PubMed]

37. Tsay, A.; Allen, T.J.; Proske, U.; Giummarra, M.J. Sensing the body in chronic pain: A review of psychophysical studies implicating
altered body representation. Neurosci. Biobehav. Rev. 2015, 52, 221–232. [CrossRef] [PubMed]

38. Sarabia Cachadina, E.; Granados Garcia, P.; Tonon Da Luz, S.C.; Goya Esteban, R.; Barquero Perez, O.; Naranjo Orellana, J.; Berral
de la Rosa, F.J. Heart rate variability and phantom pain in male amputees: Application of linear and nonlinear methods. J. Rehabil.
Res. Dev. 2013, 50, 449–454. [CrossRef]

39. Eshkevari, E.; Rieger, E.; Musiat, P.; Treasure, J. An investigation of interoceptive sensitivity in eating disorders using a heartbeat
detection task and a self-report measure. Eur. Eat. Disord. Rev. 2014, 22, 383–388. [CrossRef] [PubMed]

40. Eshkevari, E.; Rieger, E.; Longo, M.R.; Haggard, P.; Treasure, J. Persistent body image disturbance following recovery from eating
disorders. Int. J. Eat. Disord. 2014, 47, 400–409. [CrossRef] [PubMed]

41. Ainley, V.; Apps, M.A.; Fotopoulou, A.; Tsakiris, M. ‘Bodily precision’: A predictive coding account of individual differences in
interoceptive accuracy. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2016, 371, 20160003. [CrossRef]

42. Apps, M.A.; Tsakiris, M. The free-energy self: A predictive coding account of self-recognition. Neurosci. Biobehav. Rev. 2014,
41, 85–97. [CrossRef] [PubMed]

43. Craig, A.D. How do you feel–now? The anterior insula and human awareness. Nat. Rev. Neurosci. 2009, 10, 59–70. [CrossRef]

http://doi.org/10.3389/fnins.2020.00284
http://doi.org/10.1183/20734735.012616
http://doi.org/10.1089/neu.2009.1138
http://www.ncbi.nlm.nih.gov/pubmed/20486810
http://doi.org/10.1186/s12974-016-0736-y
http://www.ncbi.nlm.nih.gov/pubmed/27716334
http://doi.org/10.1097/01.PHM.0000078184.08835.01
http://www.ncbi.nlm.nih.gov/pubmed/14508412
http://doi.org/10.3390/brainsci10030170
http://doi.org/10.1097/00005053-196307000-00010
http://doi.org/10.1371/journal.pone.0058312
http://www.ncbi.nlm.nih.gov/pubmed/23484015
http://doi.org/10.1016/j.plrev.2015.11.006
http://www.ncbi.nlm.nih.gov/pubmed/26708357
http://doi.org/10.1016/j.plrev.2016.02.004
http://www.ncbi.nlm.nih.gov/pubmed/26917254
http://doi.org/10.1073/pnas.1006746107
http://www.ncbi.nlm.nih.gov/pubmed/20660716
http://doi.org/10.1098/rspb.2010.2547
http://doi.org/10.1016/j.cortex.2020.08.026
http://doi.org/10.1016/j.neubiorev.2017.03.017
http://doi.org/10.1002/eat.22387
http://www.ncbi.nlm.nih.gov/pubmed/25712775
http://doi.org/10.1016/j.eatbeh.2008.02.001
http://doi.org/10.1016/j.brainres.2006.07.045
http://doi.org/10.1017/S0033291709991826
http://doi.org/10.1016/j.neuropsychologia.2010.04.036
http://doi.org/10.1002/eat.22045
http://www.ncbi.nlm.nih.gov/pubmed/22836447
http://doi.org/10.1016/j.neubiorev.2015.03.004
http://www.ncbi.nlm.nih.gov/pubmed/25783221
http://doi.org/10.1682/JRRD.2012.05.0079
http://doi.org/10.1002/erv.2305
http://www.ncbi.nlm.nih.gov/pubmed/24985151
http://doi.org/10.1002/eat.22219
http://www.ncbi.nlm.nih.gov/pubmed/24243423
http://doi.org/10.1098/rstb.2016.0003
http://doi.org/10.1016/j.neubiorev.2013.01.029
http://www.ncbi.nlm.nih.gov/pubmed/23416066
http://doi.org/10.1038/nrn2555


Brain Sci. 2021, 11, 1084 9 of 11

44. Tsakiris, M. My body in the brain: A neurocognitive model of body-ownership. Neuropsychologia 2010, 48, 703–712. [CrossRef]
[PubMed]

45. Pazzaglia, M.; Galli, G. Translating novel findings of perceptual-motor codes into the neuro-rehabilitation of movement disorders.
Front. Behav. Neurosci. 2015, 9, 222. [CrossRef]

46. Pazzaglia, M.; Galli, G. Loss of agency in apraxia. Front. Hum. Neurosci. 2014, 8, 751. [CrossRef] [PubMed]
47. Suzuki, K.; Garfinkel, S.N.; Critchley, H.D.; Seth, A.K. Multisensory integration across exteroceptive and interoceptive domains

modulates self-experience in the rubber-hand illusion. Neuropsychologia 2013, 51, 2909–2917. [CrossRef]
48. Allard, E.; Canzoneri, E.; Adler, D.; Morelot-Panzini, C.; Bello-Ruiz, J.; Herbelin, B.; Blanke, O.; Similowski, T. Interferences

between breathing, experimental dyspnoea and bodily self-consciousness. Sci. Rep. 2017, 7, 9990. [CrossRef]
49. Monti, A.; Porciello, G.; Tieri, G.; Aglioti, S.M. The “embreathment” illusion highlights the role of breathing in corporeal

awareness. J. Neurophysiol. 2020, 123, 420–427. [CrossRef]
50. Betka, S.; Canzoneri, E.; Adler, D.; Herbelin, B.; Bello-Ruiz, J.; Kannape, O.A.; Similowski, T.; Blanke, O. Mechanisms of the breath-

ing contribution to bodily self-consciousness in healthy humans: Lessons from machine-assisted breathing? Psychophysiology
2020, 57, e13564. [CrossRef]

51. Tsakiris, M. The multisensory basis of the self: From body to identity to others [Formula: See text]. Q. J. Exp. Psychol. 2017,
70, 597–609. [CrossRef]

52. Richter, F.; Garcia, A.M.; Rodriguez Arriagada, N.; Yoris, A.; Birba, A.; Huepe, D.; Zimmer, H.; Ibanez, A.; Sedeno, L. Behavioral
and neurophysiological signatures of interoceptive enhancements following vagus nerve stimulation. Hum. Brain Mapp. 2021,
42, 1227–1242. [CrossRef] [PubMed]

53. Weng, H.Y.; Feldman, J.L.; Leggio, L.; Napadow, V.; Park, J.; Price, C.J. Interventions and Manipulations of Interoception. Trends
Neurosci. 2021, 44, 52–62. [CrossRef]

54. Yuan, H.; Silberstein, S.D. Vagus Nerve and Vagus Nerve Stimulation, a Comprehensive Review: Part II. Headache 2016, 56, 259–266.
[CrossRef] [PubMed]

55. Butt, M.F.; Albusoda, A.; Farmer, A.D.; Aziz, Q. The anatomical basis for transcutaneous auricular vagus nerve stimulation. J.
Anat. 2020, 236, 588–611. [CrossRef]

56. Hays, S.A. Enhancing Rehabilitative Therapies with Vagus Nerve Stimulation. Neurotherapeutics 2016, 13, 382–394. [CrossRef]
57. Hulsey, D.R.; Hays, S.A.; Khodaparast, N.; Ruiz, A.; Das, P.; Rennaker, R.L., 2nd; Kilgard, M.P. Reorganization of Motor Cortex by

Vagus Nerve Stimulation Requires Cholinergic Innervation. Brain Stimul. 2016, 9, 174–181. [CrossRef] [PubMed]
58. Hulsey, D.R.; Riley, J.R.; Loerwald, K.W.; Rennaker, R.L., 2nd; Kilgard, M.P.; Hays, S.A. Parametric characterization of neural

activity in the locus coeruleus in response to vagus nerve stimulation. Exp. Neurol. 2017, 289, 21–30. [CrossRef] [PubMed]
59. He, K.; Huertas, M.; Hong, S.Z.; Tie, X.; Hell, J.W.; Shouval, H.; Kirkwood, A. Distinct Eligibility Traces for LTP and LTD in

Cortical Synapses. Neuron 2015, 88, 528–538. [CrossRef] [PubMed]
60. Meyers, E.C.; Solorzano, B.R.; James, J.; Ganzer, P.D.; Lai, E.S.; Rennaker, R.L., 2nd; Kilgard, M.P.; Hays, S.A. Vagus Nerve

Stimulation Enhances Stable Plasticity and Generalization of Stroke Recovery. Stroke 2018, 49, 710–717. [CrossRef]
61. Kilgard, M.P.; Rennaker, R.L.; Alexander, J.; Dawson, J. Vagus nerve stimulation paired with tactile training improved sensory

function in a chronic stroke patient. NeuroRehabilitation 2018, 42, 159–165. [CrossRef] [PubMed]
62. Khodaparast, N.; Hays, S.A.; Sloan, A.M.; Fayyaz, T.; Hulsey, D.R.; Rennaker, R.L., 2nd; Kilgard, M.P. Vagus nerve stimulation

delivered during motor rehabilitation improves recovery in a rat model of stroke. Neurorehabil. Neural Repair 2014, 28, 698–706.
[CrossRef]

63. Kimberley, T.J.; Prudente, C.N.; Engineer, N.D.; Pierce, D.; Tarver, B.; Cramer, S.C.; Dickie, D.A.; Dawson, J. Study protocol for a
pivotal randomised study assessing vagus nerve stimulation during rehabilitation for improved upper limb motor function after
stroke. Eur. Stroke J. 2019, 4, 363–377. [CrossRef]

64. Pazzaglia, M.; Galli, G. Action Observation for Neurorehabilitation in Apraxia. Front. Neurol. 2019, 10, 309. [CrossRef]
65. Binetti, N.; Lecce, F.; Doricchi, F. Time-dilation and time-contraction in an anisochronous and anisometric visual scenery. J. Vis.

2012, 12. [CrossRef]
66. Kimberley, T.J.; Pierce, D.; Prudente, C.N.; Francisco, G.E.; Yozbatiran, N.; Smith, P.; Tarver, B.; Engineer, N.D.; Alexander

Dickie, D.; Kline, D.K.; et al. Vagus Nerve Stimulation Paired With Upper Limb Rehabilitation After Chronic Stroke. Stroke 2018,
49, 2789–2792. [CrossRef]

67. Ganzer, P.D.; Darrow, M.J.; Meyers, E.C.; Solorzano, B.R.; Ruiz, A.D.; Robertson, N.M.; Adcock, K.S.; James, J.T.; Jeong, H.S.;
Becker, A.M.; et al. Closed-loop neuromodulation restores network connectivity and motor control after spinal cord injury. eLife
2018, 7, e32058. [CrossRef] [PubMed]

68. Darrow, M.J.; Mian, T.M.; Torres, M.; Haider, Z.; Danaphongse, T.; Rennaker, R.L., Jr.; Kilgard, M.P.; Hays, S.A. Restoration
of Somatosensory Function by Pairing Vagus Nerve Stimulation with Tactile Rehabilitation. Ann. Neurol. 2020, 87, 194–205.
[CrossRef]

69. Darrow, M.J.; Mian, T.M.; Torres, M.; Haider, Z.; Danaphongse, T.; Seyedahmadi, A.; Rennaker, R.L., 2nd; Hays, S.A.; Kilgard,
M.P. The tactile experience paired with vagus nerve stimulation determines the degree of sensory recovery after chronic nerve
damage. Behav. Brain Res. 2021, 396, 112910. [CrossRef] [PubMed]

http://doi.org/10.1016/j.neuropsychologia.2009.09.034
http://www.ncbi.nlm.nih.gov/pubmed/19819247
http://doi.org/10.3389/fnbeh.2015.00222
http://doi.org/10.3389/fnhum.2014.00751
http://www.ncbi.nlm.nih.gov/pubmed/25295000
http://doi.org/10.1016/j.neuropsychologia.2013.08.014
http://doi.org/10.1038/s41598-017-11045-y
http://doi.org/10.1152/jn.00617.2019
http://doi.org/10.1111/psyp.13564
http://doi.org/10.1080/17470218.2016.1181768
http://doi.org/10.1002/hbm.25288
http://www.ncbi.nlm.nih.gov/pubmed/33325575
http://doi.org/10.1016/j.tins.2020.09.010
http://doi.org/10.1111/head.12650
http://www.ncbi.nlm.nih.gov/pubmed/26381725
http://doi.org/10.1111/joa.13122
http://doi.org/10.1007/s13311-015-0417-z
http://doi.org/10.1016/j.brs.2015.12.007
http://www.ncbi.nlm.nih.gov/pubmed/26822960
http://doi.org/10.1016/j.expneurol.2016.12.005
http://www.ncbi.nlm.nih.gov/pubmed/27988257
http://doi.org/10.1016/j.neuron.2015.09.037
http://www.ncbi.nlm.nih.gov/pubmed/26593091
http://doi.org/10.1161/STROKEAHA.117.019202
http://doi.org/10.3233/NRE-172273
http://www.ncbi.nlm.nih.gov/pubmed/29562561
http://doi.org/10.1177/1545968314521006
http://doi.org/10.1177/2396987319855306
http://doi.org/10.3389/fneur.2019.00309
http://doi.org/10.1167/12.7.8
http://doi.org/10.1161/STROKEAHA.118.022279
http://doi.org/10.7554/eLife.32058
http://www.ncbi.nlm.nih.gov/pubmed/29533186
http://doi.org/10.1002/ana.25664
http://doi.org/10.1016/j.bbr.2020.112910
http://www.ncbi.nlm.nih.gov/pubmed/32971197


Brain Sci. 2021, 11, 1084 10 of 11

70. Capone, F.; Miccinilli, S.; Pellegrino, G.; Zollo, L.; Simonetti, D.; Bressi, F.; Florio, L.; Ranieri, F.; Falato, E.; Di Santo, A.; et al.
Transcutaneous Vagus Nerve Stimulation Combined with Robotic Rehabilitation Improves Upper Limb Function after Stroke.
Neural Plast. 2017, 2017, 7876507. [CrossRef] [PubMed]

71. Redgrave, J.N.; Moore, L.; Oyekunle, T.; Ebrahim, M.; Falidas, K.; Snowdon, N.; Ali, A.; Majid, A. Transcutaneous Auricular
Vagus Nerve Stimulation with Concurrent Upper Limb Repetitive Task Practice for Poststroke Motor Recovery: A Pilot Study. J.
Stroke Cerebrovasc. Dis. 2018, 27, 1998–2005. [CrossRef] [PubMed]

72. Baig, S.S.; Falidas, K.; Laud, P.J.; Snowdon, N.; Farooq, M.U.; Ali, A.; Majid, A.; Redgrave, J.N. Transcutaneous Auricular
Vagus Nerve Stimulation with Upper Limb Repetitive Task Practice May Improve Sensory Recovery in Chronic Stroke. J. Stroke
Cerebrovasc. Dis. 2019, 28, 104348. [CrossRef]

73. Kaniusas, E.; Kampusch, S.; Tittgemeyer, M.; Panetsos, F.; Gines, R.F.; Papa, M.; Kiss, A.; Podesser, B.; Cassara, A.M.; Tanghe, E.;
et al. Current Directions in the Auricular Vagus Nerve Stimulation I—A Physiological Perspective. Front. Neurosci. 2019, 13, 854.
[CrossRef] [PubMed]

74. Ma, J.; Zhang, L.; He, G.; Tan, X.; Jin, X.; Li, C. Transcutaneous auricular vagus nerve stimulation regulates expression of growth
differentiation factor 11 and activin-like kinase 5 in cerebral ischemia/reperfusion rats. J. Neurol. Sci. 2016, 369, 27–35. [CrossRef]
[PubMed]

75. Busch, V.; Zeman, F.; Heckel, A.; Menne, F.; Ellrich, J.; Eichhammer, P. The effect of transcutaneous vagus nerve stimulation on
pain perception–an experimental study. Brain Stimul. 2013, 6, 202–209. [CrossRef]

76. Goadsby, P.J.; Grosberg, B.M.; Mauskop, A.; Cady, R.; Simmons, K.A. Effect of noninvasive vagus nerve stimulation on acute
migraine: An open-label pilot study. Cephalalgia 2014, 34, 986–993. [CrossRef]

77. Barbanti, P.; Grazzi, L.; Egeo, G.; Padovan, A.M.; Liebler, E.; Bussone, G. Non-invasive vagus nerve stimulation for acute treatment
of high-frequency and chronic migraine: An open-label study. J. Headache. Pain 2015, 16, 61. [CrossRef]

78. Straube, A.; Ellrich, J.; Eren, O.; Blum, B.; Ruscheweyh, R. Treatment of chronic migraine with transcutaneous stimulation of the
auricular branch of the vagal nerve (auricular t-VNS): A randomized, monocentric clinical trial. J. Headache. Pain 2015, 16, 543.
[CrossRef] [PubMed]

79. Napadow, V.; Edwards, R.R.; Cahalan, C.M.; Mensing, G.; Greenbaum, S.; Valovska, A.; Li, A.; Kim, J.; Maeda, Y.; Park, K.; et al.
Evoked pain analgesia in chronic pelvic pain patients using respiratory-gated auricular vagal afferent nerve stimulation. Pain
Med. 2012, 13, 777–789. [CrossRef]

80. Aranow, C.; Atish-Fregoso, Y.; Lesser, M.; Mackay, M.; Anderson, E.; Chavan, S.; Zanos, T.P.; Datta-Chaudhuri, T.; Bouton, C.;
Tracey, K.J.; et al. Transcutaneous auricular vagus nerve stimulation reduces pain and fatigue in patients with systemic lupus
erythematosus: A randomised, double-blind, sham-controlled pilot trial. Ann. Rheum. Dis. 2021, 80, 203–208. [CrossRef]

81. Lecce, F.; Rotondaro, F.; Bonni, S.; Carlesimo, A.; Thiebaut de Schotten, M.; Tomaiuolo, F.; Doricchi, F. Cingulate neglect in
humans: Disruption of contralesional reward learning in right brain damage. Cortex 2015, 62, 73–88. [CrossRef]

82. Antonino, D.; Teixeira, A.L.; Maia-Lopes, P.M.; Souza, M.C.; Sabino-Carvalho, J.L.; Murray, A.R.; Deuchars, J.; Vianna, L.C.
Non-invasive vagus nerve stimulation acutely improves spontaneous cardiac baroreflex sensitivity in healthy young men: A
randomized placebo-controlled trial. Brain Stimul. 2017, 10, 875–881. [CrossRef]

83. Badran, B.W.; Mithoefer, O.J.; Summer, C.E.; LaBate, N.T.; Glusman, C.E.; Badran, A.W.; DeVries, W.H.; Summers, P.M.; Austelle,
C.W.; McTeague, L.M.; et al. Short trains of transcutaneous auricular vagus nerve stimulation (taVNS) have parameter-specific
effects on heart rate. Brain Stimul. 2018, 11, 699–708. [CrossRef]

84. Clancy, J.A.; Mary, D.A.; Witte, K.K.; Greenwood, J.P.; Deuchars, S.A.; Deuchars, J. Non-invasive vagus nerve stimulation in
healthy humans reduces sympathetic nerve activity. Brain Stimul. 2014, 7, 871–877. [CrossRef]

85. La Marca, R.; Nedeljkovic, M.; Yuan, L.; Maercker, A.; Elhert, U. Effects of auricular electrical stimulation on vagal activity in
healthy men: Evidence from a three-armed randomized trial. Clin. Sci. 2010, 118, 537–546. [CrossRef] [PubMed]

86. Kubin, L.; Alheid, G.F.; Zuperku, E.J.; McCrimmon, D.R. Central pathways of pulmonary and lower airway vagal afferents. J.
Appl. Physiol. 2006, 101, 618–627. [CrossRef] [PubMed]

87. Garfinkel, S.N.; Seth, A.K.; Barrett, A.B.; Suzuki, K.; Critchley, H.D. Knowing your own heart: Distinguishing interoceptive
accuracy from interoceptive awareness. Biol. Psychol. 2015, 104, 65–74. [CrossRef] [PubMed]

88. Villani, V.; Tsakiris, M.; Azevedo, R.T. Transcutaneous vagus nerve stimulation improves interoceptive accuracy. Neuropsychologia
2019, 134, 107201. [CrossRef] [PubMed]

89. Bonaz, B.; Sinniger, V.; Pellissier, S. Anti-inflammatory properties of the vagus nerve: Potential therapeutic implications of vagus
nerve stimulation. J. Physiol. 2016, 594, 5781–5790. [CrossRef] [PubMed]

90. Frokjaer, J.B.; Bergmann, S.; Brock, C.; Madzak, A.; Farmer, A.D.; Ellrich, J.; Drewes, A.M. Modulation of vagal tone enhances
gastroduodenal motility and reduces somatic pain sensitivity. Neurogastroenterol. Motil. 2016, 28, 592–598. [CrossRef]

91. Teckentrup, V.; Neubert, S.; Santiago, J.C.P.; Hallschmid, M.; Walter, M.; Kroemer, N.B. Non-invasive stimulation of vagal afferents
reduces gastric frequency. Brain Stimul. 2020, 13, 470–473. [CrossRef]

92. Narayanan, J.T.; Watts, R.; Haddad, N.; Labar, D.R.; Li, P.M.; Filippi, C.G. Cerebral activation during vagus nerve stimulation: A
functional MR study. Epilepsia 2002, 43, 1509–1514. [CrossRef]

93. Frangos, E.; Ellrich, J.; Komisaruk, B.R. Non-invasive Access to the Vagus Nerve Central Projections via Electrical Stimulation of
the External Ear: fMRI Evidence in Humans. Brain Stimul. 2015, 8, 624–636. [CrossRef]

http://doi.org/10.1155/2017/7876507
http://www.ncbi.nlm.nih.gov/pubmed/29375915
http://doi.org/10.1016/j.jstrokecerebrovasdis.2018.02.056
http://www.ncbi.nlm.nih.gov/pubmed/29580658
http://doi.org/10.1016/j.jstrokecerebrovasdis.2019.104348
http://doi.org/10.3389/fnins.2019.00854
http://www.ncbi.nlm.nih.gov/pubmed/31447643
http://doi.org/10.1016/j.jns.2016.08.004
http://www.ncbi.nlm.nih.gov/pubmed/27653860
http://doi.org/10.1016/j.brs.2012.04.006
http://doi.org/10.1177/0333102414524494
http://doi.org/10.1186/s10194-015-0542-4
http://doi.org/10.1186/s10194-015-0543-3
http://www.ncbi.nlm.nih.gov/pubmed/26156114
http://doi.org/10.1111/j.1526-4637.2012.01385.x
http://doi.org/10.1136/annrheumdis-2020-217872
http://doi.org/10.1016/j.cortex.2014.08.008
http://doi.org/10.1016/j.brs.2017.05.006
http://doi.org/10.1016/j.brs.2018.04.004
http://doi.org/10.1016/j.brs.2014.07.031
http://doi.org/10.1042/CS20090264
http://www.ncbi.nlm.nih.gov/pubmed/19895369
http://doi.org/10.1152/japplphysiol.00252.2006
http://www.ncbi.nlm.nih.gov/pubmed/16645192
http://doi.org/10.1016/j.biopsycho.2014.11.004
http://www.ncbi.nlm.nih.gov/pubmed/25451381
http://doi.org/10.1016/j.neuropsychologia.2019.107201
http://www.ncbi.nlm.nih.gov/pubmed/31562863
http://doi.org/10.1113/JP271539
http://www.ncbi.nlm.nih.gov/pubmed/27059884
http://doi.org/10.1111/nmo.12760
http://doi.org/10.1016/j.brs.2019.12.018
http://doi.org/10.1046/j.1528-1157.2002.16102.x
http://doi.org/10.1016/j.brs.2014.11.018


Brain Sci. 2021, 11, 1084 11 of 11

94. Badran, B.W.; Dowdle, L.T.; Mithoefer, O.J.; LaBate, N.T.; Coatsworth, J.; Brown, J.C.; DeVries, W.H.; Austelle, C.W.; McTeague,
L.M.; George, M.S. Neurophysiologic effects of transcutaneous auricular vagus nerve stimulation (taVNS) via electrical stimulation
of the tragus: A concurrent taVNS/fMRI study and review. Brain Stimul. 2018, 11, 492–500. [CrossRef]

95. Farmer, A.D.; Strzelczyk, A.; Finisguerra, A.; Gourine, A.V.; Gharabaghi, A.; Hasan, A.; Burger, A.M.; Jaramillo, A.M.; Mertens,
A.; Majid, A.; et al. International Consensus Based Review and Recommendations for Minimum Reporting Standards in Research
on Transcutaneous Vagus Nerve Stimulation (Version 2020). Front. Hum. Neurosci. 2021, 14, 568051. [CrossRef] [PubMed]

96. Mertens, A.; Raedt, R.; Gadeyne, S.; Carrette, E.; Boon, P.; Vonck, K. Recent advances in devices for vagus nerve stimulation.
Expert Rev. Med. Devices 2018, 15, 527–539. [CrossRef] [PubMed]

97. Badran, B.W.; Yu, A.B.; Adair, D.; Mappin, G.; DeVries, W.H.; Jenkins, D.D.; George, M.S.; Bikson, M. Laboratory Administration of
Transcutaneous Auricular Vagus Nerve Stimulation (taVNS): Technique, Targeting, and Considerations. J. Vis. Exp. 2019. [CrossRef]

98. West, C.R.; Bellantoni, A.; Krassioukov, A.V. Cardiovascular function in individuals with incomplete spinal cord injury: A
systematic review. Top. Spinal. Cord. Inj. Rehabil. 2013, 19, 267–278. [CrossRef] [PubMed]

99. Weaver, L.C.; Fleming, J.C.; Mathias, C.J.; Krassioukov, A.V. Disordered cardiovascular control after spinal cord injury. Handb.
Clin. Neurol. 2012, 109, 213–233.

100. De Couck, M.; Cserjesi, R.; Caers, R.; Zijlstra, W.P.; Widjaja, D.; Wolf, N.; Luminet, O.; Ellrich, J.; Gidron, Y. Effects of short and
prolonged transcutaneous vagus nerve stimulation on heart rate variability in healthy subjects. Auton Neurosci. 2017, 203, 88–96.
[CrossRef]

101. Sachdeva, R.; Krassioukov, A.V.; Bucksot, J.E.; Hays, S.A. Acute Cardiovascular Responses to Vagus Nerve Stimulation after
Experimental Spinal Cord Injury. J. Neurotrauma. 2020, 37, 1149–1155. [CrossRef]

102. Kreuzer, P.M.; Landgrebe, M.; Husser, O.; Resch, M.; Schecklmann, M.; Geisreiter, F.; Poeppl, T.B.; Prasser, S.J.; Hajak, G.; Langguth,
B. Transcutaneous vagus nerve stimulation: Retrospective assessment of cardiac safety in a pilot study. Front. Psychiatry 2012,
3, 70. [CrossRef]

103. Pazzaglia, M.; Galli, G.; Lewis, J.W.; Scivoletto, G.; Giannini, A.M.; Molinari, M. Embodying functionally relevant action sounds
in patients with spinal cord injury. Sci. Rep. 2018, 8, 15641. [CrossRef]

104. Leemhuis, E.; Esposito, R.M.; De Gennaro, L.; Pazzaglia, M. Go Virtual to Get Real: Virtual Reality as a Resource for Spinal Cord
Treatment. Int. J. Environ. Res. Public Health 2021, 18, 1819. [CrossRef]

105. Pazzaglia, M.; Galli, G.; Lucci, G.; Scivoletto, G.; Molinari, M.; Haggard, P. Phantom limb sensations in the ear of a patient with a
brachial plexus lesion. Cortex 2019, 117, 385–395. [CrossRef]

106. Pazzaglia, M.; Leemhuis, E.; Giannini, A.M.; Haggard, P. The Homuncular Jigsaw: Investigations of Phantom Limb and Body
Awareness Following Brachial Plexus Block or Avulsion. J. Clin. Med. 2019, 8, 182. [CrossRef]

107. Pazzaglia, M.; Scivoletto, G.; Giannini, A.M.; Leemhuis, E. My hand in my ear: A phantom limb re-induced by the illusion of
body ownership in a patient with a brachial plexus lesion. Psychol. Res. 2019, 83, 196–204. [CrossRef] [PubMed]

108. Galli, G.; Cakmak, Y.O.; Babic, J.; Pazzaglia, M. Editorial: Embodying Tool Use: From Cognition to Neurorehabilitation. Front.
Hum. Neurosci. 2020, 14, 585670. [CrossRef]

109. Sclocco, R.; Garcia, R.G.; Kettner, N.W.; Isenburg, K.; Fisher, H.P.; Hubbard, C.S.; Ay, I.; Polimeni, J.R.; Goldstein, J.; Makris, N.;
et al. The influence of respiration on brainstem and cardiovagal response to auricular vagus nerve stimulation: A multimodal
ultrahigh-field (7T) fMRI study. Brain Stimul. 2019, 12, 911–921. [CrossRef] [PubMed]

110. Sclocco, R.; Garcia, R.G.; Kettner, N.W.; Fisher, H.P.; Isenburg, K.; Makarovsky, M.; Stowell, J.A.; Goldstein, J.; Barbieri, R.;
Napadow, V. Stimulus frequency modulates brainstem response to respiratory-gated transcutaneous auricular vagus nerve
stimulation. Brain Stimul. 2020, 13, 970–978. [CrossRef] [PubMed]

111. Varga, S.; Heck, D.H. Rhythms of the body, rhythms of the brain: Respiration, neural oscillations, and embodied cognition.
Conscious. Cogn. 2017, 56, 77–90. [CrossRef]

112. Ebert, D.; Hefter, H.; Binkofski, F.; Freund, H.J. Coordination between breathing and mental grouping of pianistic finger
movements. Percept. Mot. Ski. 2002, 95, 339–353. [CrossRef]

113. Galli, G.; Lenggenhager, B.; Scivoletto, G.; Giannini, A.M.; Pazzaglia, M. “My friend, the pain”: Does altered body awareness
affect the valence of pain descriptors? J. Pain Res. 2019, 12, 1721–1732. [CrossRef] [PubMed]

114. Zantedeschi, M.; Pazzaglia, M. Commentary: Non-invasive Brain Stimulation, a Tool to Revert Maladaptive Plasticity in
Neuropathic Pain. Front. Hum. Neurosci. 2016, 10, 544. [CrossRef] [PubMed]

115. Margot-Duclot, A.; Tournebise, H.; Ventura, M.; Fattal, C. What are the risk factors of occurence and chronicity of neuropathic
pain in spinal cord injury patients? Ann. Phys. Rehabil. Med. 2009, 52, 111–123. [CrossRef] [PubMed]

116. Costigan, M.; Scholz, J.; Woolf, C.J. Neuropathic pain: A maladaptive response of the nervous system to damage. Annu. Rev.
Neurosci. 2009, 32, 1–32. [CrossRef]

117. Leemhuis, E.; De Gennaro, L.; Pazzaglia, A.M. Disconnected Body Representation: Neuroplasticity Following Spinal Cord Injury.
J. Clin. Med. 2019, 8, 21244. [CrossRef] [PubMed]

118. Longo, M.R.; Sadibolova, R.; Tame, L. Embodying prostheses—How to let the body welcome assistive devices: Comment on
“The embodiment of assistive devices-from wheelchair to exoskeleton” by M. Pazzaglia and M. Molinari. Phys. Life Rev. 2016,
16, 184–185. [CrossRef]

119. Kannape, O.A.; Lenggenhager, B. Engineered embodiment: Comment on “The embodiment of assistive devices-from wheelchair
to exoskeleton” by M. Pazzaglia and M. Molinari. Phys. Life Rev. 2016, 16, 181–183. [CrossRef]

http://doi.org/10.1016/j.brs.2017.12.009
http://doi.org/10.3389/fnhum.2020.568051
http://www.ncbi.nlm.nih.gov/pubmed/33854421
http://doi.org/10.1080/17434440.2018.1507732
http://www.ncbi.nlm.nih.gov/pubmed/30071175
http://doi.org/10.3791/58984
http://doi.org/10.1310/sci1904-267
http://www.ncbi.nlm.nih.gov/pubmed/24244092
http://doi.org/10.1016/j.autneu.2016.11.003
http://doi.org/10.1089/neu.2019.6828
http://doi.org/10.3389/fpsyt.2012.00070
http://doi.org/10.1038/s41598-018-34133-z
http://doi.org/10.3390/ijerph18041819
http://doi.org/10.1016/j.cortex.2018.08.020
http://doi.org/10.3390/jcm8020182
http://doi.org/10.1007/s00426-018-1121-5
http://www.ncbi.nlm.nih.gov/pubmed/30488117
http://doi.org/10.3389/fnhum.2020.585670
http://doi.org/10.1016/j.brs.2019.02.003
http://www.ncbi.nlm.nih.gov/pubmed/30803865
http://doi.org/10.1016/j.brs.2020.03.011
http://www.ncbi.nlm.nih.gov/pubmed/32380448
http://doi.org/10.1016/j.concog.2017.09.008
http://doi.org/10.2466/pms.2002.95.2.339
http://doi.org/10.2147/JPR.S191548
http://www.ncbi.nlm.nih.gov/pubmed/31213884
http://doi.org/10.3389/fnhum.2016.00544
http://www.ncbi.nlm.nih.gov/pubmed/27833544
http://doi.org/10.1016/j.rehab.2008.12.003
http://www.ncbi.nlm.nih.gov/pubmed/19909702
http://doi.org/10.1146/annurev.neuro.051508.135531
http://doi.org/10.3390/jcm8122144
http://www.ncbi.nlm.nih.gov/pubmed/31817187
http://doi.org/10.1016/j.plrev.2016.01.012
http://doi.org/10.1016/j.plrev.2016.01.011

	Introduction 
	Rehabilitation Challenge: Can an Interoceptive Process Shape Body Awareness? 
	Losing the Body Following SCI 
	Looking at Embodiment through Interoceptive Processes 

	Interoception: A Way to a Stable and Integrated Sense of Self 
	Interoception and Body Image Disorders 
	Interoceptive Accuracy as a Condition for Exteroceptive Stability 

	The Potential Effects of taVNS on Interoceptive Processes 
	Vagal Stimulation and Neuroplasticity 
	TaVNS and Pain 
	taVNS: A Way to Modulate Interoceptive Processes 
	taVNS: Parameters, Limitations and Implications 

	Towards Integration with Novel Technologies: taVNS and Training with Assistive Tools 
	References

